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Chapter 1

Chapter 1: Introduction

1.1 The relevance of carbohydrates in the biomolecular recognition

Carbohydrates represent one of the most versatile and interesting class of biomolecules
since they play important roles in different biological processes.' For instance, in nature
polysaccharides such as glycogen and starch serve as energy storage, while
monosaccharides like glucose can be used as an immediate source of energy.? Other
polysaccharides such as cellulose and chitin are rigid materials that are used to build up
structural units in plants and crustaceans.?

Apart from the well-known roles mentioned above, nowadays we are also starting to
understand and appreciate the profundity and complexity of information encoded within
sugar structures. For instance, in the DNA chain and protein information systems, six
monomers can be connected giving rise to 4096 nucleotide sequences or 6x10’
polypeptides.* Analogously, when factors such as ring size, anomeric configuration,
linkages position, and branching are taken in consideration, six monosaccharides can
form more than 1x10' different oligosaccharides.** ** So, it is not surprising that biology
uses carbohydrates as more than just structural building blocks or sources of biochemical
fuels.

Cell
adhesion

M Antibodies
Bacteria

!

carbohydrates

Figure 1: Multivalent protein-carbohydrate interactions at the cell surface.

In nature, carbohydrates are used to perform very delicate tasks. In fact, carbohydrates
play a key role in the progression of human pathologies such as infection by pathogens,

1
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diabetes, tumour development and metastasis, and immune system disorders (Figure 1).
Indeed, certain types of carbohydrates are biomarkers for pathologies such as cancer.®
Carbohydrate recognition is obviously important in carbohydrate metabolism and for the
transport of highly polar molecules across cell membranes. '’

Therefore, carbohydrate recognition in biological media is a very attractive target. The
development of methodologies for carbohydrate recognition are useful for expanding the
knowledge of biological processes from the theoretical point of view. For instance,
Quiocho et. al. reported one of the first theoretical models of the recognition process
between lectin and carbohydrates.® But apart from these methodologies, the capacity to
recognize carbohydrates in a selective manner would enable the detection of specific
sugars in biological media. It is a powerful tools in diagnostic’ and medical fields'”
through the design of synthetic receptors that could also be used as drugs (for instance
anti-infective agents),!! to target cell types (acting as “synthetic antibodies”),'? to
transport saccharides or related pharmaceuticals across cell membrane (Figure 2).”*

Carbohydrate-based Therapeutics
Therapeutic glycoproteins (EPO)

Glycans as Diagnostic Tools .
Carbohydrate microarrays 2 %

Figure 2: Applications of synthetic carbohydrates in medicine and biology.

1.2 Carbohydrate recognition

Owing to the important role that carbohydrates play in many biological processes and the
vast number of applications that involve carbohydrate recognition, supramolecular
chemists have been studying carbohydrate recognition since the late 1980’s. Two main
strategies can be identified, the first one based on reversible covalent bonds and the other
one based on non-covalent interactions.!*> Many of the developed receptors are inspired
by nature, since the natural carbohydrate receptors, a group of proteins called lectins, are
able to recognize carbohydrate in a selective manner in water based on multiple non-
covalent interactions.'*
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1.2.1 Natural carbohydrate receptors

In Nature, carbohydrate-recognition occurs by carbohydrate-binding proteins named
lectins, which are of non-immune origin and which bind carbohydrates without
enzymatically altering them (Figure 3)."

Figure 3: b-sandwich/jelly-roll fold of a galectin (human galectin-1; PDB 1GZW).

Lectins are present in all branches of the evolution tree, since they have been identified
in all organisms, starting from microorganism moving all the way up to plants and
animals.'* Lectins are basically divided into three classical families, legume lectins, C-
type lectins and galectins. There are also other plant lectins, viral proteins, toxins, anti-
carbohydrate antibodies and pentraxins that have been found.

The binding between carbohydrates and lectins is usually weak since in general the lectins
present shallow binding pockets that are exposed to solvent.!® Lectins recognize
carbohydrates via hydrogen bonding, metal coordination, Van der Waals and
hydrophobic effects.!” The impressive line-up of hydroxyl groups on carbohydrates
allows the creation of networks of hydrogen bonds in which the hydroxyl group acts both
as a donor and as an acceptor to promote the formation of cooperative hydrogen bonds
between the saccharide and protein surface.'® The hydrogen bonds between lectin and
carbohydrates are both direct and water mediated. Furthermore, divalent cations, such as
Ca* and Mn**, are involved in carbohydrate recognition by changing the shape of the
binding site or by direct binding of the carbohydrates, such as what happens in C-type
lectins, like serum lectin (Figure 4).
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Figure 4: Mannose-binding C-type serum lectin involves a strategically presented Ca** ion (sphere) to
probe or the presence of the equatorial 4-hydroxyl group, along with two H bonds.

In addition, carbohydrate-aromatic CH-m interactions participate in the lectin-
carbohydrate recognition. These are dispersion interactions, which are modulated by
electrostatic interactions and partially stabilized by hydrophobic effects that occur
between the C-H bonds of carbohydrates and aromatic units present in the binding pockets
of lectins stabilizing the complex formed between them (Figure 5)."

A B C

</_ \>
OH
: OH
| OH H~ 8 HO o
" o OH ) OH HO N
HOYG | “OHHO HOTL # |
§ <>
<>

Figure 5: Prevalent geometries of carbohydrate—aromatic CH/r interactions: a) 3-D-glucopyranosecan
interact via both faces, b) a- or p-D-galacto- or D-fucopyranose interacts via hydrogens on atoms C3, C4,
C5 and, c) f-D-mannopyranose interacts via hydrogen atoms on CI, C2 and C3.

The study of lectin-carbohydrates or protein-carbohydrates is challenging because of the
complexity and heterogeneity of the cell surface, the intrinsic complexity of
carbohydrates and also the typical weak binding affinities. The interactions between
carbohydrates and proteins are weaker than protein-protein interactions, by about a factor
of 10°-10'2 from characteristic antibody equilibrium constant (Kp). The Kp value of lectin
binding with a simple monosaccharide is around 1 mM.?* Nonetheless, in biological
context, the limitations arising from a weak binding affinity have been overcome by
multivalency. For instance, multiple contacts occur between clustered carbohydrates on
cell surfaces and protein receptors that contain several carbohydrate recognition units.?!
Therefore, the interaction between carbohydrates and lectins is not a simple monomeric
binding event, but involves multiple recognition events (Figure 6).%?
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Figure 6: A glucose molecule in the active site of the E. coli. galactose chemoreceptor protein, as
revealed by X-ray crystallography. The substrate makes contact with two apolar residues (phenylalanine
and tryptophan, shown in light green), a water molecule dark blue), and eight polar amino acid residues

(39 aspartate, red; 39 asparagine, pink; 19 histidine, yellow; and 19 arginine, light blue).

Usually, lectins present more than one carbohydrate binding site and it has been shown
that when two binding events occur simultaneously it can improve the interaction by more
than 100-fold and, on occasions, even up to 10.000 fold.?® For instance, the interaction
between cholera toxin and ganglioside Gm1 was studied and a Kp from 1 nM to 1 pM
were reported.?* This affinity is similar to that of a typical antibody interaction. Another
example is provided by the charged polysaccharides heparin and heparin sulfate that
interact with high affinities with a variety of proteins. Lipoprotein lipase binds to heparin
sulfate with a Kp of approximately 100 pM, human acidic fibroblast growth factor binds
to heparin with a Kp~50 nM, and protease nexin-1 binds to heparin with a Kp~20 nM. As
a result of multivalency, lectin-carbohydrate binding has been shown to significantly
decrease the observed Kp values to the low nM region.”® In general, the conclusion that
can be drawn is that the high density of carbohydrates on the cell surface permits
multivalent binding, which is referred to as the glycoside cluster effect (Figure 7).2°
Since lectins are involved in several physiological events, an understanding of the
interaction with carbohydrates is of utmost importance. For instance, the cellular protein
glycosylation pattern is affected by several kinds of pathologies. Thus, changes in the
glycoform population of a given glycoprotein can be diagnostic of the disease responsible
for the alteration. The analysis of glycosylation as a result of cancer,?”’ showed both
quantitative and qualitative lectin-binding differences for cytosolic glycoproteins in
malignant and benign thyroids neoplasms. It was observed that, in the majority of
carcinomas, lectin-binding was weaker with regard to the adenomas and non-neoplastic
specimens.?8
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His105
Asn104 / Arg135

. Glu133

Figure 7: Carbohydrate hydroxyl and phosphate groups create hydrogen bonds with positively (black) or
negatively charged (dark gray) residue side chains. The phosphate group also interacts with a Mn**
cation found in the binding site.

The affinity of natural receptors for particular substrates has been exploited for
applications in biological diagnostics since the 1950s. One example is ABO blood typing,
in which several kind of lectins are used to recognise the characteristic sugar moieties
present on the surface of different erythrocyte cell types.?’ Nonetheless, the use of
proteins in biological diagnostics has several drawbacks such as non-specific substrate
recognition, low protein stability with regard to temperature, and challenges in efficiently
altering protein properties for several applications. The development of synthetic
carbohydrates receptors can overcome these limitations to improve the applicability and
use of them in fields such as biology, diagnostic or imaging.

1.2.2  Synthetic carbohydrate receptors: mimicking nature

Taking inspiration from the nature, chemists have focused on strategies to detect
carbohydrates using synthetic lectins. The earlier work on carbohydrate recognition was
typically carried out in non-competitive organic solvents.* Receptors were developed in
order to understand in detail the specific carbohydrate recognition via different
architectural structures through hydrogen bonding and other kinds of interactions. The
idea was that if an optimal architecture would be found, it could be used as a starting point
for the design of new carbohydrate receptors able to detect carbohydrates in water.

1.2.2.1 Carbohydrate recognition in organic media

In non-polar solvents, the hydrogen bond is an effective noncovalent bond with sufficient
strength, especially when multiple bonds occur in the same structure. Therefore,
architectures in which the carbohydrate is surrounded by hydrogen bond donors and/or
acceptors are likely to be successful. One example of the applicability of this concept was
reported by Aoyama et al in 1988 who developed the bowl-shaped
octahydroxyresorcin[4]arene (Figure 8) which presented a cavity which was able to
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extract certain monosaccharides, such as D-ribose, D-arabinose and L-fucose from water
into organic media.*

(13)6' 8 Hzo
R=Cy4Ha3

Figure 8: Side view of the self-assembled capsule formed by hydrogen bonding between six molecules of
octahydroxyresorcin[4]arene 13 and eight structural water molecules (only half of the capsule is shown
here). This supramolecular assembly can encapsulate up to three molecules of methyl f-D-glucoside.

Although earlier studies evidenced that this receptor could form a 2:1 sandwich complex
to bind methyl-B-D-glucoside in an enantiomeric selective manner,*’ overall the receptor
did not present excellent selectivity in 1:1 receptor-substrate complexes.

Another example was reported in the early 1990’s by Bonar-Law and Davis in which they
presented a covalent cyclic structure capable of fully encapsulating carbohydrates
substituted with an aliphatic chains. The structure was derived from cholic acid and
referred to as cholaphane (Figure 9). This receptor displayed clear enantioselectivity for
octyl-B-D-glucoside [K, (CDCl3) = 3100 M™'] over B-L-glucoside [Ka (CDCl3) = 550 M™']
and a-D-glucoside stereoisomers [K, (CDCl3) = 1000 M1].3!

Figure 9: Cyclophane displays enantioselectivity towards different octyl glucosides (inset).
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Taking inspiration from the strong interaction of mannose-6-phosphate with lectin
through the formation of charge-reinforced H-bonds between the sugar’s phosphate group
and polar side chains of amino acid residues,’?> new classes of carbohydrate receptors
were reported in which the phosphate groups were incorporated in the receptor. Such
groups could act as a hydrogen bond acceptor for two vicinals hydroxyl groups in a
carbohydrate. An example was reported by Diederich and co-workers who studied the
tetraphosphate macrocyclic receptor shown in Figure 10. The cavity of the macrocyclic
receptor is sufficiently large to favour the binding of disaccharides [K. (CDCN/CD3OD
44:6) = 10750-12500 M!] in the presence of a competitive solvents such as CD3OD.*?
Regrettably, this receptor had a very low solubility in water.

Figure 10: Tetraphosphate macrocycle. Octyl p-D-glucoside.

In the early 2000’s Mazik et al. reported a new type of carbohydrate receptor containing
multiple H-bonding recognition motifs. They observed that the change of a phenyl group
in the amide receptor by a pyridine, the association constant for the binding of octyl-B-D-
glycoside was improved by 1 order of magnitude [K, (CDCls) = 700 and 8700 M
respectively].’* This trend continued when the pyridine was replaced by napthyridine,
which offers two H-bond acceptor sites for the same hydroxyl group [K. (CDCl3z) = 26500
M1].3* So just like in the case of lectins, the multivalency offered by H-bonding
recognition motif with multiple adjacent interaction sites, it can remarkably improve the
binding affinity of the artificial receptor for carbohydrate (Figure 11).
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Figure 11: The binding of octyl f-D-glucoside (inset) by receptors a, b, and c illustrates the importance of
multiple H-bond donors and acceptors in artificial receptors. Receptor ¢, which features H-bond
acceptors able to form multiple long-range H-bonds with the same hydroxy group (gray), exhibits

particularly strong binding.

The small list of examples mentioned above are able to operate in organic media and
therefore the potential for application in a biological context is rather limited.

1.2.2.2 Carbohydrate recognition in water

Synthetic receptors for carbohydrate recognition in water can be divided into two main
groups. The first group is based on dynamic covalent bonds complemented with weaker
non-covalent interactions. The second group of receptors are able to recognize
carbohydrates in water only through noncovalent interactions.

Boronic acid receptors are based on reversible covalent bond formation that occurs
between hydroxyl groups of carbohydrates and boronic acids giving rise to boronic esters

(Figure 12). The process is limited to high pH which may represent a drawback for certain

biological applications.*

R—-B OH R—-é— HO OH
S \OH = e

OH OH \é<

Figure 12: The reaction between boronic acid and carbohydrate hydroxyl groups used for carbohydrate
recognition.

Shinkai and co-workers overcame this limitation and reported a boronic acid sensor in
which they used basic tertiary amine groups to link boronic acid sites and a reporting
fluorophore unit.>® Due to the presence of the tertiary amine, which provide the electron
density required to activate the hydroxyl exchange, it was possible that the process

9
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occurred in physiological pH. The sensor was able to recognize D-glucose in a 1:2
methanol:water mixture with a good affinity K, = 4000 M! (Figure 13).%’

- ~B- H0 B
l/ A e / \0
N <D N <> N®
+
> >
. .2
d D-glucose d a-D-glucofuranose

Figure 13: Receptor d binds D-glucose (gray), which undergoes isomerization in aqueous media to its o-
D-glucofuranose form.

An example of how boronic acid sensors present a huge potential for glucose recognition
and disease biomarkers is the semi-permanent “smart tattoo” for the continuous
monitoring of the blood glucose levels in diabetics. This is composed of polymeric
nanosensors containing the octylboronic acid receptor along with hydrophobic cores that
are implanted under the skin (Figure 14).%8

excitation by light
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Figure 14:“Smart tattoos” with boronic acid receptors can be used to monitor blood glucose levels in
diabetics.

Depending on the levels of glucose, the fluorescence reporter binds to the free receptor
transmitting a coloured signal when the levels of glucose is low. On the other hand, when
the levels of glucose are high the receptor binds to glucose and the fluorescence of the
reporter is altered. This sensor reached the phase of in vivo studies with mice showing a
positive monitoring of glucose at physiological pH.
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The second group involves carbohydrate receptors based only on non-covalent
interactions. One of the most famous example was reported in 2009 by Davis and co-
workers who developed “The Temple” which is basically composed of polar and nonpolar
regions (Figure 15 left).* “The Temple” contains apolar anthracenes as “roof” and
“floor”, which can interact with the C-H bond of carbohydrates via CH-m interactions,
and two polar isophthalamides as “pillars”, which can interact with the hydroxyl groups
of carbohydrates through hydrogen bonds. The receptors present a remarkable selectivity
to D-glucose in water compared to other monosaccharides such as D-mannose, D-
galactose or D-fructose, but with a modest overall binding affinity [K, (D20) = 56 M'].
Therefore, this receptor shows a huge potential for biological diagnostics (Figure 15

right).*
anthracene
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Q N O
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H H) OH N R
HO o
HO wd— OH 0 H 0
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e N
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Figure 15: Representation of “the temple” receptor, designed to complement the polar (dark grey) and
nonpolar regions (light grey) of D-glucose (inset) (left) and chemical structure of the carbohydrate
receptor based on “the temple” structure (right).

Another example is the peptide-based receptor reported by Ravoo and co-workers who
exploited dynamic combinatorial chemistry (DCC) as a tool for finding the optimal
receptor structure. The reversible nature of disulfide bond formation (Figure 16a) allows
a biorelevant sugar such as NeuSAc to act as a temple for the spontaneous emergence of
the optimal receptor from a dynamic library of Cys-X-Cys tripeptides in aqueous solution.
The addition of the NeuSAc target to the dynamic library caused the spontaneous
amplification in 2-fold of macrocycle, composed of two units of Cys-His-Cys, in parallel
and antiparallel orientation reporting 72.7 M and 7.7 x 10* M for K. and K.
respectively (Figure 16b).* This study shows that DCC is a powerful tool for the
discovery of new classes of receptors for carbohydrate recognition in water.
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Figure 16: a) The reversible thiol/disulfide equilibrium allows tripeptides containing terminal cysteine
residues to macrocyclize in the presence of atemplating substrate, to form b) histidine-containing (grey)
receptors el and e2.

