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Abstract

The diagnosis of various diseases and pathological conditions can be accomplished by
screening and detecting glycans in cells. Certain glycans serve as excellent biomarkers, being
related to cell malfunctioning, while other structurally similar glycans perform completely
different functions and are naturally present in healthy cells. Despite the theoretical feasibility
of using glycans as biomarkers for early disease detection, our current inability to discriminate

between them limits their use.

One promising approach to distinguishing between glycans is targeting their dissimilarities in
saccharide chains. However, designing selective receptors for saccharides is challenging due
to the complexity of these molecules. Their vast diversity, the fact that they exist in many
interconvertible forms, their lack of recognisable functional groups, or the fact that they are
normally heavily solvated in aqueous environments have made the design of receptors for
saccharides a challenge that has kept the scientific community busy for the last 35 years.
Although there have been ground-breaking discoveries in the field, improvements are needed

to enhance our disease detection and risk stratification tools.

To address this challenge, we employed a technique known as Dynamic Combinatorial
Chemistry (DCC). DCC enables the self-formation and self-selection of the best possible
receptor for a given target from a pool or library of potentially good ligands. DCC has been
effective for creating receptors for biomolecules such as DNA, RNA, and proteins, but its use
for discovering sugar receptors is less explored. In this work, we filled this gap by

implementing DCC for screening common saccharides (glucose, galactose, mannose, and



fructose) using small, simple, and inexpensive building blocks. Our results indicated that
molecule 2DD, which consists of a benzene ring with 2 units of amino acid aspartic acid
derivatives connected in positions 1 and 3, is the best receptor in a library of very similar
structures for the saccharides glucose, galactose, and mannose. For fructose, molecule 1P, a
benzene ring linked to just one unit of the amino acid phenylaldehyde, was appointed as the
best receptor. The differential behaviour of fructose can provide insight into the relatively

unknown processes behind molecular recognition of sugars.

Molecules 2DD and 1P, as well as some other library members as negative controls, were then
synthesised for further testing and DCC results were then validated by Isothermal Titration
Calorimetry (ITC) and NMR techniques, proving the effectiveness of DCC as a molecular
recognition tool for the creation of receptors for saccharides. Moreover, molecule 1P was
found to have a high binding constant (K, = 1762 M) and selectivity (50-100 times over other

sugars) for fructose, which is surprisingly good considering the simplicity of the receptor.

A much more challenging approach was attempted by employing short peptides as scaffolds
in DCC experiments. The benefits of using peptides are numerous but can be summarised in
three bullet points: customisability, flexibility, and easiness in their synthesis. Unfortunately,
we encountered many difficulties for the complete functionalisation of the peptides within
the Dynamic Combinatorial Library (DCL) and this approach did not yield the desired results
before the research project came to an end. However, we believe in its potential and the
knowledge that we gained on the topic helped to stablish the foundations on which new

research will be carried out in the near future within the research group.



In summary, this thesis reports the development of a rapid methodology for the discovery of
selective receptors for monosaccharides, employing a library of simple and inexpensive
starting building blocks. While this was a proof-of-concept study, it can be scalable to larger
library sizes and to target more complex biomolecules, becoming a useful tool that could

accelerate the discovery of new molecules with biomedical applications.
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Chapter 1 -Introduction

Glycans are saccharide-containing molecules that play a key role in biological processes.
Abnormal glycosylation patterns can be observed in cells in patients suffering from a large
number of diseases. Therefore, glycans can be used as biomarkers becoming their study a
major research topic to address disease risk stratification. The vast diversity of glycans in cells
make their study a huge challenge as closely structural related glycans may be involved in
completely different processes. It is believed that the key to tell these structures apart is to
understand the differences in their saccharide chains. Thus, in order to design receptors for

such biomarkers, the concepts of saccharide recognition must be contemplated.

There is no consensus regarding the key features needed for saccharide recognition. There
are examples of powerful receptors for sugars from both natural and synthetic sources, relying
on different intermolecular covalent and non-covalent interactions. However, scientist do
agree on the necessity of multivalency to create potent receptors. Hence, Dynamic
Combinatorial Chemistry (DCC) is an interesting approach for creating powerful receptors for
saccharide recognition as it allows for the creation of multivalent and diverse systems

exhibiting different chemical functionalities.

This chapter will begin with an extensive exploration of glycans, their role in biological
processes, and their use as biomarkers for a wide variety of diseases including cancer. We will
see the crucial role that sugars play in this regard and hence we will continue with a study of
the field of saccharide recognition. We will explore the work that has been done so far, with
a comprehensive literature review on the receptors for saccharides developed to date, and

how a technique such as DCC could help to create more powerful and selective receptors.



1.1 Glycans

Glycans are usually referred as carbohydrate-based polymers. They can be composed of a
variety of different monosaccharides and can be linked together in a number of different ways
to form complex branching structures. Additionally, glycans can be decorated with a variety
of different chemical groups, such as sulfo groups, phosphate groups, or methyl groups. They
can also exist in combination with biomolecules like proteins or lipids via glycosylation. The
diversity that these molecules can achieve is therefore huge. Moreover, they can assemble in
a number of forms leading to different regio- and stereoisomers. They can also bind
sequentially affording molecules with a wide range of molecular weights. In short, glycans are

characterised by a remarkable structural diversity.!

Glycans play important roles in various biological processes including metabolism, cell
adhesion or communication between cells.? They also provide physical and structural support
and have protective, stabilizing, organizational, and barrier functions. The glycocalyx -a layer
of glycans that covers all eukaryotic cells- provides a protective and adhesive coating. Protein-
bound glycans are present in the nucleus and cytoplasm of cells, where they regulate cell
signalling pathways. Glycans attached to matrix molecules such as proteoglycans help
maintain tissue porosity, structure, and integrity.? Additionally, N-glycosylation of membrane
receptors is important for a wide variety of cellular processes including immune system

function.*



Glycans are also implicated in disease development and progression, particularly in relation
to neurodegenerative disorders,>® inflammatory bowel disease,” and cancer.81? The specific
roles that they play in this topic can vary widely, from promoting tumour growth and invasion
to contributing to the toxic build-up of misfolded proteins in neurodegenerative diseases.

Hence, there is an existing demand for research in this area.!3

Glycans are the most structurally diverse and complex biomolecules in nature.'* They can exist
as a free polysaccharide chain, or they can be conjugated to protein or lipids. As mentioned in
the beginning of this chapter, they play key roles in many biological processes. It is often that
their carbohydrate motifs are the feature exposed on the cell surfaces acting as receptors for
pathogens like bacteria and viruses.'® Hence, these are the centre of attention when studying
the biological implications of glycans. While disregarding the rest of the molecule and focusing
on the sugar chains may seem a simplification, the truth is that the structure of the saccharide

chains alone is still a major source of complexity.

Carbohydrate chains in glycans are formed by different combinations of only 10
monosaccharides (Figure 1).2® Glucose (Glc), N-acetyl glucosamine (GlcNAc), glucuronic acid
(GlcA), galactose (Gal), N acetylgalactosamine (GalNAc), mannose (Man), xylose (Xyl), iduronic

acid (IdoA), fucose (Fuc) and N-acetylneuraminic acid, also known as sialic acid (SA).’
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Figure 1: Structure of the monosaccharides found in glycans, their abbreviation and symbols.*’

In a post-translational procedure known as glycosylation, the monosaccharides are joined
together to produce di-, oligo-, or polysaccharides. Glycosyltransferases and glycosidases are
the two major types of enzymes that catalyse glycosylation. Whereas glycosidases enzymes
facilitate the linkage's hydrolysis, glycosyltransferases mediate its creation. The production of
a specific glycosidic bond between sugar residues is catalysed by each of the more than 200
different kinds of glycosyltransferases.® According to the stereochemistry of the anomeric
carbon involved in the linkage, glycosidic bonds can be classified as either a or B as it will be

explained later in Chapter 1.2,a section dedicated to saccharides.®

Different hydroxyl groups of a given sugar can be used to construct glycosidic bonds, leading
to the possibility of several regioisomers. For instance, galactose can be connected to sialic
acid at positions 3 or 6, resulting in the sialylated epitopes a2-3 and a2-6 (Figure 2).t7

Moreover, the same sugar residue may form more than one glycosidic linkage, leading to the



formation of branched glycans. For example, a galactose (Gal) residue can attach to a GalNAc
and a sialic acid (SA) unit at the same time through positions 1 and 3.1 After glycosylation, the
saccharide units can go through changes and add groups like phosphate, acetyl, and sulphate.
All of these factors combined are responsible for the immense variety of glycans expressed in
cells and the huge amount of information that can therefore be stored on them. This is known

as the ‘sugar code’.?°

1
OH

SA a2,6 Man SA a2,3 Man

Figure 2: Sialic Acid (SA) connected to Mannose (Man) via a2,6 (left) and a2,3 (right). Stereochemistry

of C1 in Mannose not specified.

Glycoproteins or glycolipids are created when glycans are attached to carrier molecules such
as proteins or lipids. The sugar chain is attached to an asparagine residue in glycoproteins to
create N-glycans, or alternatively to a serine or threonine residue to create O-glycans. N- and
O-glycans can be linear and highly branched. There are three types of N-glycans: high-
mannose, hybrid, and complex type (Figure 3). The core sequence of all three types is
composed of Man and GlcNAc residues.?! The high-mannose type presents mostly mannose
units linked to the core, whilst other N-glycans are more heterogenic. Hybrid N-glycans are
mono- or bi-antennaries,?! while the complex type are extensively branched with up to six

ramifications.?! N-glycans have important functions in the production of glycoproteins,



helping to ensure proper folding.?? On the other hand, O-glycans are mucins and
proteoglycans. Proteoglycans are linear and play a role in cell-matrix interaction, proliferation,
and inflammation,?® whereas mucins are heavily branched and are implicated in cell adhesion

and defence against pathogens.?*

Asn Asn Asn

Oligomannose Complex Hybrid

Figure 3: Structures of oligomannose, complex and hybrid N-glycans. Image reproduced from

reference 21.

Glypolipids are glycans connected to lipidic scaffolds. Glycosphingolipids (GLS), which can be
neutral or acidic, are glycolipids with a sphingoid or ceramide scaffold.?> Globosides and
cerebrosides are examples of neutral GLS, whereas gangliosides and sulfatides are acidic
GLS.%® Gangliosides with sialic acid residues, such as the GM1, are particularly important in the
central nervous system because they help with neuronal transmission and system
maintenance as they participate in the repair of neuronal cells, memory formation and

synaptic transmission.?>



In recent years, glycans have emerged as promising biomarkers for various diseases, including
cancer, autoimmune diseases, and neurological disorders. The use of glycans as biomarkers
has several advantages. First, saccharide chains provide glycans with structural stability,
helping them maintain their tertiary three-dimensional shape in a wider range of pHs than
proteins. Thus, glycans can be found in all sorts of body fluids such as blood and urine, making
them attractive targets for non-invasive diagnostic tests. Second, glycans can be related to
very specific biological processes, and therefore they can be used to distinguish between
different disease states, providing the opportunity for a high level of accuracy in disease

diagnosis and monitoring.

Several methods have been developed for detecting and analysing glycans as biomarkers.
These include mass spectrometry, which can provide detailed information on the structures
and quantities of glycans; lectin microarrays, which can be used to determine specific glycan-
binding patterns;?’ and glycan microarrays, which can be used to identify novel glycan-binding

proteins.?8

Glycan dysregulation has been identified in several neurodegenerative disorders. In
Alzheimer's disease, the glycosylation profile of key disease-associated glycoproteins such as
Amyloid Precursor Protein (APP) is altered.® Aberrant glycosylation patterns of
immunoglobulin G (IgG) have been identified as potential biomarkers for autoimmune

diseases such as lupus and rheumatoid arthritis.?®



The role of glycosylation in inflammatory bowel disease (IBD) is not fully understood, but it is
believed to affect various aspects of the disease. Glycosylation has been shown to contribute
to the function and stability of the intestinal mucosal barrier, which is critical in maintaining
gut homeostasis and preventing inflammation. Additionally, changes in glycosylation have
been identified in various proteins and molecules involved in IBD pathology, such as cytokines

and immunoglobulins.30:3!

Glycosylation is also involved in cancer growth and progression, with reports of glycans
promoting tumour development and contributing to the invasive properties of cancer cells.
Altered glycans have been observed in cancer cells in patients suffering from prostate, breast,
or ovarian cancer among others, and these changes have been associated with tumour

progression and metastasis.3?734

These modifications are caused by genetic and epigenetic dysregulation of glycogenes which
control the expression of glycosyltransferases and glycosidases.?® The alteration of glycans in
glycoproteins or glycolipids results in conformational changes of the whole macromolecule
causing variation in the biological functions,’ including variation of cell to cell and cell to

matrix interactions.®

As an example, in the case of prostate cancer (PCa), the analysis of PSA glycosylation patterns
in blood emerged as a feasible tool. 8% of PSA total weight is due to carbohydrates in the form

of a single N-oligosaccharide chain linked to Asn-45 amino acid.3> Since oncogenic processes



are known to produce modifications in that chain pattern, it was considered a key point to
research about. Among other kinds of glycosylation, sialylation grade has been extensively
studied. This means the incorporation of the sialic acid (SA) monosaccharide by a2,3, a2,6 or
a2,8 bond to the chain. An increase in a2,3 SA percentage of PSA in patients suffering from
PCa has been reported, in comparison with healthy and diagnosed from benign conditions

patients, allowing an accurate distinction between them (Figure 4).%:10,3235-41

Normal PSA Prostate cancer-associated PSA
¢ e on N
Cd ‘ ’l
4 4

—— -.J

a.2,6-linked sialyation a2,3-linked sialyation
Monosaccharide symbols Linkage position Linkage type
O Galactose (Gal) 6 8 ;
@ Mannose (Man) === a-linked
A Fucose (Fuc) 4
@ N-Acetylneuraminic acid (Neu5Ac) = [-linked
I N-Acetylglucosamine (GlcNAc) 3 2

Figure 4: Anomalous glycosylation patterns as a result of PCa. Whereas PSA N-glycans in healthy
patients mostly show their terminal sialic acid linked by a2,6 bond to a mannose residue, in patients
suffering from aggressive PC it is found the a2,3 bond. Structures of both isomeric disaccharides can

be found in Figure 2. Sialic acid (SA) and N-Acetylneuraminic acid (Neu5Ac) refer to the same

molecule. Image reproduced from ref 42.



Glycans are thus an important area of study for researchers interested in understanding the
biology of health and disease. And in some cases, the key to accurately identify a glycan and
differentiate it from other closely structurally similar ones, relies on the determination of their

constituent saccharides.

There is a growing understanding of the significance of saccharides in numerous biological
processes and systems; while saccharide or carbohydrate sensing in medicine is frequently
connected with the detection of glucose in diabetic patients, saccharides (on their own, or

often as part of glycans) have shown to be important in a number of disease states.

Crucial roles in the initiation and development of cancer are played by saccharides,
oligosaccharides, and their protein conjugates. For instance, aberrant N-glycosylation and
post-translational O-glycosylation patterns, in which monosaccharides are covalently
attached to certain proteins at asparagine, serine and threonine residues are frequently seen

in metastatic tumours.*3

By studying these events not only we gain on understanding of cancer mechanisms but also,
we can use it as a tool to monitor the disease.** As an example, Sialyl Lewis X is a cell-surface
tetrasaccharide that, employing antibody microarrays, has been found to be overexpressed in

cancerous tissues becoming a good indicator to evaluate the tumour malignancy.®

As stated by others,*® glycan biomarkers are proven to be more and more beneficial for

disease stratification, staging, and monitoring in addition to early diagnosis. However, the
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antigen-based technologies that are currently used to detect, recognise, and measure these
intricate biological entities are costly, time consuming, or often, due to batch to batch
variations, they fail to produce reliable results.*” Thus, there is a significant demand for
suitable chemosensors that can enhance current detection technologies for diseases such as
cancer. The key to these new and improved glycan sensors could be the identification of the

constituent saccharides.

1.2 Saccharides

Saccharides, also known as carbohydrates, are the most abundant biomolecules on Earth and
are essential components of all living organisms. They have many functions in biological
systems, including energy production, structural support, and cell signalling. Saccharides can

be classified according to their size.

e Monosaccharides: Monosaccharides are simple sugars that cannot be hydrolysed into
smaller units. The most commonly known monosaccharides are glucose, fructose, and
galactose. Glucose is the primary fuel source for the human body and is used by cells
to generate energy in the form of adenosine triphosphate (ATP) through the process
of cellular respiration. Fructose and galactose are also used in the body for energy

production.

e Disaccharides: Disaccharides are formed when two monosaccharides are joined
together through a glycosidic bond. Examples of disaccharides include lactose,
sucrose, and maltose. Lactose is found in milk and is made up of glucose and galactose.
Sucrose (table sugar) is made up of glucose and fructose. Maltose is composed of two

glucose molecules and is a product of the digestion of complex carbohydrates.
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e Polysaccharides: Polysaccharides are complex carbohydrate molecules made up of
many monosaccharide units. They are typically used for energy storage and structural
support. Examples of polysaccharides include starch, glycogen, and cellulose. Starch is
found in many plant-based foods and is broken down by enzymes in the body to
produce glucose for energy. Glycogen is similar to starch but is found in animals,
including humans, and is stored in the liver and muscles. Cellulose forms the structural

components of plant cell walls and cannot be digested by human enzymes.

A simplification will be made and instead of studying glycans, their constituent saccharides
will be the object of study within this thesis. More specifically, monosaccharides. These are
structurally very complex molecules with a general formula of (CH,0),, where n can range
from 3 to 7. Four of the most common monosaccharides are glucose, fructose, galactose, and

mannose

They all possess the same molecular formula, CsHq,0s, but differ in the arrangements of their
bonds which brings them different isomeric relationships with one another, and unique
physical and chemical properties. Aldohexoses (sugars with a 6-Carbon backbone and a
aldehyde group in C1 in its open form) have four stereocenters, and therefore there exists
sixteen stereoisomers (Figure 5). Examples of aldohexoses are glucose, mannose, or galactose.
D-Glucose and D-Mannose (definition of D and L sugars later on in this chapter section) are
epimers on position C2, as they are enantiomers that differ only in the orientation of one

hydroxyl group, in position C2. Likewise, D-Allose and D-Galactose are epimers of D-Glucose
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in C3 and C4, respectively. Fructose is a ketohexose (sugar with a 6-carbon backbone and a
ketone group at C2 in its open form), and its relationship of symmetry with the aldohexoses

family is one of regioisomerism.

CH,OH CH,OH
6 6
D-Glucose D-Mannose D-Allose

OH OH

OH OH

CHZ0H

D-Gulose

D-Galactose

OH OH

CH,OH CH,OH
6 6
D-Talose D-Altrose D-Fructose

Figure 5: Linear (Fischer projections) and cyclic forms of aldohexoses (D-Glucose, D-Mannose, D-
Allose, D-Galactose, D-Idose, D-Gulose, D-Talose and D-Altrose) and the ketohexose D-Fructose. Chiral

carbons marked with a star (*) in the Fischer projections.

The most common classification of sugars is the D and L nomenclature. This refers to the
stereochemistry of the chiral carbon furthest from the carbonyl group in a monosaccharide.
This carbon is usually the C5 (Figure 5). D- and L- configuration refers to the orientation of the

hydroxyl group attached to this chiral carbon in a Fischer projection. If the hydroxyl group is
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on the right side in a Fischer projection, the monosaccharide is classified as a D-sugar. If the

hydroxyl group is on the left side, the monosaccharide is classified as an L-sugar.

It is important to note that D and L classification does not reflect the absolute configuration
of the chiral carbon. Rather, it is a relative designation based on the orientation of the hydroxyl
group. This means that if a monosaccharide is designated as a D-sugar, it does not necessarily
mean that the absolute configuration of the chiral carbon is R. Similarly, an L-sugar does not

necessarily have an absolute configuration of S.

Most naturally occurring monosaccharides are D-sugars. Although the reason for that is yet
unclear, some researchers hypothesised that it could be due to evolutionary selection
pressures, as enzymes that recognize D-sugars are more abundant and efficient than those
that recognize L-sugars.*® D-glucose, for example, is the primary source of energy for most
organisms and is an essential component of many biological molecules such as DNA and RNA.
L-glucose, on the other hand, is not metabolized by most organisms.*® The D and L
classification system is important in many areas of biochemistry and biology. For example, it
is used to describe the stereochemistry of sugars in glycoproteins and glycolipids, or to
distinguish between different types of sugars in carbohydrates with different biological

functions and metabolic pathways.

However, the complexity of monosaccharides goes far beyond their relation of symmetry in
their 6-membered cyclic forms. In aqueous solution, sugars suffer from mutarotation. This
means that the hemiacetal carbon (C1 in aldohexoses, C2 in ketohexoses) opens up leading to

a linear intermediate that can then close again causing interconversion between pyranose (6-
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membered ring) and furanose (5-membered ring) forms with inversion of the configuration of

the anomeric centre, affording alpha (a) and beta (B) tautomers (Figure 6).

a-D-Glucopyranose B-D-Glucopyranose
38.8% 60.9 %
N\ N
CHO
H—*OH
HO—“H /100
H—~OH = 3 10H
H——OH
CGHZOH OH
Linear form Linear form
(Fischer projection) (zig-zag)

0.002 %

a-D-Glucofuranose B-D-Glucofuranose
0.14 % 0.15%

Figure 6: D-Glucose in its various tautomeric forms in solution, and the percentage of each form in
equilibrium in D20 at 27 ° C. a-pyranose (38.8 %), 68-pyranose (60.9 %), linear open chain form (0.002

%), B-furanose (0.15 %), and a-furanose (0.14 %).>°
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1.3 Saccharide recognition

Like any other molecular recognition technique, saccharide recognition is based on the
interaction between two entities: a receptor (or guest) and a substrate (or host). Selectivity
and affinity between the host and the guest are requirements for a successful process. Hence,
when artificial receptors are designed, aspects like geometric shape, functional group
complementarity and electronic properties of the substrate must be taken in consideration.>°
Nature has spent millions of years developing tools to achieve molecular recognition of sugars
mainly by the employment of lectins and antibodies. We as scientists have studied those
processes and employ them to our benefit either using such biomolecules directly extracted

from natural sources or implementing their mechanisms into synthetic receptors.

Since 1988 when the first synthetic saccharide receptor was designed (Figure 7a),°! a
fascinating journey has taken place — and it is still taking place - to further develop this
technique, usually by mimicking nature and/or with the help of computational studies. This
led to modern and powerful saccharide recognition entities developed in recent years. These
entities are often isolated from natural sources (Figure 7b),>? or designed and synthesised in

the lab (Figure 7c).>?
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Figure 7: a) First saccharide receptor ever synthesised, with affinity for glucose. b) Model of
interaction between Maackia Amurensis Lectin (MAL) with siallyllactose. c) in-lab desined lectin mimic
receptor, with affinity for glucose. These examples will be further explained in section 1.5.1.2, page 30

(a and c) and section 1.4.1, page 18 (b).

The vast variability of saccharides makes their selective recognition and sensing a challenge,
especially in the context of various biological settings and physiological environments, which

can present a hurdle to achieve sensitivity.”* Competition between different saccharides,> or
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between solvent and receptor,® especially in water, can introduce entropic and enthalpic

barriers toward successful receptor binding.>”-¢0

This thesis will detail the many biomolecules, tools and strategies that may be used to afford

saccharide recognition.

1.4 Natural receptors

Many living species, including plants, animals, and pathogens, express lectins. These are
proteins or glycoproteins that bind carbohydrates.®! Lectins are involved in cell
communication, the immune system of mammals and defence mechanisms in plants, and the

invasion of cells by pathogens.®?

Lectins have been employed for the analysis and detection of glycans for a long time.%3 They
bind carbohydrate residues via non-covalent interactions, especially hydrogen bonds and CH-
Tt interactions between the sugars in the saccharide chain and the amino acids in the lectin
binding pocket. Hydrogen bonds, highly directional, are key to acquire the correct fit between

host and guest.®*

The carbohydrate's hydroxyl groups function simultaneously as a hydrogen bond donor and
acceptor. Two lone pairs of electrons in the oxygen atoms can accept two hydrogen bonds,
while the proton serves as a donor for one hydrogen bond.®> This interaction affects all
hydroxyl groups except for the anomeric one which is exclusively a donor. These cooperative

effects produce strong hydrogen bonds.%*
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Sugar chains may contain other groups that can participate in hydrogen bonding, such as the
NH group and the carbonyl oxygen of the acetamide group in GlcNAc, GalNAc, or SA.%®
Moreover, the binding pockets in lectins are frequently rich in charged (such as histidine,
arginine, or lysine) or bidentated amino acid residues (such as arginine, asparagine, or
glutamine).®* Whereas the latter produce a network of hydrogen bonds, the former generate
charge-reinforced hydrogen bonds that are stronger than the neutral ones.®%® In contrast,
amino acids with side chains bearing hydroxyl groups (e.g. tyrosine, serine, threonine) are not
frequently present in lectin binding pockets.®> In the model of interaction of MAL with
siallyllactose represented in Figure 7b it can be seen the polar groups responsible for the

recognition event (red), as well as the H bonds they generate (dotted lines).

Hydrophobic interactions can also enrich the binding between lectins and saccharides. They
are usually CH- 1 interactions taking place between aromatic amino acid residues (such as
tryptophan, tyrosine, phenylalanine, and histidine) and the aliphatic C-H groups of sugars.®’
The tendency of the aromatic amino acids to create CH- 1t interactions also varies. The most
propensity for CH- it bonds formation is shown by tryptophan, which possesses an aromatic

system rich in electrons.®’

Tyrosine is preferred over phenylalanine, in forming CH-nt interactions, due to the more

electron-rich 1t system, whilst histidine rarely engages in these bonds.

On the other hand, amino acids with aliphatic side chains are less frequently found in binding

pockets because they do not significantly interact with sugars.

19



Furthermore, electrostatic interactions can happen when the carbohydrate ligand is
charged.®®> For instance, hydrogen bonds or electrostatic interactions are common with
anionic groups, such as the carboxylate group of sialic acid. Hydrogen bonds are employed to
bind the N-acetyl group, often by serine residues, whilst electrostatic interactions occur

between the carboxylate and arginine or lysine side chains (Figure 7b).>%58

Sialic acid-specific lectins are particularly interesting because of the importance of this
monosaccharide in several diseases. These lectins are used as analytical and diagnostic
instruments and come from either plant or animal sources.®7° A few instances of SA-specific
lectins will be addressed here, along with the specifics of their binding models. Various lectins
that target sialic acid can show selectivity for a specific neuraminic acid derivative (such as SA,
Neu5Gc, or deaminated neuraminic acid (KDN)), a specific glycosidic linkage (such as a2-3, a2-
6), or for a particular carbohydrate sequence containing sialic acid (also known as neuraminic

acid).®?

The Limulin lectin and the Limax Flavus Agglutinin (LFA) are two examples of lectins that are
specific to certain neuraminic acid derivatives. The former lectin is found in the American
horseshoe crab (Limulus polyphemus), and it has selectivity for SA and N-glycolylneuraminic
acid, two neuraminic acid derivatives. The Limulin lectin has been used in both optical and
electron microscopy to identify sialylated glycans.6* The LFA, derived from the slug Limax
Flavus, is selective for SA and binds any sialylated glycan regardless of the glycosidic linkage
type.”! According to reports, LFA has a binding affinity of K, = 3.8 x 10* M! for SA, with the

glycerol chain serving as a crucial point of contact.”?
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Moreover, several plant lectins, such as the Sambucus Nigra lectin (SNL), Maackia amurensis
Leukoagglutinin (MAL, Figure 7b), and Wheat Germ Agglutinin (WGA), can distinguish
between various glycosidic connections. The Wheat Germ Agglutinin (WGA) binds to SA
residues when coupled 2-3 to lactose sequences.”> WGA mainly targets N-acetylglucosamine
and B1-4 GIcNAc-containing sequences, which are structurally similar.5>”3 They both display
comparable H bonds interactions between their N-acetyl and 4-OH groups, and the binding

pocket of WGA.”3

There is also H bond interaction between the SA carboxylate group and a serine residue, as

well as polar interactions among the glycerol chain and a tyrosine.”?

The MAL and MAH lectins, from the Maackia amurensis seeds, are selective for glycans with
sialic acid residues connected via a2—-3 bond to galactose (K; in the uM range), whilst showing
no binding to a2—6 structures.”* Whereas MAH interacts with disialylated epitopes in O-
glycans, MAL specifically binds the sialylactosamine structures in N-glycans.””The Maackia
amurensis lectins have been used to analyse the glycan phenotype in prostate cancer patients
using lectin affinity chromatography and surface plasmon resonance.® For the detection of a2-
3 sialylated glycans in biological samples, MAL has also been used in sandwich-type
biosensors,’® and in carbon nanotube-based electrochemical sensors.”” Despite having a low

limit of detection, lectin-based biosensors have disadvantages that limit their clinical use.

Their generally complex structures make their synthesis a challenge and often they suffer from
batch-to-batch variations in their affinity to glycan targets.”® Moreover, they can react off-site

causing cross-reactivity.”®
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On the other hand, the Sambucus nigra (SNA), a lectin derived from elderberry-bark, has
preference for sialylated glycans with a2-6 links to Gal or GalNAc units over the a2-3
isomers.8%81 |t binds SA-a2-6-lactitol with K, = 3.9 x 10° M1, with the sialic acid glycerol chain
playing a key role in the interaction.®? Yet, SNA interacts not only with sialylated glycans but
also with Gal or GalNAc ending glycans,® which accounts for the lectin's lack of specificity.
SNA has been used in light and electron microscopy to analyse the glycan phenotype of cells,?3
and in lectin affinity chromatography to separate 2-6 sialylated glycans from the 2-3 isomers.8!
It has also been used in biosensors for low-limit detection of glycans.2## Unfortunately,
because to their difficult manufacture and poor stability, as well as the aforementioned
common problems of cross-reactivity and batch-to-batch variations, they are not suitable for

clinical use.

Human lectins that target sialic acid have been discovered too. Human lectins called siglecs
(SA-binding Immunoglobulin-like Lectins) mediate cell signalling and communication.® Based
on the preferred sialic acid derivative and glycosidic bond, they are separated into 11 groups.
Siglec-1, also known as sialoadhesin, was demonstrated to bind the SA's a anomeric form with
a K¢ = 3 mM.¥ Siglec-1 prefers a2-3 epitopes over a2-6 isomers. It binds them through Van
der Waals and hydrophobic forces between the N-acetyl group and the glycerol chain with
tryptophan residues.?’” Moreover, there are electrostatic interactions between the
carboxylate group and an arginine residue as well as hydrogen bonds between the hydroxyl

groups and polar amino acids.
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Many lectins have been discovered and used as sialic acid detection probes; however, they
pose a number of drawbacks that restrict their usefulness. Lectins suffer from batch-to-batch
variations,’® they must be stored at 4 °C and may only be kept for 6 to 12 months.®* Moreover,
they only remain stable and active within a narrow pH range (pH 7-9).5* They need to be
isolated from natural sources, often with very low yields.”?> Furthermore, lectins only engage
in non-covalent interactions with saccharides, resulting in poor binding and cross reactivity,”®
as they frequently target numerous glycan epitopes.?> All of these make lectin-based

biosensors unsuitable for clinical application.””84

Antibodies are a type of protein produced by the immune system that plays a vital role in
protecting the body against infections and diseases. These proteins are specifically designed
to recognize and bind foreign substances, such as viruses, bacteria, and other pathogens, and

trigger an immune response to eliminate them from the body.

Antibodies are formed by two heavy chains and two light chains. The heavy and light chains
are linked by disulfide bonds, forming a Y-shaped molecule with two arms that can bind to
antigens. Each arm of the Y contains a variable region that is unique to the specific antibody,

allowing it to recognize and bind to a particular antigen (Figure 8).
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Figure 8: General structure of antibodies.

There are five main classes of antibodies based on the structure of their constant portion: IgG,
IgM, IgA, IgD, and IgE. These classes differ in their structure, function, and distribution

throughout the body.