S

1.3 Monolayer protected gold nanoparticles as multivalent protein like
receptors

Over the past decade, monolayer protected gold nanoparticles (AuNPs) have gained
relevance owing to the emergence of the fields of nanoscience and nanotechnology.*!
Gold nanoparticles are attractive because they possess interesting physical and chemical
properties. They show unique optoelectronic properties such as surface plasmon
resonance, conductivity and redox activity (Figure 17).*?
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Figure 17: AuNPs properties.

Besides, AuNPs present a series of features that make them more suitable in biological
application such as non-toxicity and biocompatibility.** Furthermore, AuNPs are able to
quench the fluorescence of a fluorophore that is bound to the surface. These features of
AuNPs make them an excellent component of biosensing systems.

AuNPs can be synthesized in a straightforward manner and are stable for long periods
because of the organic monolayer of thiols, disulfides or phosphines.** In 1994, Brust and
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Schiffrin reported a biphasic synthetic strategy in which the strong thiol-gold interaction
was exploited. AuNPs were obtained with high stability under physiologically relevant
conditions even at very low concentrations (Figure 18).%°

NaBH, / TOAB x\xx
HAUCI, o/ ?w

S/\/\/W

Figure 18: Brust-Schiffrin method for two-phases synthesis of AuNPs by reduction of gold salts in
presence of external thiol ligands.

In 2008, Scrimin and co-workers reported the synthesis of water-soluble thiol-protected
AuNPs.*® Their strategy permits different thiols to be anchored to the gold nucleus
creating a large variety of AuNPs.

AuNPs have become a promising scaffold for the creation of receptors mimicking the
biomolecular surface and present important attributes for the development of these type
of sensors. Firstly, the size of the nanoparticle can be tuned easily. Secondly,
nanoparticles can be synthesized with a wide range of surface functionalities. Thirdly, the
metal core presents electronic and fluorescence properties. Last but not least, they allow
for self-templation to complementary surfaces which allows a spontaneous adaptation to
the guest. These features give it an advantage compared to conventionally used synthetic
receptors.*’

1.4 Scope of the thesis

AuNPs present very interesting features which can be exploited for the design of novel
chemical and biological sensors. In the Prins’ group AuNP 1, which are gold
nanoparticles (d = 1.8 £ 0.4 nm) covered with hydrophobic C9-thiols terminating with a
1,4,7-triazacyclonone (TACN)-Zn?**, have been extensively used for application in
sensing, catalysis and system chemistry. In this thesis AuNP 1 have been used for the
study of carbohydrate recognition. The studies aim at providing the initial bases for the
development of innovative synthetic carbohydrate receptors that bind carbohydrates in
water using non-covalent interactions.

Chapter 2 deals with the study of the interaction between phosphorylated carbohydrates
and AuNP 1 covered with different fluorescent probes. A selective response is observed
between slightly different carbohydrates, and this process appears to involve the
fluorescent probe.

Chapter 3 deals with the study of binding interactions between AuNP 1 and small
molecules by means of fluorescence correlation spectroscopy (FCS), isothermal titration
calorimetry (ITC), diffusion-ordered spectroscopy (DOSY) and *'P-NMR. The binding
interactions amongst phosphorylated carbohydrates and AuNP 1 was taken as a reference
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system in order to identify the strengths and weaknesses of the techniques in detecting
weak interactions. The study provided relevant information about the role of the
fluorescent probe in the recognition process.

Chapter 4 introduces an approach based on the combination of AuNP 1 and peptides in
order to form binding pockets for carbohydrates on the surface of AuNP 1. An
improvement of the binding affinity of phosphorylated carbohydrates for AuNP 1 is
shown in the presence of peptides containing multiple Trp-residues.

Chapter S introduce a new approach in order to increase the signal strength generated by
the interactions between phosphorylated carbohydrates and AuNP 1 covered with a
fluorescence probe. The idea relies on the dephosphorylation process of phosphorylated
carbohydrates performed by enzyme. Several carbohydrates were studied observing
modest selectivity for the signal output.
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Chapter 2: Carbohydrate recognition by monolayer protected
gold nanoparticles

2.1 Summary

This chapter focuses on the study of phosphorylated carbohydrate recognition by
monolayer protected gold nanoparticles using fluorescence spectroscopy. Exploiting the
advantages of gold nanoparticles, such as multivalency, stability in physiological
conditions and photochemical properties, a nanoparticle-based recognition system was
developed. The system was composed of AuNP 1, which are gold nanoparticles (d = 1.8
+ 0.4 nm) covered with hydrophobic C9-thiols terminating with a 1,4,7-triazacyclonone
(TACN)-Zn?*, and different fluorescent probes assembled on the monolayer surface. A
selective response to carbohydrates with subtle structural differences was observed.

2.2 Carbohydrate recognition by gold nanoparticles

Carbohydrates are present in many types of important biological systems, playing key
roles in various intercellular communication events such as immune system, cell adhesion
or virus infection.! Therefore, carbohydrate recognition and detection are very important
in the fields of medicine, either related to diagnosis or therapy.? Nonetheless, specific
receptors for carbohydrates are not easy to obtain owing to the intrinsic complexity of
carbohydrates as well as the strong similarities between them. Furthermore, carbohydrate
recognition requires a delicate interplay of multiple weak interactions which increases the
required complexity of the receptor from a structural point of view.

Monolayer protected gold nanoparticles (AuNPs) are in principle promising scaffolds for
the formation of biomolecular receptors since they present a combination of attractive
features. These include their ease of preparation, stability in physiological conditions and
intrinsic optoelectronic properties that can be used for signal generation.> Because of
these features, AuNPs have been extensively used for the development of synthetic
carbohydrate receptors based on covalent and/or non-covalent interactions.

For example, in 2013 Sun et.al. reported a colorimetric carbohydrate recognition system
based on gold nanoparticles covered with a copolymer, composed of 3-(acryloyl-
thioureido)phenylboronic acid along with N-isopropylacrylamide, which was able to
generate a differentiated response to different carbohydrates, such as glucose, ribose,
fructose, xylose, galactose and mannose, in the uM to mM range. The recognition process
occurs through reversible covalent bond formation between the hydroxyl groups of the
carbohydrates and boronic acid moieties present in the polymer along with multiple H-
bonding interactions between urea units, avoiding the aggregation of the polymer and
consequently, aggregation of the AuNPs. In contrast, in the absence of carbohydrate
aggregation takes place owing the formation of hydrophobic shells around the AuNPs
(Figure 1).* However, the system presented some limitation due to the requirement for a
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pH equal to or greater than 9 in order to permit boronic ester bond formation. For this
reason, the applicability of the system in medical or diagnostic fields is dramatically
reduced.
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Figure 1: Working principle for colorimetric sensing of biomolecules using glucose-responsive AuNPs
based on a dispersion-dominated chromogenic mechanism. The AuNPs are originally well dispersed at
room temperature, but will aggregate after incubation at a higher temperature (e.g., 37 °C) due to the
temperature responsiveness of the copolymer shell, inducing a significant colour change of solution from
red to violet. However, when a certain amount of glucose is present, glucose molecules will interact with
the copolymer. It results in a highly hydrophilic state of the polymer shell, which prevents the
aggregation of AuNPs at high temperatures, and the solution will remain red.

Different alternative strategies were investigated in order to carry out carbohydrate
recognition by AuNPs. In 2009, Mannino et.al. reported a new class of optical nanoprobes
composed of electrospun polyamide meshes containing gold salts for carbohydrate
sensing in water. The approach relies on the reaction of carbohydrates with these gold
salts in basic media at room temperature generating AuNPs via a redox process in which
the aldehyde group is oxidised while the gold salt is reduced to Au’. This process leads
to a red-colouring of the solution (Figure 2).° Several carbohydrates, such as galactose,
glucose and fructose, had different efficiencies for gold salt reduction, which could be
used as a distinguishing factor.
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Figure 2: Reactions scheme of gold nanoparticles growth from reducing sugars.
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Selective recognition of carbohydrates in aqueous media is a huge challenge. First of all,
carbohydrates are hydrophilic molecules containing many hydroxyl groups and therefore
they resemble the water surrounding them. The complexity further increases because of
the subtle structural differences between different carbohydrates. For instance, the only
difference among D-glucose and D-mannose in the configuration of a single stereocenter.
Yet, in 2017 Linker and co-workers reported the binding of different carbohydrates,
namely B-glucose, B-arabinose, a-galactose, a-mannose and -maltose, to AuNPs (d =
134 + 3 nm) studied by means of Surface Plasmon Resonance (SPR), X-ray
photoelectron spectroscopy (XPS) and IR spectroscopy along with aggregation kinetics
(Figure 3).% Clear differences in behaviour were observed since B-glucose caused
precipitation of AuNPs on the second time scale, whereas B-arabinose required 3 h and
B-maltose did not give any precipitation AuNPs even after 48 h. However, the functioning
of this approach was limited to carbohydrates containing a thiol-moiety, required for
interaction of the carbohydrate with the AuNPs surface.
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Figure 3: a) General structure of a 2-thiocarbohydrate with atom numbers. b) Possible interactions of the
thiol group and the adjacent functional groups with the surface gold atoms. Asterisks indicate the three
stereocenters most closely located to the surface.

We decided to develop a new class of carbohydrate receptors inspired by lectins which
recognize carbohydrates exclusively using non-covalent interactions. A strategy was
developed based on self-assembly processes involving AuNP 1. Self-assembly is the
spontaneous organization of molecule into ordered aggregates.” The driving forces are
non-covalent interactions such as electrostatic interactions, hydrophobic effects,
coordination bonds and hydrogen bonding. Non-covalent bond formation between the
molecules makes self-assembly a reversible process, which creates a fundamental
difference with structures relying on covalent bonds. AuNP 1 are gold nanoparticles
covered with hydrophobic C9-thiols terminating with 1,4,7-triazacyclononane (TACN)
coordinated with Zn?* as head groups. Previous work in the Prins’ group has shown that
AuNP 1 is an attractive scaffold for the creation of multivalent supramolecular structures.
AuNP 1 has been shown to catalyse chemical transformations of surface-bound molecules
and to concentrate small anionic molecules on the monolayer surface.® Indeed, the
polycationic nature of the AuNP 1 surface enhances the affinity for small negatively
charged molecules, such as oligonucleotides, for instance ATP, ADP or AMP, and small
peptides like Ac-Asp-Asp-Asp and Coumarinss3-Gly-Asp-Asp.” These kind of molecules
spontaneously assembly on the AuNP 1 surface in aqueous buffer by means of a
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combination of hydrophobic effects and electrostatic interactions (Figure 4). The strong
interaction between AuNP 1 and small molecules could be the initial step of the
development of a new class of carbohydrate receptors in water.
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Figure 4: Co-assembly of ATPr and peptide A on AuNP 1 leads to heterogeneous surface composition.

2.3 Methodology for the study of carbohydrate recognition by
monolayer protected gold nanoparticles

The synthesis of the starting materials and AuNP 1 were carried out following procedures
described by the Prins’ group.”!® AuNP 1 was characterized by means of 'H-NMR
spectroscopy, UV-Vis spectroscopy, thermogravimetric analysis (TGA), transmission
electron microscopy (TEM) and dynamic light scattering (DLS) (Figure 5).
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Figure 5: Synthesis of AuNP 1 initiating from the starting materials.

Binding interactions between AuNP 1 and small negatively charged molecules can been
studied in two different ways: either by using direct fluorescence titrations — in case the
molecules are fluorescent - or by means of fluorescence displacement assays — in case the
molecule of interest is not fluorescent.
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The affinity of a fluorescence probe for the surface of AuNP 1 can be studied by
measuring the fluorescence intensity (F.I.) as a function of the amount of probe added to
a solution of AuNP 1 (Figure 6). This titration relies on the capacity of gold nanoparticles
to efficiently quench the fluorescence of bound fluorophores.!! The probes are
quantitatively bound to the surface up to the surface saturation concentration (SSC) if
they present a high binding affinity for AuNP 1. Once the SSC is reached, the additional
amount of fluorescent compound remains free in solution and, consequently, the F.I. starts
to increase linearly as a function of the amount of probe added.
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Figure 6: Schematic representation of binding assay.

On the other hand, displacement assays rely on the dynamic nature of the system, which
causes the displacement of a fluorescent probe from the AuNP 1 surface upon the addition
of increasing amount of a (non-fluorescent) competitor (Figure 7). The displacement can
be easily monitored by measuring the F.I. of displaced fluorescent probe as a function of
the concentration of added competitor. Displacement experiments of different probes by

the same competitor provide information of the relative affinities of the probes for AuNP
1.
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Figure 7: Schematic representation of the displacement experiments.

The displacement experiments in the presence of carbohydrates were performed working
with a concentration of fluoresce probe equal to 100% of the SSC, in order to detect even
a minimal amount of carbohydrate.

All the carbohydrates selected possessed a phosphate group which is negatively charged
and thereby were expected to interact with the polycationic AuNP 1 surface. D-Glucose-
6P, D-mannose-6P and D-galacose-6P were selected in order to study the selectivity of
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AuNP 1 for carbohydrates. In addition, a-D-glucose-1P, a-D-mannose-1P and a-D-
galactose-1P were selected in order to study whether the position of the phosphate group
relative to the pyranose ring would make a difference. The affinity of a-D-glucose-1P and
B-D-glucose-1P was compared to study the difference between anomers of the same
carbohydrate. Finally, D-fructose-6P and D-fructose-1,6-bisphosphate were studied in
order to determine how the number of negative charges in the carbohydrate affect to the
binding affinity for AuNP 1 (Figure 8).
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Figure 8: The selected phosphorylated carbohydrates.

The following fluorescent probes were selected for the displacement assays: Coumarinz4s-
Gly-Asp-Asp (Probe A; Aex =450 nm, Aem = 493 nm), 1-pyrenesulfonate (MSP; Aex = 346
nm, Aem = 376 nm), 6,8-Dihydroxy-1,3-pyrene disulfonic acid (BSP; Aex = 407 nm, Aem =
489 nm) and 2-aminopurine-riboside-5’-triphosphate (ATPF; Aex = 305 nm, Aem = 370
nm) (Figure 9).



Chapter 2

o o oM (NfN
H H 4
N_N 0@ N 2
NN YT \_)Lﬁ T N™ "NH,
0 0 < 0 oo-plo-P-0ky o
N 0”70 cOoQ o & -
© E)
OH OH
Probe A ATP;
e_® e ®
= 8O3 Na HO — SO; Na
7 N7\ 7\
=) \_7/ o @
HO 8O3 Na
MSP BSP

Figure 9: The selected fluorescence probes.

Probe A contains a fluorogenic moiety, coumarin 343, attached to tripeptide Gly-Asp-
Asp, which interacts with the AuNP 1 surface mainly through electrostatic interactions.
MSP is a monosulfonate substituted fluorogenic pyrene, whereas BSP is a pyrene with
two sulfonate groups. ATPr is a fluorescent analogue of ATP and possess a high affinity
for AuNP 1 because of the presence of three phosphate groups.

2.4 Results and discussion

24.1 Carbohydrate affinity for AuNP 1

Initially, the SSCs of the fluorescence probes were determined through titration
experiments adding the stock solution of the probe to a mixture of AuNP 1, at 10 uM, in
buffered water. Then, the linear part of the curve was extrapolated to F.I. = 0 to obtain
the SSC.°

To test the working principle of the system, the interaction of D-glucose-6P with AuNP 1
was studied through displacement experiments using the four fluorescent probes. The
titrations were performed up to 1 mM of carbohydrate (Figure 10a).

Comparison of the amount of probe displaced after the addition of 1 mM of carbohydrate
— quantified by comparing the observed F.I. with the expected F.I. for a full displacement
of probe — yielded values of 3, 6, 11 and 22% for the probes ATPg, A, BSP and MSP,
respectively. These values reflect the relative affinities of the probes for the surface of
AuNP 1 (Figure 10b).
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Figure 10: a) Schematic representation of displacement experiments. b) Displacement of fluorescence

probes in the presence of increasing amount of D-glucose-6P. Experimental conditions: [HEPES] = 10

mM, pH 7.0, [TACN-Zn**] = 10 uM, [Probe] = 100 % SSC, 37 °C, slits = 5.0/5.0 nm. Averaged values
from two independent measurements.

24.2 Affinity of Cé6-phosphorylated carbohydrates for AuNP 1

A small set of C6-phosphorylated carbohydrates, namely D-glucose-6-phosphate, D-
mannose-6-phosphate and D-galactose-6-phosphate, was then studied for their capacity
to induce a differentiated response (Figure 11).
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Figure 11: Studied phosphorylated carbohydrates in C6-position in which the structural difference
between them is the configuration of single stereocenter.

First, the C6-phosphorylated carbohydrates were assayed using probe A as fluorescence
probe in aqueous buffer at pH 7.0. Although the absolute observed difference between
these carbohydrates is rather modest, the results nonetheless showed that the system has
a minimal discriminatory capacity. Comparison of the amount of probe A displaced by
the three carbohydrates at 1 mM (6 = 0.5, 7 £ 0.6 and 9 + 0.8% for D-glucose-6P, D-
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mannose-6P and D-galactose-6P, respectively) revealed a slightly higher affinity of D-
galactose-6P for AuNP 1, just within the experimental error (Figure 12).
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Figure 12: a) Percentage of probe A displaced by phosphorylated carbohydrates in C6 position. b)
Histogram of the percentage of probe A displaced at 1 mM concentration of carbohydrate. Experimental
conditions: [HEPES] = 10 mM, pH 7.0, [TACN-Zn?*] = 10 uM, [probe A] = 100% SSC, 37 °C, dox, Prove
A= 450nm Lem, prove a= 493nm slits = 5.0/5.0 nm. Averaged values from two independent measurements.

Afterwards, the carbohydrates phosphorylated in C6 position were studied using MSP as
fluorescence probe, observing displacement of 28% for D-mannose-6P and D-galactose-
6P and 22% for D-glucose-6P at 1 mM concentration. The higher probe displacement was
a result of the lower binding affinity of the probe for AuNP 1. A modest discrimination
was observed between glucose, having the lowest affinity, and mannose and galactose,
which have the same binding affinity (Figure 13a and b).
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Figure 13: a) Percentage of MSP displaced by phosphorylated carbohydrates in C6 position b)
Histogram of the percentage of MSP displaced at 1 mM concentration of carbohydrate c) Percentage of
BSP displaced by phosphorylated carbohydrates in C6 position. d) Histogram of the percentage of BSP

displaced at 1 mM concentration of carbohydrate. Experimental conditions: [HEPES] = 10 mM, pH 7.0,
[TACN-Zn**] = 10 uM, [Probe] = 100% SSC, 37 °C, slits = 5.0/5.0 nm. Averaged values from two
independent measurements.

Then, the C6-phosphorylated carbohydrates were assayed using BSP as fluorescence
probe. In this case, no difference was observed for these carbohydrates, at 1 mM

concentration, since just 10% of the probe was displaced in all the cases (Figure 13c and
d).

The results showed that AuNP 1 coated with either one of the fluorescent probes has a
very limited capacity to discriminate between the tested carbohydrates.

2.4.3 Affinity of C1-phosphorylated carbohydrates for AuNP 1

Next, the same set of carbohydrates was studied but phosphorylated in the C1. In this set,
the phosphate group is closer to the pyranose ring compared to the C6-phosphorylated
carbohydrates (Figure 14). It was hoped that this would increase the possibility that the
different alignment of hydroxyl groups on the pyranose-ring would affect the binding
affinity for AuNP 1.
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Figure 14: Set of phosphorylated carbohydrates in CIl-position.

The obtained data for the three probes tested are given in Figure 15. Whereas for MSP
and BSP no significant difference in displacement could be detected, an increased
displacement of probe A was observed for a-D-glucose-1P (9 £ 0.2%) compared to a-D-
mannose-1P and a-D-galactose-1P (5 £ 0.9% and 7 + 0.5%, respectively). Although the
differences are not very large, two important conclusions can be drawn from these results.
First, the system AuNP 1.A can discriminate between structurally very similar
carbohydrates. Second, and more important, the difference is only observed for probe A,
which suggests that the chemical structure of the probe may play a role in the recognition
process.
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Figure 15: Percentage of fluorescence probes displaced by phosphorylated carbohydrates in C1 position
along with the histogram of percentage of probe displaced at ImM concentration of carbohydrate.
Experimental conditions: [HEPES] = 10 mM, pH 7.0, [TACN-Zn**] = 10 uM, [Probe] = 100% SSC, 37
°C, slits = 5.0/5.0 nm. Averaged values from two independent measurements.

244 Carbohydrate isomer discrimination by AuNP 1

The data obtained above was then analysed to see whether AuNP 1 in combination with
either one of the three probes A, MSP or BSP could discriminate between carbohydrates
that are identical apart from the phosphorylation site (C6 vs C1).

For each probe studied, the obtained data were plotted for each couple a-D-glucose-1P/6P,
a-D-mannose-1P/6P and a-D-galactose-1P/6P.

In order to quantify the affinity of the selected carbohydrates for AuNP 1 in this study,
the amount of carbohydrate required to displace a fixed amount of probe from AuNP 1
was taken as reference. Then, for graphical reason 1/[monosaccharide] (uM) was plotted
to ensure that the highest value corresponds to a major affinity of the carbohydrate for
AuNP 1.

In presence of MSP, the C6-phosphorylated carbohydrates showed 1.2, 1.9 and 1.7 times
better binding affinity compared to the Cl-phosphorylated carbohydrates for glucose,
mannose and galactose respectively. In the case of BSP, glucose, mannose and galactose
phosphorylated in C6 positions showed 1.3, 1.4 and 1.5 folds stronger binding affinity
with regard to their isomers phosphorylated at C1 positions. On the other hand using
probe A, D-mannose-6P and D-galactose-6P presented 1.2 and 1.3 times better binding
affinity compared to a-D-mannose-1P and a-D-galactose-1P. However, a-D-glucose-1P
showed 1.5 stronger binding affinity with regard to D-glucose-6P.
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Figure 16: a) 1/Concentration of phosphorylated isomers carbohydrates necessary in order to displace
15% of MSP. b) 1/Concentration of phosphorylated isomers carbohydrates necessary in order to displace
7% of BSP. c) 1/Concentration of phosphorylated isomers carbohydrates necessary in order to displace
5% of Probe A. Averaged values from two independent measurements.

A general trend can be observed. In nearly all cases the 6P-isomer has a higher affinity
compared to the 1P-isomer. This can be rationalized by the fact that the phosphate group
in the C6-position is more distanced from the polar hydroxyl groups, permitting thus more
efficient binding to the TACN-Zn?** head groups without negative interference by the
hydroxyl groups. For all couples and all probes studied the C6-isomer has a higher affinity
compared to the Cl-isomer with preferences ranging from 1.2-fold to 1.9-fold and from
1.3-fold to 1.7-fold (for mannose, and galactose, respectively). There is only one notable
exception, which marks the most interesting observation in this study. In the presence of
probe A — and only for this probe - the selectivity is inverted and the affinity for the C1-
1somer was higher compared to the C6-isomer. The observation that the relative affinities
change only for probe A strongly suggests that the probe plays a direct role in the
carbohydrate recognition process (Figure 16).
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2.4.5 Recognition of anomers of C1-phosphorylated by AuNP 1

Encouraged by the results obtained for the Cl-phosphorylated carbohydrates, further
studies were performed to determine the response of the system towards the o- and B-
anomers of C1-phosphorylated D-glucose.

The response was measured for the three systems comprising probe A, MSP and BSP
respectively. The results are given in Figure 17 as 1/concentration needed to displace 5%
of the fluorescent probe. For MSP no reliable data could be obtained, whereas for BSP a
slight selectivity in favour of the B-anomer could be detected (1.1-fold). Surprisingly, for
probe A the selectivity was inverted and also slightly enhanced (1.3-fold) (Figure 17). It
is true that the observed selectivities are relatively small, but are nonetheless significant
compared to the error.
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Figure 17: 1/Concentration of anomers of phosphorylated glucose in CI necessary in order to displace
fix amount of fluorescence probe. Averaged values from two independent measurements.

2.4.6  Affinity of carbohydrates with multiple phosphate groups

In order to determine how the affinity of the carbohydrates was correlated to the number
of phosphate groups present in the carbohydrates, it was performed displacement studies
of probe A by D-glucose, D-fructose-6P and D-fructose-1,6-bisP (Figure 18a).

D-Fructose-1,6-bisP displaced 90% of the probe at a 1 mM concentration while only 9%
of the probe was displaced by D-fructose-6P at the same concentration (Figure 18b). The
relative binding affinities of the carbohydrates were calculated as above observing that
D-fructose-1,6-bisP presented 268 times better binding affinity compared to D-fructose-
6P for AuNP 1. D-Glucose showed no displacement at all in the concentration regime
studied. Similar relative affinities were obtained for the probes MSP and BSP (93 times
and 105 times, respectively).
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Figure 18: a) chemical structure of the fructose with different number of phosphate groups and D-
glucose. b) Percentage of fluorescence probe A displaced as a function of carbohydrate. Experimental
conditions: [HEPES] = 10 mM, pH 7.0, [TACN-Zn?*] = 10 uM, [probe A] = 100% SSC, 37 °C, dux, Probe A=

450 nm dom, prove a= 493 nm. Averaged values from two independent measurements.

In line with previous data obtained in Prins’ group, an increase in phosphate-groups in
the carbohydrate — and thus an increase in negative charge — causes a significant increase
in the affinity for AuNP 1. This is important as it permits a design strategy of a sensing
system relying on the formation of a high-affinity complex between a single
phosphorylated carbohydrate and an additional negatively charged recognition unit. This
information was used for the development of an alternative sensing system relying on
dephosphorylation described in Chapter 5.

2.5 Conclusions

In conclusion, the studies of phosphorylated carbohydrates demonstrated that AuNP 1
binds phosphorylated carbohydrates. The driving force of the recognition process is the
electrostatic interaction between the phosphate group of the carbohydrate and the
polycationic surface of AuNP 1. This was confirmed by the observed increase in affinity
when the number of phosphate-groups was increased from 0 — 2. In the absence of
phosphate groups no probe displacement was observed even at 1 mM carbohydrate
concentration whereas D-fructose-1,6-bisphospahate started to displace the probe already
at low uM concentrations.

The system composed of AuNP 1 covered with probe A showed a modest discrimination
between the set of carbohydrates phosphorylated in C6 position while in the case of BSP
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and MSP that discrimination was not observed. Similar results were observed for the set
of carbohydrates phosphorylated in C1 position. In addition, modest selectivity was
observed for C6-isomers compared to Cl-isomers in presence of MSP and BSP for
glucose, mannose and galactose. However, in presence of probe A an inversion of the
selectivity was observed for glucose but it was not observed for mannose and galactose.
Therefore, the system composed of AuNP 1 saturated with probe A is able to discriminate
between epimers of carbohydrates in a discrete manner. In addition, only in presence of
probe A the discrimination was observed. This suggests that the chemical structure of the
probe could play a role in the recognition process.

Likewise, the study of the a- and - anomers demonstrated that AuNP 1, covered with a
fluorescence probe is able to discriminate between anomers of carbohydrates. The
selectivity between o/ could be modified just changing the fluorescence probe. a-
Anomer showed better binding affinity for AuNP 1 compared to B-anomer in the presence
of probe A while in the presence of BSP an opposite selectivity was observed.

These studies demonstrated that AuNP 1 may be a promising scaffold for the development
of synthetic carbohydrates receptors in water.

2.6 Experimental section

2.6.1 Instrumentation

NMR Analysis
"H-NMR spectra were recorded using a Bruker spectrometers operating at 300, 400 and

500 MHz for 'H. Chemical shifts (8) are reported in ppm using D20 or CDCl; residual
solvent value as internal reference.'® Diffusion-ordered 'H-NMR spectra were recorded
using the "longitudinal-eddy-current-delay" (LED) pulse sequence.'*

TEM Analysis
TEM images were recorded on a Jeol 300 PX electron microscope. One drop of sample

was placed on the sample grid and the solvent was allowed to evaporate. TEM images
were elaborated using the freeware software ImageJ (http://rsb.info.nih.gov/ij/).

DLS Analysis
Dynamic light scattering measurements were recorded on a Zetasizer Nano-S (Malvern,

Malvern, Worcestershire, UK) equipped with a thermostatted cell holder and an Ar laser
operating at 633 nm.

TGA Analysis
Thermogravimetric analysis (TGA) was run on 1-2 mg nanoparticle samples using a

Q5000 IR model TA instrument from 30 to 1000 °C under a continuous air flow.

34



Chapter 2

pH measurements

The pH of buffer solutions was determined at room temperature using a pH-meter
Metrohm-632 equipped with a Ag/AgCI/KCl reference electrode.

UV-Vis and Fluorescence spectroscopy

UV-Vis measurements were recorded on a Varian Cary 50 spectrophotometer, while
fluorescence measurements were recorded on a Varian Cary Eclipse fluorescence
spectrophotometer. Both the spectrophotometers were equipped with thermostatted cell
holders.

ESI-MS Analysis

ESI-MS measurements were performed on an Agilent Technologies 1100 Series
LC/MSD Trap-SL spectrometer equipped with an ESI source, hexapole filter and ionic
trap.

2.6.2 Materials

Zn(NO3)2 was analytical grade product. 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) was purchased from Sigma Aldrich and used without further purification.
2-Aminopurine riboside-5’-O-triphosphate (ATPr) was obtained from Biolog Life
Science Institute and used as received. 1-Pyrenesulfonate (MSP), 6,8-dihydroxy-1,3-
pyrene disulfonic acid (BSP) were purchased from Sigma Aldrich and were used without
further purifications. Coumarinz43-Gly-Asp-Asp (probe A) was synthesised previously in
the group. D-Glucose-6-phosphate, D-mannose-6-phosphate, D-galactose-6-phosphate, a-
D-mannose-1-phosphate, a-D-galactose-1-phosphate and D-fructose-1,6-bisphosphate
were purchased from Sigma Aldrich. D-Fructose-6-phosphate, a-D-glucose-1-phosphate,
B-D-glucose-1-phosphate were purchased from CarboSynth. In all cases, stock solutions
were prepared using deionized water filtered with a milliQ-water-purifier (Millipore) and
stored at 4 °C or -20 °C.

2.6.3 Synthesis and characterization of AuNP 1

2.6.3.1 Synthesis of S-(9-bromonyl) ethanethiote'®

(0] @]
e o + Br/\/\/\/\/\Br . .
/\/W\/\
)LS K Acetone, RT )I\S Br

Overnight, N,
1

1,9-Dibromononane (4 mL, 19.4 mmol) was dissolved in acetone (50 mL). Potassium
thioacetate was added (2.24 g, 19.22 mmol) and the resulting mixture was kept at room
temperature under nitrogen overnight. The resulting suspension was then filtered and after
solvent evaporation, the crude product was purified by flash chromatography (silica gel,
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eluent Ether Petrolium (EP)/CH>Cly: 70/30) 2.1 g (39% yield) of 1 was obtained as
colourless oil.

"H-NMR (8 ppm, 400 MHz, CDCl3, 300K): 3.40 (t, J = 6.8 Hz, 2H), 2.86 (t, J = 7.3 Hz,
2H), 2.32 (s, 3H), 1.91 - 1.76 (m, 2H), 1.64 — 1.49 (m, 2H), 1.48 — 1.19 (m, 10H).

MS (ESL+, MeOH): m/z [M(Br)+H]*, 281.2 (IM(Br)+H]*, cal. 281.05), m/z
IM'Br)+H]*, 283.2 (IM(®'Br)+H]*, cal. 283.05).

2.6.3.2 Synthesis of di-tert-butyl 1,4,7-triazonane-1,4-dicarboxylate!®

(0] o]
H. F_\N'H Boc-ON, TEA ﬁ\ )]\ L k

N - O"°N N 0
- N J CHCl4 QINJ
H RT, overnight H
TACN-diBoc

A solution of 2-(Boc-oxyimino)-2-phenylacetonitrile (3.05 g, 12.38 mmol, 2 equiv.) in
anhydrous CHCI3 (10.66 mL) was added with a syringe pump (1 mL/h, 15 h, rt.) to a
solution of 1,4,7-triazacyclonone (800 mg, 6.19 mmol, 1 equiv.) and EtzN (2.56 mL,
18.39 mmol, 2.97 equiv.) in CHCI3 (26.68 mL). The reaction mixture was stirred for 24
h at r.t., after the addition. Then, the solvent was removed under reduced pressure.
Afterwards, CHCl3 was added and then it was washed with 5% aqueous Na>CO3 (3 x 10
mL), brine (2 x 20 mL), and 10% aqueous citric acid (3 x 10 mL). The aqueous citric acid
solution was then basified with 2 M NaOH solution until pH 11 and extracted with CHCl3
(3 x 20 mL). The combined organic layers were dried over MgSO4 and the solvent was
removed under reduced pressure. Pure compound TACN-diBoc (1.4 g, 69% yield) was
obtained as pale yellow oil.

"H-NMR (3 ppm, 400 MHz, CDCl3, 300K): 3.55 — 3.40 (m, 4H), 3.34 — 3.16 (m, 4H),
2.98 —2.86 (m, 4H), 1.48 (s, 18H).

Data in accordance with the literature [J. Med. Chem. 2008, 51, 118].

2.6.3.3 Synthesis of di-tert-butyl 7-(9-(acetylthio)nonyl)-1,4,7-
triazanone-1,4-dicarboxylate

NH N
N
Boc
o TACN-diBOC o _
s~~~ e Mg B
K,COs, NaHCO3,ACN N,
1 60 °C, overnight 2 " Boc

Boc

)

36



Chapter 2

Compound 1 (151 mg, 0.536 mmol, 1.2 equiv.) and TACN-diBOC (160 mg, 0.446 mmol,
1 equiv.) were added to a suspension of KoCOs3 (183 mg, 1.33 mmol, 2.97 equiv.) and
NaHCO3 (111.5 mg, 1.33 mmol, 2.97 equiv.) in ACN (4.38 mL). The suspension was
stirred overnight at 60 °C. Then, the suspension was filtered under a gooch filter and the
organic layer was saved. Later on, the solvent was removed under reduced pressure and
the crude product was purified by flash chromatography (silica gel, eluent: DCM/MeOH
97/3 v/v). The compound 2 (133 mg, 56% yield) was obtained such a colourless oil.

"H-NMR (3 ppm, 400 MHz, CDCls, 300K): 3.51 — 3.40 (m, 4H), 3.22 (myr, 4H), 2.84 (t,
J =71.3 Hz, 2H), 2.63 — 2.55 (m, 4H), 2.49 — 2.39 (m, 2H), 2.30 (s, 3H), 1.58 — 1.50 (m,
2H), 1.45 (s, 18H), 1.33 (sur, 12H).