Antiglycan antibodies (AGAs) are monoclonal antibodies, mainly IgM or IgG, and they target
carbohydrates (glycans) present on the surface of cells or extracellular matrix molecules.®
These antibodies are produced by the immune system in response to the presence of glycans
that are recognized as foreign or altered in some way. They act by recognising glycan
sequences or the entire glycosylated macromolecule.® A large collection of anti—glycan
antibodies (AGAs) are present in human serum, playing critical functions in many immune
processes. They can be used as biomarkers in the diagnosis of some conditions such as Crohn’s
disease,?® or even cancer.33°0, In the case of cancer, although there are high expectations on

their use for diagnosis, this AGAs cannot activate the immune system to eliminate malignant
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cells, and therefore their use in immunotherapy against cancer is limited.?=3 Naturally
occurring AGAs in human sera also detect foreign glycan epitopes, such as galactose—a—1,3—
galactose and N—glycolylneuraminic acid (Neu5GC). These antigens are responsible for the

rejection of xenotransplanted organs in humans from pigs.°*%>

Recent discoveries combining modern advances in carbohydrate chemistry with the latest
knowledge in understanding immunological mechanisms afforded the creation of synthetic
high affinity AGAs, that showed nanomolar affinity for their glycan targets.’®®” This is a

developing field that is expected to bring successful results in the future.

Similar to lectins, antibodies bind glycans by non-covalent mechanisms. The hydroxyl groups
of the carbohydrate chain and the polar amino acids of the binding pocket form hydrogen
bonds. There are also hydrophobic interactions between the non-polar sugar face and
aromatic residues like tyrosine and tryptophan.®® Furthermore, positively charged functions
are found in the binding sites of AGAs that target anionic glycans, enabling ionic interactions.
Some AGAs exhibit high affinity for naturally occurring glycans, although often they lack
selectivity for a specific carbohydrate sequences, and may bind similarly closely related
sturctures.’% An exception to this would be the AGAs that are able to discriminate between

the similar glycan structures of antigens A, B, and 0 in blood.1%!

Nevertheless, glycan-binding antibodies often have lower affinities than protein-specific

antibodies, with equilibrium dissociation constant (Kg) values in the micromolar range for the
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first and nanomolar for the latter.%®°® AGAs also have problems with availability and specificity

since glycans have a low immunogenicity.%8

Because of this, there are few antiglycan antibodies available. The number of AGAs is only
approximately 1000, but the number of glycan epitopes has been estimated to be over 7000.88
Moreover, many of these antibodies share the same target, thus the number of different
antigens for which an antibody exists is below 250. AGA frequently have low specificity since
many of them recognise multiple structurally related glycans'? but in particular, the AGAs
that target N-glycans have the least specificity and therefore there is no commercial

availability.88

1.5 Synthetic receptors

Learning from Nature and the principles behind molecular recognition in natural receptors, a
great variety of synthetic receptors have been developed as recognition tools for saccharides
and glycans. The advantage of synthetic receptors over lectins or antibodies is the total control
over their structures allowing interaction with the biomolecules of interest through multiple
and different functionalities. The formation of multiple interactions with the target, known as
multivalent approach, is always desirable in order to enhance the binding affinity. In the
multivalent approach, the formation of multiple weak interactions with the ligand results in

an overall affinity receptor-target that is greater than the sum of the single interactions.>®

Lectins also benefit from this phenomenon, called the “cluster effect” to bind carbohydrates.>®

For instance, the binding affinity of lectins to monosaccharides is in the mM to uM range,
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whilst for oligosaccharides, which offer more sites for interactions, is up to nM.13 These units
of affinity refer to the value of dissociation constant, or Kd, between the receptor and the

target and, the lower the value, the higher the affinity.

Synthetic receptors can be divided into receptors acting solely through non-covalent

interactions and receptors able to form covalent bonds with the target.

As non-covalent bonding to accomplish saccharide recognition is the strategy employed by
Nature,'% a lot of work has been done in this field.10>1% These research studies are mainly
focused on designing appropriate binding points, surfaces or even structures which the target
could fit into, so the guest ended up completely encapsulated. These processes are mainly

based on m-m, polar or hydrogen-bonding interactions.

Aptamers are short, single-stranded oligonucleotides that are capable of binding to target
molecules via non-covalent interactions (mostly H bonds) with high specificity and affinity.
These molecules are often compared to antibodies due to their ability to bind to specific
targets,! but they have several advantages over antibodies, including their small size, ease of

synthesis, and stability.0”

Aptamers are typically generated using an in vitro selection process known as systematic
evolution of ligands by exponential enrichment (SELEX).1%8 In this process, a library of random

oligonucleotides is exposed to the target molecule of interest, and those oligonucleotides that
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bind to the target are isolated and amplified. This process is repeated several times, with the
library being modified between rounds to enrich for aptamers with higher binding affinities.
After several rounds of selection, the aptamers with the highest binding affinities are

identified and characterized (Figure 9).
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Figure 9: Diagram representing the SELEX process. Figure reproduced from reference 109.
One of the most significant advantages of aptamers is their ability to bind to a wide range of
targets, including small molecules such as metal ions'!®!2 or amino acids,**3'4

peptides,tt>116 proteins,t”!18 and even whole cells.!?®12? This versatility makes aptamers

useful in a variety of applications, including diagnostics, therapeutics, and biosensors.??
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An advantage of aptamers is their ease of synthesis. Unlike antibodies, which require the use
of animals for production, aptamers can be synthesized chemically, making them more
accessible and cost-effective. Additionally, aptamers are generally more stable than
antibodies and can be stored for longer periods of time without losing their binding

properties.'%’

Despite their many advantages, there are also some limitations to the use of aptamers. One
of the most significant limitations is their susceptibility to nuclease degradation. Since
aptamers are made of DNA or RNA, they can be degraded by nucleases in the bloodstream or
other biological fluids, which can limit their efficacy as therapeutics. Additionally, in the
particular case of glycan recognition, aptamers often exhibit low affinity and specificity, and
therefore they can be susceptible to off-target binding, which can result in unwanted side

effects.

The main shortcomings of aptamers are the low affinity and low specificity, causing cross
reactivity with other glycan epitopes. This is a consequence of the lack of recognition tools
that aptamers naturally offer. They have insufficient aromatic moieties or charged
functionalities and thus can only interact through hydrogen bonding with carbohydrates.
There are examples of RNA-like aptamers that bind SA in the low nM range, however they fail
to differentiate a2-3 and a2-6 isomers or among different Lewis antigens.??%123 To date, no
aptamers have been reported to recognise, let alone distinguish from each other, the most

simple uncharged monosaccharide glucose and other hexoses.'?*
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To overcome these limitations, additional functional groups such as boronic acids or ionic
groups have been added to aptamers to enhance their binding properties.'?>1%¢ Some
examples are DNA-like aptamers modified to contain charged amino groups to target
sialylactose, that resulted in a considerable enhancement of its binding constant (UM range)

when compared with uncharged analogues.'*

A lot of work has been carried out in the development of macrocyclic structures for the
molecular recognition of saccharides. From the first saccharide receptor ever synthesised in
1988 that consisted in a fairly simple calixarene-type structure that binds glucose (with many
limitations though, Figure 10a),>! to apparently not too complicated 3D cages developed as
recent as in 2019 for which a pharmaceutical company invested hundreds of millions of

pounds (Figure 10b).>3104

Figure 10: a) Aoyama's saccharide receptor with affinity for glucose. b) Davis' lectin mimic saccharide
receptor, with affinity for glucose. Functional groups responsible for forming H bonds are coloured in
red, while those in black are capable of creating hydrophobic interactions. Dendrimeric structures in

green serve to solubilise the molecule in aqueous solvents.
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In the first case, the receptor showed affinity for D-Glucose. The ring formed by the calixarene
framework was not large enough to encapsulate the sugars, but it served as a rigid structure
to permit ‘face to face’ recognition between hydroxyls groups of both receptor and substrate.
NMR experiments showed that the affinity relied mainly on hydrogen bond interactions,
which was evident when the affinity was lost upon the acetylation of receptors’ OH groups.
However, in order to bind saccharides, they required high concentrations of them.
Furthermore, they failed to acquire selectivity for glucose over other saccharides, and since
the receptor was not soluble in water and sugars normally are, they had to work with complex

biphasic systems.

On the other hand, the modern lectin mimic receptor synthesised 30 years later could
overcome most of these obstacles. First of all, peripheral nonacarboxylates (green) helped to
maintain the molecule solubility in water. Second, the bicyclic cage formed by urea groups
attached in —orto to a benzene ring, and the triethylmestylene units enriched the system with
both polar hydrogen and hydrophobic ni-rtinteractions. This allowed the receptor to efficiently
and selectively bind the B-pyranose form of glucose, predominant one in water, with binding
constant K, = 18 x 10> M1, and 2 to 3 orders of magnitude lower for other saccharides such as
D-galactose (Ka = 180 M%), D-mannose (Ka = 140 M%), D-ribose (Ka = 220 M1), D-fructose (Ka =
60 M) or D-cellobiose (Ka = 30 M1).>® Nevertheless, when this system was tested in biological
contexts, the affinity showed dropped. The presence of Ca?*and Mg?* ions caused a weaker
binding, and hence, a different approach — perhaps covalent interactions - had to be

considered.
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Cyclic structures rely on the basic principles of saccharide recognition already outlined in this

thesis in the section dedicated to the topic, but with a number of advantages.

Affinity: Macrocyclic structures can pre-organize functional groups in a way that is
complementary to the target saccharide, allowing a tighter fitting towards the target molecule

and therefore better binding interactions.

Selectivity: Macrocyclic structures can be designed to selectively bind to specific saccharide
targets by incorporating binding sites that are optimized for the size and/or shape of particular

saccharide structures.

Stability: Macrocyclic structures can provide enhanced stability for the saccharide complex,
due to the constrained nature of the macrocycle, which can prevent unwanted conformational

changes or degradation.

There are of course disadvantages associated with them and situations in which it may be
more adequate working with non-cyclic receptors. They can be difficult and expensive to
synthesise. They are often rigid, and therefore they may not be able to achieve effective
binding towards targets that are flexible or have different conformations. But perhaps the
most negative aspect of macrocyclic receptors that clearly marked their history is their
generally poor solubility in water. This was obviously a major point of concern considering that

most sugars are polar and therefore non-particularly soluble in organic solvents.

These molecules would rely on the basic principles of saccharide recognition, employing polar

groups such as OH, NH, N, or even phosphate groups for H bonding as well as aromatic units
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to promote m-CH interactions, in a pre-organised way to maximise the molecular groups

complementarity.

Since Aoyama’s first macrocyclic receptor (Figure 10a),°* many attempted to effectively bind
saccharides with similar structures. In 1990 Davis’ group reported 1 (Figure 11), a macrocyclic
steroid-based structure that bound a B-glucoside (a lipophilic derivative of glucose) with a
binding constant K, = 1.7 x 103 M1.1?7 Soon after, Diederich’s group would develop 2 (Figure
8), a far more complex macrocyclic structure with 10 times more affinity for the same
glycoside.?® Davis again in 1998 proposed 3 (Figure 8), a more sophisticated tricycle that
would take into account the all-equatorial stereochemistry of the saccharide of interest (still
the same B -glucoside) to generate a more fitting geometry in its cavity, resulting in a much

higher affinity for the saccharide with K, = 3 x 10° M1,1?°

In 2016 Abe and Inouye set a new record with their semiplanar crown-like receptor 4 (Figure

11) that showed an affinity for glycosides in the order of 10 M1,130

It is also worth highlighting the bicyclic cages designed by Roelens, 5 (Figure 11), that bound
the B -glucoside with K, = 5 x 10* ML, but with selectivity over the a anomer,*3! or the series
of bicyclic cryptophanes 6 (Figure 11) developed by Martinez and Dutasta showing not only

affinity for saccharides but also tunable selectivities.3?
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Figure 11: Series of macrocyclic receptors for saccharides developed by different research groups over
the last years. 1: Davis; stereoid-based structure. 2: Diederich's planar macrocycle. 3: Davis' three-
dimensional receptor. 4: Abe's semiplanar cyclic structure. 5: Roelens’ bicyclic cage. 6: Martinez and

Dutasta’s cryptophanes.

It was not until 2005 that Davis reported the first receptor that could bind saccharides in water
environments.'3? It was an evolution of its own molecule created seven years before, now
incorporating four dendrimer-like tricarboxylate groups as solubilising agents. A proof of the
challenge of binding saccharides in water environments is that the affinity dropped from 3 x

10° M for their previous design, in organic solvent, to just 9 M this time in water.
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This line of research continued over the years with new macrocyclic receptors offering better
affinities and selectivities for different monosaccharides,3413% and even disaccharides,4%141
until 2019 when Davis et. al. once again designed a C3 symmetric hexa-urea cage (Figure 10b)
that could encapsulate monosaccharides in its interior, with excellent functional group
complementarity, as an evolution of their previously reported saccharide receptors. This time,
they achieved a binding affinity for glucose in water of K, = 18 x 103 M™%, which is higher than
most lectin-monosaccharide interactions,'#? and representing a 70-fold increase over previous
water-friendly receptors, and a remarkable selectivity over other common sugars such as
galactose, mannose, ribose, fructose and cellobiose. Other all-equatorial substrates were
found to have a notorious affinity for the receptor, but always with at least 25-fold decrease

in comparison with glucose.>3

Small-molecule receptors, of course, rely as well on the same basic principles of molecular
recognition. This subtype of receptors has also experienced major improvements over the

years although perhaps they have been less explored than cyclic structures.

These molecules are in general easier and less expensive to make. Open structures offer more
flexibility than their cyclic analogues. They can accommodate saccharides of different sizes
and shapes and therefore they are more versatile, although this may play against their ability

to offer selectivity for a particular target.

In general, small molecules are easier to work with and to design and synthesise to be soluble

in water. However, the enormous challenges of saccharide recognition in aqueous
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environments forced the development of these receptors, same as for cyclic receptors, to

work mostly in organic solvents.

One popular strategy in the design of these receptors is to employ a central aromatic platform
with potential for non-polar interactions, with polar ‘arms’ offering multivalent connectivity
via electrostatic or H bonds This open structure with no roof should be compatible with

saccharides bearing axial substituents.10*

Figure 12 shows the structure of some small acyclic receptors for saccharides developed over
the years. Receptor 7 (Figure 12) demonstrated that simple receptors can achieve great
affinities. It showed binding for B-glucosides as high as 26 x 10> M, in organic solvent.'*3
Other examples relying on the same principle but with a more complex structure are the bis-
phenanthroline 8 (Figure 12), that bound the same substrate with Ka = 10° M,144 or the hexa-
amine 9 (Figure 12) with affinity for octyl a-D-mannoside of K, = 10* M1,4 both in organic

solvent.

As per receptors that can bind saccharides in water environments, receptor 10 (Figure 12)
bound the important oligosaccharide Sialyl Lewis X with K, = 100 M1.14¢ However, this complex
substrate containing polar functionalities and a larger skeleton is probably less difficult to
target than simple monosaccharides. The benzene derivative 11 (Figure 12) exhibited affinity
for the disaccharide cellobiose with Ky = 305 M2.'4’ Receptor 12 (Figure 12), with certain
resemblance to anthracene 10 (Figure 12), was found to bind quite strongly the biomedically

relevant target heparin, and therefore has potential for biosensing applications in medicine.
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Another example of small-molecule receptor for heparin is the molecule 13 (Figure 12). This
had a slightly different design as a non-aromatic linear molecule as spermine served as
scaffold, while the aromatic units were in the ‘arms’.}#814 The most interesting aspect of 13
is that it was ‘self-designed’ via Dynamic Combinatorial Chemistry (DCC). DCC for the

recognition of biomolecules will be discussed in depth in a separate section of this thesis.

Some last examples of this category are the pyrenes 14 and 15 (Figure 12), designed to target
substrates with charged axial groups. Anionic 14 bound mannosamine with K, = 3 x 10> M},

and cationic 15 bound sialoside with Kz = 1.3 x 103 M1,1%0

COy

-
NH,

= NNJ\NHZ

HO

Figure 12: Series of small acyclic receptors for saccharides developed by different research groups
over the last years. 7: Hamilton’s phosphate derivate. 8: Mazik’s bis-phenanthroline. 9: Liekens’
aminopyrrolic receptor. 10: Grundberg’s anthracene-amino acid. 11: Cavga’s receptor. 12:
Grundberg’s second anthracene-amino acid. 13: Alfonso’s spermine-based receptor. 14 and 15: Davis’

pyrene-based ionic receptors.
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It has been demonstrated with numerous examples the challenges arising from attempting
molecular recognition of saccharides, especially in aqueous environments where these are
heavily solvated. In these circumstances, receptors have to compete with molecules of water
for the binding sites, and non-covalent host guest interactions are often not strong enough to
achieve binding affinity.'>> While working in organic solvents is an alternative that yielded
positive results in the past, saccharides are often insoluble in organic media and therefore O-
alkylated sugar derivatives are needed.'%1% This, unfortunately, reduces enormously the

usability of such receptors for real-life applications.

To overcome this handicap, receptors with the ability to covalently bind saccharides are a
good alternative. Covalent bonds are generally stronger than non-covalent ones, and
therefore they can better displace molecules of water from the binding sites affording higher
binding affinities. In this context, receptors containing boronic acids (BAs) apply as appropriate
candidates offering the possibility to covalently bind sugars in aqueous environments. Boronic
acids are Lewis acids employed in carbohydrate recognition due to the ability of their boron
atom to form stable cyclic 5 and 6 membered boronate esters with cis-1,2 and 1,3-diols, which

are present in saccharides (Figure 13).1>2

Figure 13: Generic boronate ester formation reaction between a generic BA and a 1,2-diol.
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The formation of the boronate ester with ligands is pH dependent. The optimal pH for binding

is determined by the pK; of both the BA and the target as defined by Equation 1.1

153

Optimal pH = PROpat ZKamrget Equation 1.1

The most commonly employed BA is the Phenylboronic acid (PBA). This aromatic BA has a pK;

of 8.86,>* and it is known to bind sugars at alkaline pHs.>® According to Equation 1.1

, for PBA to bind Fructose (pKa = 12.1), the theoretical optimal pH would be 10.5.%°>

The reason why PBA binds sugars at basic pHs is that the boron center electronic structure
changes upon the pH. At pH values below the pK, the boron centre is in the neutral and
trigonal form (1 in Figure 14) whilst, at pH values above the pK; the boron is negatively charged
in the tetrahedral form (2 in Figure 14). Therefore, the binding of boronic acid to saccharides
at basic pH occurs through the anionic tetrahedral boronate, to give a negatively charged

boronate ester (4 in Figure 14).152
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Figure 14: Phenylboronic acid (PBA) in its neutral trigonal form (1) and anionic tetrahedral form (2),

as well as the telashionships between their diol esters at pH below PBA's pKa (1 to 3) and pH above

PBA's pKa (2 to 4).%>®

At pHs below its pKa, the trigonal form of BA can also bind diols. However, the resulting
boronate ester (3 in Figure 14) is less stable and gets hydrolysed readily. In other words, Keg-
tet > Keg-trig. AS a result, neutral carbohydrates (i.e. not charged) are effectively bound by PBA
(or BA in general) only at pHs above the BA’s pK,.>® Whilst the majority of carbohydrates
generally have a high pK, (and therefore can only be bound by PA at alkaline pHs), there are a
few exceptions. The dye Alizarin Red S (ARS) (pKa=5.5) and sialic acid (pKa = 2.6) can be bound

by the trigonal form of the BA at neutral and acidic pH, respectively.1>>16

However, these are normally exceptions and since the binding affinity of BA to neutral
monosaccharides is significantly diminished at physiological pH (7.4), BA receptors are only
partially useful in the study of biological fluid.*>> At pH 7.4, PBA has the greatest affinity for

ARS and catechol (K. > 800 M?); and it decreases significantly for carbohydrates with the
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following trend; sorbitol, fructose, mannitol (K, > 100 M) > arabinose, sialic acid, glucuronic
acid, galactose, mannose (Ks > 10 M™1) > glucose, lactose (< 10 M™2).1%> For instance, at pH 8.5

PBA binds fructose with K, = 560 M, but it drops to 160 M at pH 7.4.1>°

A solution to this problem would be increasing the acidity of the BA derivative. In the case of
PBA (Figure 15a), this can be done by making the boron atom electron deficient via the
addition of electron-withdrawing groups in the aromatic ring.®” The introduction of a nitro
group in meta with respect to the BA in PBA results in a drop in the pK, from 8.86 from PBA>*
to 6.9 in m-nitrophenylboronic acid (Figure 15b).%7 In response to this, the affinity of the nitro
derivative for fructose is Ko = 1350 M}, which means an 8-fold enhancement in comparison

with the affinity exhibited by PBA.

Another strategy to increase the acidity of the boron atom in PBA is the introduction of a
tertiary amine in ortho position.>® This structures are called Wulff-type boronic acids and the
reduction in pK, is believed to occur due the increment in stability of the boronate ester
formed when binding saccharides. In aprotic solvents, this stability comes from the formation
of a B-N intramolecular bond between them whilst ion pairing forces are the responsible for
the effect in protic solvents.!>® The Wulff-type BA 2-(dimethylaminomethyl)phenylboronic
acid (Figure 15c), with pK, of 5.3, can be employed at acidic pH for the detection of neutral

monosaccharides.16°

41



a) b) c)
HO._.OH HO.__.OH HO.__.OH
0.5-0 0.5-0 0.5-0

O L0 O

Figure 15: Structures of a) Phenylboronic acid (PBA), b) m-Nitrophenylboronic acids, and c) o-

(dimethylaminomethyl)phenylboronic acid.

In summary, the detection of monosaccharides has made considerable use of boronic acid
receptors, whose binding affinities change depending on the selected ligand. For instance,
PBA has the maximum affinity for fructose at pH 8.5 (Ka = 560 M) while galactose (K. = 80 M-
1) and glucose (Ka = 11 M) both have much lower affinities.*>> At physiological pH, the affinity

values decrease but the trend remains.

As mentioned previously in this chapter (Figure 6), perhaps the major challenge for the
molecular recognition of saccharides is the existence of different tautomeric forms in
equilibrium in solution, and this is also a challenge when employing boronic acids. BA
preferentially bind the furanose forms of saccharides.'®%62 |n particular, the stability of the
boronate ester (and therefore the affinity BA-ligand) is greatest for the endocyclic vic-diol
furanose form. It is up to 30 times lower for exocyclic-1,2-diol pyranose, an even lower for
other carbohydrate diols, in the order exocyclic-1,2-diol furanose > cis-vic-diol pyranose >

exocyclic 4,6-diol pyranose (Figure 16).2°3
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Figure 16: Different tautomeric forms of monosaccharides, in order from highest to lowest affinity for

BA receptors.

While mono, di, and oligosaccharides produced by furanose units can be recognised by BA
receptors, the use of boronic acids in the identification of glycans displaying just (or mostly)

pyranose sugar residues is constrained by their preferred affinity to the furanose form.

Yoon et al. created the first boronic acid receptor for carbohydrate recognition, which was an
anthracene-based boronic acid (Figure 17a) used for monosaccharide fluorescence studies.®?
Since then, several functionalized boronic acids with one or more boronic acid units and polar
or apolar functional groups have been created. By enabling different points of contact with
the ligand (multivalency), the affinity and selectivity of the probe is enhanced. For instance,
by adding two correctly spaced boronic acid units to the receptor design, Tsukagoshi et al.
created the first receptor selective for glucose (Figure 17b)!*. Fifteen years later Fossey et. al.
studied the rational design of synthetic receptors. They synthesised probes similar to

Tsukagoshi's, but with a linker of variable length between the BA groups to study the effect of
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the distance between recognition groups in the affinity and selectivity shown for
carbohydrates.®> While all the di-BA tested (Figure 17d) outperformed the mono-BA
derivative (Figure 17c), proving the importance of multivalency, they also demonstrated a
strong distance-dependence with affinities almost 10 times apart from the worst (n=3, K5 =

103 M) to the best one (n=6, K, = 962 M1) observed, employing glucose as ligand.

Figure 17: A series of BA derivatives developed for carbohydrate recognition that exemplifies not only
the benefits of two BA groups over just one (multivalency), but also the importance of the distance

between those groups.

Another interesting aspect when comparing mono and di-BA is that, while PBA (mono-BA)
binds preferentially fructose over glucose, this selectivity is swapped over in di-BAs. This is due
to the fact that glucose poses 2 binding sites which can be simultaneously accessed by di-
boronic acids, while fructose only has one.>® Di-boronic acids has also been employed as

receptors for oligosaccharides. An example would be the one developed for the sialyl Lewis

epitope.t®
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Other than increasing the number of BA units in the receptor, different strategies have been
followed to afford multivalency. Polar and non-polar groups, in a charged or neutral form, has
been used for the detections of monosaccharides. Or in other words, covalent interactions
can be complemented by non-covalent forces to better tailor the needs of each particular
ligand thus affording more powerful receptors. As examples, the urea and thiourea (Figure
18a) modified boronic acids cooperatively bind sialic acid by hydrogen bonding and boronate
esterfication.'®” PBA receptors are frequently modified with charged moieties to recognise
negatively charged saccharides. PBA receptors containing the guanidino group have been
created to detect D-glucarate and SA (Figure 18b).16816° |n addition to the boronate ester, the
guanidino group interacts electrostatically with the carboxylate group of glucarate, causing a
two-point contact and a fivefold increase in affinity. Due to a similar cooperative effect,
heparin, an anionic polysaccharide, is bound by triboronic acid receptors functionalized with

amino groups showing binding constants up to 108 M (Figure 18c).17°

Additionally, 5-indolylboronic acid (Figure 18d), which resembles the tryptophan residues in
lectins, binds preferentially glucose residues by engaging in hydrophobic and CH-m

interactions with oligosaccharides.’!
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Figure 18: Boronic acid derivatives designed for saccharide recognition posing different chemical
functions besides the BA: a) Thiourea group, b) guanidino group, c) three BA + guanidino group, and

d) indol group.

The boronic acid group can also be introduced in peptides to enhance the natural lectin-
saccharide interactions. Charged amino acid residues like aspartic and lysine, polar residues
like tyrosine, and aromatic residues like phenylalanine and tryptophan are frequently found

in this peptidomimetic compounds.72-174

Different amino acid sequences produce peptides with various selectivities and affinities for
carbohydrates.’* In order to improve affinity through the creation of covalent compounds,
boronic acid may also be added to nucleic acids and polymers.l”> For example, when
comparing the affinity of aptamers containing and lacking BA towards glycosylated proteins,

it was shown a clear enhancement for the first ones.126

PBA-functionalized hydrogels have proven to detect glucose at mM levels,'’® and micelles
containing PBA have been used to detect cells with high sialylation levels as a novel way for
the administration of anticancer drugs.!’’” Another novel applicability of BA for detecting
carbohydrates is their use in modified surfaces or nanoparticles. There are examples of

178

modified golden surfaces with the ability to detect glucose, sialic acid,'”® and
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glycoproteins.’®%181 Boronic acids have also been used in molecularly imprinted surfaces,
where the binding pocket of the ligand of interest is formed on the surface, offering great
specificity and selectivity for such ligand. With a Kq value as low as 1.8 uM, 8218 jt was shown
that molecularly imprinted BA-functionalized gold surfaces showed high affinity and
selectivity for glycosylated PSA over other glycosylated and non-glycosylated proteins. In
addition, mono- or oligosaccharides can be imprinted on nanoparticles containing boronic

acid binding sites, with reported binding affinities in the low mM range.*®*

Their preferential binding to furanose tautomers is a major side back restricting the use of BA
as receptors for, for instance, cancer related glycans which often exhibit a major presence of
sugars in their pyranose form. On top of that, the limited pH range in which BA often can
effectively bind saccharides limits their applicability as probes in biological fluid analysis.
Although the use of Wulff-type and electro-deficient boronic acids helps to partially resolve
this issue, many of these BA derivatives are not very soluble in water, hence co-solvents are
frequently necessary. In summary, while BA derivatives have their limitations in the field of
saccharide recognition, they are present in numerous receptors that proved to bind sugars

successfully and they have proven to be a group worth studying in more detail.

As it has been demonstrated, there are numerous factors involved in the design of molecules
that bind sugars. Functional groups to incorporate, the distance and geometry between them,
or the best intermolecular forces to consider, are still unclear. There is only consensus
regarding the importance of multivalency. In this context, Dynamic Combinatorial Chemistry
(DCC) poses as an excellent approach for the design of powerful and selective saccharide

receptors.
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1.6 DCC

Dynamic Combinatorial Chemistry (DCC) is a powerful approach used for designing complex
and diverse chemical systems. DCC involves the creation of a mixture of reactants (Dynamic
Combinatorial Library, DCL) that can react with one another via a reversible reaction under
thermodynamic control, which eventually reaches the equilibrium state. This enables the
system to respond to an external stimulus by shifting its equilibrium composition.*®> The
products generated from these reactions are a function of the reaction conditions and the
composition of the starting mixture. DCC is a versatile method that can be used to generate
complex systems such as foldamers!®188 or supramolecular assemblies'®-1°1 as receptor
molecules. The method is particularly useful for creating receptors for biological molecules,
such as saccharides,'®8%2 peptides,’®® and proteins.1®*72% |n this context, DCC allows for the
creation of dynamic libraries of receptors that are capable of binding to specific biomolecules

with high selectivity and affinity.

Therefore, DCC can be used as a molecular recognition technique to synthesise and detect the
best binders for a given target. Its potential relies on the reversible reactions among members
of the DCL and the ability for some of these members or building blocks (BB) to interact via
covalent or non-covalent bonds with a potential target.?! Once a member of the DCL (a ligand,
L) binds the target (T) and forms a different species (complex L-T), the equilibrium will shift
towards the formation of more and more of the missing ligand at the expense of weak binders.
Therefore, if a screening of the library is performed before and after the addition of the target,
the library member that bound the target will normally appear amplified, or in other words,

in a higher presence in the screening of the library containing the template. Alternatively, two
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separate DCLs can be formed in parallel, and the target is added only to one of them while the
other is used as a blank (Figure 19). It is worth mentioning that in some particular cases, the
concentration of the best binder within the DCL will actually be reduced in the presence of the
template. This is the case when the target is, for instance, an active enzyme that destroys the

high affinity ligands.202-204

Blank
Experiment

response

time

Figure 19: Schematic representation of the DCC protocol followed in this thesis. A DCL is generated
making use of a reversible chemical reaction. Once the reactions have reached a thermodynamic
equilibrium, the mixture is split in two. To one half, a template (biomolecule) is added. This generates
a new situation of equilibrium in which the molecules with the highest affinity for such template will

appear as amplified when compared to the non-templated library.
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The ability to discover good binders makes DCC ideally suited for drug discovery.1%4195198-
200,205-207 DCC has also been applied in the fields of material sciences, catalyst development,
and receptor molding.201208-224 Regarding the biomolecules employed as templates, there are
published examples using DNA, RNA,%22°7232 and peptides,?33 but the targets that have been
explored the most in the field have been proteins.19419>198-200,205207 peagpite the potential of
DCC for molecular recognition, there are very few examples of its use for the detection of

saccharides, with only a couple of examples found in the literature.88192

Rauschenberg et.al.’®® developed a DCL of linear and cyclic peptides connected by disulfide
exchange, targeting a-methylated monosaccharides (galactose, glucose, mannose and
fucose), as well as N-acetyl neuraminic acid (NANA) and a couple of disaccharides (sucrose
and trehalose). In the DCC experiments, they observed amplification of one of the DCL
members for NANA and another member for trehalose, and they confirmed such binding by
ITC. While these were ground-breaking results an opened the door for more scientific research
in the field, same aspects were not considered in their investigation. They did not carry out
replicates to ensure the reproducibility of the results and they only tested by ITC the most
amplified molecule of each library against the template presumably causing such
amplification, and a different template as negative control. There is not enough data to
confidently affirm that there is correlation between amplification and affinity. Moreover, they
did not carry out enough ITC experiments with the amplified molecules and the rest of the
saccharides considered to discuss selectivity in their receptors, and the saccharide that they
could bind with the strongest affinity, NANA, is perhaps a less challenging sugar to detect in

comparison with common monosaccharides due to its N-acetyl and carboxylate groups.
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Yang et. al.»®2 published a highly interesting approach utilising metal organic cages capable of
generating H bonds with guest molecules as scaffolds in their DCC experiments. They tested
common monosaccharides (D-Glucose, L-Glucose, D-Fructose, L-Arabinose, and D-Xylose
among others) as templates, and reported a surprising self-amplification effects, as one of the
helicate members of the library got amplified in presence of B-D-Glucose and, at the same
time, the concentration of B-D-Glucose got increased as the cage induced the mutarotation of
o-D-Glucose into its B anomer. They also demonstrated certain selectivity of one of the
helicates for B-D-Glucose over its a anomer, as well as over the a and B anomers of the 1 O-
methylated glucosides. However, the selectivity did not extend to most of the other
monosaccharides tested. Moreover, this DCC experiments were carried out in organic solvent
(MeCN), most likely due to the hydrophobicity of the library constituents, which limits the
applicability of these receptors. Hence, there is room for new knowledge in the field of DCC
for the discovery of new receptors for saccharides, and there is a gap in the literature that we

intend to fill.