MS (ESL+, MeOH): m/z [M+H]*, 530.6 ((M+H]*, cal. 530.35)

2.6.3.4 Synthesis of 9-(1,4,7-triazanone-1-yl)nonane-1-thiol’
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Compound 2 (48.54 mg, 91.62 umol) was solubilized in MeOH (4.09 mL) and HCI (6
M) (4.08 mL) was added. The resulting solution was stirred for 4 hours at 60 °C and after
evaporation of the solvent under reduced pressure, the compound 3 (37.5 mg, 99% yield)
was obtained as a pink solid.

"H-NMR: (§ ppm, 300 MHz, CDCl3, 300K): 3.42 (s, 4H), 3.24 (m, 4H), 3.09 (m, 4H),
2.74 (m, 2H), 2.28 (t, J = 7 Hz, 2H), 1.42 (m, 4H), 1.33 (sur, 12H).

MS (ESL+, H20): m/z [M+H], 288.3 ([IM+H]", cal. 287.2)

2.6.3.5 Synthesis of gold nanoparticles

HAuCls-3H20 (40 mg, 0.101 mmol, 1 equiv.), weighted in a dry-box, was dissolved in
H>0 (mQ, 2.53 mL). Separately, a solution of TOABr (665 mg, 1.19 mmol, 11.73 equiv.)
in degassed toluene (99.16 mL) was prepared (sonication for 1h). The aqueous solution
of Au(Ill) was extracted with the TOAbr-solution (3 x 5.9 mL) causing the transfer of
[AuCl4] ions into the organic phase (red-orange colour). The organic phase was brought
together with the remaining amount of the TOABr solution in a 250 mL round bottom
flask and di-n-octylamine (1.64 mL, 5.32 mmol, 52.40 equiv.) was added (with plastic
syringe). The solution was vigorously stirred for 30 minutes under N> atmosphere,
resulting in a progressive decoloration (red, yellow, green; few minutes). Subsequently,
NaBH4 (17.81 mg, 0.45 mmol, 4.4 equiv.) dissolved in H2O (mQ; 0760 mL) was added
under vigorous stirring, resulting in the formation of the gold nanoparticles (brown
colouring). The solution was stirred for an additional 3 h under N> atmosphere, after
which the aqueous phase was removed with a separating funnel. Then, the deprotected
the compound 3 (36 mg, 0.09 mmol, 1 equiv.) solubilized in a minimum quantity of DMF
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(0.33 mL) was added quickly. The solution became colourless and after several minutes
a brown precipitate was formed. The obtained suspension was stored under inert
atmosphere overnight. Then, H,O (mQ, 1.96 mL) was added and the solution was stirred
during 30 minutes under N> atmosphere. Finally, the aqueous phase was separated and
washed with diethyl ether (2 x 5.9 mL), toluene (2 x 5.9 mL), ethyl acetate (2 x 5.9 mL)
and again diethyl ether (2 x 5.9 mL). The resulting dark brown aqueous phase was
concentrated and passed through a Sephadex G-25 (mQ water). Finally, the collected
brown fraction was concentrated and passed through a Sephadex LH-20 using MeOH.

AuNP 1 was characterized by several technique such as 'H-NMR, TEM, DSL and TGA.
Usually, the 'H-NMR experiments using “longitudinal-eddy-current-delay” (LED) pulse
sequence allows to differentiate molecules based on their diffusion coefficients. This
provide a clear proof that thiols are bound to the AuNP surface (broad signals) as well as
a manner to control the purity of the samples. The obtained NMR spectra without (a) and
with (b) the diffusion filter showed that only minimal amounts of unbound additives were
presents in the final sample (Figure 22).

a)

b)
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Figure 22: "H-NMR spectra of a solution of AuNP 1 in D>0. a) 'H-NMR without the diffusion filter. b)
'H-NMR with the diffusion filter.

TEM, DSL and TGA techniques provide information about the size and morphology of
functionalized gold nanoparticles. TEM analysis proved that the synthesized
nanoparticles were nicely mono-dispersed, with a gold core diameter = 1.65 £ 0.36 nm
(Figure 22a). The hydrodynamic radius observed by DLS was 5.6 + 1.2 nm (Figure 22b).
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Figure 22: a) TEM image (scale bar = 20 nm) together with the corresponding ImageJ elaboration. b)
DLS analysis.

Finally, the weight loss measured by means of TGA was 54% (Figure 23a). In addition,
the absence of the surface plasmon resonance band at 520 nm in the UV/Vis spectrum

(Figure 23b) provides additional information confirming the presence of sub 3 nm sized
AuNP 1.
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Figure 23: a) TGA analysis b) UV/Vis absorption spectrum of AuNP 1. Experimental conditions:
[HEPES] = 10mM, pH: 7, [TACN-Zn**] = 10 uM.

2.6.4 Determination of the stock solution concentrations

The concentration of Zn(NO3)> solution was determined by atomic absorption
spectroscopy. The concentration of the selected fluorescence probe were determined by
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UV spectroscopy at pH 7.0. The concentration of phosphorylated carbohydrate solution
were determined by 'H-NMR using a coaxial tube along with pyrazine as internal
standard how previously was reported in the group.'® The concentration of TACN head
groups was determined by kinetic titration using Zn(NO3)2."

Probe Molar extinction coefficient (M cm™) pH:7.0 Wavelength (nm)
probe A 45000 450

ATPr 8000 243

MSP 27700 346

BSP 16300 408

2.6.4.1 Determination of concentration of head groups of AuNP 1

In order to obtain a quick estimation of the head group concentration, a titration of the
mother solution of AuNP 1 was performed in the presence of 2.5 uM of 2-aminopurine
riboside-5’-O-triphosphate (ATPr). An increasing amount of the stock solution was added
to a solution of [ATPg] = 2.5 uM dissolved in [HEPES] = 10 mM at pH: 7.0. Once the
addition of a volume of stock solution leading to a 10 uM concentration of head group in
the cuvette, the fluorescence is totally quenched (Figure 24).

In this example after the addition of 12 uL of the AuNP 1 solution the fluorescence was
quenched. As the saturation concentration of ATPr at this pH is around 2.5 uM for 10

%1073 . x107° .
uM of TACN that means [headgroup] = 110 (VOllcgfleoti?Vi? AleP(ZZ;)fn(NO?’)Z)M*10’\3

= 0.83 mM. Usually this approach leads to the obtainment of a value slightly lower than
the one obtained by the zinc titration (20% lower).’
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Figure 24: AuNP 1 titration in the presence of ATPr.

2.6.5 Surface Saturation Concentration

The fluorescence titration were performed by adding consecutive amounts of a stock
solution of fluorescence probe in milliQ water to a 1 mL buffered aqueous solution
([HEPES] = 10 mM, pH 7.0) containing a [AuNP 1] = 10 uM, in terms of head group, at
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37 or 25 °C. Then, the fluorescence intensity is plotted as function of the concentration of
probe (Figure 25).
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Figure 25: Fluorescence intensity as a function of the amount of fluorescence probe add to a solution of
AuNP 1. Experimental conditions: a) [HEPES] = 10 mM, pH 7.0, [TACN-Zn?*] = 10 uM, 37 °C, Aeux, Probe
A= 450 nm Lo, provea= 493 nm slits = 5.0/5.0 nm. b) [HEPES] = 10 mM, pH 7.0, [TACN-Zn?**] = 10 uM,
37 °C, Lox, aTpr= 305 0 Ko, arpr= 370 nm slits = 5.0/5.0 nm. ¢) [HEPES] = 10 mM, pH 7.0, [TACN-Zn**]
= 10 uM, 37 °C, Lex, usp= 346 nm dem, usp= 376 nm slits = 5.0/5.0 nm. d) [[HEPES] = 10 mM, pH 7.0,
[TACN-Zn**] = 10 uM, [BSP] = 4.13 uM, 37 °C, &ux, psp= 407 nim Lom, gsp= 489 nm slits = 5.0/5.0 nm.

The Surface Saturation Concentration (SSC) was determined by the extrapolation of the
linear part of the curve, in which the fluorescence intensity increased linearly as a function
of the amount of probe (y = mx + ¢g). Since in the absence of binding the hypothetical
increase in fluorescence would be y = mx, it follows that the amount of probe bound to
the surface correspond to x= -g/m (Table 1).

Fluorescence probe SSC value (uM)

Probe A 3.60
ATPk 2.55
MSP 2.20
BSP 3.69

Table 1: SSC values obtained from the titration of the probe to AuNP 1 solution at pH 7. Experimental
conditions: a) [HEPES] = 10 mM, pH 7.0, [TACN-Zn**] = 10 uM, 37 °C, o, probe 4= 450 0 Kom, probea=
493 nm slits = 5.0/5.0 nm. b) [HEPES] = 10 mM, pH 7.0, [TACN-Zn**] = 10 uM, 37 °C, £y, arpr= 305
nm Lom, arpr= 370 nm slits = 5.0/5.0 nm. ¢) [HEPES] = 10 mM, pH 7.0, [TACN-Zn**] = 10 uM, 37 °C, .,
msp= 346 nm Lo, ysp= 376 nm slits = 5.0/5.0 nm. d) [[HEPES] = 10 mM, pH 7.0, [TACN-Zn**] = 10 uM,
[BSP] = 4.13 uM, 37 °C, &y, psp= 407 nm dem, psp= 489 nm slits = 5.0/5.0 nm.
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In order to avoid any kinetic problems, the first fluorescence titration with a new probe
were always performed by following the evolution of the F.I. after each addition of the
probe (between 8 and 10 minutes between each additions).

The slope of the linear part of the SSC curve allows an estimation of F.I. in function of
the concentration of the free probe in solution of the AuNP 1. This value can be used in
order to verify the maximum of F.I. that should be expected for a full displacement of the
probe from the AuNP 1 surface in a displacement experiment in presence of the
competitor.

2.6.6 Displacement experiments

The displacement experiments were performed by adding consecutive amount of a stock
solution of phosphorylated carbohydrate in milliQ water to a 1 mL aqueous solution
([HEPES] = 10 mM , pH 7.0) containing the AuNP 1 coated with the fluorescence probe
at 100% of the surface saturation concentration at 37 °C.

At the end of the displacement, it was verified that the maximum value was close to the
value obtained by the extrapolation of the linear part of the titration curve (see above).
Then this value was used to normalize the F.I. and to plot the percentage of probe
displaced in function of the concentration of the competitor. However it was not possible
to observe a full displacement of the probe, in almost all the cases. Therefore, it was
assumed that the maximum value of F.I. was the value obtained from the intercept value
of the equation obtained from the SSC experiment (y = mx + q).

To ensure that a stable signal was obtained, the displacement studies were performed by
measuring the fluorescence intensity in time after each addition until a constant value was
observed.
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Chapter 3: Analytical techniques for studying recognition
processes on 3D monolayers

3.1 Summary

As observed in the previous chapter, interesting recognition phenomena may take place
between AulNPs and carbohydrates which involve not only the head groups and the target,
but also additional molecules. Elucidation of the role of these additives requires the use
of analytical techniques that permit the binding interaction between the AuNP 1 and small
molecules to be studied directly. The aim of this Chapter is to identify the strengths and
weaknesses of different techniques. The interaction between phosphorylated
carbohydrates and AuNP 1 is used as an ideal system to probe the pros and cons of each
technique, because of the relatively weak affinities and the subtle changes between
different carbohydrates. The availability of other techniques that would provide
information on the carbohydrate affinities also in the absence of fluorescence probe could
affirm the role of the fluorescent probe in creating binding sites. The analytical techniques
that will be explored are fluorescence correlation spectroscopy (FCS), isothermal
calorimetry (ITC), Diffusion-Ordered Spectroscopy (DOSY), and *'P-NMR.

3.2 Results and discussion
3.2.1 Fluorescence Correlation Spectroscopy

3.2.1.1 Introduction

Fluorescence correlation spectroscopy (FCS) employs correlation analysis of temporal
fluctuations of fluorescence intensity to yield an autocorrelation curve from which the
number of molecules, rates of diffusion, convection or chemical reactions can be
extracted. FCS is a highly sensitive analytical tool that yields information about a very
small number of molecules, even down to the single-molecule level, both in solution and
in complex biological environments like cells.!

The high sensitivity of FCS was exploited to study more in detail the interaction between
AuNP 1 and phosphorylated carbohydrates (Figure 1).

46



Chapter 3

Qg ® S"H'\{g\y

AS .
Ua

HOPO3

#e20 PN, 22 o0 I= %

©
o.M o . o

a S = Fluorescence probe

Fluorescence Fluorescence
“OFF” uoN”

Sample

Objective Data readout

Beam expander
Laser s p e
Dichoric

beam splitter
Autocorrelator

Achromatic lens

Filter Avalanche photodiode

Pinhole Fibre optics

Figure 1: Schematic representation of displacement experiment by means of FCS technique.

3.2.1.2 Determination of Surface Saturation Concentration

The high sensitivity of the technique did not allow us to work under the same
concentrations as used during the experiments described in Chapter 2. The SSC was
determined adding consecutive amount of a stock solution of probe A to an aqueous
buffered solution containing AuNP 1 at room temperature. After each addition the
recorded fluctuations of fluorescence intensity were processed to give the corresponding
autocorrelation function G(t) (Figure 2a). The local concentration of fluorescence probe
molecules were determined from the amplitude G(0) of the autocorrelation curve
(Equation 1)

— N =Veff *C = —— o [Probe Alfree

Equation 1: G(0) = 1= — 6(0)

N VeffsC

Consequently, the concentration of free probe A (nm = 1/G(0) * 10) was then plotted
against the total concentration (Figure 2b).

After additions of 0.2 uM and 0.4 uM, it was possible to detect a low and constant level
of free probe A, which is consistent with an efficient quenching of its fluorescence by
AuNP 1. Afterwards, the titration was continued up to 1.2 uM observing that the
concentrations of free probe A increased exponentially. This shows that FCS is in
principle suitable for performing competition experiments. It is noted that the obtained
SSC values (700 uM for a head group concentration of 10 uM) were significantly lower
compared to the value obtained previously with regular fluorescence spectroscopy. This
is a result of the much higher sensitivity of FCS, which causes saturation of the detector
even at very low concentrations of probe A.
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Figure 2: a) Autocorrelation curves obtained after consecutive addition of probe A into a buffered solution
containing AuNP 1. The decrease in autocorrelation curve amplitude shows that the concentration of free
probe A increases with its addition. b) Extrapolated concentrations of free probe A. Experimental
conditions: [HEPES] = 10 mM, pH 7.0, [TACN-Zn**] = 10 uM, [probe A] = 100% SSC, r.t.

3.2.1.3 Study of the selectivity of AuNP 1 for C6-phosphorylated
carbohydrates

Once the experimental conditions were determined, the study of phosphorylated
carbohydrate recognition by monolayer protected gold nanoparticles was performed
through displacement experiments. A stock solution of the selected carbohydrate was
added to an aqueous buffered solution of AuNP 1 saturated with probe A at room
temperature. After each addition the recorded fluctuations of fluorescence intensity were
processed to give the corresponding autocorrelation function G(t). The local
concentration of fluorescence probe molecules, displaced from the AuNP 1 by the
phosphorylated carbohydrate, were determined from the amplitude G(0) of the
autocorrelation curve (Equation 1). Consequently, the concentration of free probe A (nm
= 1/G(0) * 10) was determined and then normalized, taking as a reference the maximum
concentration of free probe A in solution.

D-Glucose-6P, D-mannose-6P and D-galactose-6P were tested. Although in all cases the
interaction between phosphorylated carbohydrate and AuNP 1 could be confirmed by an
observed increase in fluorescence, it was immediately clear from these measurements that
the error margins were far too large to detect a possible selective interaction with AuNP
1 (Figure 3). Based on these results it was concluded that FCS is not a suitable technique
for studying accurately the relative affinities of carbohydrates for AuNP 1.
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Figure 3: Percentage of probe A displaced by phosphorylated carbohydrates in C6 position.
Experimental conditions: [HEPES] = 10 mM, pH 7.0, [TACN-Zn?*] = 10 uM, [probe A] = 100% SSC,
r.t. Averaged values from two independent measurements.

3.2.2 Isothermal Titration Calorimetry

3.2.2.1 Introduction

Isothermal titration calorimetry (ITC) is a technique developed during the 1960’s to study
chemical reactions.? Since then, the technique has been continuously improved in terms
of sensitivity. During the 1980’s, the sensitivity of the technique reached the pJ range,
which enabled the first studies in biology, biochemistry and physical chemistry.?
Nowadays the technique is commonly used to study in detail the interactions between
proteins and other proteins, small molecules, metal ions, lipids, nucleic acids and
carbohydrates. The strength of ITC is that a single experiment provides information about
the binding affinity, stoichiometry, entropy and enthalpy of the binding process.*

An isothermal titration calorimeter is composed of an adiabatic shield containing two
cells (reference and sample cells), which are connected to the outside through access
tubes. The sample cell is loaded with the solution of the desired compound while the
reference cell is usually filled with the solvent, generally water, used for the analysis at
fix temperature for both cells. The substrate solution is titrated to the sample cell, through
a syringe, provoking a temperature fluctuation. This creates a difference of temperature
between the cells which is measured by thermoelectric device. Through a “cell feedback
network™ the calorimeter keeps the difference between the cells at zero by adding or
subtracting heat.’