DCC poses as an excellent tool to overcome most of the difficulties already discussed in the
field of molecular recognition of saccharides. A cautiously designed DCC experiment can
create a complex and diverse library of compounds posing multivalency, by incorporating
multiple binding sites into a single molecule, and a rich variety of functionalities susceptible
to bind the sugar target via covalent and/or non-covalent interactions. The combination of
these two factors enables the creation of receptors with enhanced overall binding affinity for

any given template, including saccharides.
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Another advantage of DCC is its ability to generate complex mixtures of molecules with
potentially desirable biological activity, that are difficult to synthesize using traditional
methods. For example, DCC has been used to generate libraries of cyclic peptides,'87:188 which

are challenging to synthesize using traditional solid-phase peptide synthesis methods.

DCC is a rather complex technique with many factors to be considered. It has been widely
employed and there are several reviews on the topic covering every detail to be considered
when designing a DCC experiment: different types of DCC,1%>:2! selection of starting building
blocks (BBs),'*° reversible reactions that can be employed,19%:207:221.224 or the different species
that can serve as templates.19>201.205 This thesis will not attempt to cover in detail all of these

aspects but instead will summarise and give examples of them.

DCC experiments can be classified in three different groups. They all have a common first step

of generation of reaction in equilibrium but differ in the screening or selection phase.®®

Adaptative DCC. The DCL is generated in the presence of the target. The dynamic
characteristic of the system allows the adaptation of the library to the template, the
subsequent amplification of the best-bound ligands, and the modification of the system to

respond to disturbances and external triggers, such as changes in pH or temperature.

For example, if one DCL member interacts with the target better than the others, this element

will be removed from the equilibrating pool, and all of the constituent BBs that make up this
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element will likewise be masked by the binding. The system will then change in order to create
more of this member at the expense of the other species in the library due to the equilibrium
condition. In comparison with the blank experiment (no target molecule was introduced), the
most active component (the best binder) will consequently suffer some degree of
amplification upon re-equilibration. There are many examples in the literature of Adaptative
DCLs,189234235 and this will be the approach followed in this thesis as is the simplest to

implement that provides actual amplification values.

Combinatorial chemistry. Named by some authors as pre-equilibrated DCC, in this instance,
the combinatorial library is built under reversible settings that are analogous to the adaptive
scenario but the screening step is carried out under static conditions. The reaction in
equilibrium is stopped (change in pH, temperature, addition of external agent) before the
addition of the biomolecule target. Therefore, no amplification can take place. Then,
deconvolution protocols can be used to identify the active components. This protocol is very
helpful when dealing with delicate and sensitive biological target species that are not available
in large quantities or when the conditions for the equilibrium reaction are incompatible with

the biological target. There are numerous examples in the literature employing this

p rotocol 187,193,236-250

Iterative DCC. In this example, the DCL is produced in one compartment under reversible
conditions, and after that, in a later phase, its components are permitted to interact with the
target species either in the same reaction chamber or in a separate one. The species that

bound the target need to be separated from the unbound ones. This can be done, for example,
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by utilising target entities that are immobilised in a surface. Following this, the unbound
species are returned to the reaction chamber, recombined, and given another chance to
engage with the binding site. This "dynamic panning protocol" can be repeated numerous

times, and the accumulated active species can then be examined.?°!

The selection of the most appropriate starting BBs is as well a crucial step when designing a

DCC experiment, as it will define the ability for the DCL to create potent ligands.

First and most importantly, the building blocks must possess functional groups capable of
reversible exchange. Additionally, these units should cover the potential target sites in both
geometry and functionality, which can be achieved with recognition groups designed to
interact with the binding site.'®> The selection of these groups may be determined through
experience or rational design based on analysis of the target species' structure. The approach
that will be followed in this thesis, as it will be further explained in a separate chapter, is the
enrichment of the system with a variety of different functionalities that will ensure the
existence of all sorts of interactions (covalent and non-covalent) so the template can ‘choose’
the interactions that suit it the best. For optimal binding, these recognition groups should be
organized geometrically, using organizational units, which may be based on molecular
scaffolds that can undergo dynamic decoration through reversible reactions. These scaffolds
will establish the core geometry and multivalency of the DCL members. The molecule of
isophtalaldehyde, as well as some short peptides, will be employed in this thesis to meet this

requirement.
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The first requirement that has to be met for the starting BBs is the possession of a functional
group capable of reversible exchange. There are a number of chemical groups that can achieve

this and have been used in DCC experiments, as represented in Table 1.

Table 1: List of chemical groups employed for DCC experiments.

Reaction Equilibrium References
_ . Ry R,
imine formation NH N HN
. + g oNH2 e — 244,252-260
(+ reduction) R1)I\H R2 - R1J R1)
acylhydrazone 0 0 o 236,243,245,261—
; + H,N. _— .N__R Y
formation R1)LR2 : HJLRa ~— R{‘&N Y 264
0
thiol-disulfide
- - — S<o-R 265-272
exchange Ri=SH + Ry=SH === R~" g2
boronate Ri<g-OR Ri~g-OR
o "B L Re-OH === B " 273,274
trans-esterification OR; OR,
. . o o}
Michael-type addition R1)J\/ + Rp—X == R1)l\/\X/R2 275,276
to enones X = OH, SH
hemithioacetal o OH
. + Ry-SH —> 277
formation R1)LH : R1;\S’R2
tal-ligand
e coordination of pyridines to Fe" 278
coordination
enzymatic . .
v . N-acetylneuraminic acid aldolase 279,280
reaction

The reactions responsible for reversibility must take place in conditions that do not affect the
target activity or structure. This means, for most of biological targets, that the equilibrium
reaction has to be compatible with physiological conditions. The starting materials cannot
produce off-site reactions with the target, and the products have to be stable enough to be
analysed in a later step. To accomplish this, it is necessary to switch off the reversibility of

reactions used during library generation, resulting in pseudo-static libraries that cannot react
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to external stimuli and are more amenable to analysis. There are only a limited number of

reactions that meet these requirements, and they are those summarised in Table 1.

The first ever example reported of DCC was carried out in 1997 and utilised the reversible
formation and exchange of imines.?*? Since then, there have been numerous reported
examples of this chemistry, most of the times employing amines and aldehydes as starting
BBs,244252-258,260 glthough there is an example employing ketones.?>° To ensure the conversion
to imines and also to prevent potential side reactions of the starting aldehyde with amino-
containing targets (proteins, for instance), an excess of starting amine is used. The imines
generated are labile and require reduction to form stable amines. Sodium cyanoborohydride
is the most commonly used reducing agent as it selectively reduces imines over other common
unsaturated groups such as aldehydes.?®?2>> The reduction step does not alter the
composition of the iminic library, and, even though the reduction from an imine to a
secondary amine group may cause an alteration in the affinity of the BBs for the target, it is a
compromise that has to made with imine chemistry. However, we do not anticipate this
behaviour as we expect that the ‘recognition units’ in the potential receptors would be far
away from the imine/secondary amine position. If activity loss occurs in the reduced amines,
a solution that some researchers proposed was the synthesis of the amide analogues for
follow-up investigations, as their affinities better aligned with the amplification observed by
imines during the DCC experiment.?>* It is essential to note that upon reduction of the C=N
double bond, information on the E or Z conformation of the imines is lost, and the potentially

higher affinity of a single isomer cannot be traced back.
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Due to their biocompatibility, easy to control chemistry, and the fact that there are numerous
and diverse interesting BBs commercially available that contain the amine and aldehyde
groups, imines are the most common functional group employed as core of the reversible

exchange in DCC experiments and they will be used for the experimental work of this thesis.

In conclusion, DCC is a powerful method for generating complex and diverse chemical
systems, including receptor molecules for biological targets. The method is versatile and can
be used to generate a wide range of molecules that are difficult to synthesize using traditional
methods. The iterative process of amplification and screening allows for the generation of
highly selective and potent receptor molecules. The ability to generate multivalent receptors
is a significant advantage of DCC, allowing for the creation of highly potent receptors for

biological targets.

1.7 Conclusions

Glycans play key roles in biological processes and therefore they could be used as biomarkers
for disease detection and risk stratification.?!329-3443-46 However, this use is limited by the
current limitations to detect exclusively the ones involved in disease development and not
those present naturally in healthy cells.®0:3235>741 |n this context, trying to recognise their

saccharide side chains seem a feasible approach to effectively tell them apart.®

The molecular recognition of saccharides, however, is not exempt of challenges. Sugars are

chemically difficult to detect in physiological conditions for a number of reasons: They are
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structurally very similar to one another, they present different interconvertible forms, they

are heavily solvated, and they lack easy-to-recognise functional groups.>*-°

1.8 The major improvements in the field over the last years with the discovery of ligands
from natural sources and the creation of rationally designed synthetic ligands is reported

herein in the section dedicated to Saccharide recognition

. However, there is still room for improvement, and we are in need of new and enhanced

saccharide receptors.

The use of Dynamic Combinatorial Chemistry (DCC) has proven to be an effective strategy in
the field of drug discovery,!?4195198-200.205-207 for the development of potent binders for
biomolecules such as DNA, RNA,%?2°7232 and proteins!®4198-200,205207 However, its application in

the discovery of saccharide receptors has been far less explored.

Considering the burgeoning demand within the field of biomedical sciences for novel and
enhanced receptors for glycans, together with the saccharides' pivotal roles in discerning
among these entities, the application of DCC to identify saccharide receptors (a domain
relatively underexplored compared to DCC's application with other relevant biomolecules)
emerges as a highly pertinent research capable of filling existing knowledge gaps in the

scientific literature.
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1.9 Aim of this work

This work main focus is the development and implementation of DCC for its use in the
discovery of selective receptors for saccharides. While achieving that goal, other aspects need

to be addressed:

- Optimisation of imine formation reaction (IFR) as it is pivotal for the correct functioning

of DCC experiments (Chapter 3).

- Design of a small-molecule based DCC experiment and optimisation of the analytical

procedures (LC-MS) for its screening (Chapter 4).

- Synthesis of the receptors for their further analysis (Chapter 7).

- Validation of the DCC results with analytical techniques (ITC and NMR). Study the

mechanisms behind molecular recognition (Chapter 5).

- Explore the feasibility of more complex DCC systems, employing peptides as scaffolds

(Chapter 6).
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Chapter 2 -Techniques

This chapter will describe in detail the main techniques employed throughout this thesis for
analysis (NMR, LC-MS, ITC) and purification (HPLC). *H NMR and *3C NMR will be used for the
characterisation of the molecules synthesised after DCC experiments: 1D, 1P, 2DD, and 2PP.
'H NMR will also be used to carry out titration experiments with 1P and Fructose, in order to
gain a better understanding of their binding mechanisms. HPLC will be employed for the
purification of the aforementioned synthesised molecules. LC-MS is needed for the screening
of the Dynamic Combinatorial Libraries (DCLs), in order to calculate the amplification factors
of the library members for each one of the sugar templates tested. Finally, ITC will be used in
order to obtain the binding parameters (Ka and Kq) of the receptors of interest for the

saccharide templates.

2.1 NMR

Nuclear Magnetic Resonance (NMR) Spectroscopy is an analytical technique used to
determine the structure of organic molecules.?8! This technique relies on the quantum
property of spin possessed by atomic nuclei. The spin is visualized as the spinning direction of
the nucleus around its axis and gives rise to a non-zero magnetic moment (u # 0) for atoms
with an odd total number of proton and neutrons, such as *H, !B, 13C, *N, 70O, °F and
31p 282283 \When a magnetic field (Bo) is applied, the magnetic dipole of these nuclei aligns along
the axis of the applied field.?82 The number of possible orientations (S) is defined by Equation

2.1.

S=2I+1 Equation 2.1

60



The nuclear spin quantum number (/) is fixed for each atom and represents the spin of the
atom’s nucleus.?8* Protons have a nuclear spin quantum number of / = %5, which means they
can exist in two different orientations in the presence of an external magnetic field: parallel
and antiparallel to the applied field Bo.?%? The two orientations give rise to energy level
differences (AE), which depend on the applied magnetic field Bo and Planck’s constant h, as

described by Equation 2.2.283

AE =y % By Equation 2.2

The gyromagnetic ratio (y) is a nuclear property that is defined by the type of nucleus being
studied. When electromagnetic radiation of frequency v is supplied, corresponding to an
energy equal to AE, the nuclei are excited to higher energy levels, which results in a spin
inversion.?8 The relationship between AE and hv can be used to obtain Equation 2.3, and

subsequently, Equation 2.4 can be derived.
Hv=AE= y — B, Equation 2.3

v = — B, Equation 2.4

After excitation, the nuclei relax and emit at their resonant frequency v, producing an
interferogram of superimposed waves known as FID (free induction decay).?®3 This signal is
then processed by Fourier transformation to produce the NMR spectrum. In the NMR
spectrum, each resonant frequency for each nucleus appears as a signal, after transformation

into a chemical shift (8) and quoted in parts per million (ppm).283 This is a crucial step in the
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analysis of an NMR spectrum as it enables the identification of the different types of nuclei

present in the sample being examined.

The chemical shift (8) is a measure of the influence of the chemical environment on the
resonant frequency of a specific nucleus. It is defined by the frequency in Hz of the nucleus
(vi), the reference frequency (vr), and the frequency of the instrument in MHz (vo), as

described by Equation 2.5.28

5 = (vi-VRr)

Vo

Equation 2.5

The shielding of the nucleus is determined by the electrons near it, which provide an opposing
magnetic field to Bo, thus reducing the effective magnetic field seen by the nucleus, which
results in a lower resonance frequency. According to Equation 2.4, a higher electron density
results in greater shielding and a smaller chemical shift, shifting the signal to higher fields. In
contrast, when the nucleus is de-shielded, the signal is shifted to lower fields, resulting in
larger & values. Figure 20 shows the *H NMR spectrum of a simple organic molecule, 4-
ethoxyacetophenone. It can be observed that different H signals with unequal chemical
environments (a-e) appear at different regions of the spectrum. The numbers in blue

underneath the peaks correspond to their integral.
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Figure 20: *H NMR spectra of 4-ethoxyacetophenone as an example. Assignation of peaks is done

with letters (a-e), and integrals are showed in blue under each peak.

The signal multiplicity, coupling constant (J), and signal integral are additional key parameters

for the interpretation of NMR spectra.

The multiplicity (sometimes called peak splitting) provides information on the number of
NMR-active nuclei that are within a certain distance (usually three bonds away from a given
nucleus). The intensities of the resulting peaks in which an original signal will split is given by
the Pascal triangle (Figure 21). Hence, if a signal is split in 3, according to the distribution given

by the Pascal triangle (1-2-1), the intensities of the resulting peaks will be 25%-50%-25%.
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Figure 21: The Pascal triangle can be used to determine the intensities of the peaks for any given

splitting pattern.

A signal that appears as a doublet suggests the presence of a nucleus closer with one
equivalent proton, while a signal as a triplet suggests the presence of a nucleus with two

equivalent protons, and so on. Figure 22 shows some common peak splitting patterns in H

NMR.

Figure 22: common multiplicity or splitting patterns observed in *H NMR.

The integrated area of a peak gives important information too, as it is directly proportional to

the total number of protons producing the signal.

Coupling constants J (Hz) provide insights into the chemical bonding of atoms, with different
J values corresponding to different types of chemical bonds. Understanding these various

NMR parameters can greatly assist in the characterization of molecules by NMR spectroscopy.
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In Figure 23 are represented different *H-'H coupling constants for hydrogens in different

chemical arrangements in organic molecules.

H
R R RQ R R R H R H
R-(')-C'I-R R-Q-C-H C=C C=C ,C=C\ H
H H H H H H R R H ¥
6-8 Hz 2-3 Hz 6-12 Hz 12-18 Hz 0-2 Hz 6-10 Hz 1-3 Hz

Figure 23: H-H Coupling constant (J) values in common chemical arrangements in organic molecules.

In addition to 'H, other nuclei such as 3C are also employed in NMR for the identification of

organic molecules. However, due to its lesser abundance, the sensitivity of C NMR is much

lower than H NMR (Table 2).

Table 2: Properties of most common H and C nucleotides and their natural abundance.

Number Number

Nuclide of o Spin (1) Natural
Abundance
Protons Neutrons
'H 1 0 % 99.9885%
“H 1 1 1 0.0115%
v C 6 6 0 98.9000%
°C 6 7 % 1.0700%

Two-dimensional (2D) experiments, such as COSY (COrrelated SpectroscopY) and HSQC
(Heteronuclear Single Quantum Correlation), can provide additional information on the
molecular structure. COSY refers to the 'H-'H correlation spectroscopy and displays the

correlation between H nuclei separated by a maximum of three bonds. The correlation
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between protons is displayed as cross peaks in the 2D spectra. Similarly, *H-3C HSQC is used
to observe the correlation of protons attached to a specific carbon.?®> In HSQC, the signal from
the proton is correlated to the signal from the attached carbon, making it useful in identifying
the position of protons in a molecule. The use of these 2D NMR techniques can provide more
detailed information about molecular structure and aid in the identification of molecules.
There are also other 2D NMR techniques available, such as NOESY (Nuclear Overhauser Effect
Spectroscopy) and TOCSY (Total Correlation Spectroscopy) which provide further information

about the spatial arrangement of atoms in a molecule.

2.2 HPLC

Liquid chromatography (LC) and high-performance liquid chromatography (HPLC) are both
widely used chromatography techniques for separating complex mixtures.?®® HPLC is a
significant improvement over traditional liquid chromatography, as it utilizes pressurized
liquid solvent (50-350 bar) and smaller adsorbent particles to provide superior resolving
power for sample separation. These techniques rely on two phases, a stationary phase, and a
mobile phase, to separate analytes based on their affinities. In this discussion, we will focus
on reverse phase chromatography, commonly employed in organic chemistry. In reverse
phase chromatography, an apolar stationary phase such as a C18 column is packed inside a
chromatography column, while a polar mobile phase consisting of a mixture of water and
acetonitrile, or water and methanol is passed through it. Typical HPLC column dimensions are
2.1-4.6 mm in diameter and 30—250 mm in length. The HPLC instrument also consists of a

degasser, sampler, pumps, detector, and a column oven (Figure 24).
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The degasser is responsible for removing dissolved gases (such as oxygen and carbon dioxide)
from the solvent before it enters the HPLC column. This is important because dissolved gases

can interfere with the separation process and cause baseline drift in the chromatogram.

The sampler introduces the sample to be analysed into the HPLC system. The sample is
typically injected onto the head of the HPLC column, where it is then carried through the

column by the mobile phase.

The pumps deliver the mobile phase (or eluent) to the HPLC column at a constant flow rate.
In most HPLC systems, the mobile phase is composed of a mixture of solvents (such as water

and acetonitrile) that are blended together in precise proportions.

The detector is responsible for detecting and measuring the analyte (or analytes) of interest
as they elute from the HPLC column. There are many different types of detectors used in HPLC,

including UV-Vis, fluorescence, and mass spectrometry detectors.

The column oven keeps constant the temperature of the HPLC column during the
chromatographic separation process. The column is typically held at a temperature between
20-40°C to ensure reproducible separations. Additionally, some analyses may require the
column to be heated or cooled during the separation process to optimize separation efficiency

or selectivity.
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Figure 24: Schematic representation of a HPLC system.

During the chromatographic run, the composition of the mobile phase can be altered to aid in
separating similar species, which is known as gradient elution. When a mixture is loaded onto
the column, the different components of the mixture are separated based on their affinities
for the stationary phase versus the mobile phase. Each component is eluted out of the column
at a specific time, known as its retention time. In most common scenarios, when apolar
chromatography columns are employed, polar components will have weak affinity for the
stationary phase and therefore they will elute more quickly and thus present shorter retention
times, while apolar components take longer to elute and present longer retention times. Each
component is represented in the chromatogram as a peak with a corresponding retention
time. In the schematic chromatogram shown in Figure 24, assuming that a non-polar column

was employed, polarity of eluted analytes would decrease from left to right.

The selection of the most appropriate chromatography column is perhaps the most important
aspect for a successful separation. There are a number of different columns for reverse phase

chromatography available on the market, each one of them with particular specifications:
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C18 Columns: The most widely used and available column for reverse phase (RP)-HPLC is the
C18 column. It has an octadecylsilane (ODS) stationary phase, which is highly hydrophobic and
interacts strongly with analytes through van der Waals forces and hydrophobic interactions.
C18 columns offer excellent separation efficiency and peak symmetry, making them suitable
for a wide range of applications, from pharmaceutical analysis to environmental monitoring.
Moreover, C18 columns come in different particle sizes and pore sizes, allowing for tailored

separation performance.

C8 Columns: These columns are similar to C18 columns, but with a shorter alkyl chain length.
They offer less retention for hydrophobic analytes, resulting in faster elution times, but they
also provide less separation efficiency and resolution. C8 columns are useful for the analysis

of less hydrophobic compounds, such as small organic molecules and natural products.

C4 Columns: Following the trend, C4 columns have an even shorter alkyl chain length than C8
columns, resulting in even faster elution times and less retention for hydrophobic analytes.
However, they also offer less separation efficiency and resolution than C18 or C8 columns. C4
columns are typically used for the analysis of very hydrophilic compounds, such as polar amino

acids and peptides.

Phenyl Columns: Phenyl columns have a phenyl stationary phase, which provides an

alternative selectivity to the more commonly used alkyl-bonded phases. Phenyl columns offer
a more aromatic selectivity, which can be useful for separating compounds that contain

aromatic rings.
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Cyano Columns: As their name suggest these columns have a cyano functionalized stationary

phase, which provides an alternative selectivity to the more commonly used alkyl-bonded
phases. They are particularly useful for the analysis of polar compounds, such as peptides and
nucleic acids. Cyano columns also have the advantage of being more stable than other

columns, making them suitable for high-temperature applications.

As it was said, compounds are identified by their retention time in HPLC columns, which are
visualized as chromatograms and their amount quantified by the area under the peak.?®” The
type of detection methodology employed can vary between mass spectrometry, refractive
index, or UV detection, among others. HPLC can be classified into two types: analytical and
preparative, based on their primary function. Analytical HPLC is used for both qualitative and
guantitative sample analysis, as it separates individual sample components. Preparative HPLC
isolates and purifies specific substances from mixtures. Analytical HPLC can also be used to

determine the optimal separation conditions, which can then be applied to preparative HPLC.

2.3 LC-MS

Liquid Chromatograph — Mass Spectrometry (LC-MS) is an analytical technique that combines
the resolving power of Liquid Chromatography with the detection specificity of via Mass

Spectrometry analysis.?88

After HPLC chromatographic separations, compounds are eluted off the column and de-
solvated into the gas phase before being ionized and introduced into the MS instrument for
mass analysis. The resulting ions are separated through an electromagnetic field in a mass

analyser based on their mass to charge ratio (m/z).22%2°% For small molecules ionized by
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electrospray, singly charged ions are usually generated with minimal fragmentation. As a
result, the obtained m/z ratio reflects the analyte's molecular weight as an ion. In the
ionization process, a proton or cation is typically added to the analyte for ionization in positive
ion mode. Therefore, the m/z values correspond to the analyte's mass plus a proton [M + H]*
or plus a cation like sodium [M + Na]*. Conversely, if the ionization is done in negative ion
mode, a proton is lost from the analyte with the m/z value corresponding to the analyte's

mass minus a proton [M - H]".

LC-MS provides molecular weight and structural information on the separated compounds,
allowing for identification and quantification. Diode array detectors can be used to acquire
data on selected UV and visible wavelengths and spectra, while MS can be used with non-UV
responsive analytes. The use of both a UV detector and MS detector can be employed
simultaneously to identify and quantify compounds (Figure 25). Additionally, UV-diode array
detection can help identify the presence of non-ionizable compounds as long as they can

absorb in the ultraviolet (UV) wavelengths range.?°?
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Figure 25: Example of a fraction of a LC-MS chromatogram displaying UV absorbance response (top)

and MS response (bottom). Each peak corresponds to a different compound.

24 ITC

Isothermal Titration Calorimetry (ITC) is a powerful technique used to measure the heat
released or absorbed during a chemical reaction in solution.?®? It is based on the principles of
thermodynamics, which dictate that a reaction between two molecules will result in a change
in heat. By measuring this heat variation change in heat, ITC can provide valuable information
about the thermodynamics of the reaction, including the enthalpy, entropy, and Gibbs free
energy changes. The binding event is generally represented as the equilibrium between a

receptor (R) and a ligand (L) to form the corresponding complex (RL) (Equation 2.6).

R+L = RL Equation 2.6
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The ITC instrument consists of two cells, one containing a solution of the molecule to be
titrated (the “sample” cell), and the other containing a solution of the titrant (the “reference”
cell). The two cells are kept at the same temperature, hence the term isothermal. The titrant
is injected into the sample cell in small increments while the heat released or absorbed (for
exothermic and endothermic processes, respectively) is continuously measured by a highly

sensitive calorimeter providing a thermodynamic profile of the interaction.

The heat associated with the binding event, Q (cal), is defined by Equation 2.7, where Vy is the
volume of the sample cell, AH is the enthalpy of binding (cal mol™) and [RL] is the

concentration of complex.2%3

Q = [RL]V,AH Equation 2.7

The heat change after each injection is proportional to the amount of complex RL formed, or
in other words, to the amount of receptor that binds the ligand. As the number of injections
increases, there is less and less of receptor available to be bound by injected ligand. As a result,
there is a decrease in the net amount of heat change after each injection that ends up with
the saturation of the system. The ITC system utilises the data collected during the titration

experiment and calculates the thermodynamic parameters.

The data collected during the titration are integrated and fitted to provide the thermodynamic
parameters associated with the binding event such as the binding constant Ko (M™) or
dissociation constant Kg (M) between receptor and ligand (Figure 26, Equation 2.8, Equation

2.9).
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Figure 26: Titration graph for an exothermic binding event (top), and fitting of the data in the titration

curve to obtain the relevant thermodynamic parameters.

K, = Equation 2.8

K;=— Equation 2.9

ITC also gives information regarding the stoichiometry of binding (n), the enthalpy of binding
(AH, cal mol™) and entropy of binding (AS, cal mol™ deg™). With these data, the free energy
of binding (AG, cal mol™?) can be extracted from Equation 2.10, with the molar gas constant R

being 1.987 cal mol™* Kt and T in K.
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AG =-RTIn K, = AH - TAS Equation 2.10

ITC is a useful method for studying the thermodynamics of various binding events since most
interactions are associated with heat changes. This technique is commonly used to investigate
the binding of proteins to other macromolecules, carbohydrates, or small molecules.?* It can
also be applied to other systems, such as the binding between small molecules,'%2% or these

with nanoparticle systems.?%¢

One of the significant advantages of ITC over other methods is that it doesn't require any

chemical modifications or immobilization of the receptor.?®*2%7

An ITC instrument typically consists of a sample cell that contains one of the binding partners,
and a syringe that contains the other binding partner. The syringe is attached to a motor-
driven piston, which allows for the precise delivery of small amounts of ligand solution into
the sample cell. The sample cell placed in an adiabatic shield along with a reference cell (Figure
27). During the experiment, the ligand is injected into the receptor solution in the sample cell
while the reference cell contains only the solvent. If the reaction solvent is organic, the
reference cell must be filled with the same solvent. If it is aqueous (buffers for instance), the
reference cell can contain just deionised water (properly filtered and degassed). The
temperature is selected before the start of the experiment and can range from 2 to 80 °C,>*®
but is usually set at 25 °C. The volume of the sample cell may vary depending on the

instrument used but typically ranges from 300 ul to 3 ml.
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Figure 27: Schematic representation of an ITC instrument.

A thermoelectric device is placed between the sample cell and reference cell to measure the
temperature difference (AT). A constant power (£ 1 mW) is provided to the reference cell
during the experiment, which activates a feedback circuit to maintain the AT = 0 °C between
the cells by suppling power to the sample cell.?? The differential power (DP), also known as
feedback power, provided to the sample cell remains constant when there is no binding event
occurring, and it serves as the experiment's baseline.??> However, when a binding event
occurs, the heat change associated with it causes a variation in the sample cell temperature.
For exothermic reactions, the heat released provides some of the heat that the DP would have

supplied, causing the DP to decrease as less power is required to maintain the AT at 0 °C.

On the other hand, for endothermic reactions, the DP increases as more power is needed to

keep the AT at 0 °C. The experimental data recorded during the titration is the DP supplied to
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the sample cell (DP, ucal s7%), which can be plotted against time. For exothermic reactions, the
resulting plot shows negative peaks as the DP decreases compared to the baseline, while
endothermic events produce positive peaks. It is worth noting that the thermoelectric device
measures the temperature difference between the two cells and not the absolute

temperature of the sample cell, which is why the baseline value of DP is important.

The heat change resulting from the injection, represented by AH (cal mol™), is calculated by
integrating the deflection from the baseline, which corresponds to the DP applied to the
sample cell from the beginning of the injection until the system returns to the baseline.?°? This
means that the area under the peak represents the AH of the injection. The AH is then plotted
against the molar ratio to generate the calorimetric binding curve, which provides information
about the binding process.3® The shape of the binding curve is determined by a parameter
known as the c-value, which depends on the binding stoichiometry ‘n’, binding constant ‘Ky’,

and concentration of the receptor in the sample cell ‘[R]cel’ as given by Equation 2.11

, Which can be simplified to Equation 2.12

when n=1.2"7 Accurate determination of the c-value is crucial for the proper fitting of the

binding curve and for the accurate calculation of thermodynamic parameters.3%

¢ =n[R]ceilKa Equation 2.11

¢ = [R]cetiKa Equation 2.12

In order to obtain a well-defined sigmoidal binding curve, the c-value of a system should
ideally fall between 10 and 500 (Figure 28).3°° However, high affinity systems with K, > 10’ M~

cannot be easily studied using ITC due to their high c-values, which result in an almost vertical

77



graph shape towards the saturation point, from which thermodynamic parameters cannot be
calculated. In the same way, too low c-values cause a flat isotherm curve that makes difficult

to determine such parameters.2%9301
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Figure 28: Influence of c value on the shape of the binding isotherm. Thermodynamic values Kq, n, and

AH are identical for all the isotherms displayed.3®?

To decrease the c-value, the concentration of the receptor in the sample cell must be lowered,
but concentrations below 10”7 M could produce signals that are too weak to detect.?°>3% One
way to study high affinity systems is through competition studies.3%* Low affinity systems with
Ka < 10* M1 require high concentrations of the ligand to reach saturation and generally have
c-values lower than 10. At low c-values (c ~ 1.0), the data of the first part of the sigmoidal

curve cannot be collected, while at extremely low c-values (c < 0.1), it is difficult to accurately
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determine all the thermodynamic parameters.??® To overcome this, the binding stoichiometry
can be fixed using prior knowledge from literature data or previous studies, allowing

experiments with extremely low c-values to still provide a reliable K, value.?®’

The c-value can also be used to calculate the required experimental receptor concentration
when K, and n are known, as shown by Equation 2.13.2%°

[Rleen = — Equation 2.13

nKg

Once the optimal concentration of receptor has been calculated, the concentration of the
ligand can also be determined. It must be high enough to guarantee the saturation of the

system.

For high affinity systems, with n =1 and ¢ > 10, the saturation can be achieved with a molar
ratio receptor to ligand of 1 to 2 or 1 to 3.3% The molar ratio is the ratio of concentrations

between receptor and ligand at the end of the titration in the sample cell.3%

To study systems with low c-values (c < 10), a high molar ratio of ligand is required (up to
1:10),%°7 and the ligand concentration can be calculated from the required molar ratio and the

total injected volume.?%?

The ligand solution is injected sequentially into the sample cell, usually over 10 to 60
injections, with each injection consisting of a small volume of titrant (1-10 pL)3%’ selected to

provide a detectable heat change.?®®

It is important to note that each instrument may have different sensitivity and reference

power requirements. The sensitivity of the VP-ITC instrument used in this work is of 0.1
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Hcal.222% The time interval between injections is set to ensure t and the system returns to

the baseline prior to the next injection. It is normally set to be between 180 and 480 s.2*°

The injection syringe is also responsible for mixing the cell content through the stirring paddle
attached to its end.?? The stirring rate (usually 250-300 RPM)3%° is also selected prior to the

experiment.?®8

A control titration is conducted to establish the heat of dilution, which involves injecting the

ligand solution into the reaction solution to determine the heat associated with dilution.
The heat of dilution can then be subtracted from the titration data to obtain accurate results.

After collecting the data, it is analysed using software provided by the manufacturer. To
analyse the data, an appropriate binding model must be chosen, such as one-binding site, two

or more independent binding sites, or a cooperative sites model.3%3

Once the model is selected, the software estimates the thermodynamic parameters K,, AH,
and n (unless n is fixed) and uses these preliminary values to calculate the heat associated
with each injection (AQ). The experimental and calculated AQ values are compared, and the
thermodynamic parameters are refined through iterative least-squares fitting until the final

values for n, Ks, and AH are obtained.
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Chapter 3 -Optimisation of Imine Formation Reaction for its use in DCC

As stated in the introduction of this thesis, in Chapter 1.6, imine formation reaction (IFR) will
be in the core of the DCC experiments of this work. Parameters such as reaction time,
concentration of reagents and reaction pH will be investigated by *H NMR in order to maximise
the conversion to products. This is a vital step to observe a reliable template effect in the

future DCC experiments.

3.1 Optimisation of imine formation reaction (IFR)

Imine formation is an equilibrium reaction. Therefore, the first parameter investigated was
the equilibration time (i.e., time required for the reaction to reach a state in which
concentration of species do not change over time) in the conditions that we anticipated they

would be the reaction conditions further on in the DCC experiments.

IFR will be studied in aqueous buffered solvents as these are the conditions that will be
employed in a later stage during DCC experiments. A compromise had to be found regarding
the molar concentration of reagents. Too high concentrations led to the formation of
precipitates, which cannot be tolerated when performing DCC experiments as the desired
thermodynamic equilibrium would be affected by the solubility constants of the insoluble
library members, phenomena named kinetic trap, biasing the experiment.3®® On the other

hand, If the concentrations are too low, the reaction may not take place or the products may

81



be formed to an extent below the sensitivity of analytical instruments and therefore IFR could

not be implemented in DCC experiments.

In order to study the optimal range of concentrations for the use of IFR in DCC, a series of
experiments were carried out with concentrations of reagents ranging from 0.5 — 2 mM of
starting aldehyde 2, and 1 — 50 mM of starting amine E. These molecules were selected for
the study as they are aldehydic scaffold, and one of the amine BBs that will be employed
during DCC experiments. This reaction would afford the monosubstituted product 2Ei, and the
disubstituted product 2EiEi (subscript ‘i’ indicates that it is the iminic product) (Figure 29). A
minimum of 2 equivalents of amine is required for the complete functionalisation of 2, but an
excess of it would help to displace the reaction equilibrium towards the formation of the

disubstituted product.

OH OH
HO.__OH .
CHO B\OH B O\ |I3
+ — + HO\B,OH /N OH
CHO i j\ Na
NH»>
Ny

2 E 2Ei 2EiEi

Figure 29: Reaction between 2 and E to investigate the optimal concentration of reagents for IFR.

The influence of the pH will be studied in a separate experiment later in this chapter, but pH
9.0 was selected at this stage as an alkaline pH was thought to be beneficial for IFR as it
increases the nucleophilicity of the primary amine in E. As solvent it was selected 100mM
ammonium hydroxide. The buffer was prepared from ND4OD, D;0 and acetic acid-d4 to adjust

the pH. It must be clarified that, since we are working in deuterated conditions, we were
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actually measuring pD and not pH. Values pD were converted to pH using the equation: pD =

pH +0.4.30°

A certain amount of organic cosolvent was needed to maintain the condition of solubility due
to the high hydrophobicity of the starting aldehyde 2. The use of organic cosolvents is a
common practice in DCC experiments. However, as we are interested in the study of receptor-
target interactions in aqueous media, the percentage of organic solvent had to be kept as low
as possible. MeCN was selected as cosolvent as it is compatible with analytical instruments
that need to be used to analyse the Dynamic Combinatorial Library (DCL) in a future step.

Different percentages of organic cosolvent (0 — 10%) were tested.

When selecting the range of concentrations of reagents to be tested, a compromise had to be
made. Concentrations needed to be low to prevent the formation of precipitates, while the
concentration of iminic products being formed was high enough to be accurately measured
by 1H NMR. The optimal reaction conditions we found were Aldehyde 2 1mM + Amine E
20mM in 100mM ammonium hydroxide buffer pH 9.0 90%-10% MeCN-d3 (Table 3). It must
be pointed out that the addition of MeCN would have an impact on the overall solvent pH,

but that deviation will be subtle and equal in all the experiments.

Cells that read ‘Insol.” (red) mean that the combination indicated was not soluble or generated
a precipitate. ‘Sol (Invis.) (yellow) means that the combination was soluble (no precipitates
were observed to the naked eye), but no new products were detected by *H NMR. ‘Sol (Visible)
(green) means that the combination was soluble (naked eye), and a new peak corresponding

to an iminic product was detected by 'H NMR.
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Table 3: Combinations of concentration of reagents and percentage of organic solvent tested to find

the best optimal conditions for IFR. Each experiment was conducted once.

1 2 5 10 20 50
> 0.5 Insol. Insol. Insol. Insol. Insol. Insol.
D 1 Insol. Insol. Insol. Insol. Insol. Insol.
>
) 1.5 Insol. Insol. Insol. Insol. Insol. Insol.
e 2 Insol. Insol. Insol. Insol. Insol. Insol.
> 0.5 Insol. Insol. Insol. Insol. Insol. Insol.
D 1 Insol. Insol. Insol. Insol. Insol. Insol.
>
- 1.5 Insol. Insol. Insol. Insol. Insol. Insol.
ok 2 Insol. Insol. Insol. Insol. Insol. Insol.

0.5 Insol.
=2
@ Sol

ol.

s 1 T Insol.
*© (Visible)
o
S 1.5 Insol. Insol. Insol. Insol. Insol. Insol.

2 Insol. Insol. Insol. Insol. Insol. Insol.

With these conditions, an *H NMR study over time with 2 + E at pH 9.0 was conducted (Figure
30). The appearance and integration of the peak in the spectrum at 8.72 ppm, corresponding

to the iminic proton in 2Ei (Figure 29) was used to keep track of the reaction progress.

The reaction was analysed at t = No reaction; t = 2h and t = 24h.
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Figure 30: Plot of 1H NMR spectrums corresponding to reaction between 2 and E. Peaks
corresponding to starting aldehyde 2, starting amine E, and product 2Ei are flagged with

letters a-d (red), e-h (blue) and i-k (yellow).

No change was observed after 2h, meaning that the equilibrium had been reached.
Nevertheless, to ensure this state regardless of the library composition and because of the

limited availability of the NMR instrument, in future experiments we will always leave the
reactions stirring 24h.

For logistic reasons, NMR spectrum at time O could not be recorded. In order to compare the
experiments at 2h and O.N. with an experiment in which no imine has been formed, we use a
spectrum of the reaction 2 + E in 100 mM phosphate buffer pH 6.5 (Figure 30, bottom). At this

pH, the amino group in E is protonated and it is not nucleophile enough to react with aldehyde
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2. The acidic pH alters the chemical environment of E, which explains the shift in the peaks of

its aromatic protons (7.4 — 7.9 ppm, e-h, Figure 30).

It is noticeable how the peak at 10.12 ppm (a,Figure 30) corresponding to the CHO groups of
the starting aldehyde gets smaller, but do not disappear completely. This is a proof that IFR is
indeed an equilibrium reaction and the equilibrium point, at least under these reaction
conditions, is far from the 100% conversion to imines (quantitative analysis will be carried out
later in a separate experiment). A new peak is formed at approximately 10.05 ppm (k, Figure
30). In this region, it can only be an aldehydic proton too. It can be assigned to the CHO group
in the molecule 2E;, the product of condensation of only one molecule of aldehyde with one
molecule of amine. The different chemical environment and lack of symmetry of 2E;i makes

the remaining aldehydic proton shift slightly upfield.

The peak at 8.72 ppm (i,Figure 30) represents the iminic proton being formed, and the peak

appearing at 8.13 ppm corresponds to the benzyl CH; that in 2E; is next to the imine group.

Quantitative analysis will be carried out in a separate experiment in which IFR will be tested
at different pH and therefore there will be more data to analyse the composition of the
mixture and the amount of each one of the species in the equilibrium, but this experiment
served to prove that IFR can take place under the reaction conditions and the equilibrium is

reached relatively fast (<2h).
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IFR is a reaction in equilibrium. A molecule of water is formed as a side product, meaning that

the reaction is naturally disfavoured in an aqueous environment (Figure 30).
+ NH2 — N + H O
)l\ RZ/ - )' 2

Figure 30: Imine formation reaction exchange under thermodynamic control.

Yet accepting that 100% of conversion may never be obtained in agueous environments, due
to the fact that IFR generates a molecule of water as a side product, it is crucial to maximise
this value as much as possible as only appreciable amounts of product can cause a reliable and
consistent template effect in DCC experiments. To this aim, a set of experiments were carried
out to test IFR with a number of different BBs at different pHs from slightly acidic (pH 6.5) to
highly alkaline ones (pH 10). 10% of acetonitrile-d3 was needed in all cases to maintain the
condition of solubility. The solvents of these reactions were completely deuterated and
therefore the pH meter read the concentration of deuterium. As the acidity of deuterium (D)
is not equal to the one of protons (H), values pD were converted to pH using the equation: pD

= pH +0.4.3%°
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The different buffer compositions employed to afford the required pHs were the following.
The preparation process will be discussed in the experimental chapter of this thesis (Chapter

7.3.1):

- pH6.5-8:100mM phosphate buffer. Prepared from KD,PO4, Kx-DPO4 and D;0.

- pHA8.5,9:100mM ammonium hydroxide buffer. Prepared from ND4OD, D,0 and acetic

acid-d4 to adjust the pH.

- pH9.5, 10: 100mM carbonate buffer. Prepared from Na,CO3, D;0, and acetic acid-d4

to adjust the pH.

With this broad spectrum of pHs we studied how the system behaves when switching from
physiological pH - which would likely be the optimal for target biomolecules in DCC
experiments (i.e., sugars, glycans) - to alkaline pH - where amines are usually more

nucleophilic and therefore, they are expected to be more reactive.

We must bear in mind that in order to favour the BA-diol complexation reaction occurring
between the library members and the potential target, alkaline pHs are encouraged as the BA
group must be in his tetrahedral form as discussed in the introduction chapter (Covalent

receptors. Boronic Acids).>%154310

Some amines that we considered to be interesting to include in DCC experiments, according
to the criteria already discussed in this thesis in the section dedicated to saccharide

recognition, were tested. They were mixed with isophtalaldehyde 2 in pairs aldehyde + amine
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and analysed by *H NMR. To keep track of the evolution of the reactions, resulting imine peaks
(chemical shifts of 8.5 - 8.9 ppm on 'H NMR spectroscopy) were integrated and the percentage
of the species were calculated. As an example, the plotted spectrums corresponding to the

reaction between 2 and E is shown (Figure 31).

B. B
© + (P’ OH HO. 5.OH HO. .OH
[l N__H
CHO
NH, ¢Ho 48% h
14%
/N ;f‘ /N
38% --'*‘* 4

pH 10.0 H H

(]
i

PHIS A

PHOO

pH 8.5

pH 8.0 *

pH 7.5 . A u

pH 7.0

pH 6.5

T T T T T T T . r r T T T T T T T T r T T T T T
L5 104 103 102 101 100 99 9.8 9.7 9.6 9.5 94 9.3 9.2 9.1 9.0 8.9 8.8 8.7 8.6 8.5 8.4 8.3 8.2 8.1 8
f1 (ppm)

Figure 31: Plot of 1H NMR spectrums corresponding to reaction between 2 and E in the range of pHs
6.5-10. Peaks flagged with a red star correspond to the starting aldehyde 2. Green and orange ones

correspond to the iminic protons of the mono and di-substituted products being formed, respectively.

It was evident that, the more alkaline the pH was, the greater the conversion obtained. As it
will be demonstrated in future experiments, this seems to be a trend for most of aldehyde -

amine combinations studied.
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Interestingly, the di-substituted product 2EiE;is visible only at pH 9.5 and pH 10 (8.67 ppm).
The remaining of the peaks present in the spectrum were already identified in the previous
experiment at pH 9 (Figure 30), except for a new small peak present at 10.05 ppm in spectrums
at pH 8 and 8.5. That peak could not identified but we understand that it must correspond to
some intermediate and not to a final iminic product, as the peak is not found anymore at pH

9.5 or 10.

The percentages of the resulting products were calculated from the area under the peak

(integral, I) of their iminic protons using Equation 3.1:

’Lzli/rlliHii x 100 Equation 3.1

nHAZ TlHi nHii

% Producti =

Where l;is the Integral value of product i (mono-substituted product in this case), liiis Integral
value of product ii (di-substituted product) and /a2 is the Integral value corresponding to

remaining aldehyde 2. nH in the number of H assigned to corresponding peak.

For example, in case of reaction at pH 10, integrals of starting aldehyde (la2), mono (li), and di-
substituted (lii) products were 2, 1.27, and 0.74, respectively. The number of H behind the
respective peaks are 2, 1, and 2. Inserting these values in Equation 3.1, the percentage of each

of the species in the equilibrium are:
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1.27/1

% Mono-susbtituted product 2E; = 5127 074~ 100 = 48%
2T T T2
0.74/
% di-susbtituted product 2E;E; = 5127 20 =2 100 = 14%
2t Tt
o 2/,
% Starting aldehyde 2 = 5127 074% 100 = 38%
2t Tt

At pH 10, only a 38% of the starting aldehyde remained unreacted. It had been formed a
considerable 48% of the mono and 14% of the di-substituted products 2E; and 2EiE;. LC-MS

experiments carried out in a later stage confirmed the formation of these products.

The same experimental protocol and data analysis was then applied to a number of BBs that
met the criteria to be part of our DCL (Figure 32). These requirements will be explained in
more detail in a separate chapter of this thesis, but the most fundamental ones are that the
BBs must contain an amine group so they can react in a reversible manner with aldehyde 2,
they have to be functionally diverse, and remain in solution under the DCC reaction conditions.
The 1H NMR spectra of these combinations with the calculated percentage of each species
are included in Annex 1. The results are included in Table 4, and represented in Figure 33.
These results are also classified in different groups attending to the nature of the starting

amine employed (-).
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Figure 32: List of BBs to be studied on this chapter.

92



Table 4: Conversion (%) to imine (mono + di-substituted products) for each one of the combinations

and pHs tested. NMR Experiments were conducted once.

pH

Reactions 6.5 7 7.5 8 8.5 9 9.5 10
2+A 29 29 29 29 31 31 37 41
0 0 0 0 0 0 0 0

0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

0 0 0 0 0 0 0 0

2+X - - - - - - - -
2+E 0 0 0 25 35 42 54 62
0 0 0 33 37 48 63 63

0 0 0 0 26 38 59 66

0 0 0 0 0 0 56 67

41 47 74 76 73 68 34 25

19 35 40 47 71 66 50 53

19 35 40 47 71 66 50 53

19 35 40 47 71 66 50 53

HS2A
mSs2D
mS2B
S2K
W S2X
mS2E
W S2F
HS2G
W S2H
mS2C
HS2|
mS2)
mS2L
S2M

80

60

40

% Conversion

20

65 7 75 8 85 9 95 10
pH

Figure 33: Bar chart showing conversion values (mono + disubstituted products) for IFR between
aldehyde 2 and each one of the amines studied. Results showing a dash -* could not be performed

due to solubility reasons.
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Aromatic amines
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Figure 34: Reaction products being formed in the group ‘Aromatic amines’ (A). Line graph showing
conversion values (B), and bar chart showing the same values but also indicating the percentage of mono
and di-substituted (when applicable) products being formed (C). ‘'S’ before the name of the molecule stands

for ‘sample’.
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Aliphatic amines
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Figure 35: Reaction products being formed in the group ‘Aliphatic amines’ (A). Line graph showing

conversion values (B), and bar chart showing the same values but also indicating the percentage of mono

and di-substituted (when applicable) products being formed (C). ‘S’ before the name of the molecule stands

for ‘sample’.
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Amino acids
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Figure 36: Reaction products being formed in the group ‘Amino acids’ (A). Line graph showing conversion
values (B), and bar chart showing the same values but also indicating the percentage of mono and di-
substituted (when applicable) products being formed (C). ‘'S’ before the name of the molecule stands for

‘sample’.
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Linear amines

[ e
~y  Cl
R | 1
@I \L N SL N NN
N ] |
N |
A |
| \
- CHO AR
x> NT © N
CHO NN
2li _2lili 2Ji 2Jili
80
70
& 60
iZ
o 50
B g 2+l
S 40
X 30 =) +)
20
10
0
6.5 7 7.5 8 8.5 9 9.5 10
6 PH
74 7
73 711 68 g6
53
" a7 a0 a7 50
35 34
C 19 57 57 55 25
52
- ‘N i}
v Oum w Oun wnv un v Oum w Oun wmv um v Oum wnmv un
NP NN NI NI NI NN NI NI
6.5 7 7.5 8 8.5 9 9.5 10

Emono MEdi
Figure 37: Reaction products being formed in the group ‘Linear amines’ (A). Line graph showing conversion
values (B), and bar chart showing the same values but also indicating the percentage of mono and di-
substituted (when applicable) products being formed (C). ‘S’ before the name of the molecule stands for

‘sample’.
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Aromatic amines did not perform very well (). In fact, only A formed appreciable amount of
imine (maximum of 41% at pH 10). Di-substituted product was not formed. This can be
explained by the poor nucleophilicity of amines directly attached to aromatic rings. X was not

completely soluble and therefore had to be ruled out.

Aliphatic amines, more nucleophilic, gave better results (). They too reached their higher
conversion (62-66%) at pH 10. C was not fully soluble in the buffer, so it was not considered.
Di-substituted products were not formed below pH 9.5, and the highest yields reached were

14-16% at pH 10 in all the three cases.

Amino acids tested, as the aliphatic amines that they are, behaved similarly (). The best one
was H (L-Tryptophan, 67%), followed by L (L-Arginine, 63%), and M (L-Asparagine, 56%). H was
the only forming disubstituted product at pH 9.5. They all formed the di-substituted product

at pH 10 to similar extents as the other aliphatic amines (7-16%).

Linear amines | and J are also aliphatic. They were just grouped separately as they are smaller
molecules, and they lack aromaticity (which may have implications in solubility and reactivity).
They escaped to the trend, and they reached excellent conversion rates of 76 and 71% at pH
8 and 8.5, respectively, to then decrease to lower values at pH 10. Di-substituted products
were formed in the range from pH 7.5 to 9, reaching the highest conversion rates in the whole
set of experiments with 19-21% (). While the higher overall reactivity of amines | and J can be

explained by their greater nucleophilicity (they are smaller and therefore they offer less steric
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hindrance), we cannot find an explanation for the decrease in reactivity at pH > 8 and pH > 8.5

for I and J, respectively.

3.2 Conclusions of Chapter 3

To summarise the chapter dedicated to the optimisation if IFR we can conclude:

Imine formation reaction between aldehyde 2 and amine E, in alkaline medium (100mM
ammonium hydroxide buffer pH 9 90%-10% MeCN) reaches the thermodynamic equilibrium
in less than 2h. While it is likely that the equilibration time would be similar for the rest of
combinations aldehyde + amine considered in this thesis, it was decided to fix the reaction
time to O.N (approximately 24h) for future DCC experiments to ensure the condition of

equilibrium.

The equilibrium state was never shifted towards the complete formation of imines with any
of the amines tested (A, B, C,D,E, F, G, H, 1, J, K, L, M, X) and in any of the pH tested (6.5, 7.0,
7.5, 8.0, 8.5, 9.0, 9.5, 10.0). Some amines can simply not be considered due to solubility
reasons (C and X) and quantitative formation of products cannot be achieved, most likely due
to the presence of water in the medium promoting the hydrolysis of imines and holding back
the conversion rates. Nevertheless, some factors proved to be critical in the yield of the
reaction. Conversion rates were a direct function of the nucleophilicity of the starting amine

in the order: aromatic amines < bulky aliphatic amines < linear aliphatic amines.
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311 we proved a strong

Moreover, in concordance with results published by others,
dependency of IFR with pH. For most cases, the more alkaline the pH was, the higher the
conversion with rates obtained ranging from 0% to 76%. This is a consequence of the decrease
in the nucleophilicity of the starting amine at more acidic pHs. Amines | and J were an
exception to this trend, as they reached their highest conversion rates at pH 8 and 8.5
respectively. These conversion rates (76% and 71% respectively) were the highest observed
throughout this experiment for any combination aldehyde-amine at any pH tested. While
these high conversion rates can be explained by the fact that amines | and J are the most
nucleophilic ones among the set, we fail to find an explanation for the decay in conversion

rates at more alkaline pHs that these amines showed, in contradiction with the results

exhibited for the rest of amines.

Formation of di-substituted products was always poor. 10-20% of conversion to these
molecules was the highest we could observe for the best amines (most nucleophilic ones) at
their optimal pH. Steric and entropic factors may be playing against the formation of these
products but thankfully, as per the aims and objectives of this research, that amount of
multivalent products might be sufficient as we only need enough of them in the Dynamic
Combinatorial Library (DCL) so they can be quantified by the analytical instrument of our

choice.

Given these results, amines E, G and H were selected to further develop the DCC protocol.
They have similar and acceptably good behaviour at pH 10, and they will enrich the system
with a broad array of functionalities (BAs, polar groups, proton-donor and proton-accepting
groups, and aromatic systems). This will consequently increase the probability of finding good

receptors for the given biomarkers.
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Chapter 4 -DCL- Small molecule approach

DCC is undoubtedly the core of this work This chapter will investigate the optimal conditions
to perform DCC experiments. Special attention will be placed on the challenges of analysing
DCLs by LC-MS and the criteria used to select the BBs. First, a small-scale DCC 1.0 experiment
was successfully carried out employing small molecules as BBs. Then, a more complex DCC 2.0
experiment was accomplished as well employing simple monosaccharides as templates. Some
molecules were clearly amplified in the experiments, suggesting that they could be the best

receptors for such templates within the DCL.

4.1 DCC Method development

In a Dynamic Combinatorial Library (DCL), a large number of different species may be present.
This number increases rapidly with the number of starting BBs, the number of reacting
positions they have, and the possibility of isomers being formed. The complexity of such
libraries often makes their analysis a difficult task, and it could become a bottleneck or the

limiting step in the design of a DCC experiment.

DCLs will be screened by LC-MS as it is an effective way to not only isolate but also identify

and quantify each one of the library members.

In order to carry out the method development, we designed a pilot DCC experiment, or DCC
1.0, with only one starting aldehyde, 2 (isophtalaldehyde), and three amines (E, G, H) so the

total library size would not be too large (13 members), simplifying its analysis.
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A priori we did not know much in advance about the mechanism that would afford the desired
affinity and selectivity. All we could do in advance was to provide the system with enough
tools or recognition units so it could self-assemble the most powerful receptor available.

Therefore, we incorporated into the system the following entities:

BA groups, capable of reversibly and covalently bind 1,2 and 1,3 cis diols.>® While
glycans (and specially saccharides) are rich in OH groups and even diols, not all of them
meet the geometrical criteria for them to react with the BA group and therefore this

might be a key selective tool. Amine E (Figure 38) incorporates this feature.

Polar groups capable of creating H bonds. While these are weak interactions, they are
often numerous and the sum of them can become a major force. Saccharides are
heavily solvated in water which will weaken the contribution of these interactions but
in combination with other energies they can play an important role. In fact, since the
early 90s is well known their importance in molecular recognition,3!?2 and most of
natural and synthetic receptors for biomarkers rely, at least partially, on this
interaction. Primary and secondary amines present in all the recognition units, the
hydroxyl group in G, and the carboxylate group in amino acid H (negatively charged at

the reaction pH) (Figure 38) can cause this effect.

Hydrophobic groups that can bring & -H interactions. In an agueous environment, the

ability to create hydrophobic pockets for non-polar molecules (or at least non-polar

parts of the molecule) is a precious feature.3!3 This can benefit the aim of selectivity as
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saccharides show many isoforms in solution (tautomers) and there might be only some
of them that can fit in such pockets. Hydrophobic groups are routinely found as well in
synthetic and natural receptors, often in the form of benzene rings. Since the scaffold
2 contains an aromatic ring, most of the library members will count with this feature.
E, G, and H (Figure 38) incorporate another ring so on the DCL there will be members

with 0, 1, 2, and 3 of these motives.

None of these groups by themselves may be able to afford effective and most importantly
selective binding, but the summatory of them -phenomena named multivalency- could be the

key to it.

Amines G (4-Hydroxybenzylamine), E (3-Aminometylphenylboronic acid), and H (L-
Tryptophan) meet most of these criteria and also performed well -i.e., they gave high

conversion rates in IFR with 2- in the NMR studies carried out in the previous chapter.

2 bears two aldehyde groups, meaning that there are two reactive positions for IFR to occur.
Symmetry operations will restrict the formation of isomers (2EG = 2GE). There are therefore
9 different products that can be formed that, together with the 4 starting building blocks, add

up to 13 different compounds that can be present in the library (Figure 38).
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Figure 38: Library members in the experiment DCC 1.0.

An LC-MS instrument consists of a liquid chromatography (LC) apparatus that allows the
separation of the analytes in a mixture according to their physicochemical properties (polarity,
size...) connected to a mass spectrometry detector (MS) that ionize the eluted compounds and

detect their mass to charge (m/z) ratio.

The protocol that will be followed throughout this thesis to examine and screen DCLs by LC-
MS will be the following: the samples will be injected in the LC-MS instrument. Its constituent

analytes will be retained in the chromatography column with a strength according to their
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affinity for the stationary phase of the column. Depending on the effectiveness of the column
and the running conditions employed, all the analytes in the mixture may or may not be
isolated (resolved). The eluent coming off the column will then be ionised in the MS chamber,

and analytes will be characterised according to their m/z profile.

Effectively running LC-MS requires previous method development of both pieces of
equipment. While the mass spectrometer functioned well with common default settings, the

LC instrument required much deeper study and consideration.

The key component of any LC system is the chromatography column. We first tried the most
commonly employed C18 columns. They are known as all-purpose columns as they normally
work well to isolate organic compounds. However, they did not work well for us as they could

not isolate many of the library members under any running conditions tested.

Our library consists of molecules with a wide array of chemical groups such as primary and
secondary amines, carboxylic acids, or aromatic structures. This makes challenging the
complete isolation of their components and a comprehensive study needed to be carried out

in order to find the most suitable chromatography column.

Columns may differ in size (length and width), packing material and its particle size, being the

material the most crucial factor. A set of columns with different packing materials were tested.

Running conditions were based on those found in the literature and further optimised

according to the needs of each particular case.
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1) C18 columns.

Octadecyl groups retain non-polar compounds mainly through hydrophobic interactions.
Available with many different modifications to cover a wider range of uses. If not stated

otherwise, running solvents and conditions were the following gradient:

Solvent A: Water + 0.1%FA
Solvent B: MeCN + 0.1%FA
100%A for 1 min, then to 5%A over 10 min.

1a) Raptor C18 2.7 um RP (150x2.1 mm). A standard chromatography column.

Different compositions of mobile phases and running conditions were tested. From highly
polar mixtures (100%A to 80%A over 10 minutes) to highly non-polar ones (20%A to 5%A over
10 minutes), and a range of different compositions in between were tested but none of them
was able to isolate most of the analytes. It was concluded that a different column with another

stationary phase was required.

1b) Kinetex Core-Shell Polar C18 2.6 um 100A (50x2.1 mm). Core-shell based particle,
designed to provide increased efficiency compared to traditionally fully porous particles, with

C18 alkyl phase and a polar modified surface to gain retention for polar compounds.

The level of separation obtained was not adequate, with 3 pairs of the library members
coeluting, i.e., when the protocol detailed above for the analysis of the DCL by LC-MS was
followed, the m/z of three pairs of compounds (2EG + 2G, 2EE + 2E, and 2EH + 2H) were found

under the same peak, at the same retention time (Figure 39).
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Figure 39: Distribution of the DCL members in the LC-MS chromatogram when Kinetex Polar C18
column and conditions 1b were employed. UV absorbance chromatogram at the top (A), MS
response at the bottom (B). Only a partial representation of the chromatogram is shown (minute 5
to minute 11). Starting BBs not seen as they eluted before minute 5. For schematic representation

of molecules labelled here go to Figure 38.

1c) Kinetex XB C18 Core-Shell 2.6 um 100A (50x2.1 mm). C18 alkyl chains and Di-isobutyl
side chains with slightly modified core-shell particles to make the column a great hydrogen

acceptor. Designed to improve peak shape and retention times for acidic compounds.

The level of separation obtained was good, but not the best, with 2EE and 2G being eluted

together and 2GG and 2EG partially coeluting (Figure 40).
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Figure 40: Distribution of the DCL members in the LC-MS chromatogram when Kinetex XB C18
column and conditions 1c were employed. .UV absorbance chromatogram at the top (A), MS
response at the bottom (B). Only a partial representation of the chromatogram is shown (minute 5
to minute 11). Starting BBs not seen as they eluted before minute 5. For schematic representation

of molecules labelled here go to Figure 38.

1d) Kinetex XB-C18 - long 5 um 100A (250x4.6 mm). Same packing than 1c) but larger
particle (5 um vs. 2.6 um) and overall size (250x4.6 mm vs. 50x2.1 mm) to improve peak

separation.

Identical result as with column 1c.

In conclusion none of the C18 columns provide the necessary separation. In all the cases, a

number of molecules were eluted off the column together.
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2) Pentafluorophenyl (PFP) columns.

Silica modified with PFP groups to provide a better retention for electron-rich compounds
such as amines or alcohols, which could be beneficial considering the presence of these groups

in many of the library members.

2.a) Raptor FluoroPhenyl (PFP) 2.7 um (50x3.0 mm). It can work both in Reverse Phase (RP)
— as usual, non-polar compounds retained the most — and in HILIC mode — polar compounds

retained the most -.

2.a.1) HILIC mode.

A: Water+0.1%FA; B: MeCN+0.1%FA. 5-60%A over 10 min.

2.a.2) Reverse Phase (RP) mode.

A: Water+0.1%FA; B: MeOH+0.1%FA. 95-5%A over 10 min. Ammonium Acetate 0.1 M

pH 7 instead of water tried as well.

For both 2a.1 and 2a.2 most of the analytes coeluted in the first 2 minutes. This indicates no
retention at all of any of the analytes as 2 minutes is roughly the ‘dead time’ or the time that
it takes for the eluent solvent to go through the column. No retention of any of the compounds

is rare so the column was probably malfunctioning.

2.b) Kinetex F5 2.6 um 100A (50x2.1 mm). Modification of standard PFP column. The
manufacturer claims that they provide five interaction mechanisms: hydrophobic, aromatic,
electrostatic, steric, and hydrogen bonding to provide retention for all types of compounds.

A: Water+0.1% FA; B: MeOH+0.1%FA. 100%A for 1 min, then switch to 5%A over 10 min.
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The level of separation obtained was not adequate as two pairs of compounds (2EG + 2G, and

2EE + 2E) coeluted (Figure 41).
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Figure 41: Distribution of the DCL members in the LC-MS chromatogram when Kinetex F5 column

and conditions 2b were employed. UV absorbance chromatogram at the top (A), MS response at

the bottom (B). Only a partial representation of the chromatogram is shown (minute 5 to minute
11). Starting BBs not seen as they eluted before minute 5. For schematic representation of

molecules labelled here go to Figure 38.

3) Aromatic columns.

Packing containing aromatic rings to provide not only hydrophobic forces, but also m-mn
interactions with the analytes. We suspected these could work for us due to the high
abundance of aromatic structures in the library composition. Running solvents and

compositions were the following:

A: Water+0.1%FA; B: MeOH+0.1%FA. 100%A for 1 min, then switch to 5%A over 10 min.
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3.a) Raptor Biphenyl 2.7 um (50x2.1 mm). Biphenyl rings in the packing cause the retention

of aromatic structures present in the analytes.