ITC can be considered a universal technique for measuring complex formation, since
almost all molecular recognition processes are accompanied by a change in enthalpy. A
measure of the heat released to the surroundings (for an exothermic process) or heat
absorbed from the surroundings (for an endothermic process) is related to the amount of
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formed complex. For a simple 1:1 binding model this relation is given by Q =
AHucV[HG] in which Q (J) is the measured heat, AHnc (J/mol) is the change in enthalphy
for quantitative complex formation, and V (L) is the volume of the cell.

Unlike optical methods, calorimetric measurements can be performed with reactants that
are spectroscopically silent (a fluorogenic or chromogenic tag is not necessary), can be
done on opaque, turbid or heterogeneous solutions (for instance protein suspensions), and
can be performed over a range of biologically relevant conditions (pH, temperature, ion
strength, etc).® Obviously, the only condition is that the free energy of the reaction (AG)
contains an enthalpy component (AH). This excludes the study of complexes that are
entirely entropy-driven.
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Figure 4: Schematic representation of ITC experiments in which the carbohydrate is added to AuNP 1
solution along with representative diagram of a typical ITC showing how the power applied by the
instrument to maintain constant temperature amongst the sample and reference cell is measured resulting
in the instrument signal.

ITC has been used widely in the study of carbohydrate recognition by synthetic receptors.
In 2016, Davis and co-workers reported a synthetic receptor composed of pyrenyl
tetraamine along with isophthaloyl spacers lead to new carbohydrate receptor that work
in water. The receptor showed an impressive binding constant for derivatives of N-
acetylglucosamine presenting K, = 2 x 10* M"!. The recognition of the carbohydrates
occurs via CH-rm interactions with the pyrene moieties and C-H bonds of carbohydrate
and hydrogen bonding between the hydroxyl group of carbohydrates and the spacers. The
interactions were confirmed by means of 'H-NMR spectroscopy.” Ravoo et. al. reported
a synthetic carbohydrate receptor based on covalent bond formation with the
carbohydrates functionalizing tripeptides with boronic acids (Cys-X-Cys (X= aminoacids
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containing boronic acid moiety)). Several carbohydrates such as fructose, glucose and
mannose were assayed in presence of the peptides observing binding constants from 2 x
10' M to 3 x 10*M™! confirmed by means of fluorescence spectroscopy.® Therefore, we
were strongly motivated to exploit ITC for studying carbohydrate recognition by AuNP
1 in water (Figure 4).

3.2.2.2 Optimization of the experimental conditions

To carry out ITC experiments for the study of carbohydrate recognition by AuNP 1 it was
necessary to determine the optimal experimental conditions. A critical point in ITC is to
ensure that the heat effect originates exclusively from the binding interaction. The
sensitivity of ITC is so high that even simple dilutions will be detected. Therefore,
solutions need to be prepared in such a way to minimize artefacts. In addition, a series of
control experiments (buffer-to-buffer, analyte-to-buffer) need to be carried out in order
to detect the quantity of heat that originates from secondary events.

The concentration of the carbohydrate stock solutions were determined by '"H-NMR as
described in the experimental section. After freeze-drying, the samples were diluted in
buffer solution up to the desired concentration. The AuNP 1 stock solution was prepared
in milliQ water and then concentrated under reduced pressure, after which the AuNP 1
was taken up in the same buffer solution up to the desired concentration.

Several initial experimental conditions were explored to determine the appropriate
concentration regime for AuNP 1 and phosphorylated carbohydrates. In order to detect
the interactions with the carbohydrates, it was required to increase the AuNP 1
concentration up to 500 uM, in terms of head group. In addition, the titrations with
carbohydrates were carried out up to 3 mM in order to form a sufficient amount of
complex.

3.2.2.3 ITC-binding study of phosphorylated glucose isomers

Once the experimental conditions were optimized, the first set of ITC experiments were
performed using three isomers of mono-phosphorylated glucose: o/p-D-glucose-6P, a-D-
glucose-1P and B-D-glucose-1P (Figure 5a). Our particular interest in the glucose
carbohydrates originated from the interesting observation that the displacement
experiments had shown that the selectivity of binding was affected by the nature of the
chemical probe. ITC-data could provide information on the intrinsic affinity of each
isomer in the absence of probe and, thus, could strengthen the hypothesis that the
fluorescent probe played indeed a role in determining the selectivity.

The calorimetric output for o/B-D-glucose-6P, a-D-glucose-1P and B-D-glucose-1P
titrated to 0.5 mM concentration of AuNP 1 solution in buffered water (pH 7.0, 37 °C) is
shown in the Figure 5b. It represents typical differential molar enthalpy as a function of
the amount of titrant added. In all the cases, the output represents an endothermic process.
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In order to calculate the binding constants and the other parameters from the ITC
experiments, the values obtained for the carbohydrates were fitted to 1:1 binding site
model. The enthalpy of binding process (AH), the molar ratio of phosphorylated
carbohydrate to AuNP 1 (0.5 mM concentration)(N) and the binding constant for the
binding process amongst the carbohydrate and the AuNP 1 were obtained. In addition,
the AG and AS are calculated knowing the temperature (Figure 5b).

In the case of o/p-D-glucose-6P a single binding event was observed with a stoichiometric
ratio of 1.2 £ 0.1:1 for o/B-D-glucose-6P: AuNP 1, and a binding constant, K,, of 4.3 £ 1.3
x 10* M'!. The values obtained for AH and AS were 1822 + 185 cal/mol and 22.5
cal/mol*K, respectively, indicating that the binding process of a/pB-D-glucose-6P to AuNP
1 is enthalpically unfavourable, but entropically favourable. On the other hand, o-D-
glucose-1P and B-D-glucose-1P showed binding constants of 2.2 x 10* M and 4.6 x 10°
M respectively. Therefore, a/B-D-glucose-6P presented a 1.95 times better binding
affinity for AuNP 1 with regard to a-D-glucose-1P. In addition, from the point of view of
enthalpy 6-isomer was 1.1-fold enthapically disfavoured and 1.1 times favoured in terms
of entropy compared to the o-D-glucose-1P. B-D-Glucose-1P presented a comparable
binding affinity compared to o/p-D-glucose-6P. In terms of enthalpy and entropy was 1.1-
fold disfavoured and 1.0-fold favoured, respectively (Figure 5c).

a)
4 OPOS Hon H OH
Ho H.o
HO HO HO
OH OH OH
H OH H e H H
a/B-D-glucose-6P a-D-glucose-1P B-D-glucose-1P
b)
o 14 D-glucose-6P
§ A5 12 I a-D-glucose-1P
,§ “7 TT p-D-glucose-1P
=
%5 1.0 I T T Jr
5 Jll l T
2 03 lf T Tl
= .L j:_l > ¢ ?: z 1T_
o o
S 0.6 + ] i $
<
0.4 T T L} 1
0.0 0.5 1.0 1.5
Molar Ratio [monosaccharide]/[AuNP heagroup]
c)
monosaccharide N Ky(M) AG(cal/mol) AH(cal/mol) T*AS(cal/mol)
a/B-D-glucose-6P 1.2 (0.1) 4.3 (+1.3)x 103 5153 1822 (+ 185) 6975
a-D-glucose-1P 1.6 (+0.1) 2.2 (+0.8) x 10 -4732 1654 (+ 203) 6386
B-p-glucose-1P 1.0 (x0.1) 4.6 (+1.0)x 103 5197 2088 (+ 176) 7285

Figure 5: a) Phosphorylated glucose isomers. b) ITC data, after the subtraction of heat dilution, of
phosphorylated glucose isomers. c¢) Thermodynamic data of ITC experiments. Experimental conditions:
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[HEPES] = 10 mM, pH 7.0, [TACN-Zn**] = 0.5 mM, [monosaccharide] = 3 mM, 37 °C. Averaged values
from two independent measurements.

B-D-Glucose-1P presented a 2.1-fold better binding affinity for the AuNP 1 with regard
to a-D-glucose-1P despite the only difference being the disposition of the phosphate
group. However, in the fluorescence studies a-D-glucose-1P showed 1.3 better binding
affinity regarding B-D-glucose-1P in presence of probe A (see chapter 2). Therefore, an
inversion of selectivity is observed for a-D-glucose-1P and B-D-glucose-1P when the
probe A is on the AuNP 1 surface. This provides support for the hypothesis that the probe
plays a role in the selectivity for carbohydrates by AuNP 1.

3.2.2.4 ITC-binding study of C6-phosphorylated carbohydrates

Then, the set of carbohydrates phosphorylated in the C6-position were studied, i.e. o/p-
D-glucose-6P, a/B-D-mannose-6P and o/p-D-galactose-6P (Figure 6a). For this series
significant differences were observed. For galactose no significant heat effects could be
detected and determination of the binding constant was not possible. The binding
isotherm of glucose was already discussed in the previous section and it was shown that
the curve could be fitted to a 1:1 binding model with a constant of 4.3 x 10° M!. Yet, a
clearly distinct isotherm was measured for mannose and fitting to a 1:1 binding model
yielded a value for K, of 10.9 x 10°* M"!, but with a large error (Figure 6b and c).

In order to obtain a consistent data, the binding isotherm of o/p-D-mannose-6P was fitted
to 1:2 binding site model obtaining 1.1 + 2.8 x 10° M and 1.2 + 3.6 x 10° M™! for K.,
and K2 respectively. It was observed that K1 is 2 order of magnitude higher regarding
K., obtained from 1:1 binding model, but the large errors indicate that the obtained values
need to be interpreted with caution.
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c)
monosaccharide N K,(M1) AG(cal/mol) AH(cal/mol)  T*AS(cal/mol)
o/B-D-glucose-6P 1.2 (x0.1) 4.3 (+1.3)x 103 5153 1822 (+ 186) 6975
a/B-D-mannose-6P 1.8 (¥0.2)  10.9 (£ 7.5) x 103 -5720 1131 (£ 81) 6851
a/B-p-galactose-6P N/A N/A N/A N/A N/A

Figure 6: a) Phosphorylated carbohydrates in C6-position. b) ITC data, after the subtraction of heat
dilution, of phosphorylated carbohydrates in C6-position. c) Thermodynamic data of ITC experiments.
Experimental conditions: [HEPES] = 10 mM, pH 7.0, [TACN-Zn**] = 0.5 mM, [monosaccharide] = 3

mM, 37 °C. Averaged values from two independent measurements.

3.2.2.5 ITC-binding study of C1-phosphorylated carbohydrates

Finally, a-D-glucose-1P, a-D-mannose-1P and a-D-galactose-1P were assayed (Figure
7a). Significant differences were observed also for this set of carbohydrates. The binding
isotherm of glucose was discussed above in the previous section and it was shown that
the curve obtained could be fitted to a 1:1 binding model obtaining binding constant of
2.2 x 10* M'!. Distinct binding isotherms were obtained for mannose and galactose and
both were fitted to a 1:1 binding model yielded a value for K, of 6.1 7.9 x 10° M and
95 + 72 x 10° M1, respectively, but also in this case with large errors (Figure 7b and c).

Thus, the binding isotherms of mannose and galactose were fitted to a 1:2 binding model.
In the case of mannose, values of 1.8 + 25.3 x 10> M and 0.1 + 5.6 x 10° M'! were
obtained for K,; and K2 respectively. For galactose, these values 6.1 + 5.3 x 10° M! and
4.8 +2.7 x 10> M1, respectively. In this case, galactose presents 3.38 and 48 fold better
binding affinity regarding mannose for K,; and K., respectively. Yet, also in this case
the errors were too large to permit a reliable interpretation of the data.
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monosaccharide N K,(Mm1) AG(cal/mol) AH(cal/mol) T*AS(cal/mol)
a-D-glucose-1P 1.6 (+0.1) 2.2 (+0.8)x 10® -4732 1654 (+203) 6386
a-D-mannose-1P 2.2 (0.7) 6.1 (+7.9) x 10 5363 929.4 (+ 140) 6293

a-D-galactose-1P 1.5 (+0.2) 95 (+ 72) x 103 7068 805.9 (+ 19) 7874

Figure 7: a) Phosphorylated carbohydrates in C1-position. b) ITC data, after the subtraction of heat
dilution, of phosphorylated carbohydrates in CI-position. c) Thermodynamic data of ITC experiments.
Experimental conditions: [HEPES] = 10 mM, pH 7.0, [TACN-Zn’*] = 0.5 mM, [monosaccharide] = 3

mM, 37 °C. Averaged values from two independent measurements.

In conclusion, the ITC-studies have provided valuable additional information on the
affinity between phosphorylated carbohydrates and AuNP 1. In particular, binding studies
of the glucose-isomers illustrated a higher affinity of the B-isomer compared to the a-
isomer, which is in line with the observations made in Chapter 2 when using displacement
experiments in the presence of the MSP and BSP-probes. Importantly, these data now
confirm that the increased affinity of the a-isomer when probe A was used, must be a
result of additional interactions between the a-isomer and probe A. Overall, it was noted
though that the heat effects were generally not high, which induced large errors. Although
this hampered a quantitative interpretation of the data, the qualitative inspection of the
binding isotherms indicate that it is very likely that the same carbohydrate can bind with
different affinities to AuNP 1. This indicates that different binding pockets may be present
on the monolayer.
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3.2.3 Diffusion-Ordered Spectroscopy

3.2.3.1 Introduction

Diffusion-ordered spectroscopy (DOSY) is a mixture of NMR experiments based on
pulsed field gradient spin (PFGSE) or stimulated (PFGSTE) echo measurements.’ In
these experiments, the measured signal intensity depends on timing, diffusion coefficient
and gradient pulse. Therefore, the measurements made with a range of gradient strengths
allow determination of the diffusion coefficients for different signals. Considering that
the diffusion coefficient is a characteristic of a molecule, the NMR signals from species
of different sizes can be differentiated.!® The name DOSY refers to the use of a set of
diffusion-attenuated spectra to build up a multidimensional spectrum in which signal are
separate according to diffusion coefficient in one of the dimensions. Therefore, in an ideal
2-D DOSY spectrum, all the signal from the same specie appear at the same diffusion
coefficient, allowing the analysis of the NMR spectra of complex mixture (Figure 8).
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Figure 8: (Left) array of 'H PFGSTE spectra measured with linearly increasing field gradient, (right) the
resultant DOSY spectrum.

In 2015, Mancin and co-workers exploited DOSY in the context of chromatographic
NMR. A set of gold nanoparticles, with an 1.8 nm core diameter, passivated with different
thiols, including also the CO9-thiols terminating with a 1,4,7-triazacyclonone
(TACN)-Zn** (AuNP 1) were investigated. Using DOSY it was found that AuNP 1
presented an affinity for hydrophilic organic anions and also showed a stronger
interaction with phosphorylated molecules compared to molecules with carboxylate
groups.'! This result were perfectly in line with the results previously obtained by Prins
and co-workers using fluorescence spectroscopy measurements.'?

The attractiveness of AuNPs for DOSY experiments relies on two important features.
Relatively small AuNPs, with diameters up to 2 nm are still small enough to not perturb
the magnetic field homogeneity across the sample. This allows the use of solution NMR
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without significant line broadening. On the other hand, their size is large enough to have
significantly different diffusion rates compared to small molecules. It is important to
consider that the signals obtained in DOSY NMR depend on the diffusion of the
molecules and, in the case of complex formation under rapid exchange, the signal is an
average of the diffusion coefficient of the free and bound molecules. The large difference
in diffusion coefficient between free and bound molecules ensures that even a relatively
small fraction of bound molecules will significantly affect the average diffusion
coefficient. This makes DOSY in principle suited for detecting also relatively weak
interactions. Therefore, we thought that DOSY would be an attractive technique for
studying the interaction between phosphorylated carbohydrates and AuNP 1. This was
further motivated by the fact that also in this case, the interaction can be studied without
the need for auxiliary (fluorogenice) molecules (Figure 9).
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Figure 9: Schematic representation of DOSY experiment in which the diffusion coefficient of
phosphorylated carbohydrates is altered by the presence of AuNP 1 while the diffusion coefficient for the
reference molecule was not perturbed.

3.2.3.2 Optimization of the experimental conditions

In order to carry out the DOSY experiments, it was necessary to determine the
experimental conditions. First of all, the concentrations of the stock solutions of
phosphorylated carbohydrates and methyl a-D-glucopyranoside, as a reference molecule,
were determined as reported in the experimental section. !
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Figure 10 Partial 'H-NMR spectra of D-glucose-6P, methyl a-D-glucopyranoside as reference molecule
and HEPES.

For determination of the diffusion coefficient of a molecule it is necessary to identify a
characteristic NMR signal of the molecule. Therefore, the '"H-NMR spectra of HEPES,
the reference molecule, and each carbohydrate were measured (Figure 10). It was found
that the characteristic signals for HEPES and reference molecule appeared at 2.98 ppm
and 4.81 ppm, respectively. On the other hand, for D-glucose-6P, D-mannose-6P and D-
fructose-6P characteristic peaks were found at 5.24 ppm, 5.09 ppm and 4.13, ppm
respectively.

Next, several experimental conditions were investigated to detect the interaction among
AuNP 1 and the phosphorylated carbohydrate. Owing to the lower sensitivity of DOSY
compared to fluorescence spectroscopy, concentrations of AuNP 1 in the mM range were
required. In addition, the carbohydrate concentrations were increased up to 3 mM in order
to shift the equilibrium towards the complex formation between carbohydrate and AuNP
1.