3.b) Kinetex Phenyl-Hexyl - long 5 um 100A (250x4.6 mm). Phenyl-Hexyl modification

causes slightly different interaction than Biphenyl rings.

3a and 3b, performed similarly but 3b acquired the best separation overall with only 2

products (2EE and 2E) coeluting and all the others perfectly resolved (Figure 42).

Kinetex Phenyl-Hexyl column and conditions 3b will therefore be employed in future DCL

screening analysis.
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Figure 42: Distribution of the DCL members in the LC-MS chromatogram when Phenyl-Hexy!
column and conditions 3b were employed. UV absorbance chromatogram at the top (A), MS
response at the bottom (B). Only a partial representation of the chromatogram is shown (minute 5
to minute 11). Starting BBs not seen as they eluted before minute 5. For schematic representation

of molecules labelled here go to Figure 38.
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When comparing the peak size of different compounds in , Figure 41, and , and , it is
remarkable how distinct they are among them. 2H showed peak sizes, especially in UV
chromatograms, 2 to 3 times larger than its competitors. Yet peak size is directly related to
the UV absorbance (for UV chromatogram) and ionizing properties (for MS chromatogram) of
each compound, it is also a direct function of the concentration of each molecule in the

mixture.

In our library, UV and MS response should not be that disparate among the members, so we
believe these differences are a signal of their unequal distribution in the equilibrium. In other

words, library members are present in the equilibrium with different concentrations.

BBs were selected as they performed similarly in previous NMR experiments. At pH 10, the
combination of aldehyde 2 and amine E, G, and H yielded percentages of imines of 62, 66, and
67% with similar distribution of mono and di-substituted products. However, those
experiments tested individual reactions 2 + one single amine at a time. LC-MS experiments
concluded that in a competitive environment where amines must compete for a limited
number of aldehydes, preconceived similar reactivity does not apply. Nevertheless, as long as
there is enough amount of each library member in the mixture so we can measure their peak
areas, this uneven distribution should not be an issue and DCC experiments can be carried

out.

Moreover, we learnt that columns containing aromatic structures as stationary phase

(packing) are the most suitable for our DCL. Among other factors, phenyl groups of the
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stationary phase interact via m-m bonds with the aromatic entities present in the analytes,
affording an effective separation. Therefore, further studies will be carried out with these

types of columns and particularly with Kinetex Phenyl-Hexyl column (column 3b).

In the chapter dedicated to the optimization of IFR, parameters such as the concentration of
reagents, solvent composition and reaction time were already discussed. Another key factors
to consider in order to perform a successful DCC experiment are reaction temperature and

concentration of template.

Most DCLs reported in the literature were formed at room temperature. In general, the
reversible exchange is efficient under these conditions and the equilibrium is reached quickly
enough. However, in some cases, due to the instability of the template employed (often
proteins) it was necessary to perform the experiment at low temperatures.314 In DCC 1.0 and
the rest of DCC experiments described in this thesis, temperature will be set to room
temperature as we demonstrated by *H NMR that the equilibrium can be reached fast (<2h),

and the templates to be employed are perfectly stable.

Regarding the concentration of template needed, there are conflicted ideas in the literature.
While some authors claim substoichiometric concentrations are needed to ensure the
competition between the DCL species,>® other researchers have used comparative

concentrations or even excess of template to design their DCC experiments.26?
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The optimal concentration of template may depend on the specific system being studied and
the desired outcome. It will be influenced by factors such as the library size, or the strength of
the interaction receptor-template. Since this last parameter is difficult to predict in advance,
the optimal concentration of template may need to be determined empirically for each

particular case.

Hence, we decided that we would investigate this parameter ourselves employing D-(+)-

Glucose (glucose from now on) as template.

The concentration of starting reagents was previously fixed to be 1 mM for starting aldehyde
and 20 mM for the sum of amines, meaning that the concentration of potential receptors
would be in the range of 0-1 mM. Therefore, we decided to investigate the use of 0.1 mM, 2
mM, and 20 mM of template to cover three different scenarios. A schematic representation

of the DCC protocol can be seen in Figure 43.
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Figure 43: Schematic representation of DCC experiments protocol. The mixture of starting BBs (part of
keys) afforded a library of compounds in equilibrium with the starting materials. Upon addition of a
template, the best binder for the template stands out (when comparing with a blank experiment) in

LC-MS analysis.

The area under the peak of all the species was quantified in the MS chromatograms. The
division of that value in an experiment with presence of glucose and the value in the blank
experiment was utilised to calculate the amplification value (A). Therefore A>1 means a
positive amplification (i.e., an increment in the concentration of the molecule in the presence
of the given template) while A<1 corresponds to negative amplification (i.e., the concentration

of the molecule decreases in the presence of the given template). Negative amplification
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values occur because library members have to compete for the limited molecules of scaffold
2, which is in shortage (1 mM) with respect to the starting amines (20/3 mM each). Therefore,
amplification of some library members (those with the highest affinity for the template) can
only occur to the detriment of others. The resulting A values for the reaction 2 + E, G, H are
shown in Figure 44. For clarity, an example of the process carried out to calculate and plot A

values can be found in Annex 2.

The most reliable results were obtained when employing comparative amount of glucose as
template (2 mM) and potential receptors (up to 1 mM) (Figure 44). When using 0.1 mM of
glucose, no template effect could be observed (all A values close to 1). When employing 20
mM of glucose, the results were random, mostly negative, and did not seem to follow any
trend (Annex 3). A possible explanation could be that the high concentration of template could
induce the formation of aggregates that could either form precipitates or interfere with the
formation of ions in the ionization chamber of the MS instrument. Therefore, from now on we

will be employing 2mM of template in future DCC experiments.

2+ E, G, Hwith Glucose
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Figure 44: Amplification values for the DCL formed with 2, E, G, H, and glucose 2mM as template.
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In this experiment, 2EE (aldehyde 2 functionalysed with two molecules of boronic acid E in
meta) emerged as a good receptor for glucose with an amplification value of A = 2.54, meaning
that its concentration more than doubled due to the presence of glucose. This can be
explained by the well-known ability for boronic acids (BA) to covalently bind cis diols (Figure
13) and the presence of these patterns in glucose. However, further experiments will have to

be done to confirm this hypothesis.

Since the receptor—target complexation takes place in the ‘core’ of a thermodynamic
equilibrium, the amplification of some species must take place to the detriment of others. In
this experiment, molecules of starting E were needed to amplify 2E and especially 2EE, which
explains the negative amplification value of E (A = 0.83). Moreover, since there is a limited
number of molecules of 2, in order to amplify any library member containing this structure,
some other must get negatively affected. In this experiment, the concentration of 2H got
reduced in presence of the template so other molecules can get amplified (mainly 2E, 2EE, 2G,

and 2EG).

With this experiment we learnt that comparative amounts of template work the best (in our
experimental conditions) to prepare DCC experiments. Substoichiometric concentrations of
template may not cause a template effect, and excessive amounts of it may lead to

unpredictable and apparently meaningless scenarios.

We also successfully carried out and analysed a small-scale DCC 1.0 experiment employing all
the information gathered previously regarding the optimal conditions for IFR and the

analytical procedures needed to screen DCLs.
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Finally, we also found a potentially good receptor for glucose. 2EE poses two BA units that can
explain its affinity for saccharides. The validity of these results, the affinity of 2EE for glucose
and its possible selectivity for some saccharides over others will be assessed in future

experiments carried out in this thesis.

4.2 DCC 2.0 - Small molecule approach

With experimental conditions already optimised, we were prepared to carry out a complex

DCC experiment or DCC 2.0.

Aldehyde 2 would remain as the ‘scaffold’ for the system and previously employed amines E,
G and H will be complemented by amino acids P (L-Phenylalanine) and D (L-Aspartic acid). It
was decided to include these molecules as they were reported by other authors to have
excellent binding properties for glycans.3'> The incorporation of just these two new BB meant
and increment in the library size from 13 to 26 members (Figure 45), increasing the complexity

of the system and the difficulty of its screening, but also its capacity to create better receptors.
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Figure 45: New library members incorporated into DCC 2.0. The rest of the library members, those

that were also part of DCC 1.0, are represented in Figure 38.

We wanted to explore the ability for this DCL to self-synthesise and identify receptors that can

bind molecules of huge relevance from a biological perspective such as saccharides.

Simply finding a receptor that can bind monosaccharides effectively in aqueous media would

be a major accomplishment worth investigating. As discussed in the introduction of this thesis,
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saccharides play a key role in the differentiation of glycans, and glycans have major
implications in processes such as molecular recognition, early detection of diseases or disease

risk stratification.*613,30.31

Unfortunately, saccharides are not an easy target. They are structurally very complex,
exhibiting different interconverting tautomers and they are heavily solvated in aqueous
media, which means that the potential receptor must compete with the molecules of solvent
that are present to a much higher extent. But perhaps the most challenging aspect is the
existence of many isomeric structures with different functions and roles in biological

processes.

We wanted to take on this tough task and test the ability for DCC to discriminate among a
series of common isomeric monosaccharides, while advancing on the limited current
knowledge on the binding processes involved in molecular recognition. This could open the
doors for new scientific research in the fields of drug design or molecular medicine towards

the synthesis of more effective receptors for the diagnosis or treatment of diseases.

With this aim, we tested 4 sugars as templates in our DCC experiment: D-(+)-Glucose, D-(+)-
Mannose, D-(+)-Galactose and D-(-)-Fructose (glucose, mannose, galactose, and fructose
from now on). They all have a molecular weight of 180.16 g/mol and differ only in the

orientation of their OH groups (Figure 46).
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Figure 46: Chemical structure of the predominant tautomeric forms in DO for the 4 saccharides

employed in the DCC 2.0. The percentage of each tautomer is indicated in brackets.

If DCL members behaved differently towards the different saccharides, that would imply some
sort of preference or selectivity. Then, we could hypothesise about the reasons behind the

imparity.

Experimentally, DCC 2.0 was carried out as previously in DCC 1.0 but conducting a total of
three replicates for each sugar. Moderate errors are a common feature in DCC methodologies,
due to the low quantities of analytes to quantify and the consequently large signal-to-noise
ratios to deal with. Taking the average amplification value (A) of the 3 measurements, with

their corresponding standard deviations would cancel out these errors.

Each combination BB + sugar needs to be studied individually and A values from different
combinations cannot be compared. Amplification values are a direct function of selectivity
and not necessarily of affinity. In other words, a large A value in a DCC experiment does not
necessarily correspond with a great affinity library member — receptor. It only means that the

library member is a better receptor than those with lower A values in that particular DCL. In
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the same way, a great receptor may be assigned a small A value just because there are other

good receptors in the DCL competing for the template.

In DCC 2.0 experiment with glucose as template (DCC 2.0 — G) a DCL member, 2DD, emerged
as a good receptor with A=3.43 (Figure 47). Or to be more precise, it emerged as a better
receptor for glucose than its competitors. Further studies need to be done to confirm its

binding properties.
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Figure 47: Amplification (A) values obtained for DCC 2.0 experiment employing glucose as template.

As discussed in the chapter dedicated to the LC-MS method development, library members
are unequally distributed in the DCL even in the absence of a template. This is due to their
differences in relative stabilities. The least stable members are present to a lower extent, and
therefore when measuring their peak area in the MS chromatogram, there is a higher signal-
to-noise ratio. As a result, the error, or the difference in peak area values across the 3 replicate

experiments, is higher in these cases. Nevertheless, all the library members were adequately
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identified, and error bars are not an obstacle to appreciate the general trend that the

experiment is clearly indicating.

It is worth highlighting that 2EE, that appeared to be a good receptor according to DCC 1.0
experiment, is now completely outplayed by 2DD that seems to be, comparatively, a much
better receptor for glucose. It could be hypothesised that the ionic interactions and H bonding
that can offer 2DD play a more important role in binding glucose than the BA-diol
complexation offered by 2EE. As explained before for DCC 1.0 experiment, due to the
competitive nature of DCC experiments and the limited aldehyde molecules available, for one
molecule to get amplified, some others must shrink. D, 2EH, or 2GD seem to be these ones
but with all the library members (other than 2DD) showing A values very close to 1, one would

not draw conclusions about their affinity for glucose.

When adding mannose as template (DCC 2.0 — M) a similar behaviour is observed. 2DD
emerged as the best receptor with A =5.97 (Figure 48). Again, it cannot be concluded yet that

its binding affinity for mannose is remarkably good, or even better than for glucose.
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Figure 48: Amplification (A) values obtained for DCC 2.0 experiment employing mannose as template.

Despite the large A value exhibited by 2DD, three more molecules are above A = 2, which must
mean that they also have affinity for Mannose. These are 2P, 2H, and 2GP. Same as most
library members, these 3 molecules can offer both H bonding and ©-H interactions, but again,
it seems like the H binding and ionic interactions offered by 2DD played a more important

role. The most disfavoured ones in this experiment were E, G, and 2GD.

In DCC 2.0 experiment with galactose as template (DCC 2.0 — Ga) even though the standard
deviation across the different replicates ended up being larger than in previous experiments,
the trend indicated the same pattern and 2DD was again the most amplified molecule with A

= 2.96 (Figure 49).
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Figure 49: Amplification (A) values obtained for DCC 2.0 experiment employing galactose as template.

The considerably large error bars observed in this experiment limit the possibility of drawing
any more conclusions besides the fact that 2DD, due to the same reasons already explained

for the previous experiments, seems to be the best binder for galactose.

The last sugar tested was fructose. Fructose, even though it is as well an isomer to the
previously tested saccharides, it is comparatively different to them. Its predominant
tautomeric form in solution is, as well as for the other three monosaccharides, the 6-
membered ring pyranose form (Figure 46). However, fructose shows an abnormally high
28.59% of its 5-membered ring furanose forms (Figure 50).32® The sum of both a and B
furanose tautomers only represents a 0.14% for glucose, 0.9% for mannose, and 6% for
galactose.3!” Therefore, we anticipated a different behaviour for fructose in the DCC

experiments.
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Figure 50: Different tautomeric forms of Fructose in wate (D;0, 20 °C).3'®

As anticipated, DCC 2.0 experiment with fructose as template (DCC 2.0 — F) showed a different
trend (Figure 51). In this case, 2DD did not experience enhancement and remained with an A
value close to 1. Instead, 2P (A = 2.11) and 2D (A = 1.91) were the most amplified molecules.
These more discrete values could be a signal of higher competitiveness within the library

members for the template.
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Figure 51: Amplification (A) values obtained for DCC 2.0 experiment employing fructose as template.

With these results, it was decided to individually synthesise and purify some of the library
members for further testing and characterisation. Isothermal Titration Calorimetry (ITC) will
be utilised to measure the heat liberated when these receptors bind the templates, as a form
to obtain their binding constant Kq or K,. The molecules to be tested were P, 2P, 2PP, D, 2D,

and 2DD.

4.3 Conclusions of Chapter 4

A DCC methodology was developed employing aldehyde 2 as scaffold and amines E (3-
Aminomethylphenylboronic acid), G (4-Hydroxybenzylamine), and H (L-Tryptophan) as
starting BBs. This afforded a DCL of 13 members, with a rich variety of functionalities. The
analytical procedures to screen the DCLs by LC-MS were optimised. Eight different

chromatography columns and conditions were tested and columns containing aromatic
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packaging, in particular the Kinetex Phenyl-Hexyl column, gave the best results as it was able

to isolate the majority of the library members.

DCC 1.0 experiments explored the use of different concentrations of glucose as template to
find the optimal one. Substoichiometric (0.1 mM) amounts did not seem to produce a
template effect and the amplification factor (A) for most of library members was very close to
1. When employing excess of template (20 mM), the results seemed to be erratic, mostly
negative, and did not seem to follow any trend. The most reliable results were obtained when
using comparative concentrations of template (2 mM). This time, library member 2EE (posing
two BA groups) was amplified the most with A = 2.54. This could be explained by the well-

known ability for the BA groups to bind cis diols, and the presence of these in glucose.

Then, amino acids D and P (L-Aspartic acid and L-Phenylalanine, respectively, were added to
the DCL so the library size and complexity was increased from 13 members in DCC 1.0
experiment to 26 members in DCC 2.0. Their affinity toward the common saccharides: glucose
(G), mannose (M), galactose (Ga), and fructose (F) was tested. The amplification profile of G,
M, and Ga was very similar, with the library member 2DD (starting scaffold 2 posing 2 aspartic
acid residues in meta positions) standing out as the best receptor fur such sugars. This
comparable behaviour did not come as a surprise since those sugars are isomers with very

similar distribution of their different tautomers in solution.

In the experiment with fructose, however, 2DD did not get amplified and was outperformed
by molecules 2D and 2P (aldehydic scaffold 2 functionalised with only one molecule of aspartic

acid and phenylalanine, respectively).
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However, it must be kept in mind that amplification values on their own cannot confirm good
binding, they rather suggest that the amplified molecules have more affinity for the template
than the ones that did not get amplified, with no idea of the scale of binding affinity they may
show. While these are indeed promising results, the relevant library members need to be

synthesised and further testing must be carried out.

The differences in behaviour in the experiment with fructose could be explained by the
unequal distribution of its tautomers in solution, with a higher presence of the 5-membered
furanose form in comparison with the other three monosaccharides tested, although further

testing should be carried out to confirm this hypothesis.
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Chapter 5 -DCC Validation

As stated before, DCC results can be indicative or valid just for comparative purposes. They
can only suggest which ones among the library members tested in an experiment have the
greatest affinity for the target employed, but they give no information regarding the scale of
binding affinity that they may have for such target. Further analytical techniques need to be
carried out to assess this. Moreover, DCC experiments often give misleading information as
amplification values can be influenced not only by binding affinity as we expect, but also by
other factors such as the formation of precipitates or complexes. Therefore, the binding
properties of the amplified library members, and consequently the validity of DCC as a tool to
predict potential receptors for biomarkers needs to be further confirmed by other techniques.

To this aim, ITC and NMR titrations have been carried out.

5.1 Characterisation of the receptors. Binding studies

In order to perform further testing molecules need to be synthesized and purified, because
the DCL complex mixture is not suitable to obtain quantitative data. The molecules that
performed the best in DCC 2.0 experiment and therefore had to be tested were the
disubstituted receptor 2DD and monosubstituted 2D and 2P. Disubstituted molecule 2PP was
synthesised as well, and tested as a negative control together with the commercially available

amino acids D and P.

Mono-substituted molecules 2D and 2P were not synthesised exactly as they are present in
the DCL. Functionalising only one of the two aldehydes of starting isophtalaldehyde 2 would
have been a rather complex procedure that would have involved several reaction steps.

Instead, we pursued a much simpler approach using benzaldehyde (1), the benzene ring
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posing only one aldehyde group, as starting material. This would afford the mono substituted
products similar to 2D and 2P, without the extra CHO group in position 3 of the benzene ring.
These molecules will be called 1D and 1P, respectively. The missing aldehyde group is far away
from the ‘recognition positions’ of the receptor and therefore their absence are not expected
to affect the overall binding properties of the molecule. In other words, the affinity of 1D and
1P for the target saccharides are expected to be the same as that of their analogues in the

DCC experiment, 2D and 2P. The set of molecules to be tested are shown in Figure 52a.

All receptors will be synthesised via reductive amination reaction between isophtalaldehyde
or benzaldehyde and the corresponding amine D or P (Figure 52b). In the same way as in the
chemistry used for the DCC, the aldehyde reacted spontaneously with amine to obtain an
imine that is readily reduced to secondary amine. After simple workup and purification by
HPLC, pure compounds were obtained. Synthetic protocols are explained in detail in the

experimental chapter of this thesis (Chapter 7 -).
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Figure 52: a) Set of molecules to be tested in order to obtain binding data with the

saccharides of interest. b) Reductive amination reaction to afford molecules to be tested.

It was interesting to us not only to prove that these molecules are indeed good receptors for
the sugars tested, but even more importantly, to demonstrate that the trend of amplification
factors obtained during the DCC experiment match real binding data, hence validating the
method, and proving DCC to be an efficient and powerful technique for the prediction of
receptors for biomarkers. To this aim, the binding data of starting BBs D and P, and synthesised
molecules 2PP -that did not get especially amplified during DCC 2.0 experiment- was recorded

as well as negative controls.
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Proving a successful way to test large libraries of potential receptors to find the best one
among them in a single experiment could save time and resources in processes such as the

development of drug candidates.

The information learnt during a DCC experiment regarding the necessary features present in
a molecule to accomplish molecular recognition could be employed to re-design future

optimised DCLs (Figure 53).

Selection of

BBs ITC/NMR

- Drug
candidate .
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Figure 53: Schematic representation of the circular process attempted in this thesis with the
aim of creating receptors for biomarkers with potential applications in medicinal chemistry,

for instance, as drugs.

The key analytical experiment carried out to calculate the binding properties of our candidates
was Isothermal Titration Calorimetry (ITC). *H NMR titrations experiments will be also carried

out to obtain more information regarding the binding process itself.
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52 ITC

isothermal titration calorimetry (ITC) allows the determination of the heat involved
(generated or consumed) in a binding event. With this it can be calculated the following
thermodynamic parameters: n (number of binding sites), K, (binding constant, M), AH
(change in enthalpy, Kcal mol?t), and S (change in entropy, Kcal mol? K1).2°2 ITC does not
require labelling or immobilization of the receptor, which is a benefit in comparison with
similar techniques as it avoid the possibility of artifacts generated due to the derivatisation of
the receptor.3'® ITC was used to evaluate the interaction between the molecules D, P, 1D, 1P,

2DD, and 2PP with the saccharides glucose (G), galactose (Ga), mannose (M), and fructose (F).

The ITC experiment entails titrating the monosaccharide ligand solution into a receptor
solution. The receptor-containing cell receives the ligand in tiny aliquots (ul). When the ligand
binds to the receptor to form the complex receptor-sugar, heat is released from the system
and a negative heat change is registered. A significantly larger quantity of heat is generated
during the first few injections since there is more accessible number of receptors. In the last
injections, when a lesser fraction of the receptor is free, the amount of heat emitted gradually

decreases until saturation is attained.

The experimental setup had to be optimized before conducting the binding studies.

First, the parameter c-value had to be found. This is connected to the experimental conditions

(concentrations, heat change, and shape of the isotherm).3% The c-value should ideally
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be >10 so the titration data can be fitted with a sigmoidal shape which allow all the
thermodynamic parameters (n, Ks, AH and AS) to be calculated with accuracy. c-value can be

calculated from Equation 5.1.

¢ = Nn[R]cetiKa Equation 5.1

The c-value can be arbitrarily selected in order to guarantee a sigmoidal binding curve. Once

the c-value is selected the required receptor concentration can be calculated from Equation
5.2, provided K, and n are known values.

c

[Rlcen = —

Equation 5.2
nkg

The binding constant (K,) of our receptors (D, P, 1D, 1P, 2DD, 2PP) to the monosaccharides
(G, Ga, M, F) was unknown. Thus, for a preliminary estimation of the [R]cel, since we could not
find in the library reported values of binding constants for similar molecules, the binding
constant of phenyl boronic acid (PBA) to glucose at pH 7.4 was considered (Ko = 10 M™1),1%°
The number of binding sites, n, was set to 1 as the small size of the receptors could not bind

any more than one monosaccharide.

Due to the small size and simplicity of our receptors, and more importantly because of the

high solvation of the target saccharides in water environments, we were not expecting strong

interactions. Weak affinity systems (Ka < 100) such as ours, tend to present low c-values.?®’
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For c=10, the molar ratio receptor-ligand as per Equation 5.3 at the end of the titration should

at least be 1:2 (Figure 28).30¢

[R

—

Molar ratio = Equation 5.3

-
=|
=

If ¢ = 10, then [R]cen equals to 1 M. Unfortunately, these conditions could not be met due to
the poor solubility of the receptors and a lower c value had to be chosen. Even with c =1, [R]cell
would be 100 mM which is still far above the solubility of the receptor. Hence, we arbitrarily

select the value of 2 mM as it was employed by others in ITC binding studies of Fructose.3'?

In this circumstances, c value becomes smaller than 0.1 and therefore some considerations
had to be taken to obtain reliable binding data: The number of binding sites, n, must be fixed
during the fitting.3°® We will therefore be fixing it to n=1 for all the ITC experiments shown in
this thesis. Moreover, since saturation of the receptor is difficult to achieve in systems with

such as extremely low c value, a high molar ratio of ligand is required.?®’

Even with all these precautions, the success of the experiment will be determined by the range
of operation of the ITC instrument and the minimum amount of heat that can be measured to
acquire heat peaks that are considerably higher than the background noise. With the

instrument employed this value rests around 3 pst.2%8

With this in mind, some preliminary experiments were carried out employing glucose as
titrant. The library member 2DD that exhibited the best amplification value in the majority of
the DCC experiments and was therefore expected to be a good receptor for glucose, was

employed as ligand. The concentration of the ligand was previously decided to be 2 mM for
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solubility reasons, but we had to optimise parameters such as concentration of titrant, volume
of injections and number of injections to ensure a sufficient amount of heat generated that
can be measured by the instrument but also a final ratio receptor-ligand enough to saturate

the receptor.

Initially, a molar ratio of 1 : 7 was selected resulting in a 2 mM solution of 2DD and an 40 mM
solution of glucose for a total of 40 x 1.5 ulL injections. These settings generated too small
peaks, with heat released >1.5 Ws™. We could have increased the injection volume, but this
could induce higher injection noise and spacing between injections. Instead, we decided to
increase the concentration of the sugar, which is unexpensive and perfectly soluble, to 80 mM.
This time the heat liberated was >2.5 pJs™ (Figure 54), that is measurable by the instrument,

and resulted in a final molar ratio receptor : sugar of 1: 15.4 (Table 5).
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Figure 54: Titration graph corresponding to the experiment with glucose (80 mM) and 2DD (2 mM).
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Table 5: ITC results for the titration experiment with glucose (80 mM) as titrant and 2DD (2 mM) as

titrate.

injection Q (W) Co(;r;e:Jt)e d|inj \(/ch:j;me moles titrant| moles titrate nr:’clJT:stlt:tr?:tl/ " |rz';<)-zrval
1 -94.04 -89.70 1.5 1.20E-07 3.67E-07 0.33 160
2 -86.02 -81.45 1.5 2.39E-07 3.64E-07 0.66 159
3 -78.45 -74.01 1.5 3.57E-07 3.61E-07 0.99 147
4 -72.13 -68.82 1.5 4.74E-07 3.58E-07 1.32 119
5 -72.09 -68.39 1.5 5.90E-07 3.55E-07 1.66 135
6 -69.03 -65.50 1.5 7.06E-07 3.52E-07 2.00 140
7 -63.89 -60.20 1.5 8.20E-07 3.50E-07 2.35 134
8 -60.45 -56.86 1.5 9.33E-07 3.47E-07 2.69 139
9 -56.76 -53.64 1.5 1.05E-06 3.44E-07 3.04 134
10 -52.63 -51.04 1.5 1.16E-06 3.41E-07 3.39 114
11 -51.79 -48.17 1.5 1.27E-06 3.38E-07 3.75 136
12 -49.64 -46.94 1.5 1.38E-06 3.36E-07 4.11 115
13 -43.56 -41.10 1.5 1.49E-06 3.33E-07 4.47 115
14 -42.68 -40.54 1.5 1.59E-06 3.30E-07 4.83 122
15 -41.55 -39.45 1.5 1.70E-06 3.27E-07 5.20 112
16 -39.23 -36.13 1.5 1.81E-06 3.25E-07 5.56 104
17 -40.05 -40.11 1.5 1.91E-06 3.22E-07 5.94 111
18 -36.52 -34.73 1.5 2.02E-06 3.20E-07 6.31 107
19 -37.58 -33.39 1.5 2.12E-06 3.17E-07 6.69 129
20 -32.52 -31.00 1.5 2.22E-06 3.14E-07 7.07 106
21 -30.99 -28.60 1.5 2.33E-06 3.12E-07 7.46 88
22 -30.80 -27.62 1.5 2.43E-06 3.09E-07 7.85 95
23 -32.26 -29.40 1.5 2.53E-06 3.07E-07 8.24 103
24 -26.84 -24.18 1.5 2.63E-06 3.04E-07 8.63 82
25 -25.35 -22.92 1.5 2.73E-06 3.02E-07 9.03 83
26 -27.95 -27.82 1.5 2.82E-06 2.99E-07 9.43 94
27 -22.61 -20.93 1.5 2.92E-06 2.97E-07 9.83 74
28 -25.29 -22.65 1.5 3.02E-06 2.95E-07 10.24 97
29 -24.41 -20.30 1.5 3.11E-06 2.92E-07 10.65 102
30 -23.35 -19.38 1.5 3.21E-06 2.90E-07 11.07 91
31 -19.19 -15.74 1.5 3.30E-06 2.87E-07 11.48 67
32 -19.20 -16.39 1.5 3.39E-06 2.85E-07 11.90 78
33 -20.79 -16.93 1.5 3.49E-06 2.83E-07 12.33 88
34 -19.44 -15.61 1.5 3.58E-06 2.81E-07 12.76 68
35 -20.45 -18.58 1.5 3.67E-06 2.78E-07 13.19 84
36 -21.00 -19.36 1.5 3.76E-06 2.76E-07 13.62 101
37 -18.16 -16.12 1.5 3.85E-06 2.74E-07 14.06 99
38 -17.89 -15.84 1.5 3.94E-06 2.72E-07 14.50 97
39 -18.99 -15.36 1.5 4.03E-06 2.69E-07 14.95 90
40 -16.89 -13.77 1.5 4.11E-06 2.67E-07 15.40 84
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Other experimental parameters such as the duration of each injection, stirring speed,
temperature, or the interval between injections were set as advised by the manufacturer

(Table 6).2%

Table 6: Isothermal titration calorimetry experimental parameters.

Ligand concentration 80 mM
Receptor concentration 2 mM
Number of injections 40
Injection volume 1.5 puL
Duration of each

injection 4.0s
Initial cell volume 185 uL
Cell temperature 20°C
Initial delay 60 s
Stirring speed 150 RPM
Spacing 280-480s

As recommended by the instrument manual, the stirring speed was selected to be 150 RPM
and the filter period to 2 s. The differential power (DP) signal is the experimental data captured
during a titration.?°> When heat is generated during an exothermic event, DP decreases. On
the titration graph, the drop in DP is seen as a negative peak (Figure 55), and when there is no

heat change, the DP value is at zero.
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Figure 55: Titration graph with negative peaks corresponding to a decrease in the DP value

determined by an exothermic binding event.

The spacing, or time gap, needed between injections depends on the magnitude of heat
change. The interval must enable the DP to revert to the pre-injection baseline value. The

spacing was chosen at 280 s to 480 s. The temperature during the analysis was set at 20°C.

In addition, the baseline must be flat, and the DP value must be steady for the experiment to
begin. Only when the temperature difference between the cells and the adiabatic jacket
temperature is 0 £ 0.05 °C and the DP is stable at a value equal to the chosen reference power
(1 cal st) the experiment begins. There is also a 60 second initial delay when the experiment

begins during which the device gathers enough data points to create a baseline.

In addition to collecting receptor-template binding information, the heat of dilution was also
measured. The dilution of the ligand into a larger volume in the sample cell typically results in
a heat change when titrating highly concentrated solutions. This heat, known as heat of

dilution, must be subtracted from the titration data of the binding experiment.?®® Using the
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same conditions as the binding experiment, the heat of dilution was calculated by titrating an
80 mM ligand solution into the buffer. The thermodynamic parameters were then derived

from the fitting after the heat of dilution was removed from each titration dataset.

In conclusion, for all ITC studies described in this chapter, 40 1.5 pl injections of 80 mM
monosaccharide solutions are injected to the sample cell at 20 °C to titrate 2 mM solutions of
receptor. The heat of dilution is measured and subtracted. The binding stoichiometry n is set
to 1 when fitting the data. The average of the three titrations, with an error equal to twice the
standard deviation, is employed to calculate the thermodynamic parameters K,, Kqg, AH, and

AS.

According to the previous DCC experiments, molecule 2DD could be a good receptor for
glucose (G), mannose (M), and galactose (Ga). In the study with fructose (F), 2DD did not get
amplified. Instead, 2D and 2P seemed to be the best receptors although in a more competitive

scenario with other molecules exhibiting similar amplification values.