3.2.3.3 DOSY experiments

DOSY experiments were performed in the absence and in presence of AuNP 1 using a set
of phosphorylated carbohydrates, i.e. D-glucose-6P, D-mannose-6P and D-fructose-6P.
All experiments were carried out in buffered water (pH = 7.0). In addition, methyl a-D-
glucopyranoside was used as a reference molecule with a chemical structure similar to
the target analytes but without any affinity for AuNP 1.
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First, DOSY experiments were carried out in the absence of AuNP 1 to determine the
diffusion coefficients of the carbohydrates by themselves (Figure 11).
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Figure 11: DOSY spectrum including the diffusion coefficients values. Experimental conditions:
[HEPES]= 10 mM, pD 7.0, [Reference molecule]= 3 mM, [ Phosphorylated carbohydrate]= 3 mM.

For all carbohydrates similar diffusion coefficients were obtained, which is not surprising
considering their similar size and structure (Table 1).

Carbohydrate D (m?/8)in absence of AuNP 1 D (m?/8)in presence of AuNP 1
D-glucose-6P 4.51x 10710 3.57x 101
D-mannose-6P 4.46 x 1071° 3.08x 1071
D-fructose-6P 449 x 10°1° 3.35x 1071

Table 1: Diffusion coefficients values of DOSY experiments in the absence and in the presence of AuNP 1.
Experimental conditions: [HEPES]= 10 mM, pD 7.0, [TACN-Zn**]= 2 mM, [Reference molecule]= 3
mM, [phosphorylated carbohydrate]= 3 mM.

Next, the diffusion coefficients were determined in the presence of AuNP 1 (Table 1).
For all phosphorylated carbohydrates a significant reduction in the diffusion coefficient
was observed, which unambiguously demonstrates that the phosphorylated carbohydrates
interact with the AuNP 1. Lower diffusion coefficient values indicate higher interaction
with AuNP 1. It is important to note that the diffusion coefficients of the reference
compound was not affected at all (5.43 x 1071 m%/s and 5.49 x 107!° m?%s in absence and
presence of AuNP 1 respectively).

Comparing the previous results with the results obtained by fluorescence technique, D-
mannose-6P presented higher binding affinity than D-glucose-6P for AuNP 1 in presence
of fluorescence probe A (1.16-fold) and MSP (1.27-fold) while in presence of BSP both
carbohydrates presented similar results. Therefore, mannose presented higher binding
affinity than glucose for AuNP 1 in presence and in absence of fluorescence probe.
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In conclusion, DOSY experiments allowed to detect the interaction between AuNP 1 and
C6-phosphorylated carbohydrate. Because of the sensitivity of the technique, it was
required to increase the concentration of AuNP 1 and carbohydrates to mM ranges for the
detection of AuNP 1-C6-phosphorylated carbohydrate complex. The results showed that
mannose presented a higher binding affinity, observing the strongest decrease in diffusion
coefficient. On the other hand, in the presence of fluorescence probe A and MSP a similar
selectivity was observed by fluorescence (see Chapter 2). This again confirms that probe
A plays a role in the recognition process.

3.2.4 Study of carbohydrate recognition by means of *'P-NMR

3.2.4.1 Introduction

3IP.NMR spectroscopy can be used to study chemical compounds that contain
phosphorus. Phosphorus has a medium sensitive nucleus, compared to 'H and '*C, for
NMR spectroscopy. Phosphorus presents a 100% of natural abundance compared to
99.9844% and 1.108% for 'H and 'C, respectively. The relative receptivity of 3!P:
0.0665, which makes it 16 times less sensitive than 'H, but 370-fold more sensitive than
13C. Usually, the experiment is acquired with 'H decoupling to facilitate interpretation of
the spectra. The resonances can be found in large chemical shift window, which is from
1400 ppm to -500 ppm.

3IP.-NMR has been widely used for the study of phosphor-containing compounds in
complex biological media.'* Considering that in our systems the phosphate-groups
constitutes the main driving force for the interaction between carbohydrate and AuNP 1,
we decided to explore the interaction with *'P-NMR spectroscopy.

3.2.4.2 Optimization of the experimental conditions

In order to study the interaction between the AuNP 1 and the phosphorylated
carbohydrates by 3'P-NMR spectroscopy it was necessary to determine suitable
experimental conditions. The stock solutions of different carbohydrates, AuNP 1 and
HEPES were prepared as reported in the experimental section. Titration experiments were
carried out by adding AuNP 1 to a solution of phosphorylated carbohydrate in buffered
water with 10% of D>O (v/v) solution, such as to keep the intensity of the '*P-signal
constant. Experiments were performed in NMR tubes in which a co-axial tube was
inserted containing a solution of H3PO4 (15 mM) as reference. The use of a co-axial tube
was preferred to avoid the contamination of sample solution by the reference compound.
In order to quantify the interaction between AulNP 1 and phosphorylated carbohydrates,
variation in chemical shifts were measured taking as a reference the value observed for
the carbohydrate in absence of AuNP 1. Afterwards, the values were plotted as function
of concentration of AuNP 1 and the resulting curve was fitted to a 2:1 binding site model
obtaining the corresponding K.; and K, for the binding process.
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Several experimental conditions were investigated in order to detect the interaction
between the AuNP 1 and the phosphorylated carbohydrates. A compromise on the
carbohydrate concentration was made between a concentration as high as possible to
observe a detectable signal within short acquisition times and a concentration as low as
possible to maximize complex formation with AuNP 1. The titration of AuNP 1 was
performed up to 1.2 mM, in terms of head group concentration.

3.2.4.3 3'P-NMR studies of the interaction between phosphorylated
carbohydrates and AuNP 1

The interaction between AulNP 1 and D-glucose-6P, as a model carbohydrate, was studied
by means of >'P-NMR. The AuNP 1 solution was added to D-glucose-6P solution in
buffered water with 10% D20 (v/v).
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Figure 12: a) Partial > P-NMR spectra from the titration experiments. b) Observed and calculated
binding curve for 3'P-NMR.

In the absence of AuNP 1, two signals were observed at 3.728 ppm and 3.632 ppm,
corresponding to the B- and o-anomers of D-glucose-6P, respectively. '3

The addition of AuNP 1 affected both peaks in terms of chemical shift and also in terms
line broadening. The change in chemical shift was plotted as a function of AuNP 1
concentration for both the - and a-anomers. It is noted that only the signal for the [-
anomer could be detected up to 1.2 mM of AuNP 1. The line broadening of the signal
corresponding to the a-anomer and the overlap with the B-anomer signal limited the study
of this interaction up to a concentration of 0.5 mM of AuNP 1. Nevertheless, for both
anomers an interesting behaviour was observed. Focusing on the B-anomer it was
observed that the addition of initial amounts of AuNP 1 resulted in an upfield chemical
shift reaching a maximum A8 of 0.014 ppm for 100 uM of AuNP 1. However, at higher
concentrations the signal started to shift downfield and continued to do so up till the
maximum concentration of AuNP 1 studied (1200 uM). These results seem to confirm
the observations made during the ITC experiments that multiple binding modes exist for
the complex AuNP 1 and the C6-phosphorylated glucose. Tentative fitting of the curve
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to a 2:1 binding model gave a curve that visually showed a good agreement. It was found,
though, that the low degree of saturation and the small number of signal for the first
binding event provided quantitatively poor data for K.; and K.> (Figure 12).

In conclusion, *'P-NMR technique proved additional direct evidence for the interaction
between AuNP 1 and both the o~ and B-anomers of D-glucose-6P and evidence that
suggests the presence of multiple binding sites on the multivalent surface of AuNP 1 was
obtained. However, a thorough study of all carbohydrates was not performed because of
the request for large amounts of material. It is noted that the synthesis of AuNP 1 typically
produces a couple of ml of a mM solution and the cost of phosphorylated carbohydrates
is significant. These initial results did not seem to justify an enormous investment in terms
of energy and money.

3.3 Conclusions

Several techniques were investigated in order to detect the interaction between small
molecules and AuNPs. It was taken as reference system the interactions amongst
phosphorylated carbohydrates and AuNP 1.

FCS is a highly sensitive fluorescence technique which allows detection of the
interactions between C6-phosphorylated carbohydrates and AuNP 1. The high sensitivity
permits the reduction of substrate concentrations to the low uM or nM regime. Applied
to the study of carbohydrate recognition by AuNP 1 covered with probe A, glucose
mannose and galactose phosphorylated in the C6-positon were assayed. However, a
difference between the carbohydrates could not be observed because of large errors.
Despite the sensitivity of the technique it is less accurate for quantitative studies of our
system.

ITC is highly sensitive technique allowing the detection of weak interactions between
substrates even at low concentration. However for this system it was required to increase
in the near of mM regime for AuNP 1, in term of head group, and in the mM range for
carbohydrate in order to detect complex formation. ITC was used to study the recognition
process of phosphorylated glucose isomers by AuNP 1. The results showed that the
carbohydrates present similar binding affinities for AuNP 1 surface in absence of
fluorescence probe. Comparison with the results obtained in presence of fluorescence
probe A, a clear preference for a-D-glucose-1P was observed with regard to D-glucose-
6P and B-D-glucose-1P (see chapter 2). This fact strongly suggest that the probe plays a
role in the recognition process. Mannose and galactose phosphorylated in C6 and Cl1
positions were studied and the isotherms obtained were not possible to fit neither in 1:1
binding model and neither 1:2 properly providing values with large errors. Therefore, the
data obtained about the process was not of high quality.

DOSY presented the lowest sensitivity of the techniques used and AuNP 1 and
phosphorylated carbohydrates concentrations in the mM range were required. C6-
phosphorylated carbohydrates were studied in the presence of AuNP 1. It was observed
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that D-mannose-6P had a higher binding affinity compared to D-glucose-6P. A similar
selectivity trend was observed in the fluorescence studies, performed in Chapter 2, using
fluorescence probe A and MSP while in presence of BSP the selectivity was not
appreciate. Therefore, the results indicate that AuNP 1 present a modest selectivity for D-
mannose-6P than D-glucose-6P however the selectivity can be affected depending on the
probe used, such as BSP, and therefore indicating that the presence of fluorescence probe
plays a role.

Finally, the interactions between o/B-D-glucose-6P and AuNP 1 were studied by *!P-
NMR through titration experiments. A variation in the chemical shift was observed as the
concentration of AuNP 1 was increased showing complex formation between
carbohydrate and AuNP 1. The binding isotherms confirmed the results from ITC that the
binding process cannot accurately be described by a 1:1 binding model.

3.4 Experimental section

3.4.1 Instrumentations

Fluorescence Correlation Spectroscopy measurements

FCS was performed on a commercial system consisting of an inverted Confocal Laser
Scanning Microscope (CLSM; Mod. LSM510, Zeiss, Jena, Germany) and a ConfoCor3
system (Zeis, Jenna, Germany).

NMR Analysis
"H-NMR spectra were recorded using a Bruker 400 Avance III spectrometer operating at

400 MHz for 'H. Chemical shifts (8) are reported in ppm using D>O residual solvent value
as internal reference. ' 3'P-NMR experiments were performed using a Bruker 400 Avance
III spectrometer operating at 162 MHz for *'P using a solution of H3PO4 (15 mM) as
external standard for calibration.

DOSY Analysis

DOSY experiments were performed using a Bruker spectrometers operating at 500 MHz.
Chemical shifts (8) are reported in ppm using D20 residual solvent value as internal
reference.!® Then, the data was analysed using Dynamic Center software (Bruker)
yielding the diffusion coefficients values (m?/s).

pH measurements
The pH of buffer solutions was determined at room temperature using a pH-meter
Metrohm-632 equipped with a Ag/AgCI/KCl reference electrode.
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LIOSP freeze dryer
Lyophilisation was performed by the DiSC LIO-5P at minimum condensing temperature
of -55 °C under reduced pressure.

MicroCAL VP-ITC

Isothermal titration Calorimetry experiments were performed using MicroCAL VP-ITC
composed by adiabatic cell of 1.4 mL and automatic syringe of 300 uL. The ITC data
was analysed with MicroCal Origin software.

3.4.2 Materials

Zn(NOs)> was of analytical grade. 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) was purchased from Sigma Aldrich and used without further purification.
Coumarinz43-Gly-Asp-Asp (probe A) was synthesised previously in the group. D-
Glucose-6-phosphate, D-mannose-6-phosphate, D-galactose-6-phosphate, a-D-Mannose-
1-phosphate and a-D-galactose-1-phosphate were purchased from Sigma Aldrich. a-D-
Glucose-1-phosphate, B-D-glucose-1-phosphate were purchased from CarboSynth. In all
cases, stock solutions were prepared using deionized water filtered with a MilliQ-water-
purifier (Millipore) and stored at 4 °C or -20 °C.

3.4.3 Determination of the stock solutions

The concentration of Zn(NOs)2 solution was determined by atomic absorption
spectroscopy. The concentration of the fluorescence probe A solution was determined by
UV spectroscopy at pH 7.0 as was reported previously. The concentration of
phosphorylated carbohydrate solutions were determined by "H-NMR using a coaxial tube
along with pyrazine as an internal standard as previously reported in the group.'® The
concentration of TACN head group was determined as reported in chapter 2.

3.44 Fluorescence Correlation Spectroscopy

3.4.4.1 Surface Saturation Concentration

The SSC was determined adding consecutive amount of a stock solution of probe A in
milliQ water to aqueous solution ((HEPES] = 10 mM, pH 7.0) containing [AuNP 1] = 10
uM, in terms of head groups, at room temperature. After each addition the recorded
fluctuations of fluorescence intensity were processed to give the corresponding
autocorrelation function G(t). The local concentration of fluorescence probe molecules
were determined from the amplitude G(0) of the autocorrelation curve (Equation 1).
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— N = Veff xC = L o [Probe Alfree

1
G(0) = N G(0)

Veff*C
Consequently, the concentration of free probe A (nm = 1/G(0) * 10) was then plotted
against the total concentration.

3.4.4.2 Displacement experiments

The displacement experiments were performed adding a consecutive amount of a stock
solution of phosphorylated carbohydrate in milliQ water to aqueous solution ((HEPES] =
10 mM, pH 7.0) containing [TACN-Zn?**] = 10 uM in terms of head groups coated with
[probe A] = 100% SSC at room temperature. After each addition the recorded fluctuations
of fluorescence intensity were processed to give the corresponding autocorrelation
function G(t). The local concentration of fluorescence probe molecules, displaced from
the AuNP 1 by the phosphorylated carbohydrate, were determined from the amplitude
G(0) of the autocorrelation curve (Equation 1). Consequently, the concentration of free
probe A (nm = 1/G(0) * 10) was determined and then normalized, taking as a reference
the maximum concentration of free probe A in solution.

3.4.5 Isothermal titration calorimetry

Sample preparation

Once the concentration of carbohydrate stock solutions were determined by 'H-NMR, the
carbohydrate samples were prepared by dissolving the appropriate amount of
carbohydrate stock solution in milliQ water to reach a concentration of 3 mM. After the
samples were freeze-dried overnight, then were dissolved in HEPES buffer (10 mM, pH
7.0) until a 3 mM concentration.

The concentration of AuNP 1 and Zn(NOs)> solutions were determined previously. After
which, a mixture of 0.5 mM of AuNP 1 and Zn(NOs3),, in equimolar proportion, diluted
in milliQ water was prepared. Then the solvent was removed under reduce pressure and
the sample was placed in a vacuum line for 3 h. After which, the solid residue of AuNP
1-Zn was dissolved in HEPES buffer (10 mM, pH 7.0) to obtain a concentration of 0.5
mM.

ITC experiments

Once the sample was prepared, before filling the cell, the solutions were degassed for 30
minutes. The phosphorylated carbohydrate sample solutions (3 mM) were titrated with
AuNP 1-Zn (0.5 mM) solution for 145 minutes. All the measurements were performed at
37 °C using a stirring rate of 264 rpm and a 480 seconds interval between each injection.
To determine the heat of dilution of each carbohydrate, it was titrated into HEPES buffer
(10 mM, pH 7.0). The heat dilution was subtracted from the raw heat data. The data was
fitted to a 1:1 or 1:2 binding model by using the ITC software.
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3.4.6 Diffusion-ordered spectroscopy

Sample Preparation

Stock solution of phosphorylated carbohydrates, AuNP 1 and HEPES buffer (200 mM,
pD 7.0) were prepared in D,O. NMR tubes were prepared by mixing the required amounts
of the stock solutions in the NMR tube and adjusting the volume to 600 uL with DO
obtaining a final concentration of 2 mM, 3mM and 10 mM of AuNP 1, carbohydrates
and HEPES (pD 7.0) respectively.

DOSY experiments

The pulse sequence used for Diffusion Ordered Spectroscopy (DOSY) experiments was
STE-LEDBPP, with the little delta and the big delta set as 0.003 s and 0.100 s
respectively. The data were all analysed using the Dynamics Center 2.4.5 software
package (Bruker Biospin) and the spectra were exported from TopSpin 3.5 software
(Bruker Biospin). The reported diffusion coefficients are those related to isolated signals
of the carbohydrates. Hydrodynamic diameters of the nanoparticles were estimated by
means of the Stokes-Einstein equation.

3.4.7 ‘'P-NMR

Sample Preparation

Stock solution of phosphorylated carbohydrates, AuNP 1, HEPES buffer (100 mM, pH
7.0) were prepared in milliQ water. NMR tubes were prepared by mixing the required
amounts of the stock solutions in the NMR tube and adjusting the volume to 500 uL. with
milliQ water (10% D20 v/v) reaching a concentration of 0.45 mM and 10 mM of
carbohydrates and HEPES (pH 7.0) respectively. A stock solution of 15 mM of H3PO4
was used as a reference inside the coaxial tube, fitted inside the NMR tube.