ITC was used to evaluate the interaction between the amino acids D and P, as well as the
synthesised -potential- receptors 1D, 1P (analogues of 2D and 2P, respectively), 2DD, and 2PP
with the saccharides G, Ga, M, and F. For comparability of results, the ITC titrations took place
in the same solvent used for the DCC experiments: 100 mM carbonate buffer pH 10. ITC
experimental parameters employed were the indicated and optimised in the previous section

of this thesis, as summarised in Table 6.
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All the titrations in this chapter were performed 3 times with the heat of dilution (obtained
from ligand into buffer experiments) subtracted. The values displayed are the mean of the 3
replicates, with the error calculated as 2 times the standard deviation of the 3 measurements.

Obtained values are shown in Table 7.

Table 7: Binding constants (K., M) measured by ITC titrating 80 mM solution of the saccharides D-
Glucose, D-Galactose, D-Mannose, and D-Fructose into 2mM solution of receptors D, P, 1D, 1P, 2DD,
and 2PP at pH 10 100 mM carbonate buffer. The titrations were carried out 3 times and the values
displayed are the average value * the standard deviation. Heat of dilution was subtracted. Cells
displaying a zero ‘(0) correspond to titrations that generated a heat variation too small for the

instrument to measure it. It can be considered that K, = 0 M for such combinations.

D P 1D 1P 2DD 2PP
D-Glucose (0) (0) (0) (0) 445+1.8 (0)
D-Galactose (0) (0) (0) 179+2.6 56.7+0.3 (0)
D-Mannose 10.7+£1.2 (0) 11.7+£0.5 31.9+1.8 47.7+£3.2 (0)
D-Fructose 170.7 £39.6 | 1136.0+£148.3 | 1548.3+98.1 | 1762.0+162.4 | 840.7 £35.8 | 289.0+21.0

Studying the results sugar by sugar it is noticeable that G, Ga, and M show a similar profile.
They display a discrete binding constant with 2DD (K, around 50 M for the three of them),
and lower to no interaction with the other sugars tested. As indicated previously, it is
reasonable that this set of monosaccharides show similar properties as they are isomers

differing only in the spatial orientation of one of their OH groups (Figure 46).

Interestingly enough, all the molecules exhibited a much higher binding for fructose. Being

fructose also an isomer to the other tested sugars, this mismatch may arise from the unequal
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distribution of its tautomers. Fructose presents in water a considerably higher amount of its
furanose forms in comparison with the others (28.6 % vs 0.1-6 %).31¢317 Even though all the
molecules showed considerable binding for fructose, there was a clear best one. The K; of 1P
for fructose was 1762 M (Kq = 5.7 x104 M). This is remarkable considering the small size and
simplicity of the ligand, and the fact that the binding occurs in agueous environment, when

the saccharides are heavily solvated.

While there are reported receptor with higher affinities for fructose, these are more complex
molecules and can only work in organic solvents that are unable to create H bonds with the
saccharide target (or they do it less effectively than water). An example of this is the helical
foldameric oligomer developed by Chandramouli et. al. that binds fructose with K, = 165 x 103
M (5:95 DMSO/CHCI3).32° The few examples of receptors for fructose published in the
literature that are small and simple as 1P, and can work in aqueous environments as well,
showed mostly poorer affinity for fructose. These are the cases of the phenyl boronic acid
(PBA), with a maximum K, for fructose of 560 M1,%° its m-nitro derivative with K; = 1350 M1,
or the ortho-amino PBA with Ka = 1640 M .%>7 There is one example however of a receptor
of this type that outperformed 1P and this is the bis-boronic acid reported by Fossey et al. that

binds D-Fructose with K, =130 x 103 M1, with selectivity over D-Glucose (Ka = 5.x 10°> M1).321

Monosubstituted receptors 1D and 1P showed more affinity for fructose than their
disubstituted analogues 2DD and 2PP. By contrast, bidentate ligand 2DD is better for glucose

than mono-functionalised receptors.
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But more interesting conclusions can be drawn when interpreting the results given by all the
receptors sugar by sugar, in comparison with previously obtained amplification data from DCC
experiments. We represented the binding data obtained in a bar graph and overlapped it with

the previously created amplification charts.

In the case of glucose, it can be seen how the charts matched almost perfectly. The only
molecule that was notoriously amplified during the DCC experiments, 2DD (A = 3.43), was

indeed the only molecule that showed binding for Glucose (Figure 56).
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Figure 56: Amplification values obtained in DCC experiment (y axis, left-hand side) and Ka constants
obtained in the ITC titrations (y axis, right-hand side) employing D-Glucose as template/titrant. It
must be kept in mind that molecules 2D and 2P formed in the DCL were not tested by ITC. Instead,

their analogues 1D and 1P did.

While P, D, 1P, and 1D showed no binding profile in the ITC titrations, 2DD displayed values of

42.5, 45.0, and 46.1 M1 in the 3 replicates carried out, giving an average binding constant of
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Ka=44.5+1.8 M1 (Ky=

22.5 mM). Figure 57 and Figure 58 show the ITC binding profile of 2DD

and D for glucose, respectively. Figure 59 represents both results overlapped so the difference

in the magnitude of their binding profiles can be appreciated.
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Figure 57: Titration graph corresponding to the binding event between D-Glucose and the molecule

2DD (top). Negative peaks correspond with an exothermic process. Successful fitting of the binding

data with the ITC model: Independent (bottom).

Although a binding constant of 44.5 M™! may not seem impressive It is worth mentioning that

for a long time the best water-friendly glucose synthetic receptors reported were not much

better, with binding constants in the range of K, = 250 M and these are more complex 3D

cages that completely encapsulate the sugar.1%*

Only after decades of comprehensive structure design, Davis’ group was able to develop a

substantially better receptor for glucose that can work in water environments, with K; = 18000
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M-1.>3 Moreover, biological receptors for glucose that have been employed commercially do
nor exhibit a much higher affinity either. An example is the lectin concanavalin A with a K; of

just 520 M1,142
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Figure 58: Titration graph corresponding to the binding event between D-Glucose and the molecule D
(top). Negative peaks correspond with an exothermic process. Unsuccessful fitting of the binding data

with the ITC model: Independent (bottom).
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Figure 59: Overlap of the titration graphs and models fitting for both 2DD and D with glucose.

Similar results were obtained for galactose and mannose. When overlapping the amplification
values (DCC experiment) and the binding constant (ITC experiment) of the receptors, they
match reasonably good. In the case of the mannose experiment, 2DD was again the best
receptor in both experiments, with A =5.97 and K, =47.7 + 3.2 M1 (Kq = 21.0 mM). 2P showed
a much lower but still notorious A = 2.35, and its analogue 1P, a K, =31.9 + 1.8 M (Kg = 31.3
mM). P, D, 2PP, and 1D showed smaller or no binding, in concordance with their more discrete

A values (Figure 60). ITC binding curves included in Annex 4.
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Amplification vs Binding for Mannose
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Figure 60: Amplification values obtained in DCC experiment (y axis, left-hand side) and Ka constants
obtained in the ITC titrations (y axis, right-hand side) employing D-Mannose as template/titrant. It
must be kept in mind that molecules 2D and 2P formed in the DCL were not tested by ITC. Instead,

their analogues 1D and 1P did.

In the experiment with galactose, 2DD was once again the best receptor in both experiments,
with A = 2.96. As discussed in the sub-chapter dedicated to the DCC experiments, this
experiment showed much higher deviation among the replicates, hence the large error bars.
Nevertheless, ITC results still matched the DCC data, being 2DD the best receptor with K; =
56.7 + 0.3 M? (Kq = 17.6 mM), followed by 1P (K, = 17.9 + 2.6 M%; K4 = 55.9 mM ) (Figure 61).

ITC binding curves included in Annex 4.
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Amplification vs Binding for Galactose
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Figure 61: Amplification values obtained in DCC experiment (y axis, left-hand side) and Ka constants
obtained in the ITC titrations (y axis, right-hand side) employing D-Galactose as template/titrant. It
must be kept in mind that molecules 2D and 2P formed in the DCL were not tested by ITC. Instead,

their analogues 1D and 1P did.

As we learnt with DCC 2.0 experiment, the results for fructose had to be studied separately.
The distribution of its tautomers in solution, that is significantly different than in the other
monosaccharides, led to a distinct amplification profile with mono-functionalised products 1P
(A =2.11) and 1D (A = 1.91) as the most amplified library members, completely outplaying
2DD (A = 0.89). ITC studies were to determine whether this behaviour was indeed indicative
of a completely different binding situation, or it was just a mistake and DCC experiment failed

to predict the best receptors.

In contrast with the DCC results obtained for other sugars (especially for Glucose and

Mannose), this time there was not a clear most amplified molecule, but two, and many other
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library members were close behind them. This suggests a much more competitive scenario in

which many molecules will have similar binding affinities for the target fructose.

However, Amplification values alone cannot give information regarding the actual binding
affinity of the receptors for the targets, and even if the ITC results stick to the trend suggested
by the DCC experiment, it could happen that no receptors have considerably good affinity for

fructose.

Fortunately, not only they did bind fructose, but they did it with K, values around 30 times

higher than those showed by 2DD for G, Ga, and M (Figure 62).
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Figure 62: Amplification values obtained in DCC experiment (y axis, left-hand side) and Ka constants
obtained in the ITC titrations (y axis, right-hand side) employing D-Fructose as template/titrant. It
must be kept in mind that molecules 2D and 2P formed in the DCL were not tested by ITC. Instead,

their analogues 1D and 1P did.
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The best binders were, as predicted by DCC, 1P (K, = 1762.0 + 162.4 M%; K¢ = 0.5 mM) and 1D
(Ka = 1548.3 + 98.1 M%; Kq = 0.65 mM). It was indeed a much more competitive situation as
other library members tested displayed considerably high binding constants: P (K; = 1136.0 =
148.3 M) or 2DD (K. = 840.7 + 35.8 M1). What is perhaps more remarkable, is that the order

of affinity was almost perfectly predicted by DCC: 1P > 1D > P > others.

D and 2DD, with A values very close to 1; or 2PP that exhibited a large error along the different
DCC experiments replicates, did not fit the model as well. Nevertheless, DCC experiments
successfully ‘predicted’ the best binders which was in the end the goal of the technique. ITC

binding curves included in Annex 4.

Not only the ITC results matched the DCC predictions, but also, we discovered a remarkable
ligand, 1P, with affinity and selectivity for fructose in the range of best small-molecule
receptors reported to date that work in aqueous media. While there have been reported
synthetic receptors that show higher affinity for fructose, these are far more complex than 1P.
An example of it are the linear oligomers developed by Chamdramouli et. al. that fold to create
binding sites with the pyranose forms of fructose with K, = 30 000 M1.32° However, these

systems can only work in organic media (4 : 1 CDCl3/[D6]-DMSO).

We also demonstrate a 50 to 100-fold selectivity of 1P for fructose vs. other saccharides tested
(Table 8). The affinity of 1P for glucose was too small to be accurately calculated by ITC. This
means that it is probably smaller than the measured for galactose and therefore the selectivity

of 1P for fructose over glucose must be greater than 98.4.
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Table 8: Affinity of 1P for D-Fructose vs. D-Glucose, D-Galactose, and D-Mannose. Measurements
carried out three times. Values shown are the a of the three measurements * standard deviation.
Selectivity of 1P for D-Fructose vs. D-Glucose, D-Galactose, and D-Mannose calculated dividing their

dffinities (K, values).

Affinity of 1P for saccharides Selectivity of 1P
(Ka, MY) for Fructose
D-Glucose - -
D-Galactose 179+2.6 98.4
D-Mannose 31.9+1.8 55.2
D-Fructose 1762.0+162.4 1

More valuable information can be extracted from this experiment. 1P and 1D did not bind (or
they did it with very low K,) glucose, mannose, or galactose. Considering — as explained several
times within this thesis- that the main difference between fructose and the other isomeric
monosaccharides is its different tautomeric distribution (Figure 50), with higher abundance of
the pyranose form (28.6 % vs 0.1 — 6.0 %) it can be concluded that 1P and 1D must ‘like’ the
5-membered furan form of the sugars. This could potentially be exploited to design even

better receptors that are selective for fructose over other common saccharides.

These experiments could also throw some light on the binding mechanism between 2DD and
G, F, and Ga. The pyranose tautomeric form is the predominant for the 4 tested sugars is, with
a similar distribution percentage too. Hence, the similar binding constant of 2DD for G, Ga,
and M (around 50 M for them all) may be a proof of a similar binding process. The only
feature that these 3 sugars share is the equatorial position of the hydroxyl group in C3 (Figure
63). Further studies need to be carried out, but we can hypothesise that C3 may be involved

in the binding with 2DD.
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Figure 63: Chemical structure of the predominant tautomeric forms in solution for the four
saccharides employed in the DCC 2.0. The percentage of each tautomer is indicated in brackets and

the OH in C3 is highlighted in red.

The binding of 2DD with fructose is much larger (K. = 840.7 M!) despite the axial position of
the hydroxyl group in C3. However, as previously discussed, fructose is to be studied
separately, and this mismatch in binding constants may arise from the abnormally high

abundance of the furanose forms of fructose in solution.

ITC experiments served to demonstrate the validity of DCC as a robust, rapid, and resources-
saving methodology to synthesise and screen a library of potential receptors against a

particular biological target.

2DD was found to be a decent receptor for glucose, galactose, and mannose (K, =44.5 + 1.8,
56.7 + 0.3, and 47.7 + 3.2 M, respectively). Although it must be said that there are reported

synthetic receptors with much better affinity for such monosaccharides.
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1P was found to be a considerably good receptor for fructose, with a K, = 1762.0 + 162.4 M7,
value in the range of the best yet small-molecule receptors for fructose that can work in

agueous environments.

1P not only shows a good binding constant for fructose, but also it is selective for it over other

monosaccharides tested.

Given the results obtained by ITC, some hypothesis can be proposed regarding the binding
mechanism between the receptors and saccharides. The excellent selectivity of 1P for fructose
vs the other saccharides tested (glucose, mannose, and galactose) may arise from the
differential distribution of their tautomers in water. Fructose presents an abnormally high
percentage of its pyranose forms (28.6%), while this percentage is much lower for the other
sugars tested (0.1 —6%). It can then be hypothesised that 1P must ‘like’ the 5-membered furan
form of the monosaccharides. The chemical groups of 1P responsible for the recognition event

must fit better with this form of the sugar, hence the higher affinity shown.

Finally, the differential behaviour of 2DD with the set of saccharides could help us understand
its binding mechanisms. 2DD binds glucose, galactose, and mannose with a similar constant
(Ka around 50 M1). Other than the 6-membered ring skeleton and the C6-OH, the only feature
that the major tautomeric form of these 3 isomers share is the equatorial position of the
hydroxyl group in C3. It can then be suggested that the equatorial OH (or perhaps, the axial H)
in position 3 is directly involved in the binding event. Further ITC experiments could be carried
out to study the binding of 2DD with 3-O-Methyl-D-glucopyranose and-D-Allose to
corroborate this hypothesis. 3-0-Methyl-D-glucopyranose has the OH in C3 methylated, which

should prevent it for acting as proton donor and therefore should negatively affect its binding
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affinity with 2DD. D-Allose presents an axial OH in C3 which again should negatively affect its

binding with 2DD.

This information could potentially be exploited to design better receptors for

monosaccharides in the future.

5.3 NMR titrations

NMR spectroscopy is a powerful technique to understand dynamic molecular processes. It can
be employed in the field of molecular recognition to study the formation of host-guest

complexes (Equation 5.4).

H+G

Equation 5.4

The strength of the complexation, or in other words, the binding constant, can be calculated

from Equation 5.5.

Equation 5.5

Where nH is the mole fraction of free (uncomplexed) host and nC is the mole fraction of

complexed host.

Modern NMR instruments allow good quality spectra with even sub-millimolar concentrations

322

of titrants,>2? which for us was a necessary requirement due to the poor solubility of some of
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our ligands, and K, values of up to 10° M%,322 which also falls within our scale according to

previous ITC experiments.

To use 'H NMR to study the complexation phenomena, at least one proton in the free host (or
guest) molecule must produce a peak in the spectrum that is different from the same proton
in the complexed molecule. This difference may be a change in the chemical shift (8), the
intensity (integral), or even its symmetry. In the most common scenario when there is a
change in the chemical shift of the peaks involved in the binding (the peak could move either
upfield or downfield), the magnitude of this difference (A6 = &u- 86) can give information about

the structure of the complex and may be as large as several ppm (Figure 64).323:324

156



Complex H-G

E‘
i[
i

!
!

Guest (G)

¥

{

e

i
__________________?J;_____________________ e ————

[

s e

P S =

e
T

-

Figure 64: Real example of titration experiment carried out in this thesis. Peaks coming from the
guest molecule (red, dashed line) shift upfield when forming the complex host-guest. By contrast,
peaks coming from the host (grey, dotted line) did not move. This is titration 3 experiment and will be

explained in more detail later in this chapter.

In order to re-validate the binding between 1P and fructose and to obtain more insights

regarding its mechanism, a *H NMR titration experiment was prepared.

Mixtures with different ratios of concentrations of fructose and 1P were prepared and

analysed by 'H NMR. The solvent employed was the same as in the DCC and ITC experiments,
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but completely deuterated: 100 mM carbonate buffer pH 10 prepared from Na,COs, D,0, and

DCl to adjust the pH.

Employing the obtained binding constant for 1P and Fructose, and utilising HySS software, it
was calculated that the optimal concentration of reagents to perform the NMR titration
experiment, in order to obtain the highest concentration of complex 1P-Fructose. The result
was 10 mM for both 1P and fructose. Under these circumstances, the conversion to complex

Fructose-1P was >90% with [complex] = 9.38 mM (Figure 65).

simulation [Fructose-1P] in equilibrium
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Figure 65: Simulation generated with HySS software to calculate the optimal concentration of

reagents for a 'H NMR titrations study.
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However, similar to the issue we faced when designing the ITC protocol, concentrations had

to be readjusted due to solubility limitations of the receptor.

1P could be perfectly solubilised at 1.8 mM. We wanted to attempt titration experiments with
ratios 1:1, 2:1, and 1:2 to observe their differences. For comparability reasons, *H NMR
spectrums of the individual species alone were recorded as well. Therefore, the conditions for

the NMR titrations experiments were as represented in Table 9.

Table 9: Concentration of species for 1H-NMR Titration experiments.

[F] (mM) [1P] (mM) Ratio
Titration 1 0 0.9 -
Titration 2 0.9 0 -
Titration 3 0.9 0.9 1:1
Titration 4 0.9 1.8 1.2
Titration 5 1.8 0.9 2:1

When comparing Titrations 1, 2, and 3 (Figure 66 and Figure 67) some differences can be
appreciated. The group of peaks from 7.44 to 7.20 ppm corresponding to the aromatic protons
is slightly shifted upfield in the 1:1 titration in comparison with the receptor 1P alone (A6 =
7.4033 — 7.3977 = 0.0056 ppm) (Figure 66a). While this is indeed indicative of binding, such a
small shift may suggest that the aromatic rings are not especially involved in the binding and
may not be the crucial factor behind molecular recognition. Signals coming from fructose,
although not present in this fraction of the spectrum, did not move at all. Interestingly, there
seems to be as well a change in the intensity of some peaks (Figure 66b). Disregarding the
apparent higher intensity of all peaks in titration 1:1 (blue spectrum in Figure 66), which is
simply due to a different visualisation setting in MestreNova software, four peaks in this

aromatic region change their relative intensity with one another when comparing the
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spectrum of 1P and 1:1 titration. This is indicative of unequal relevance for the protons behind
those peaks in the molecular recognition process. Unfortunately, the complexity of this region

of the spectrum prohibits a deeper analysis of the situation.

a) 18, b)
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Figure 66: a) Overlapped fraction (7.9 - 7.15 ppm) of the 1H NMR spectrums of receptor 1P (bottom,
red) and the titration experiment with ratio of concentrations 1:1 fructose:1P (top, blue). NMR
spectrum of fructose alone not shown in this figure as fructose presented no peaks in this region of
the spectra. b) Zoom in the region of the spectrum where the change in the relative intensity of the

peaks is observed.

Other signals in 1P were more significantly affected. The group of protons next to the
secondary amino group were both the most affected in the molecule. Peaks at 3.83, 3.80,
3.66, and 3.63 coming from the benzylic protons on one side of the secondary amine and the

signal at 3.43 ppm corresponding to the proton on the tertiary carbon on the other side of the
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amino group, were both shifted upfield A6 = 0.02 ppm (Figure 67). This indicates a direct
implication in the binding process. Lastly, the group of peaks at 2.99 — 2.87 ppm suffered a

less abrupt shift upfield of A& = 0.008 ppm (Figure 67).
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Figure 67: Overlapped fraction (4.1-2.8 ppm) of the 1H NMR spectrums of receptor 1P (bottom, red),
fructose (middle, green), and the titration experiment with ratio of concentrations 1:1 fructose:1P

(top, blue).

In the fraction of the chromatogram displayed in Figure 67 it can be observed that the peaks

coming from fructose did not shift at all.
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In titration 5 experiment (ratio 2:1, excess of fructose) a similar behaviour is observed. By
contrast, in titration 4 experiment (ratio 1:2, excess of 1P) the shift in the signals is no longer
observed and both the signals coming from 1P and fructose match perfectly with those
observed in the spectra of themselves alone (titrations 1 and 2, respectively) (Spectra included
in Annex 5). This can be explained as, with an excess of 1P - and keeping in mind that at the
range of concentrations that we are using there is a low conversion to complex - most of the
molecules of the receptor are in its free (uncomplexed) form and therefore that is the one

visible by NMR.

Overall, the variation in the chemical shifts observed in titration 3 and titration 5 experiments
is not large, but it must be kept in mind that due to the poor solubility of 1P, we had to work
with roughly one fifth of the optimal concentration of reagents (according to Hyss software
calculations), hence the percentage of the complex 1P-fructose in solution will not be large
and the effects of molecular recognition in the chemical environment of the protons will be

attenuated.

All of this suggests that the region near the tertiary amino group is the key motif responsible
for the molecular recognition phenomenon (Figure 68). Even though the aromatic rings do not
seem to be massively affected in the NMR titrations experiments, it should not be ruled out
the possibility of them playing an important role. The fact that 1P, with two aromatic rings,
showed a greater binding constant by ITC than other similar molecules with only one aromatic
structures (P or 1D) may indicate that they are in fact needed in some way, perhaps by creating

non-polar pockets that facilitate the recognition. It is noticeable as well that the analogue with
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three aromatic rings, 2PP, exhibited a binding constant six times lower that 1P, suggesting that
two is the optimal number of aromatic structures to achieve the best binding affinity for

fructose with these types of receptors.

HO
HO OH

HN

HO H

Figure 68: a) Molecule of fructose in its furanose form. The 8 tautomer would have the CH,OH group

pointing up, and the a tautomer would have it pointing down. b) Molecule 1P. Hydrogens involved in

the binding process with fructose, according to the titration experiments, are highlighted in red (most
involved, A6 = 0.02 ppm), orange (less involved, Ad = 0.008 ppm), and yellow (least involved, A6 =

0.0056 ppm).

5.4 Conclusions of Chapter 5

The work carried out in this chapter serves as a validation of the previously obtained DCC
results, demonstrating that DCC is a reliable technique that can save time and resources in the
design of powerful receptors for saccharides. This is especially relevant as the synthesis of
receptors for sugars, despite their huge biological relevance, has been far less explored than

the synthesis of receptors for other relevant biomolecules such as proteins or peptides.
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ITC results demonstrated that 2DD is a good receptor for glucose, galactose, and mannose,
with binding constants of around K, = 50 M for the three of them. Moreover, 1P was found
to be a magnificent receptor for fructose. It showed an affinity for it that is higher than most
of receptors published to date (K. = 1762 M) and selectivity over the other monosaccharides
tested. With this information, hypotheses regarding the binding mechanisms sugar-receptor
can be suggested. 1P may bind tighter the 5-membered ring furanose form of saccharides than
their 6-membered pyranose forms. With respect to receptor 2DD, it is plausible that the
equatorial position of the hydroxyl group in C3 (or perhaps, the axial H) in glucose, galactose,

and mannose, is directly involved in their binding with such receptor.

NMR titrations experiments worked as another proof, in addition to ITC experiments, to
corroborate the molecular recognition event between 1P and fructose. In titration 3 and
titration 5 experiments, when there is a detectable amount of complex 1P-fructose, a
displacement on the chemical shift of some signals was observed at a maximum of AS = 0.02
ppm. This is not a large shift due to the impossibility to form more amount of complex because
of the solubility limitations of receptor 1P, but it is still a proof of binding. NMR titrations
experiments also threw some light on the binding mechanism, as the group of protons near
the secondary amigo group of 1P were significantly more affected than the others in the

molecule, suggesting that they are directly responsible for the molecular recognition event.
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Chapter 6 -DCL — Peptide approach

Encouraged by the results obtained in DCC 2.0 experiment and their validation with ITC and
NMR techniques, a much more complex and ambitious approach was attempted. For this
experiment, the scaffold of the DCL would be a short peptide and the reacting BBs would be
small molecules containing potentially good recognition units. The peptide will pose primary
amines in the side chain of some of its constituent amino acids, and the reacting building

blocks will incorporate an aldehyde group so they can react via IFR.

This peptide work was carried out at the Institute of Advanced Chemistry of Catalonia (IQAC),
in Barcelona, Spain. There, | carried out the synthesis and derivatisation of peptides as a
member of Dr Miriam Royo’s group, as they are experts in the synthesis of peptides for
biomedical applications.3?>73%” While in IQAC, | also worked with Prof. Ignacio Alfonso, an
expert on the use of DCC for the discovery of novel receptors for biological targets,4&4° to

test the peptides in real DCC experiments.

6.1 Benefits of using peptides as scaffold in DCC experiments

The benefits of using peptides are numerous. They are easy to make via solid phase peptide
synthesis (SPPS). SPPS methodologies allow the creation of peptides in short times (2-3 h per
amino acid coupling), and without the need of purification procedures in between couplings.
Only one purification step — usually by HPLC - is necessary in the very last step, after the
cleavage of the final peptide from the solid support. There are also well-stablished
methodologies that allow the synthesis of peptides in high yields both manually (normally
used for short peptides, <5 amino acids) and by automated methods (=5 amino acids) using

instruments called peptide synthesisers.
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SPPS also carries some disadvantages as it normally requires larger amounts of reagents and

solvent, but the positive aspects clearly outweigh the negatives.

Peptides are also very easily customisable. Modern peptide synthesisers incorporate
technologies that allow the efficient synthesis of peptides, and/or the parallel synthesis of a
number of them. During my PhD | had access to the CEM LibertyBlue synthesiser that
incorporate microwave technology to improve the efficiency of the peptide synthesis and to
the CEM MultiPep 1 instrument that can make up to 196 different peptides in parallel at the
same time. This opens the doors to a whole new category of molecules to be included in DCLs

for DCC experiments.

In the simplest scenario in which only 2 different amino acids (A and B, as an example) are
considered to build a peptide, one can play with the length of the peptide (AB, ABA, ABAB,
etc), the position of the amino acids in the chain (ABAB, AABB, ABBA, etc), or the times that a
particular amino acid is present in the structure (AAAB, AABB, ABBB, etc). It is also worth
reminding that peptides have a direction. They are not symmetrical (ABAB and BABA are 2

different molecules with potentially different properties).

Including more different amino acids (C, D, etc) would increment exponentially and make
virtually infinite the total number of combinations that can be synthesised and tested in a DCC

experiment.
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Peptides can be flexible. It seems to be commonly accepted that rigidity plays in favour of
affinity when designing a receptor. Most of the synthetic receptors found in the literature
contain indeed highly rigid structures such as the calixarenes®! or curcubiturils,32%32° cages

330

with a defined shape,3*° or even switchable molecular grippers.331-334

However, some authors claim that having flexibility in receptors may play an important role
in molecular recognition too. Forrey et. al. developed an in silico model to study the effect of
molecular flexibility on non-covalent binding, and ultimately binding constant K,.33> They
concluded that for rigid targets, a decrease in rigidity in a ligand indeed affects negatively its
binding constant for such target. On the other hand, they found that an increase in the

flexibility of the receptor plays in favour of its affinity for more flexible targets.

In most cases the binding sites or the binding mechanisms of the targets are unknown and
therefore a flexible receptor that can fold and adapt to the receptor’s epitope could be
beneficial. The degree of flexibility of a peptide can also be predetermined by the cautious
selection of its amino acids. Small and linear amino acids (Gly, Ala, Ser, Thr, Cys, Pro) are
generally more flexible than bulkier ones (Phe, Tyr, Trp, His, Arg). We hypothesised that an
ideal receptor should have a flexible backbone with more rigid regions that work as

recognition units, responsible for the binding with a target.
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6.2 Selection of BBs for peptide-based DCC

As the placement in Spain was set to be of only 3 months, we designed and synthesised a small

and apparently simple peptide for it to be then tested in a DCC experiment.

The design of the peptide was purely based on two parameters: simplicity and feasibility. It
was decided to employ a short five amino acid peptide, with only two different amino acids.
One of them had to contain a reactive primary amine in the side chain, and the other would
just act as a spacer to keep the reactive points separated and avoid congestion that could
cause steric hindrance. Lysine would be the obvious choice for the first case, but the length of
the side chain (4 -CH3- groups) would induce too much flexibility into the system. We want the
peptidic backbone to be flexible, not the recognition units. The analogue with the shortest
side chain, diaminoacetic acid would not be the best choice either as the reactive primary
amine would be too close to the peptidic backbone and that could hinder its reactivity (Figure

69).

168



NH,
HoN
2 NH,
H,N
H. OH  H. OH H. OH H\N)\’(OH
H o H o H o H o

. . . L-2 ’4- L-2’3 -
L-lysine L-ornithine diaminobutyric diaminopropionic
(Lys, K) (Orn) acid (Dab) acid (Dap)

NH»
H\N)\[rOH H\NL’(OH H\N/\"/OH
H o H o H 0o
Diaminoacetic ~ L-alanine Glycine
acid (Ala, A) (Gly, G)

Figure 69: Set of amino acids considered for the peptidic scaffold of DCC 3.0 experiment. Dap and Gly

were finally selected.

In this context, the unnatural amino acid L-2,3-diaminopropionic acid (Dap) was selected as it
was a good compromise between reactivity and rigidity. As spacer, we selected Glycine (Gly)
as it is the simplest natural amino acid. The peptide to synthesise and test would therefore
be: (NH2)Dap-Gly-Dap-Gly-Dap(CONH;) (Dap-G-Dap-G-Dap, for short, or 4). Note that this
peptide has a total of four reactive points as there are four primary amines susceptible of IFR
in the presence of aldehydes. One in each Dap side chain, plus another one in the N-terminal
position. The C-terminal position can be in the form of an amide (peptide 4) or a carboxylic
acid (peptide 4.1), depending on the characteristic of the resin used for the solid synthesis of
the peptide. For the purpose of conducting DCC experiments it does not make a difference
which one of those two peptides is employed as amides, less nucleophilic than free amines,

do not undertake IFR and there are therefore only four reactive positions in both cases.

As we could not know in advance which peptide would be easier to synthesise, we decided to

make both.
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As aldehyde-containing BBs, it was selected the molecules 1-Hydroxy-1,3-dihydro-2,1-
benzoxaborole-7-carbaldehyde (Q), 5-imidazolecarboxaldehyde (R), benzaldehyde (S), and
Indole-3-carboxaldehyde (T) (Figure 70). These were selected for similar reasons as detailed
in the chapter dedicated to DCC 2.0. Molecule Q contained a benzoboroxole group, that is
able to bind diols in a similar way as the boronic acid group does, but at pH closer to
physiological. R, S, and T were included in an attempt to mimic Nature as they, once attached
to the peptidic scaffold, would resemble to amino acids Histidine, Tyrosine, and Tryptophan

respectively, and these amino acids are often found in natural receptors.

0 0 0
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LSS DA ey
HoN" HoN" HoN"
Dap-G-Dap-G-Dap, 4/4.1

O
O\ Ox N
= A\
HN N
H
Q R S T

Figure 70: Starting BBs of DCC 3.0 experiment.

Syntheses of peptide 4 and 4.1 was carried out by solid-phase peptide synthesis (SPPS).
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6.3 Solid-phase peptide synthesis (SPPS) to make peptides for DCC 3.0 experiments

Peptides 4 (CONH; group in C-terminal position) and 4.1 (COOH group in C-terminal position)
were synthesised manually by SPPS at room temperature and at 40°C. A schematic

representation of the synthetic route is shown in Figure 71.
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Figure 71: Diagram showing the synthetic route to afford peptides 4.1 and 4.2 via SPPS.

The first amino acid was attached to the polymeric support by its C-terminal end, and a
standard C—>N strategy was followed. The protecting groups employed was 9-
fluorenylmethyloxycarbonyl (Fmoc) for the N-terminal end and allyloxycarbonyl (Alloc) for the
amino group in the amino acid side chains. These groups are orthogonal as one can be

selectively removed over the other (Figure 72).
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Figure 72: Orthogonality of Alloc and Fmoc protecting groups.

Solid-phase synthesis was carried out manually in polypropylene syringes fitted with
polyethylene filter discs or, when the reactions were conducted other than at room
temperature, in a 250 mL double layer jacketed glass reactor vessel equipped with a porous
glass filter disc. When using a syringe, stirring was done with a Teflon bar or in an orbital
shaker; while using a reactor vessel, mixing was done with a flow of Ar gas. The Fmoc/Alloc
protection method was used to synthesize each and every peptide. All solvents and soluble

chemicals were drawn out using vacuum suction (Figure 73).
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Figure 73: Schematic representation of the instrumentation used to carry out manual SPPS at room

temperature (left) and with heating (right).

6.3.2 SPPS resins
Two different resins were employed in this thesis: the rink amide resin was used for the
synthesis of 4, and 2-chlorotrityl chloride (2-CTC) resin and rink amide resin was employed to

make 4.1.

Rink amide resin is a polystyrene resin functionalized with a 4-methylbenzhydrylamine linker
and the primary amine protected with a Fmoc group. Hence, it is needed first to remove the
Fmoc group so the free amine can react and form and amide with the carboxylic acid of the
amino acid This resin is typically used for the synthesis of peptides with C-terminal amides

(Figure 74a).
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2-CTC resin is a polystyrene resin functionalized with chlorotrityl chloride groups. It is widely
used in SPPS for the synthesis of peptides with C-terminal carboxylic acids. The attachment of
the peptide to the resin occurs through a nucleophilic substitution reaction of the amino group

in the amino acid and the chlorotrityl chloride group of the resin (Figure 74b).

a) b)

MeO O
O OMe
Q Cl
NHFmoc O

Figure 74: Structure of a) rink amide and b) 2-CTC resins.

Two different resins were employed in this thesis at a scale of 250 mg with each one: Rink
amide and 2-CTCresins. The conditioning and loading of the resins were performed differently

for each one:

Rink amide resin (100-200 mesh. Loading 0.5 mmol/g of resin): 260 mg of resin were washed

with DCM to induce the swelling of the resins (1 x 60 min, 1 x 1 min), DMF (2 x 1 min),
piperidine 20% in DMF to remove the Fmoc protecting group present in the resin hence
activating it (2 x 4 min) and DMF (2 x 1 min). For the loading, the first Fmoc-protected amino
acid was added together with Oxyma (3 equiv. each). Then DMF is added (The minimum

amount of it so the mixture can be stirred). Next, DIC (3 equiv.) was added, and the mixture is
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stirred for 1h (Figure 75). Finally, the solvent, excess of reagents, and side products were

vacuum- suctioned, and the resin washed with DMF (2 x 1 min):

DCM 1 x 60 min;1x1 min

- DMF2x1min
- Piperidine 20% in DMF 2 x 4 min
- DMF2x1min
- AA, Oxyma, DMF, DIC 1 x 60 min

- DMF2x1min

Oxyma MeQ
MeO DIC
)-ome
O OMe y 9 1h
+ N . B
Fmoc @) Q
R (0]
(O iy
NH, NH

R Fmoc

Figure 75: Schematic representation of the incorporation of the first amino acid on a rink amide resin.
Notice that the Fmoc group in the resin has already been removed. The star (*) on the amino acid

carboxylic group represents that it has already been activated by the combination of oxyma and DIC.

2-CTC resin (100-200 mesh, 1% DVB. Loading 1.6 mmol/g of resin): 300 mg of resin were

washed with DCM (1 x 30 min, 1 x 1 min), DMF (2 x 1 min) and DCM (2 x 1 min). For the first
amino acid to be attached, a solution of the Fmoc-protected amino acid (1.5 equiv.) in DCM
was added to the resin along with just enough DIPEA to dissolve the amino acid. Following the

slow addition of more DIPEA (3.0 equiv.), the reaction mixture was agitated for 1.5 hours
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(Figure 76). Then, 0.8 mL of MeOH/g of resin was added and stirred for 30 min to cap the
unreacted positions. The solvent was removed by vacuum suction to then perform a DCM
wash (3 x 1 min) and a MeOH wash (1 x 1 min). The syringe with the 2-CTC resin was left drying
overnight in a vacuum oven so it was prepared for the quantitative analysis of Fmoc in the

next step.
- DCM1x30min;1x1min
- DMF2x 1 min
- DCM 2x1 min
- AA, DCM, DIPEA 1 x 90 min
-  MeOH
- DCM 3 x1min

- MeOH1x1min

C W Oy,
o2 Lo Ee P T
oy T )

Figure 76: Schematic representation of the incorporation of the first amino acid on a 2-CTC resin.

When using a 2-CTC resin it is common an uncomplete loading of first amino acid (hence the
capping step). This means that the loading capacity given by the manufacturer may not

correspond with the actual amount of amino acid that gets attached to the resin. In order to
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have more certainty on this and correct the equivalents of reagents employed in future steps,

it is wise to perform a loading determination.

This was determined using UV - Vis spectrophotometry by quantifying the dibenzofulvene
adduct formed after the Fmoc removal of the resin. Thus, two small aliquots (around 10 mg)
were taken from the resin that was previously dried. They were weighed and placed into two
different 50 mL volumetric flasks and then diluted to the mark with 20% piperidine in DMF.
The solutions were left in the ultrasonic bath for 30 min. Then, 1 mL of each one was filtered
and their UV absorbance (A) at 301 nm was measured. The Lambert-Beer law (Equation
7.1)was used to determine the concentration of the dibenzofulvene adduct (concentration =

c; €= 7800 M1 cm™ at 301 nm with a I=1 cm).

A=c*e*l Equation 7.1

By dividing the total number of mmol of amino acids that were attached into the resin
(calculated from the quantity of dibenzofulvene adduct) by the amount of g of resin that was

weighed, the loading of the aliquot can be determined with Equation 7.2:

mmol of amino acid

Loading determination = Equation 7.2

gof resin

In some cases, during the loading of the resin or in a coupling cycle, the functionalisation is
incomplete. This could lead to errors in the peptide growing (deletions) and therefore the

formation of undesired products. This effect gains more importance the longer the proposed
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peptide is. When the length of the suggested peptide rises, the overall yield decreases because
the concentration of full-length peptide produced is inversely associated with the proposed
peptide's length. To prevent this from happening, the best tool that we have is to repeat the
loading or cycle, perhaps with different reagents that can of course achieve the same goal. If
this fails, a capping must be carried out to stop the elongation. When capping a position that
has already been functionalised before (i.e., there was an ongoing peptide there), such
peptide will be cleaved in the final step together with the desired peptide, hence becoming
an impurity. However, it is important to cap it as soon as the failure occurs as the smaller the
impurity is in comparison with the target peptide, the easier it is to be removed during the

purification process.

There are two widely common strategies to carry out a capping. When capping a resin such as
2-CTC resin, 0.8mL of MeOH/g of resin and DIPEA (3.0 equiv.) for 30 min in DCM is usually

employed to methylate the unreacted positions (Figure 77)

- MeOH (0.8 mL/g resin) + DIPEA (3 equiv.) in DCM, 1 x 30 min

O DIPEA
DCM
Q Cl + MeOH —»30 i Q OMe
‘ Cl ! Cl

Figure 77: MeOH capping of a 2-CTL resin.
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When capping a growing peptide while following standard C=> N growing strategy, one must
block the N-terminal free amino group. An effective way of doing it is its acetylation: 1 x 30
min wash with acetic anhydride and DIPEA (10 equiv. each) in the minimum amount of DCM

that allows the effective stirring of the mixture (Figure 78).

- Ac20 (10 equiv.) + DIPEA (10 equiv.) in DCM, 1 x 30 min

ACZO
(@] H R DCM @) H R
N 30 min N
o) NH, ———— @) NHAc
R (0] R (@)
n n

Figure 78: Ac;0 capping of the N-terminal position of a peptide.

Whenever it is necessary to check the absence of free amines, a Kaiser test can be performed.
This could be needed, for instance, after a coupling or capping step in SPPS as an indication of
reaction completion. The Kaiser or Ninhydrin test is a colorimetric technique based on the
reaction of ninhydrin with a primary amine coming from the unfucntionalysed peptide to

produce Ruhemann's purple, a dark blue chemical (Figure 79).

0] O 0]
0] 0O
OH
R R
0 (0] @)

Figure 79: Kaiser test reaction between ninhydrin and primary amines.
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To perform the assay, three solutions were prepared:

Reagent A: 5 g of ninhydrin in 100 mL of EtOH.

Reagent B: 80 g of phenol in 20 mLof EtOH.

Reagent C: 2 mL of KCN 0.001 M in 98 mL of pyridine distilled over ninhydrin.

The peptidyl resin is first washed with DMF to get rid of any extra reagents, and then it is dried
with MeOH. Two drops of each reagent are added to a tiny aliquot of the resin in a test tube.
The tube is then heated for 3 minutes at 110 °C. To compare colours, a blank sample using
only the chemicals and no resin is carried out simultaneously. If the sample turns dark blue
(positive result), that indicates the presence of free amines and therefore an incomplete
coupling. If it is pale yellow -as the control test- (negative result) it is signal of complete

functionalisation.

Previous to a coupling cycle, the N-terminal of the peptide that is protected with Fmoc must
be deprotected. The methodology employed in this thesis involved the use of 2 x 5 min washes

with 20% piperidine in DMF as base, followed by 2 x 1 min washed with DMF (Figure 80).

- Piperidine 20% in DMF 2 x 5 min

- DMF2x1min

180



(3 () OEEEE
v @ o

¢-co2 N

Q H,N-R

Figure 80: Fmoc removal using piperidine.

Our first approach to the synthesis relied on the use of Fmoc-protected amino acid and the
conventional and economic DIC and Oxyma (3 equiv. each) as coupling agents (Figure 81). K-
Oxyma was used instead in the synthesis with the 2-CTL resin, as the subtle acidity of regular
Oxyma can induce partial cleavage of the peptide when using that resin. Gly proved to be less
reactive, and it was needed the more powerful reagent, PyBOP (3 equiv.) with DIPEA as base
(6 equiv.), for the coupling. Both reaction mechanisms for the activation of the amino acid and

coupling are shown in Figure 81.
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Figure 81: Reaction mechanisms for the amino acid coupling when employing DIC/Oxyma (top) and

PyBOP/Base (bottom) as activating agents.

The reactions were monitored with the ninhydrin test, and 2-3 cycles were needed in all the
cases. In the reactions of incorporation of the 3 and 4™ amino acids onto the peptide chain
(Dap and Gly, respectively), coupling did not go to completion and the colorimetry test would
result positive (dark blue). Therefore, capping steps with acetic anhydride had to be
performed. Fmoc deprotection reactions were carried out with 20% piperidine in DMF as
explained in a previous chapter. Figure 82 shows a schematic representation of the SPPS

protocol employed.
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Figure 82: Schematic representation of the SPPS protocol.

After the last coupling step, Alloc protecting groups were to be eliminated. They were
removed with the combination of Pd(PPh3)s (0.1 equiv.) in the presence of
phenyltrihydrosilane (PhSiHs) (10 equiv.) as a neutral ally group scavenger.33® The reaction
mechanism consisted of a palladium-catalyzed transfer of the allyl unit to phenyltrihydrosilane
in the presence of a proton source. Three treatments of 10 min each were needed with the

minimum amount of DCM as solvent to allow an efficient mixing.
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On a last step, a Fmoc removal reaction was carried out following previously detailed

methodologies (Figure 83).

Pd(PPhs)s, PhSiH3, DCM 3 x 10 min

- DCM 2x1 min
- DMF2x 1 min
- Piperidine 20% in DMF 2 x 4 min

- DMF2x1min

)J\/N\n/\ \g/\ )J\/NHFmoc 1) PhSiH, )J\/N\n/\ J\/N\H/\NJ\/NHZ

HN N DCM HNT HN" HN"
A )\ A 2 x 10 min
0”0 0”0 0”0 —

2) Fmoc
| | | deprotection

Figure 83: Alloc and Fmoc deprotection steps.

In the Fmoc/Alloc strategy, TFA, a relatively weak acid, is used for the break of the peptide-
resin bond and consequently cleavage of the peptide. This acidic cleavage produces highly
reactive carbocation species and therefore it is needed to employ scavenger species to
minimise side reactions produced by these species with sensitive amino acids, or disulfide
bonds formation in Cysteine containing peptides. A scavenger commonly used is triisopropyl

silane (TIPS) that acts as a hydride donor under acidic conditions.
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The peptide chain was removed from the resin and dissolved by using the acidolytic mixture
TFA/TIPS/H,0 (95:2.5:2.5, v/v) 1 x 30 min; 1 x 60 min; 1 x 1 min (Figure 84). Due to the nature
of the resins, they would afford a slightly different peptide. The 2-CTC resin would produce
4.1, with a carboxylate group in the C-terminal position while the rink amide resin would

generate 4, with an amide group in such position.

- TFA/TIPS/H20 1 x 30 min; 1 x 60 min; 1 x 1 min

95% TFA,
2.5% TIPS,
)l\/N\n/\NJ\/N\n/\NJ\/NHZ 2.5% H,0 HN/HOJ\/ \[]/\HJ@l\_/N\ﬂ/\HJ@]\_/NHS
HNT HN" HoN" 30 min Hs N HaN" HaN"
+1h

Figure 84: Cleavage reaction step.

The capping procedures needed during the formation of the peptides might be the major
cause behind the low vyields obtained. As some researchers claim that temperature can
enhance the efficiency of the coupling reactions,33” we decided to do the synthesis of 4.1 once
again (i.e. using the CTL-2 resin), now carrying out the coupling steps at 40°C. If this could
avoid the need of capping along the synthetic route, it could perhaps lead to a more efficient
SPPS. Only the coupling steps, involving the use of DMF as solvent, were carried out under
temperature. The apparatus utilised to carry out the synthesis is shown in Figure 73 (General

considerations section).
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Unfortunately, despite this time all the coupling reactions went to completion after 2-3 cycles
without the need of capping the peptides, the overall yield of the formation of peptide 4.1
was not considerably higher than in the previous synthesis at room temperature (38% this

time vs. 32% at room temperature).

A DCC experiment with a peptide as scaffold and aldehyde-containing BBs or recognition units
would afford a variety of peptide derivatives library members. Those with the best
amplification for a target, must be individually synthesise for further testing. This synthesis

can be done on solid phase following different methods:

Method 1. In the simplest scenario when the target molecule is a fully functionalised peptide
(tetra-substituted product) with only one type of recognition unit (homopeptide, 4AAAA), the
product can easily be made by carrying out the IFR on-resin in the end of the synthetic route,
right before the cleavage of the resin (Figure 85). Different reducing agents and conditions
were explored, and the best results were obtained with the following protocol: Adding the
recognition unit (5 equiv. per amino group = 20 equiv.) in the minimum amount of DMF + 1%
Acetic Acid (v/v); mixing for 1 h with an orbital shaker; adding the reducing agent (NaCNBH3,

5 equiv. per amino group = 20 equiv.) and mixing for another 30 min.
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Figure 85: On-resin IFR protocol for tetra-functionalysed homopeptides.

When non-fully functionalised peptides and/or peptide derivatives with more than one
recognition unit attached were to be synthesised, the synthetic route had to be more

elaborated.

Method 2. To afford fully functionalised peptides with more than one type of recognition unit
and the same unit in positions 3 and 4(tetra-substituted heteropeptides, 4ABCC), the Dap
groups in the peptide were to be functionalysed individually as soon as they are attached onto

the growing chain.

Firstly, we attempted to couple Fmoc-Dap(NH;)-OH. Having the amino group on the side chain

free would avoid the need of the Alloc deprotection step prior IFR (Figure 86).

(0]
J\/NHFmoc
= — » Noreaction
7

H,oN IFR

Figure 86: On-resin IFR protocol for heteropeptides. Unsuccessful approach.
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However, this protocol did not afford the desired peptide. Perhaps, the steric hindrance
caused by the bulky Fmoc group close the reactive amine would prevent the reaction from

taking place.

A new approach was then considered. The next AA (Gly) was coupled on the chain before the
IFR so the bulky Fmoc group is further away (Figure 87). For the functionalisation of the last
Dap amino acid, a Fmoc deprotection step must be carried out before the IFR and twice the
equivalents of reagents will be employed so positions 3 and 4 are functionalised at the same

time. This reaction proved to be successful with phenylaldehyde S and indole derivative T.

H
N
/
o oy
N._NHF Z N._NHF
N Yo O H2N/HOJ\./ Yol
— = 0 —_— —— 05
Alloc HoN IFR Cleavage HN
deprotection _
NH

Figure 87: First steps for the On-resin IFR protocol for tetra-functionalysed heteropeptides.

Method 3. The most complex scenario would be to synthesise peptide derivatives with 2
different functionalisations in positions 3 and 4 -the amino groups of the last N-terminal Dap-
(4ABCD). We did not experimentally attempt this synthesis, but we will propose 2 viable
synthetic routes. The first one would be the same as in method 2 except for the fact that the
last amino acid Fmoc-Dap(NH2)-OH would undergo IFR on the position 3 (side chain of last Dap
amino acid) before removing the Fmoc in position 4. This proved to be unsuccessful in the

past, probably due to the steric hindrance of the adjacent Fmoc group. However, longer
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reaction times and/or temperature might be sufficient to overcome this impediment. Another
approach would be to use the amino acid PG-Dap(NH;)-OH, where PG is a different and
smaller orthogonal protecting group: Boc, for instance. This could facilitate the
functionalisation of position 3. Then, Boc PG would be removed (mild acidic conditions, 50%

TFA in DCM) and IFR can be carried out on position 4 (Figure 88).

o o 0 G o o o D
N\H/\NJJ\/N\H/\NJ\/NHFmoc R N\[]/\NJ\/N\“/\NJ\/NH
s o A = o H = > s o H = o H =
HN Hl}l HoN 2- Fmoc HN Hl}l HN
A B deprot A B C
3-D
IFR
o o 0 e o o o D
_ N\[]/\NJ\_/N\H/\NJ\_/NHBOC R )J\_/N\[]/\NJ\_/N\“/\NJ\_/NH
s o H = o H = T > o 1 = H =
HN HN H,N 2- Boc Hl}l/ HN™ HN"
A B deprot A B C
3-D
IFR

Figure 88: Two different proposed strategies to afford tetra-functionalysed heteropeptides with

different groups in positions 3 and 4.

Method 4. The last possible scenario would be to synthesise non-fully-functionalised peptides
(4A/BB). For this, amino acid PG-Dap(NH2)-OH (PG = Boc or Bzl) can be introduced whenever
the position is to be left free and in a very last step they can be deprotected. Both Boc and Bzl
are labile under strong acidic conditions (TFA and HF are normally employed for Boc and Bzl,
respectively) so their deprotection can happen at the same time as the cleavage of the peptide

from the resin (Figure 89).
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Figure 89: Proposed strategy to afford non-fully-functionalysed peptides.

With these methodologies every library member arising from DCC 3.0 experiment could be

synthesised (Table 10).
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Table 10: Different methods to afford each type of peptide derivative in DCC 3.0.

Peptide
type

Tetra-
substituted
homopeptide

Tetra-
substituted
heteropeptide
(3#4)

Type
code

4AAAA

4ABCD

excample molecule

Hoj\/Nj(‘N’u\/Nj(\NJ?\:NH

~ -

HN © HN ° HN

O
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6.4 DCC3.0

The experimental protocol to carry out DCC 3.0 was similar to the one for DCC 2.0 with the
difference that now the targets, as per the goals and objectives of Dr Ignacio Alfonso’s group,

were two polysaccharide glycosaminoglycans (GAGs): Heparin and Chondroitin Sulfate.

Peptide 4 (5 mM) and amines Q, R, S, and T (20 mM each) were dissolved in MeOH and left
stirring O.N. Then, it was diluted 1/10 with a solution of 200 mM Phosphate buffer pH 7.5,
containing 1.2 mg/mL of GAG template (Heparin or Chondroitin Sulfate), or no template for
the blank experiment. NaCNBH3 5 mM in water was added quickly afterwards, and it was left

stirring again ON before being analysed by LC-MS.

DCC 3.0 meant a considerable increment in library size from 26 members in DCC 2.0 to 625
members as per the formula n" being ‘n’ the number of items to choose from, Q, R, S, T, 0 (O

being free amine left unreacted) equals to five; and ‘r the number of reactive positions, four.

This time, unfortunately, we were unable to confirm by LC-MS the presence of new products
being formed in the DCL. The spectrum obtained corresponded merely to the sum of the
starting BBs, and some tiny peaks that could correspond to low-substituted species (peptide
with only one or two amino groups functionalysed with Q, R, S, or T), or could just be noise.
The peaks were comparable in size with the background noise and therefore we could not
confirm their nature. In any case peaks with m/z that could be assigned to high-substituted
products (peptide with 3 or 4 BBs attached) were found. We concluded that starting BBs are

not reactive enough and highly substituted species may be too difficult to achieve in a DCC
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experiment in aqueous environment, and therefore our next step was to attempt a simpler

approach.

6.5 DCC3.1and3.2

Back in Birmingham, we designed a much simpler peptide-based DCC 3.1 experiment. We used
the same experimental conditions and recognition units Q, R, S, and T but with a shorter and

easier to make peptide (Ac)Lys-Ala-Lys(CONH3) (Lys-Ala-Lys, or KAK for short) as scaffold.

We wanted to explore as well the possibility of employing a longer spacer to reduce potential
steric hindrance between the reactive positions, as a possible cause behind the low reactivity
observed. To this aim, it was synthesised an analogue to KAK, with two consecutive units of
Ala connecting the terminal Lys: KAAK. This peptide, tested in the same experimental
conditions and with the same BBs as KAK (Q, R, S, and T) would constitute DCC 3.2 experiment

(Figure 90).
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Figure 90: Starting BBs of DCC 3.1 and DCC 3.2 experiments.

Ac.

ZT
I
o
Z
I
)

Iz

A smaller peptide of three or four amino acids and with the N-terminal acetylated so it has
only 2 reactive positions would afford a DCL of 25 members according to the n" equation and

would be perhaps be easier to fully functionalise.

Dap was swapped by Lys with the expectation that a longer length of the side chain (larger
distance between the scaffold and the reactive amine) would benefit the IFR even though that
could play against the binding properties of the potential receptors (less rigidity of the

recognition unit).

Gly was swapped by Ala in an attempt to facilitate the synthesis of the peptide, as we found
that the coupling reactions of Glycine onto the peptide were challenging and required a lot of
excess of amino acid. Both the Dap or the Gly could be responsible for this low reactivity, but
overall we found that when using Ala instead of Gly less equivalents of amino acid were
required to accomplish a successful coupling reaction. Since Gly only functioned as a spacer,
employing Ala instead would not affect the properties of the finished peptide while making its

synthesis considerably easier.
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These changes resulted in an LC-MS spectrum in which many new peaks could be observed in
the UV chromatogram (i.e. peaks that do not correspond to the starting BBs). Nevertheless,
the majority of the library members could not be identified in the MS chromatogram and
therefore they could not be quantified. This is represented in Figure 91, where the bottom
spectrum shows a fraction of the run, in which many new peaks are observed (i.e., peaks not
corresponding to starting materials. Starting materials were eluted off the column in the first
two minutes). However, none of the MS settings tried served to ionise the analytes and

therefore the nature of such UV peaks could not be evaluated.
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Figure 91: LC-MS spectra of DCC 3.1 experiment. UV response (bottom), and two different

electrospray (ES) ionisation methods with positive ionisation (+) employed (middle and top).
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The evidence suggests that there are new products being formed and therefore a DCL (as per
the UV response), but the MS settings employed were just not fit for these sorts of molecules
and could not ionise the analytes. We encountered a similar issue when optimising the
analytical procedures for DCC 1.0 and DCC 2.0 experiments and we were able to solve it by
testing different electrospray (ES) ionisation settings in positive mode (+) until finding the

optimal ones.

This time, unfortunately, none of the ES modes in positive or negatives mode were able to

ionise the analytes. Different ionisation methods (MALDI, APCI) should be tested in the future.

In order to carry out DCC 3.1 and 3.2 experiments peptides KAK and KAAK were synthesised
automatedly using the peptide synthesiser CEM MultiPepl. This instrument allowed the
complete synthesis in parallel of both products, which were carried out overnight. Only the
last cleavage step was performed manually, under the same conditions and with the same
apparatus detailed previously in this chapter for manual SPPS. Starting amino acid needed

were Fmoc-D-Lys(Alloc)-OH and Fmoc-D-Ala-OH.

The protocol for the automated synthesis was the following:

Piperidine 20% in DMF 1 x 3 min; 1 x 8 min

- DMF4x1min

- AA (0.5 M in DMF, 4 equiv.), Oxyma (1.0 M in DMF, 4.5 equiv.), DIC (1.0 M in DMF, 5

equiv.), 2 x 20 min

- Ac20 (10 equiv.) + DIPEA (10 equiv.) in DCM, 1 x 10 min
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- DCM1x1min

- DMF5x1min

These 6 steps were repeated 3 and 4 times for the syntheses of KAK and KAAK, respectively.
Once the last amino acid was coupled, a last Fmoc deprotection and acetylation cycles were

carried out in order to afford the desired N-terminal-acetylated peptides (Figure 92):

- Piperidine 20% in DMF 1 x 3 min; 1 x 8 min

Ac,0 (10 equiv.) + DIPEA (10 equiv.) in DCM, 1 x 10 min

NHAlloc NHAlloc NHA"OC

3or4 cycles
NHFmoc
NHFmoc \ﬂ/\ )J\( \ﬂ/\

1 - Fmoc deprotec. NHAlloc
2 - Acetylation
3 - Alloc deprotec.

4 - Cleavage
®
NH3 NH3 '\‘1;3\
e (0] H = (0]
HoN A N~ NHAc
NHAc \[(\HJ\[ \ﬂ/\H
o 0]

KAK KAAK

NH;
®

Figure 92: Diagram showing the synthetic route to afford peptides KAK and KAAK via SPPS.

And finally, in order to proceed with the cleavage of the peptide, the reaction cartridge was

taken out of the peptide synthesiser and placed in the apparatus for manual SPPS where it
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was treated with the same cleavage cocktail and with the same protocol employed in manual

SPPS,

- TFA/TIPS/H20 1 x 30 min; 1 x 60 min; 1 x 1 min

6.6 Conclusions of Chapter 6

In this chapter we discussed the potential benefits of using peptides as scaffolds in DCC
experiments. They are easy to make, they are customisable, they are flexible, and with a

relative small number of amino acids, one can build a huge variety different peptides.

With DCC 3.0 experiment, even though we could not create a functional DCL, we laid the basis
for peptide-based DCC. We learnt that the reactivity of the starting BBs is a key factor to
consider and perhaps the bottleneck of the technique. In aqueous environments, when
reactivity of the starting BBs is reduced (as in the case of the BBs needed for imine formation

reaction), products that rely on the multiple functionalisation of a BB may not be formed.

With DCC 3.1 and 3.2 we overcame that issue by employing a shorter and simpler peptide as
scaffold that contained, as in previous DCC 2.0 experiments, only two reactive positions. This
time and according to the UV response of an LC-MS screening of the library, the creation of
the DCL was successful. However, ionisation process must be sharpened to be able to analyse

and quantify the analytes present in the library.

198



Peptide 4, 4.1, KAK, and KAAK were successfully synthesised and purified following SPPS
procedures. The synthesis of the peptide derivatives that could arise from DCC 3.0 experiment

was also investigated employing non-traditional on-resin IFR.

The methodology for the synthesis of two out of 4 types of products being formed in DCC 3.0
(4AAA and 4ABCC) was proven successful, and a methodology to afford the other 2 types

(4ABCD and 4A/BB) was suggested.

4 and 4.1 and their derivatives were made manually in solid phase. Different polymeric

supports and coupling methodologies were studied.

Peptide 4 was synthesised as well via manual SPPS but employing high temperature for the
coupling reactions to try and enhance the efficiency of this reaction, hence improving the
discrete yields obtained at room temperature. According to the colorimetric analysis carried
out after each coupling reaction, it appeared like the coupling reactions indeed got better.
Nevertheless, the overall yield did not improve significantly, probably due to partial premature

cleavage induced by the higher temperatures.

Finally, peptides KAK and KAAK were automatedly synthesised with the help of a peptide
synthesiser. Adding the resins onto the cartridges and cleaving the peptide in the end were
the only steps that had to be carried out manually while everything else was done automated,
in no longer than one night. Although the yields for these peptides were indeed better than
those for peptides synthesised manually, the results cannot be compared as they were
different target peptides. It is out of question however, the benefits that automated synthesis

can offer in terms of simplicity and time consumption.
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Chapter 7 -Experimental

This chapter will explain the experimental part of the thesis. Starting with the materials and
methods employed, to then continue with the synthetic protocols to afford starting BBs, DCL
members to be tested by ITC, and finally a detailed explanation on the SPPS methodology

followed to synthesise the required peptides.

7.1 Materials & methods

If it is not stated otherwise, the chemicals were purchased from Sigma-Aldrich, Acros Organics,
Merck, or Alfa Aesar and used without further purification. 1-Hydroxy-1,3-dihydro-2,1-
benzoxaborole-7-carbaldehyde and 1-Hydroxy-1,3-dihydro-2,1-benzoxaborole-6-
carbaldehyde were purchased from BLD Pharmatech Ltd. Fmoc-Asp(OAIl)-OH was purchased
from Fluorochem Ltd. Oxyma Pure was purchased from NovaBioChem. Fmoc-rink-amide-2CTC

resin and Fmoc-L-Dap(Aloc)-OH were obtained from Iris Biotech GmbH.

Thin layer chromatography (TLC) was performed using commercially available Macherey-
Nagel aluminium backed plates coated with a 0.20 mm layer of silica gel 60 A with fluorescent
indicator UV254. TLC plates were visualized using ultraviolet light of 254 nm wavelength. TLC
plates were stained with permanganate or ninhydrin.

Silica gel column chromatography was carried out using Sigma-Aldrich 60 A silica gel (35-70
pm).

Chemical structures were created in ChemDraw.
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'H NMR and 3C NMR spectra were recorded at room temperature on the following
spectrometers and analysed with MestreNova software: Bruker AVIII at 300 MHz, Bruker
AVII1400 at 400 MHz and 101 MHz, Bruker AVANCE NEO at 400 MHz and 101 MHz and Bruker

AVANCE NEO at 500 MHz and 126 MHz.

Mass spectra were recorded with a Waters Xevo G2-XS spectrometer working with
electrospray ionization (positive mode). LC-MS experiments were performed in a Waters SQD
2 (MS) instrument connected to a Waters Alliance 2695 (LC) and UV detector in the range
210 to 500 nm, working with electrospray ionization (positive mode). Different
chromatography columns were employed, and these were explained in a dedicated chapter

(LC-MS method development). LC-MS data was analysed with MassLynx software.

HPLC was performed with an Agilent 1260 series quaternary pump, an automatic injector
Agilent 1260 series, a dual variable wavelength detection Agilent 1260 series and a micro
vacuum degasser device Agilent 1260. The column used was an Aeris™ WIDEPORE (C4, 150 x

4.6 mm) with 3.6 um particle size and 200 A pore size.
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ITC binding studies were conducted on a TA nano-LV instrument running in aqueous mode.
The reference cell was filled with 300 uL of deionised, filtered, and degassed water. The
sample cell was filled with 300 uL of solution of the receptors to be analysed and the syringe
was filled with the solutions of the sugars of interest as titrants. The general procedure was
40 x 1.5 pL injections for an ITC run. The heats of dilution for the sugar were obtained running
sugar into buffer experiments and they were subtracted from the raw isotherm to provide the
corrected heats, followed by their subsequent modelling. The model employed to analyse the
data was the independent model. The corresponding isotherms were analysed utilising TA
nano-analyse software. For this thesis the n value was fixed to 1, this has been previously

reported in literature as viable method for studying weak interactions (i.e., C<10).2%’

Automated peptide synthesis was carried out with two different instruments as they were the
available ones in the different labs where this research project took place. CEM Liberty Blue
2.0, that uses microwave radiation to improve the reaction effectiveness in coupling and
deprotection steps was utilised to synthesise peptide 4. Peptide was made at a scale of 1

mmol. Peptides KAK and KAAK were made with CEM MultiPep1 system at a scale of 1 mmol.