I P_.NMR experiments

The *'P-NMR spectra (512 scan, delay time: 3 s) were recorded using a coaxial tube: an
aqueous solution of 15 mM H3;PO4 was placed inside and employed as a chemical shift
reference (H3POs4 give 0= 0.0 ppm as a single), whereas the carbohydrate solution was
placed in the external tube. The first spectrum was acquired for a solution of D-glucose-
6P at 0.5 mM concentration in HEPES (10 mM, pH 7) with 10% of D>O (v/v) (employed
as a locking signal). Then, progressive additions of AuNP 1 stock solution to carbohydrate
solution were performed and in each addition the spectra was acquired under the
conditions mentioned above. The data was analysed with Origin software and the binding
constant were determined fitting the data in 2:1 binding model implemented by the
program.
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Chapter 4: Peptide-assisted recognition of carbohydrates by
monolayer protected gold nanoparticles

4.1 Summary

In Chapters 2 and 3 it was observed that a fluorescent probe, co-localized on the
monolayer surface, affected the interaction between phosphorylated carbohydrates and
AuNP 1. In this Chapter this concept is exploited for the design of multivalent systems
based on a combination of AuNP 1 and small peptides for carbohydrate recognition. The
idea was to create binding pockets on AuNP 1 using peptides containing recognition
elements for interaction with carbohydrate targets. The approach is inspired by lectins -
natural carbohydrate receptors - which bind carbohydrates owing to the multiple
interactions with functional groups of amino acid residues lined up in the binding pocket.
A series of peptides were synthesised containing residues that could potentially interact
with carbohydrates. These were then combined with AuNP 1 and fluorescent probe to
yield a synthetic receptor capable of recognizing carbohydrates.

4.2 Introduction

Carbohydrates are involved in many biological process such as cell-cell recognition, virus
infection or immune processes.1 In addition, carbohydrates are biomarkers for several
pathologies such as cancer.? Therefore, the development of strategies for carbohydrate
recognition is important for a number of applications that can be employed in several
fields like medical,® diagnostic* or sensing.’

However, carbohydrate recognition in water is not trivial.> Carbohydrates are highly
hydrophilic species with an impressive line-up of hydroxyl groups resembling a cluster
of water molecules and therefore making it especially difficult to distinguish them from
the competing solvent. In addition, the structural differences among many carbohydrates
are often very subtle (for instance, the configuration of a single stereocentre). Therefore,
the development of carbohydrate receptors present a tremendous challenge for
supramolecular chemists.

In nature, carbohydrates are recognized by a class of proteins called lectins.” The
recognition process occurs in binding pockets containing multiple recognition units for
carbohydrates which are involved in a variety of non-covalent interactions (Figure 1a).
Primarily, the interaction between lectins and carbohydrates occurs via hydrogen bonding
amongst the hydroxyl groups of carbohydrates and amino acids containing hydroxyl,
amine and/or carboxyl groups in the side chain (for instance Arg, Ser, Asp or Asn).® In
addition, the protein-carbohydrate complex is often stabilized by hydrophobic effects,
CH-n interactions and/or coordination bonds with metal ions such as Ca** and Mg?*.?
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Figure 1: a) The human galactin-3 carbohydrate binding site. b) Peptide functionalized with boronic
acids for carbohydrate recognition designed by Hall and co-workers.

Inspired by lectins, chemists have designed different synthetic receptors for
carbohydrates.!” The design of these receptors is cumbersome because carbohydrate
recognition requires a delicate interplay of non-covalent interactions. The majority of
developed synthetic receptors are operative in organic solvents, such as dichloromethane
and acetonitrile.! In the absence of water, this allows the use of H-bonds as the main
driving force for complex formation. Receptors have been developed with impressive
binding constants (K, > 2 x 10’ M™")!! and high levels of selectivities, even for epimers,
have been observed.®™ ! Yet, nearly all these receptors are unable to bind carbohydrates
in water with a significant binding constant. This limits the applicability of these receptors
in medical or diagnostic fields. Recently, the attention has shifted towards the design of
synthetic carbohydrate receptors that function in water. A versatile approach is based on
the formation of boronic esters between boronic acids and vicinal diols of
carbohydrates.'? Receptor structures included also peptides functionalized with boronic
acids (Figure 1b).!* These systems rely on (reversible) covalent bond formation, which
marks a difference with carbohydrate recognition, which relies exclusively on
noncovalent interactions.

Given that lectins are proteins,' it is appealing to use peptide sequences to construct
synthetic carbohydrate receptors. In fact, a number of reports on medium-length
carbohydrate-binding peptides have appeared. These peptide sequences were discovered
by studying fragments of lectins in phage-displayed combinatorial libraries (Figure 2a).'¢
Mimicking the “sandwiching” of saccharides between aromatic surfaces, which is well
known to occur in protein-carbohydrate interactions,” *®17 a new class of peptide-based
carbohydrate receptors were designed. In 2000, a library of small peptides, composed of
5 amino acid residues, were studied by Sugimoto et. al. for their ability to bind
monosaccharides, such as erythrose and galactose, by means of fluorescence
spectroscopy. The peptide with the sequence Trp-Gly-Asp-Glu-Tyr showed a remarkable
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affinity of 3.5 x 10° and 5.2 x 10* M"! for erythrose and galactose respectively in aqueous
buffer at pH 7 (Figure 2b).!8 On the other hand, Davis and co-workers developed a
synthetic receptor for carbohydrates operative in water composed of byphenyl surfaces
and isopthalamides. The recognition process occurs through CH-m interactions, between
the C-H bond of carbohydrates and the aromatic units of byphenyl, in which the
carbohydrates is situated in between them. At the same time, hydrogen bonding amongst
the hydroxyl groups of carbohydrates and amides moieties of isopthalamides occurs. The
receptor showed a K, of 60 M for glucose in water. Besides, selectivity for glucose
recognition was observed compared to galactose (20:1) and mannose (60:1) (Figure 2c)."

b)

c)

Tyr--Trp--Trp
aGlc-aGlc-aGle

Figure 2: a) Example of carbohydrate binding-site topology and the structure of carbohydrate ligand. b)
Minimized energy structure of Trp-Gly-Asp-Glu-Tyr-D-erythrose. Lines and dotted lines indicate CH-x
and hydrogen-bonding interactions, respectively. c) Synthetic carbohydrate receptor composed of
byphenyl surface and isopthalamides.

In 2016, Prins et. al. reported the formation of dynamic peptide surfaces via self-assembly
of small peptides on the surface of AuNP 1 (Figure 3).2° The resulting systems resembled
nanosized synthetic proteins of which the structure could be easily varied. This approach
inspired us to study whether such multivalent peptide surfaces would be able to form a
binding pocket for carbohydrates.
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Figure 3: Schematic representation on the self-assembly of dynamic synthetic proteins.

Our strategy relied on the decoration of the surface of AuNP 1 with negatively charged
peptides containing aromatic units as the carbohydrate recognition units. In addition, the
co-localization on the surface of a (weaker binding) fluorescent probe introduces a way
to detect complex formation by fluorescence measurements. The choice for amino acids
containing aromatic units-residues was driven by the observation that the amino acids
containing aromatic surfaces is a recurrent binding motif in both natural and synthetic
receptors since can develop stabilizing interactions with carbohydrates through CH-nt
interactions (Figure 4).
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Figure 4: Schematic representation of synthetic carbohydrate receptor based on AuNP 1 decorated with
carbohydrate recognition units.
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4.3 Results and discussion

4.3.1 Synthesis and characterization of peptides

The peptides need to meet several requirements: a) the presence of aromatic-residues to
interact with carbohydrates; b) the presence of a cluster of negative charges to ensure
strong binding with AuNP 1. Based on the carbohydrate receptors reported by Sugimoto
along with the theoretical studies performed by Woolfson, tryptophan (W) was selected
as the aromatic surface since the interaction with the carbohydrates through CH-n
interactions is reportedly stronger than tyrosine or/and histidine.'® 2! In addition,
tryptophan possesses fluorescent properties. The small peptides used previously in the
Prins’ group for formation of the synthetic proteins, contained a C-terminal
phosphoserine. The clustering of a phosphate and terminal carboxylate group was
sufficient to ensure quantitative binding of the small peptides at low micromolar
concentrations in water. Therefore, three peptides I-III (Ac-WS(OPO3*)-OH, Ac-
WWS(OPO;*)-OH and Ac-WWWS(OPO3>)-OH) were designed in which the number
of Trp-residues was increased in order to increase the number of recognition residues for
carbohydrates (Figure 5).

The syntheses of these peptides were carried out by solid phase peptide synthesis (SPPS).
All peptides were purified by High Performance Liquid Chromatography (HPLC)
yielding peptides I-III with a purity over 96% in all the cases. Identification was carried
out using Ultra Performance Liquid Chromatography — Mass Spectrometry (UPLC-MS).

The interaction of the peptides with AuNP 1 was studied through fluorescence titration
experiments exploiting the fluorescence properties of tryptophan. The concentrations of
the peptide stock solutions were determined using the molar extinction coefficients of
tryptophan at 280 nm. (I: €250 = 5579 M' cm™; II: 11158 M em™!; IIT: 16737 M! cm™).
The fluorescence intensity (F.I.) was plotted as a function of the concentration of the
peptides. The resulting curves are characteristic of complex formation between peptides
and AuNP 1 under saturation conditions. The surface saturation concentration (SSC) was
calculated by extrapolation of the linear part of the curve to F.I. = 0. The SSCs obtained
for peptide L, II, and III were 3.0 £ 0.1 uM, 3.3 £ 0.1 uM and 3.0 £ 0.2 uM, respectively,
demonstrating that the number of peptides bound to AuNP 1 surface is practically the
same (Figure 5). Considering that AuNP 1 is covered with approximately 70 thiols, these
values indicate that at saturation around 20 peptides are bound to AuNP 1.
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Figure 5: Fluorescence intensity as a function of the amount of peptide added to a solution of AuNP 1
including SSC value per each peptide. Experimental conditions: [HEPES] = 10 mM, pH 7.0,
[TACN-Zn**] = 10 UM, 37 °C, & ox, 1rp = 280 nm, & em, 17p = 360 nm, slits = 10.0/10.0 nm. Averaged values
of from two independent measurements.

4.3.2 Affinity study of peptides I-III for AuNP 1

The relative binding affinities of peptides I-III for AuNP 1 were determined through a
series of displacement experiments. Peptides I-III were added at the surface saturation
concentration to AuNP 1 and the increase of tryptophan fluorescence was measured upon
the addition of the non-fluorescent competitor D-fructose-1,6-bisphosphate. The titrations
were performed up to 1 mM concentration of competitor. Relative affinities were
determined by comparing the amount of competitor needed to displace 40% of the
peptide. To reach that level of displacement, 5, 100 and 1000 uM of competitor were
needed for peptides I, I and III respectively. Interestingly, the obtained relative affinities
of 1, 20, and 200, respectively, show that peptides I-III have a very different affinity for
AuNP 1 despite the fact that all peptides contain the same phosphorylated Ser-residue.
However, the observation is in line with prior studies of the Prins’ group, which have
shown that hydrophobic aromatic residues in peptides (such as Trp) can cause a
significant increase in binding affinity. It is noted, though, that in all cases the absolute
affinity of each peptide is sufficiently high to ensure binding under saturation conditions
at the concentrations studied (Figure 6).
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Figure 6: Percentage of peptide displaced by D-fructose-1,6-bisphosphate as a competitor. Experimental
conditions: [HEPES] = 10 mM, pH 7.0, [TACN-Zn**] = 10 uM, [peptide I-III] = 100 % SSC, 37 °C, £ o,
7rp = 280 nm, & em, 1rp = 360 nm, slits = 10.0/10.0 nm.

Overall, the results indicate that the binding of peptides I-III becomes stronger as the
number of tryptophan residues increases.

Peptide Relative binding affinity
I 1
II 20
I 200

Table 1: Relative binding affinities of peptides for AuNP 1 taking as a reference peptide 1. Experimental
conditions: [HEPES] = 10 mM, pH 7.0, [TACN-Zn**] = 10 uM, [peptides I-III] = 100 % SSC, 37 °C, £ x,
7rp = 280 nm, A em, 1rp = 360 nm, slits = 10.0/10.0 nm.

4.3.3 Carbohydrate recognition by AuNP 1 decorated with peptides

Carbohydrate recognition by AuNP 1 covered with peptides I-III as carbohydrate
recognition units was in first instance studied using fluorescence displacement
experiments. The idea behind these experiments is to compare the ability of structurally
similar phosphorylated carbohydrates to displace peptides I-III from the surface of AuNP
1. It was hypothesized that any potential interaction between carbohydrates and peptides
would be reflected by a difference in the displacement curves. Initial studies involved
glucose phosphorylated in the C6- and C1—positions.

The displacement of peptides I-III from AuNP 1 by D-glucose-6P, a-D-glucose-1P and
B-D-glucose-1P was monitored by measuring the fluorescence of tryptophan (Aex = 280
nm, Aem = 360 nm). The titrations were carried out up to a 1 mM concentration of
carbohydrate.
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First, the C6-phosphorylated carbohydrates were assayed using peptide I in aqueous
buffer at pH 7.0. Although the absolute difference amongst these carbohydrates is
moderate, comparing the amount of peptide I displaced by the three carbohydrates at
ImM (34 £ 1.7%, 26 + 1.2% and 30 £ 0.1% for D-glucose-6P, a-D-glucose-1P and B-D-
glucoselP, respectively) showed modest selectivity for the C6-isomer. D-glucose-6P
presented 1.38-fold and 1.15-fold higher binding affinity with regard to a-D-glucose-1P
and B-D-glucoselP respectively (Figure 7a).
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Figure 7: Percentage of peptide I-I1I displaced as function of concentration of phosphorylated glucose
along with histogram representing the percentage of peptide I-III displaced at I mM concentration of
carbohydrate. Experimental conditions: [HEPES] = 10 mM, pH 7.0, [TACN-Zn’*] = 10 uM, [peptides I-
HI] =100 % SSC, 37 °C, & ex, 1rp = 280 nm, & em, 1rp = 360 nm, slits = 10.0/10.0 nm. Averaged values of

from two independent measurements.

In the case of peptide II a minor displacement of peptide was observed by carbohydrates.
It is line with the previous results since peptide II presented 20 times higher binding
affinity regarding peptide I. Although the absolute difference observed amongst the
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carbohydrates is moderate, also this system showed modest selectivity for D-glucose-6P
observing a displacement of 16 + 0.3% of peptide II at 1 mM concentration of
carbohydrate against values for a-D-glucose-1P and B-D-glucoselP of 13 £ 0.7% and 12
+ 0.1%, respectively (Figure 7b). On the other hand, in presence of peptide III very low
displacement of peptide was observed, in line with the 200 times higher binding affinity
compared to peptide I. As a consequence the data had large errors and no reliable
conclusions could be drawn (Figure 7c).

For both peptides I and II a higher affinity of the 6P-isomer was observed compared to
both 1P-isomers. This is in line with that observed in Chapter 2 and is ascribed to the
major distance in the 6P-isomer between the phosphate-group and the hydroxyl-groups,
which are expected to negatively interfere with the cationic head groups. The fact that a
similar ratio between 6P- and 1P-isomers was observed for peptides I and II, which is
also similar to that observed for all fluorescent probes studied in Chapter 2 (except for
probe A), indicate that these experiments provide no direct evidence for the involvement
of either peptide I or II in the recognition process.

However, comparison between the o- and B-anomers of D-glucose-1P shows an
interesting trend. For peptide I a higher affinity of the -anomer is observed, which is in
line with that observed for the pyrene-probes in Chapter 2.

Yet, the addition of another Trp-residue in peptide II results in a nearly equal affinity.
This suggests that the presence of the second Trp-residue favours binding of the o-
anomer. It is tempting to make the analogy with Chapter 2, in which it was shown that
probe A was able to invert the selectivity for o- and B-anomers compared to the pyrene-
probes, tentatively ascribed to the instalment of additional interactions between
coumarin-unit and the carbohydrate.

Modest discrimination between the carbohydrates was observed. D-Glucose-6P presented
a higher binding affinity with regard to a-D-glucose-1P and B-D-glucose-1P with ratios
of 1.3 and 1.1 respectively (Figure 7a). The results suggested that the system has a discrete
preference towards carbohydrates phosphorylated in C6 position than in C1. This was
also observed in Chapter 2 for the pyrene probes.

4.3.4 Increasing the affinity of carbohydrate for AuNP 1 through
the creation of binding pockets

The presence of peptides I-III in the system showed an effect, albeit weak, on the
systems’ response to the addition of phosphorylated carbohydrates. We reasoned that the
weak effect may also have been a result of the full coverage of the surface with the
peptides. Previous results in the Prins’ group — and also the ITC-results discussed in
Chapter 3 — strongly suggest that the same probe can bind with different affinities to the
multivalent surface. A full coverage may lead to a displacement of the weaker binding
probes, which would not reveal potentially stronger interactions. Therefore, we reasoned
that the response might be enhanced in case lower amounts of peptides were used,

77



Chapter 4

because, in an ideal case, this would lead to binding pockets on the monolayer surface.
Thus, carbohydrates could interact with peptides without displacing them. Evidently, the
question is how to generate a response from such a system. We reasoned that the
combination of peptides I-III with a fluorescent probe — having weaker affinity for AuNP
1 compared to the peptides — would be a possibility. In this case, addition of the
carbohydrate would displace the weaker binding fluorescent probe upon interacting with
peptides I-III. Another advantage is that it would also allow us to explore the behaviour
of peptide III, which by itself cannot be displaced by a monophosphorylated
carbohydrate.