7.2 Synthesis of amine | for IFR optimisation experiments

(2-Aminoethyl)trimethylammonium chloride, I, was synthesised from commercially available

N,N-Dimethylethylenediamine. The synthesis was carried out in 3 steps:
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1) Synthesis of N’-Boc-N,N-Dimethylethylenediamine.

|
N
BocHN”™ "~

Triethylamine (0.75 mL, 5.4 mmol) and Boc,0 (1.28 g, 5.85 mmol) were dissolved in CHCls (10
mL). Then, N,N-dimethylethylenediamine (0.5 mL, 4.95 mmol) was added and the reaction
was stirred for 4 h. The solution was then washed with NaHCOs saturated solution and water.
Organic phase was dried over MgS0O4 and solvent was removed under vacuum to afford N’-

Boc-N,N-dimethylethylenediamine pure as a pale-yellow solid.

2) Synthesis of (N-Boc-Aminoethyl)trimethylammonium chloride.

Cle'!l/
BocHN” @™

To a solution of N’-Boc-N,N-dimethylethylenediamine (4.95 mmol) in MeOH, CHsl (0.42 mL,
6.65 mmol) and KHCOs (0.56 mg, 5.65 mmol) were added. The reaction was stirred O.N.
Solvent was removed under vacuum, crude redissolved in CHCls, and the precipitate was
filtrated out. The solution was dried under vacuum, and the solid washed with Et,0, affording

pure (N-Boc-Aminoethyl)trimethylammonium chloride as a white solid.

3) Synthesis of (2-Aminoethyl)trimethylammonium chloride.

(N-Boc-Aminoethyl)trimethylammonium chloride (0.62 g, 1.89 mmol) was dissolved in

anhydrous MeOH (10 mL). It was cooled at 0°C and then acetyl chloride (2 mL, 28 mmol) was
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added dropwise. After 3h, reaction was taken to dryness under vacuum, leaving a dark-red

solid that was washed with Et,0 and MeOH, affording the product, I, as a pale yellow solid.

7.3 NMR Studies

The preparation of the deuterated phosphate buffer for NMR experiments to study the
influence of pH in IFR was unconventional. As the chemicals required (KD,PO4, K2DPO4) are
not commercially available in their deuterated forms, the analogues containing hydrogen
instead (KH;POs4, K;HPO4) were employed. The right amount of them was weighed and
dissolved in 10 mL of D,O and then dried out under reduced pressure. This process was
repeated 3 times to ensure that all the hydrogens present in the mixture are replaced by
deuterium. Lastly, the solid is dissolved in the correct amount of D,0 to afford the deuterated

buffered solution at the desired concentration (100 mM).

For NMR experiments to study the influence of pH in NMR, aldehyde 2 and each one of the
amines were dissolved in acetonitrile-d3 and the buffer of choice, respectively. The solutions
were combined to afford a final mixture with concentrations of aldehyde 1mM and amine 20

mM. The mixtures were left stirring O.N. and analysed by *H NMR.
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7.4 Design of DCC experiment small-molecule approach

DCC1.0

2 (1 mM) was mixed with E, G, and H (20/3 mM each) in 100 mM carbonate buffer pH 10 90%-
10% MeCN. Then, the reaction mixture was split into four 1 mL Eppendorf tubes and to each
one of them it was added a solution of glucose so its concentration in the reaction mixture
would be 0.1 mM, 2 mM and 20 mM. To the fourth Eppendorf tube, the same volume of water
was added instead so it can be used as a blank experiment. These mixtures were left stirring
O.N. The next day, a solution of NaCNBH3 (20 mM in the reaction mixture) was added to each

one of the Eppendorf tubes and it was stirred for 30 min before analysing them by LC-MS.

Every one of the library members was found in the MS Chromatogram as their (M+H)* adducts

with m/z equal to their corresponding molecular weights plus one unit .

DCC2.0

2 (1 mM) was mixed with E, G, H, D, and P (20/5 mM each) in 100 mM carbonate buffer pH 10
90%-10% MeCN. Then, the reaction mixture was split into five 1 mL Eppendorf tubes and to
each one of them it was added a solution of glucose, mannose, galactose, and fructose 2 mM;
as well as the same volume of distilled water for the fifth tube so it can be used as a blank
experiment. These mixtures were left stirring O.N. The next day, a solution of NaCNBHs (20
mM in the reaction mixture) was added to each one of the Eppendorf tubes and it was stirred

for 30 min before analysing them by LC-MS.

Every one of the library members was found in the MS Chromatogram as their (M+H)* adducts

with m/z equal to their corresponding molecular weights plus one unit .
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7.5 Synthesis of small-molecule receptors

The library members that gave the most interesting results in DCC 2.0 experiment were
individually synthesised to evaluate their binding properties. The molecules to be tested were
D, P, 1D, 1P, 2DD, and 2PP. Amino acids D and P were not synthesised by us as they are

commercially available.

Mono-substituted molecules 2D and 2P were not synthesised exactly as they are present in
the DCL. As it was already explained in a separate chapter, functionalising only one of the two
aldehydes of starting isophtalaldehyde (2) would have been a rather complex procedure that
would involve several reaction steps. Instead, we pursued a much simpler approach using
benzaldehyde (1), the benzene ring posing only one aldehyde group, as starting material. This
would afford the mono substituted products similar to 2D and 2P, without the extra CHO
group in position 3 of the benzene ring. These molecules will be called 1D and 1P. The missing
aldehyde group is far away from the ‘recognition positions’ of the receptor and therefore their
absence would not affect the overall binding properties of the molecule. In other words, the
affinity of 1D and 1P for the target saccharides would be the same as their analogues in the

DCC experiment, 2D and 2P.
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Synthesis of 1D

O

OH
HO

HN 0]

L-Aspartic acid (D, 652.0 mg, 4.9 mmol) was slowly dissolved in a solution of NaOH (0.4 g) in
water (5 mL) and methanol (10 mL). Then, Benzaldehyde (1, 508 ulL, 5.0 mmol) was slowly
added to the solution. The reaction mixture was stirred for 1h. NaBH4 (226.0 mg, 6 mmol) was
dissolved in methanol (1 mL) and slowly added to the reaction mixture. Reaction left stirring
for 1h before acidifying it to pH 5-6 with acetic acid. The solvent was evaporated under
reduced pressure. The resulted oil was purified by HPLC to afford 1D as a white solid (907.2
mg, 83%). HPLC purification method was optimised as follows: A 95%-5% B isocratic for 20
minutes, with a retention time for 1D of 9-12 minutes. Being A: water + 0.1% TFA and B:
acetonitrile + 0.1% TFA. 'H NMR (400 MHz, D0, 298 K) & 7.48 (s, 5H), 4.38 (d, J = 13.1 Hz, 1H),
4.32 (d, J = 13.1 Hz, 1H), 4.18 (t, J = 5.6 Hz, 1H), 3.08 (dd, J = 17.6, 3.9 Hz, 2H). 3C NMR (100
MHz, D20, 298 K) 6 170.79, 130.02, 129.28, 55.84, 50.63, 33.49. H and 3C NMR is in
agreement with literature.33® HRMS (ESI+): calculated for C11H1aNO4 [M+H]*: 224.0923, found:

224.0929 (Annex 6).
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Synthesis of 1P

HO
)

Re

L-Phenylalanine (P, 821.7 mg, 4.9 mmol) was slowly dissolved in a solution of NaOH (0.4 g) in
water (5 mL) and methanol (10 mL). Then, Benzaldehyde (1, 508 ulL, 5.0 mmol) was slowly
added to the solution. The reaction mixture was stirred for 3h. NaBH4 (226.0 mg, 6 mmol) was
dissolved in methanol (1 mL) and slowly added to the reaction mixture. Reaction left stirring
for 1h before acidifying it to pH 5-6 with acetic acid. The solvent was evaporated under
reduced pressure. The resulted oil was purified by HPLC to afford 1P as a white solid (950.1
mg, 76%). HPLC purification method was optimised as follows: A 95%-5% B isocratic for 25
minutes, with a retention time for 1P of 20 minutes. Being A: water + 0.1% TFA and B:
acetonitrile + 0.1% TFA. *H NMR (400 MHz, DMSO-d6, 298 K) § 7.20 (m, 10H), 3.61 (d, J = 13.1
Hz, 1H), 3.40 (d, J = 13.1 Hz, 1H), 2.92 (m, 2H), 2.63 (m, 1H). 'H NMR is in agreement with
literature.3®® HRMS (ESI+): calculated for CigH1sNO, [M+H]*: 256.1338, found: 256.1342

(Annex 7).
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Synthesis of 2DD

OH

Yo

OH HN
ED\/ HO.__O

7

O~ OH
L-Aspartic acid (D, 665.3 mg, 5.0 mmol) was slowly dissolved in a solution of NaOH (0.4 g) in
water (5 mL) and methanol (10 mL). Then, isophtalaldehyde (2, 335.0 mg, 2.5 mmol) was
dissolved in methanol (10 mL) and slowly added to the amino acid solution. The reaction
mixture was stirred for 6h. NaBH4 (226.0 mg, 6 mmol) was dissolved in methanol (1 mL) and
slowly added to the reaction mixture. Reaction left stirring for 1h before acidifying it to pH 5-
6 with acetic acid. The solvent was evaporated under reduced pressure. The resulted oil was
purified by HPLC to afford 2DD as a white solid (552.1 mg, 60%). HPLC purification method
was optimised as follows: A 95%-5% B isocratic for 10 minutes, with a retention time for 2DD
of 5.1 minutes. Being A: water + 0.1% TFA and B: acetonitrile + 0.1% TFA. *H NMR (400 MHz,
D20, 298 K) 6 7.36 (t, /= 7.64 Hz, 1H), 7.28 (s, 1H), 7.27(d, / = 7.64 Hz, 2H), 3.72 (d, J = 13.1 Hz,

2H), 3.61 (d, J = 13.1 Hz, 2H), 3.43 (dd, J = 8.13, 5.63 Hz, 2H) 2.42 (m, 4H). HRMS (ESI+):

calculated for C16H19N20g [M-H]*: 367.1141, found: 367.1139 (Annex 8).
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Synthesis of 2PP

WO
HN

ZT

O™ NoH

L-Phenylalanine (P, 825.9 mg, 5.0 mmol) was slowly dissolved in a solution of NaOH (0.2 g) in
water (5 mL) and methanol (10 mL). Then, isophtalaldehyde (2, 335.0 mg, 2.5 mmol) was
dissolved in methanol (10 mL) and slowly added to the amino acid solution. The reaction
mixture was stirred for 6h. NaBH4 (226.0 mg, 6 mmol) was dissolved in methanol (1 mL) and
slowly added to the reaction mixture. Reaction left stirring for 1h before acidifying it to pH 5-
6 with acetic acid. The solvent was evaporated under reduced pressure. The resulted oil was
purified by HPLC to afford 2PP as a white solid (713.1 mg, 66%). HPLC purification method was
optimised as follows: A 90%-10% B isocratic for 15 minutes, with a retention time for 2PP of
10.1 minutes. Being A: water + 0.1% TFA and B: acetonitrile + 0.1% TFA. *H NMR (400 MHz,
D20, 298 K) & 7.37-7.19 (m, 13H), 7.10 (s, 1H), 3.73 (d, J = 13.1 Hz, 2H), 3.55 (d, J = 13.1 Hz,
2H), 3.36 (s, 2H N-H) 3.35 (t, J = 6.98 Hz, 2H) 2.90 (m, 4H). 33C NMR (100 MHz, D,0, 298 K) 6
181.17,139.09, 138.09, 129.27,128.71,128.53,128.44,127.42,126.60,117.78, 114.89, 64.48,
50.87, 39.04. HRMS (ESI+): calculated for CzsH27N204 [M-H]*: 431.1971, found: 431.1983

(Annex 9).
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7.6 Solid-phase peptide synthesis (SPPS)

7.6.1 Manual SPPS
As detailed in the previous chapter dedicated to the DCL peptide approach, the steps to follow

for the synthesis of peptides 4 and 4.1 by manual SPPS are the following

7.6.1.1 Conditioning of the resin and incorporation of the first amino acid

Rink amide resin

- DCM1x60min;1x1min

- DMF2x1min

- Piperidine 20% in DMF 2 x 4 min

- DMF2x1min

- AA, Oxyma, DMF, DIC 1 x 60 min

- DMF2x1min

2-CTC resin

DCM 1 x 30 min;1x1 min

- DMF2x1min

- DCM 2 x1min

- AA, DCM, DIPEA 1 x 90 min

-  MeOH

- DCM 3 x1min

- MeOH1x1min
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7.6.1.2 Loading determination by Fmoc quantification
The loading determination of 2-CTC resin for the synthesis of 4.1 was done following the
protocol detailed in the previous chapter and employing Equation 7.1 and Equation 7.2, the

average corrected loading factor of the 2 values obtained was 0.32 mmol/g of resin.

7.6.1.3 Capping of unreacted positions

- A) MeOH (0.8 mL/g resin) + DIPEA (3 equiv.) in DCM, 1 x 30 min

- B) Ac20 (10 equiv.) + DIPEA (10 equiv.) in DCM, 1 x 30 min

7.6.1.4 Fmoc removal

- Piperidine 20% in DMF 2 x 5 min

- DMF2x1min

7.6.1.5 On-resin elongation of the peptide

- AA, (K) Oxyma, DIC, DMF 2 x 1 h // AA, PyBOP, DIPEA, DMF 2 x1 h

- DMF2x1min

- Kaiser test

7.6.1.6 Alloc removal

Pd(PPhs)s, PhSiH3, DCM 3 x 10 min

- DCM 2 x1min

- DMF2x1min

- Piperidine 20% in DMF 2 x 4 min

- DMF2x1min
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95% TFA,
2.5% TIPS,

)J\/N\H/\NJ\/N\H/\NJ\/NHz 2.5% H,0 H, N/HOJ\/ \H/\NJ@]\_/N\H/\HJ@]\_/NH3
HN" HN" HN" 30 min HsN HaN" HaN"
+1h

- TFA/TIPS/H20 1 x 30 min ; 1 x 60 min; 1 x 1 min

The filtrates were collected in a round-bottomed flask containing cold Et,O and the product
peptides precipitated out. The peptides were vacuum-filtrated and dried. The peptides were
purified by HPLC. HPLC purification method was optimised as follows: 5-100% B over 20
minutes, with a retention time for both 4 and 4.1 of 4.80 min and 4.66 min, respectively. Being
A: water + 0.1% TFA and B: acetonitrile + 0.1% TFA. HRMS (ESI+): calculated for 4:

Ci13H27N9OsNa [M+Na]*: 412.2023, found: 412.2025 (Annex 10).

After lyophilisation, it was obtained 32.1 mg of 4 (63% vyield, according to the 260 mg of resin
employed and its loading factor of 0.5 mmol/g of resin) and 12 mg of 4.1 (32% yield, according

to the 300 mg of resin employed and its corrected loading factor of 0.32 mmol/g of resin).
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Method 1.

, 20
equw
1h

J\/N\H/\NJ\/N\H/\NJ\/NHZ DMF 1% AcH J\_/N\H/\NJOJ\/H\H/\NJOJ\_/NH

H,N" HN" H,N" NaCNBHS, N~
20 equiv.,
30 min
- AA, DMF+1%AcOH 1x 1 h // AA, PyBOP, DIPEA, DMF 2 x 1 h

- NaCNBHs, 1 x 30 min

The reaction gave negative result in a ninhydrin test so the peptide was cleaved from the resin
and the formation of the tetra-substituted product 4SSSS was confirmed by LC-MS. LC-MS
running conditions were as follows: 5% B to 100% B over 5 minutes, with a retention time for

4SSS of 3.47 minutes. Being A: water + 0.1% TFA and B: acetonitrile + 0.1% TFA. [M+H]*: 805

(Annex 11).
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Method 2

H
N
/
o oy
N.__NHF Z N.__NHF
J\./ Yol o H2N/HOJ\./ Yol
—_— /: 0 —_— /; o
Alloc HoN IFR Cleavage HN
deprotection _
NH

- AA, DMF+1%AcOH 1 x 1 h // AA, PyBOP, DIPEA, DMF 2 x 1 h

- NaCNBHs, 1 x 30 min

The reaction gave negative result in a ninhydrin test so the peptide was cleaved from the resin

and the formation of the mono-substituted product 4T was confirmed by LC-MS. LC-MS

running conditions were as follows: 5% B to 100% B over 5 minutes, with a retention time for

4T of 0.37 minutes. Being A: water + 0.1% TFA and B: acetonitrile + 0.1% TFA. [M+H]*: 161

(Annex 12).
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As detailed in the previous chapter dedicated to the DCL peptide approach, the steps to follow

for the synthesis of peptides KAK and KAAK by automated SPPS are the following:

NHAlloc NHAlloc ~ NHAlloc
3 or 4 cycles j\/ H > 9w T 9
N N NHFmoc
—_— H H NHFmoc \ﬂ/\”)% \ﬂ/\”
— 0 = 0 © °
1 - Fmoc deprotec. NHAlloc
2 - Acetylation
3 - Alloc deprotec.
4 - Cleavage
® ® ®
NHs NH NHs
)OJ\/H HoN z i H ? i NHA
HN N 2 ¢
2 N p NHAc \ﬂ/\”)ﬁ/ \ﬂ/\m
o H = o) 0 O
KAK KAAK

NH3
®

- Piperidine 20% in DMF 1 x 3 min; 1 x 8 min
- DMF4x1min

- AA (0.5 M in DMF, 4 equiv.), Oxyma (1.0 M in DMF, 4.5 equiv.), DIC (1.0 M in DMF, 5

equiv.), 2 x 20 min
- Ac;0 (10 equiv.) + DIPEA (10 equiv.) in DCM, 1 x 10 min
- DCM1x1min

- DMF5x1min
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These 6 steps above were repeated 3 and 4 times for the syntheses of KAK and KAAK,

respectively. Then:

- Piperidine 20% in DMF 1 x 3 min; 1 x 8 min

- Ac;0 (10 equiv.) + DIPEA (10 equiv.) in DCM, 1 x 10 min

- TFA/TIPS/H20 1 x 30 min; 1 x 60 min; 1 x 1 min

HPLC purification method was optimised as follows: 5-100% B over 10 minutes, with a
retention time for both KAK and KAAK of 2.9 min and 3.2 min, respectively. Being A: water +
0.1% TFA and B: acetonitrile + 0.1% TFA. HRMS (ESI+): calculated for KAK: Ci7H3aNeOsNa
[M+Na]*: 409.2482, found: 409.2541 (Annex 13). HRMS (ESI+): calculated for KAAK:

C20H38NeOeNa [M+Na]*: 480.2991, found: 480.2923 (Annex 14)

After lyophilisation, it was obtained 11.2 mg of KAK (72%% yield, according to the 200 mg of
resin employed and its loading factor of 0.2 mmol/g of resin) and 12.6 mg of KAAK (69% vyield,
according to the 200 mg of resin employed and its corrected loading factor of 0.2 mmol/g of

resin).
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Chapter 8 -Conclusions & Future work

Glycans are integral to a variety of biological processes including metabolism, immune system,
cell adhesion, and cell-to-cell communication. Moreover, they are implicated in the
development and progression of diseases, particularly neurodegenerative disorders and
cancer. As certain pathological conditions can alter the normal expression of glycans in cells,
glycans have become critical biomarkers in modern medicine for early disease diagnosis and
risk stratification. However, detecting and quantifying these glycans is challenging due to their
vast variety and diversity. The effective recognition of saccharide chains contained within
these glycans is often the key to distinguishing between "normal" glycans present in healthy

cells and "malicious" ones associated with disease (Chapter 1.1).

Hence, a valid strategy to follow in order to diagnose these diseases is the development of
systems to tackle the detection of saccharides. However, molecular recognition of saccharides
poses as well several challenges of their own: their simplicity (or in other words, their lack of
functional groups susceptible of being bound by a receptor), their resemblance to one another
(they have many chiral carbons and therefore the number of sterecisomers is large), and the
fact that monosaccharides in solution are present in a number of interconvertible forms

(tautomers), affording a number of regioisomers (Chapter 1.2).

35 years of research in the field of saccharide recognition yielded a huge number of receptors
for saccharides reported. Often, they were based on natural compounds or directly extracted
from natural sources, and in some other cases they were synthesised in the lab based on

rational design approaches. Synthetic receptors have significantly improved over time, with
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binding constants enhancing several orders of magnitude and overcoming major obstacles
such as saccharide recognition in aqueous environments. However, there is still a need for a
better understanding of the underlying mechanisms behind molecular recognition in order to
be able to design more sophisticated saccharide receptors with even better binding
properties. Chapters 1.3 to 1.5 give a detailed summary on the work carried out to date in the
use of saccharide receptors, both extracted from natural sources and developed via rational

design.

Several factors are thought to be crucial for the rational design of effective receptors, including
multivalency and the right choice of intermolecular forces necessary for binding target ligands.
H bonds, n-H interactions, and electrostatic forces are responsible for molecular recognition
in nature. In the particular case of recognition of saccharides, boronic acids have been widely
studied due to their ability to covalently bind sugars via boronate ester formation. Combining
covalent and non-covalent interactions may hold the key to the creation of an outstanding

new class of receptors.

Rather than attempting to create one potentially effective receptor for a particular saccharide,
we propose a more ambitious approach involving rational design for the selection of a reduced
number of compounds or building blocks in combination with a supramolecular technique
called Dynamic Combinatorial Chemistry (DCC) that allows the self-assembly of a large library
of potentially good receptors and the self-selection of the best receptor available. In Chapter

1.6 this technique is explained in detail.
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An exhaustive method development is detailed in Chapter 3 - and Chapter 4 -to optimise both
the Imine Formation Reaction (IFR), reaction in equilibrium responsible for the Dynamic

Combinatorial Chemistry (DCC) technique, as well as to optimise the DCC methodology itself.

In DCC 1.0, isophtalaldehyde (2), which bears two reactive positions, is used as a scaffold with
three chemically diverse molecules (E, G, and H). This system provided a library of 13
compounds that possessed multivalency and the tools to create covalent (through the BA
group in E) and non-covalent interactions (H bonds and n-H) with saccharides. Molecule 2EE,
which possesses two boronic acid groups, emerged as the best receptor for glucose. We then
carried out DCC 2.0, employing the same aldehydic scaffold to ensure multivalency, the same
three building blocks (BBs) as in DCC 1.0, plus two new molecules, amino acids D and P. This
doubled the library size to 26 members and enriched the system with more molecules capable

of creating strong hydrogen bonds, nt-H interactions, and electrostatic forces.

We tested this dynamic combinatorial library (DCL) against four different isomeric
monosaccharides (glucose, mannose, galactose, and fructose). The first three sugars gave
similar results with 2DD standing out as the best receptor. The experiment with fructose
yielded markedly different results, with 1D and especially 1P outperforming the other library
members in a more competitive environment. This differential behaviour could be attributed
to the unequal distribution of tautomers for those sugars, with fructose exhibiting a much
larger fraction of furanose forms in solution than the others. It was interesting to see how
molecules containing BA groups and therefore able to covalently bind the saccharides, 2E and
2EE, were outperformed by molecules capable of interacting with the templates merely by

non-covalent forces.
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The library members that gave the best results, as well as some other as negative controls,
were synthesised and tested by ITC to obtain their binding data. The synthetic protocols are
detailed in Chapter 7 - and the ITC studies can be found in Chapter 5 -. The tested molecules
were D, P, 1D, 1P, 2DD, and 2PP. ITC validated DCC results, proving that the DCC methodology
was successful in predicting the best receptors within the library of compounds. Molecule 1P,
with K, for fructose = 1762 M, is in the range of the best yet discovered small-molecule
receptors for fructose that can operate in water media. The interaction between 1P and
fructose was also studied by NMR titration. While the poor solubility of 1P limited the scope
of the technique to obtain quantitative results, it was useful to corroborate the binding and
obtain qualitative data regarding the regions of 1P involved the most in the binding. The
hydrogens directly adjacent to the secondary amine in 1P were significantly more affected (A&
= 0.02 ppm) than the benzylic protons in B to the carboxylic acid (A = 0.008 ppm) and the
aromatic ones (A& = 0.056 ppm). This effect was only visible in titration 3 and titration 5

experiments, were there is significant amount of complex 1P-fructose.

In an attempt to exploit even more the benefits of multivalency, we designed DCC
experiments employing peptides as scaffolds, in combination with BBs that would bring similar
covalent and non-covalent intermolecular forces as the ones used in previous DCC
experiments, to achieve molecular recognition. The sysnthetic protocols to afford such
peptides are included as well in Chapter 7 -, and the attempts to employ such peptides in DCC
experiments can be found in Chapter 6 -. DCC 3.0 experiment included pentapeptide, 4, with
four reactive positions, combined with four building blocks (Q, R, S, T). This DCL could

potentially form up to 256 library members.
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Unfortunately, highly substituted molecules (tri and tetra-functionalised peptides) were not
detected by LC-MS. Even the mono and di-substituted ones were found in a very low amount.
Evidence suggests that in the aqueous reaction conditions, starting BBs are not reactive
enough to form multivalent products. To overcome this limitation, DCC 3.1 and 3.2
experiments were then designed as a simpler version of their predecessor, 3.0. Tri and
tetrapeptides KAK and KAAK pose only 2 reactive positions so in combination with BBs Q, R,
S, and T would afford a DCL of only 25 members. When screening these DCLs by LC-MS, many
new peaks were found in the UV spectrum. This indicates that we indeed solved the reactivity
issue, and there are new products being formed. However, we failed to found ionisation
settings in the MS apparatus of the LC-MS system that could ionise the analytes. Hence, we
could not identify and quantify the new products. lonisation methods different to the ones

tested herein (electrospray, ES) should be tested: MALDI, APCI.

We believe in the potential of DCC with multivalent peptidic scaffolds as a tool to create
powerful receptors for saccharides. We found that the bottleneck of DCC technology
employing IFR as the core of the equilibrium, is the limited reactivity of the starting BBs in
aqueous media, and therefore we propose two different strategies to potentially overcome

this limitation:

First, peptides 4 and 4.1 should be redesigned. We hypothesise that a plausible reason for the
low reactivity exhibited by these peptides towards IFR could be the proximity between the
reactive amines in Dap, and the peptidic scaffold, which could cause steric hindrance.

Therefore, different natural and unnatural amino acids should be explored to replace Dap as
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the unit responsible for IFR. L-2,4-diaminobutyric acid (Dab), L-ornithine, (Orn), and L-lysine
(Lys) sould for instance be tested. Their longer side chains will keep separated further away
the reactive primary amine from the peptidic scaffold potentially improving their reactivity.
Another source of steric hindrance that could be responsible for the low conversion to highly
substituted products in DCC 3.0 experiment could be the proximity between the reactive units.
In this context, new peptides should be designed with longer spacers (2, 3, or 4 units o Gly)

between the Dap (or Dab, or Orn, or Lys) reactive units.

Secondly, as the aqueous environment seem to be a major obstacle for the formation of highly
substituted library members in DCC experiments, a methodology should be tested that creates
a library of multivalent peptides in organic anhydrous solvent, where IFR will be favoured.
Then, after the equilibrium reaction is quenched with a reducing agent so there is no
possibility of hydrolysis of the imines, these peptides can be exposed to the biological targets
of interest (glycans) attached to solid supports and in aqueous buffers, so the target remains
in its natural form. -A selection process could then be used to capture the most selective

peptide.
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APPENDIX

Annex 1

Plot of 1H NMR spectrums corresponding to reaction between aldehyde 2 and the amines tested in the
section dedicated to the study of the influence of pH in IFR, at different pH from 6.5 to 10. Only the
combinations that afforded imines are represented. Iminic proton (8-9 ppm) integrated to calculate the

percentage of the monosubstituted (2Xi) and disubstituted (2XiXi) formed.
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Annex 2

The m/z of each one of the library members (405.21 in the case of S2EE) was searched for in the MS
chromatogram, and the area behind the peak, or number of ions with that m/z (2.51e7 in this example)
was plotted in a chart. The division between the peak areas in both the Glucose and the blank
experiments resulted in the Amplification values (A, 2.54 in the example) that was plotted and

represented in a bar graph (Figure 44).

B Chromatogram - [SQD2021_APRIL_011) - o X
B File Edit Display Process Tools Window Help - & %
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o
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number of ions detected

DCL member |(Mw |m/z Blank Experiment | 2 mM Glucose Experiment Amplification (A)
S2 134.04 135.04 1.83E+07 1.81E+07 0.99
SE 151.08 152.08 3.43E+08 2.84E+08 0.83
SG 123.07 124.07 2.85E+08 3.01E+08 1.06
SH 204.09 205.09 2.31E+08 2.46E+08 1.06
S2E 269.12 270.12 1.62E+07 2.62E+07 1.61
S2EE a0a21 40521 990e+06 (GG 2.54
S2G 241.11| 242.11 2.82E+07 4.02E+07 1.42
S2GG 348.18| 349.18 2.28E+06 2.84E+06 1.24
S2H 322.13| 323.13 1.01E+07 6.56E+06 0.65
S2HH 510.23| 511.23 8.13E+06 8.05E+06 0.99
S2EG 376.2 377.2 1.90E+06 2.96E+06 1.56
S2EH 457.22| 458.22 6.01E+05 5.93E+05 0.99
S2GH 429.21| 430.21 1.67E+06 1.90E+06 1.14
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Annex 3

Amplification values for the DCL formed with 2, E, G, H, and Glucose 0.1 mM (top) and Glucose 20 mM

(bottom) as template.
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Annex 4

ITC graphs for all the combinations receptor-sugar tested that afforded a readable binding constant.

2DD - Glucose. ITC replicate 1
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Corrected Heat Rate (uJ/s)

Q and Fit (uJ)

Corrected Heat Rate (pJ/s)

Q and Fit (pJ)
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Corrected Heat Rate (uJ/s)

Q and Fit (pJ)

Corrected Heat Rate (pJ/s)

Q and Fit (uJ)

1D - Mannose. ITC replicate 1
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Corrected Heat Rate (pJ/s)

Q and Fit (uJ)

Corrected Heat Rate (pJ/s)

Q and Fit (pJ)

2DD - Galactose. ITC replicate 1
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Corrected Heat Rate (uJ/s)

Q and Fit (uJ)

Corrected Heat Rate (uJ/s)

Q and Fit (pJ)

1P - Fructose. ITC replicate 1
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Corrected Heat Rate (uJ/s)

Q and Fit (uJ)

Corrected Heat Rate (uJ/s)

Q and Fit (pJ)

1D - Fructose. ITC replicate 1
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Corrected Heat Rate (pJ/s)

Q and Fit (uJ)

2PP - Fructose. ITC replicate 1
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Annex 5

Titration 4 experiment *H NMR spectrum.
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Titration 5 experiment *H NMR spectrum.
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Annex 6

Characterisation of molecule 1D: first *H NMR spectrum (400 MHz, D0, 298 K), then *3C NMR spectrum

(400 MHz, D,0, 298 K) (next page, top), and MS (next page, bottom).
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MAR_3D_HPLC.1.11.fid
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Annex 7

Characterisation of molecule 1P: 1H NMR spectrum (400 MHz, DMSO, 298 K) (top), and MS (bottom).
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Annex 8

Characterisation of molecule 2DD: *H NMR spectrum (400 MHz, D,0, 298 K) (top), and MS (bottom).
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Annex 9

Characterisation of molecule 2PP: first H NMR spectrum (400 MHz, D,0, 298 K), then 3C NMR

spectrum (400 MHz, D;0, 298 K) (next page, top), and MS (next page, bottom).
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Annex 10

Characterisation of peptide 4 by MS.
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Annex 11

LC-MS of the crude resulting from the cleavage of peptide 4SSS resulting from the on-resin reductive

amination reaction.
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Annex 12

LC-MS of the crude resulting from the cleavage of peptide 4T resulting from the on-resin reductive

amination reaction.
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Annex 13

Characterisation of peptide KAK by MS.

KAK C17H33N505 MW=387
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Annex 14

Characterisation of peptide KAAK by MS.

KAAK C20H38N606 MW=458 University of Birmingham, School of Chemistry Miguel Alena-Rodriguez
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