Criteria for the fluorescent probe were a lower binding affinity compared to the peptides,
and the present of a fluorogenic moiety that could be monitored independently of
tryptophan. Fluorescence probe A (Aex = 450 nm, Aem = 493 nm) was selected as it fulfils
the above requirements.
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Figure 9: a) Percentage of probe A displaced as function of [peptide I-1ll]. Experimental conditions:
[HEPES] = 10 mM, pH 7.0, [TACN-Zn**] = 10 uM, [probe A] = 100 % SSC, 37 °C, £ o, probe 4 = 450 nm,
A em, probe & = 493 nm, slits = 2.5/5.0 nm.

Our first studies were aimed at determining the relative binding affinities of peptides I-
IIT and probe A. This was studied by adding increasing amounts of peptides I-III to a
solution containing AuNP 1 and probe A at the surface saturation concentration. The
titrations were performed until a concentration of 1 mM of peptide I-III was reached. In
all cases, a full displacement of probe A was observed. In order to quantify the relative
binding affinity of the peptides towards AuNP 1 coated with probe A, the peptide
concentration required to displace 50% of the probe A was taken as a reference. The
higher the concentration of the peptide needed to displace the probe A from the surface,
the lower the affinity of the peptide for the AuNP 1. Displacement of 50% of probe A
required 17.5 uM, 4.0 uM and 2.2 uM of peptides I-III, respectively. This result is in line
with the results described before (see section 4.3.2) (Figure 9). For the studied with
phosphorylated carbohydrates, peptide concentrations were chosen such that they would

cover around 25% of the AuNP 1 surface in the presence of a constant amount of probe
A.
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After optimization of the conditions, the response of the three systems towards D-glucose-
6P was measured. Titrations up to 1 mM of carbohydrate were performed. Importantly, it
was first verified whether peptides I-III would be displaced by glucose-6P under these
conditions. Measurement of the fluorescence emission from tryptophan showed that up
to a concentration of 600 uM none of the peptides I-III is displaced from AuNP 1 to a
significant extent. At higher concentrations, just displacement of peptide I occurs
reaching 20% at 1 mM of carbohydrate added. Peptides II and III, however, are not
significantly displaced to any extent up till 1 mM. This implies that in this mixed system
D-glucose-6P hardly displaces the peptides, which is an important prerequisite for our
model (Figure 10).
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Figure 10: a) Percentage of peptide displaced as function of [D-glucose-6P]. Experimental conditions:
[HEPES] = 10 mM, pH 7.0, [TACN-Zn**] = 10 uM, [probe A] = 75% SSC, [peptide I-III] = 25% SSC,
37 °C, £ ex, Tip = 280 nm, A o, 7vp = 360 nm, slits = 10.0/10.0 nm.

Regarding probe A, it was noted that the addition of D-glucose-6P hardly provoked
displacement in the absence of peptide (6 + 0.5% probe displacement at 1 mM). However,
excitingly, the same titration in the presence of peptides I-III revealed displacement of
probe A already at much lower concentrations. When AuNP 1 was coated with peptide I
along with the probe A, D-glucose-6P at 1 mM was able to displace 15 = 1.0% of probe
A. The system composed of AuNP 1 coated with probe A and peptide II showed even
better results with 21 + 3.5% of probe A displaced at 1 mM concentration of the
carbohydrate. The same result was obtained for peptide III indicating that the increase
from 2 to 3 units of tryptophan did not improve the interactions (Figure 11a).
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Figure 11: a) Percentage of probe A displaced as function of [D-glucose-6P]. b) 1/[D-glucose-6P]
required in order to displace 6% probe A. Experimental conditions: [HEPES] = 10 mM, pH 7.0,
[TACN-Zn**] = 10 uM, [probe A] = 75% SSC, [peptide I-III] = 25% SSC, 37 °C, A ox, probe 4 = 450 nm, &
em, probe A = 493 nm, slits = 2.5/5.0 nm. Averaged values of from two independent measurements.

The D-glucose-6P concentration required to displace 6% of probe A was taken as a value
that quantifies the relative binding affinity of the carbohydrate. For graphical reasons
1/[carbohydrate](uM) was plotted to ensure that the highest value corresponds to a major
affinity of the carbohydrate. It was observed that in the presence of peptide I, the
sensitivity of the system increased 4.8-fold compared to the reference system in the
absence of peptide. The sensitivity went up a further 36-fold (170-fold compared to the
reference) when peptide II was used. The fact that the only difference is the presence of
a Trp-residue strongly suggests that these play a role in the recognition process. Yet, the
use of peptide III did not result in a further improvement and the results were similar as
those of peptide II (Figure 11b). These results show that the presence of peptides I-IIT
significantly increases the sensitivity of the system towards D-glucose-6P.

4.3.5 Study of the selectivity of binding pockets formed on AuNP 1

The response to the anomers a-D-glucose-1P and B-D-glucose-1P by a system composed
of AuNP 1 covered with either one of the peptides I-III and probe A was studied by
displacement experiments. The displacement experiments were performed as described
in the previous section.

First of all, C1-phosposphorylated carbohydrates were assayed in presence of the mixture
of probe A and peptide I. A comparison of the amount of probe A displaced by the
carbohydrates at 1 mM concentration (11 £ 0.1% and 12 + 1.6% for a-D-glucose-1P and
B-D-glucose-1P, respectively) revealed no selectivity. Both carbohydrates showed a
similar binding affinity for AuNP 1. The same result was obtained for peptide II. At 1
mM concentration of a-D-glucose-1P and B-D-glucose-1P a displacement of 14 + 1.6%
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and 15 £ 0.8% of probe A were observed respectively. In the case of peptide III, similar
results were obtained (Figure 12).

The results showed that the system composed of AuNP 1 covered with a mixture of
peptide I and probe A did not present any selectivity for the anomers. Comparing this
results with the results of Chapter 2 in which it was observed that the presence of probe
A favours binding of the a-anomer with respect to the B-anomer, the presence of the
peptides cause a loss of selectivity. The increase of number of Trp-residues in peptide II
and III did not provide any improvement in term of selectivity.
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Figure 12: Percentage of probe A displaced as function of concentration of C1 phosphorylated glucose
anomers along with histogram representing the percentage of probe A displaced at 1 mM concentration
of carbohydrates. Experimental conditions: [HEPES] = 10 mM, pH 7.0, [TACN-Zn**] = 10 uM, [probe
A] =75% SSC, [peptide I-ITI | = 25% SSC, 37 °C, £ ox, prove s = 450 nm, & em, prove A = 493 nm, slits =
2.5/5.0 nm. Averaged values of from two independent measurements.
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4.4 Conclusions

The peptides I-III, in which the number of Trp-residue was increased from 1 to 3, were
synthesised and studied in presence of AuNP 1, at 10 uM concentration in terms of head
group, by means of fluorescence spectroscopy. Similar SSC values were determined for
peptides I-III indicating that under saturation conditions the same number of molecules
(around 30) are present on the AuNP 1 surface. However, peptide II and III have
respectively a 20 and 200 higher affinity compared to peptide I indicating that Trp-
residues interact with the monolayer, presumably via hydrophobic interactions.

D-Glucose-6P, a-D-glucose-1P and B-D-glucose-1P were studied in the presence of the
AuNP 1 covered with peptides I and II. A modest selectivity was observed for the C6-
isomer in both systems, indicating that an increase in distance between the phosphate
group and the pyranose ring favors the interaction with AuNP 1.

In the presence of peptide I, the f-anomer showed a higher binding affinity than the o-
anomer, while in the presence of peptide II the a- and B-anomer have the same affinity.
It can therefore be concluded that the additionial Trp-residue in peptide Il favors binding
of the a-anomer. Comparison of these results with those obtained in Chapter 2 using probe
A - which had shown an inversion of the selectivity between anomer of Cl-
phosphorylated glucose — it can be concluded that the presence of the peptides affect the
selectivity of the system in favour of the f-anomer.

D-Glucose-6P was assayed in the presence of AuNP 1 covered with either one of peptides
I-IIT and probe A. It was observed that in the absence of peptide, the interaction of the
carbohydrate with AuNP 1 was too weak to displace probe A. However, in the presence
of peptide I a 4.8-fold increase in binding affinity of the carbohydrate was observed and
a 170-fold increase in the presence of peptide II and III, compared to the system in
absence of peptide. Therefore, the results suggest that Trp is involve in the recognition
process improving binding of the carbohydrates. Tentatively, this increase may be
ascribed to CH-m interactions between the C-H bond of carbohydrates and the aromatic
moiety of Trp, but no direct evidence was obtained. No selectivity for a-D-glucose-1P
and B-D-glucose-1P was detected.

4.5 Experimental section

4.5.1 Instrumentations

NMR Analysis
"H-NMR spectra were recorded using a Bruker 400 Avance III spectrometer operating at

400 MHz for 'H. Chemical shifts (8) are reported in ppm using D20 residual solvent value
as internal reference.?
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pH measurements

The pH of buffer solutions was determined at room temperature using a pH-meter
Metrohm-632 equipped with a Ag/AgCI/KCl reference electrode.

UV-Vis and Fluorescence spectroscopy

UV-Vis measurements were recorded on a Varian Cary 50 spectrophotometer, while
fluorescence measurements were recorded on a Varian Cary Eclipse Fluorescence
spectrophotometer. Both the spectrophotometers were equipped with thermostatted cell
holders.

LC/MS analysis
The UHPLC/MS measurements were performed on an Agilent 1290 Infinity LC/MS
System equipped with an ESI sources, quadrupole system and diode array detector.

Flash chromatography system
Reveleris X2 flash chromatography system equipped with reveleris cartridge (FP ID C18
12 g) was used for the peptide purifications.

LIOSP freeze dryer
Lyophilisation was performed by the LIO-5P at minimum condensing temperature of -55
°C under reduced pressure.

4.5.2 Materials

Zn(NOs)> was of analytical grade. 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) was purchased from Sigma Aldrich and used without further purification.
Coumarinz43-Gly-Asp-Asp (probe A) was synthesised previously in the group. D-
Glucose-6-phosphate and D-fructose-1,6-bisphosphate were purchased from Sigma
Aldrich. a-D-Glucose-1-phosphate, B-D-glucose-1-phosphate were purchased from
CarboSynth. Fmoc-L-tryptophan(Boc)-OH, Fmoc-L-serine(PO(OBzl)OH)-OH and 2-
CTC-chloride resin 100-200 BR-1060 were purchased from Sigma Aldrich, IrisBiotech
and CBL respectively, and they were used without further purification. In all cases, the
stock solutions were prepared using deionized water filtered with a milliQ-water-purifier
(Millipore) and stored at 4 °C or -20 °C.

4.5.3 Synthesis and purification of the peptides

The synthesis of peptides, which present the sequences Ac-WS(OPOs>)-OH (I), Ac-
WWS(OPO3*)-OH (II) and Ac-WWWS(OPO3*)-OH (III), were performed by Fmoc-
strategy Solid Phase Peptide Synthesis (SPPS) using 2-Chlorotrytil resins (2-CTC resin)
(f = 1.0 mmol/g). The swelling was done using DMF and DCM for a duration of 20
minutes each. The active sites of the resin were capped using MeOH/DIPEA/DCM 2:1:17
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(2 x 20 min). As always, 20% piperidine in DMF (2 x 10 min) was used to perform the
Fmoc deprotection. The coupling step was performed using 4 equiv. Fmoc-aa-OH, 4
equiv. HBTU, 4 equiv. HOBT and 8 equiv. DIPEA. Finally, for the cleavage of the
peptide from the resin an acidic mixture was used by mixing TFA/H,O/TIS 95:2.5:2.5,
which after filtering was removed by evaporation. Cold ether (x 2) was added for the
precipitation and washing of the peptide.

Then, the purification of the peptides was performed using a flash chromatographic
system equipped with Reveleris cartridge using A: H>O + TFA 0.05% and B: ACN +
TFA 0.05% as eluent and a FP ID C18 12 g column (Reveleris cartridge). After the
purification the peptides were lyophilized. They were characterized by UPLC-MS using
A: H,0 + HCOOH 0.1% and B: ACN + HCOOH 0.1% as eluent and Zorbax SB-C3 rapid
resolution HT 3.0 x 100 mm 1.8-micron.

Gradient Yield(%)
10%-10% B in 5 min
I 10%-100% B in 30 min 4 8.0

10%-10% B in 10 min
1 10%-100% in 15 min 15 8.2

10%-10% B in 10 min
1 10-100% B in 30 min 19 1.28

Table 2: Purification conditions for peptides using flash chromatographic system.

peptide RT (min)

peptide Gradient RT (min) | Purity (%) | MASS [M+H]" (m/z)
| 5%-95% B in 12 min 2.664 99 414.0
11 5%-95% B in 12 min 4.151 98 600.1
111 5%-95% B in 12 min 5.141 96 786.1
Table 3: Peptide characterization by UPLC-MS.
4.5.4 Determination of the stock solution concentrations

The concentration of Zn(NOs)2 solution was determined by atomic absorption
spectroscopy. The concentration of the fluorescence probe A and the peptides were
determined by UV spectroscopy at pH 7.0. The concentration of phosphorylated
carbohydrate solution were determined by 'H-NMR using a coaxial tube along with
pyrazine as internal standard as previously reported in the group.?® The concentration of
TACN head group was determined by kinetic titration using Zn(NO3)».%*

compound | Molar extinction coefficient Wavelength (nm)
M1 em™) pH:7.0
Probe A 45000 450
I 5579 280
11 11158 280
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|| 16737 | 280 |

Table 4: Molar extinction coefficient and wavelength of the compounds used in this chapter.

4.5.5 Determination of surface saturation concentration of peptides

The fluorescence titration were performed by adding consecutive amounts of a stock
solution of peptide in milliQ water to a 1 mL buffered aqueous solution ((HEPES] = 10
mM, pH 7.0) containing [TACN-Zn**] = 10 uM, in terms of head group, at 37 °C
monitoring the fluorescence of tryptophan (£ex = 280 nm, Aem = 360 nm, slits = 10.0/10.0
nm). Then, the fluorescence intensity is plotted as a function of the concentration of
peptide.

The Surface Saturation Concentration (SSC) was determined by the extrapolation of the
linear part of the curve, in which the fluorescence intensity increased linearly as a function
of the amount of probe (y = mx + g).

peptide SSC (uM)
I 3.03+£0.12

II 3.29+£0.03
I 298 £0.17

Table 5: Values of SSC of the peptides. Averaged values of from two independent measurements

In order to avoid any kinetic problems, the first fluorescence titrations were always
performed by following the evolution of the F.I. after each addition of the peptide (8 to
10 minutes between each addition).

4.5.6 Affinity studies of peptides for AuNP 1

In order to study the relative binding affinity of the peptides towards the AuNP 1,
displacement experiments were performed by adding consecutive amount of a stock
solution of D-fructose-1,6-bisphosphate in milliQ water to a 1 mL aqueous solution
([HEPES] = 10 mM, pH 7.0) containing [TACN-Zn>*] = 10 uM, in terms of head group,
coated with the peptide at 100% of the surface saturation concentration at 37 °C and
monitoring the fluorescence of tryptophan (£ex = 280 nm, Aem = 360 nm, slits = 10.0/10.0
nm).

To ensure that a stable signal was obtained, the displacement studies were performed by
measuring the fluorescence intensity in time after each addition until a constant value was
observed (8 to 10 minutes between each addition).

At the end of the displacement it was verified that the maximum value was close to the
value obtained by the extrapolation of the linear part of the titration curve of SSC
experiments (see above). Then, this value was used to normalize the F.I. and to plot the
percentage of peptide displaced as a function of the concentration of the D-fructose-1,6-
bisphosphate. However, in some cases the full displacement of the peptide was not
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achieved and it was assumed that the F.I. maximum for the peptide was the interception
value of the equation obtained from SSC experiments of that peptide (y = mx + ¢q).

peptide | F.I. max (theoretical) | F.I. max observed
I 335.93 346.3
11 400.66 304.24
I 347.25 186.41

Table 6: F.I. max, theoretical and observed, for the peptides I-1lI displaced by competitor at 1 mM
concentration. . Experimental conditions: [HEPES] = 10 mM, pH 7.0, [TACN-Zn?*] = 10 uM, [I-IIl] =
100 % SSC, 37 °C, £ ex, 1vp = 280 nm, & o, 1vp = 360 nm, slits = 10.0/10.0 nm.

4.5.7 Carbohydrate recognition by AuNP 1 decorated with peptides

In order to study the carbohydrate recognition by AuNP 1 covered with the peptide,
displacement experiments were performed by adding consecutive amount of a stock
solution of phosphorylated carbohydrate in milliQ water to a 1 mL aqueous solution
([HEPES] = 10 mM, pH 7.0) containing [TACN-Zn?**] = 10 uM, in terms of head group,
covered with the peptide I-III at 100% of the surface saturation concentration at 37 °C
and monitoring the fluorescence of tryptophan (Aex = 280 nm, Lem = 360 nm, slits =
10.0/10.0 nm).

To ensure that a stable signal was obtained, the displacement studies were performed by
measuring the fluorescence intensity in time after each addition until a constant value was
observed (8 to 10 minutes between each addition).

A full displacement of the peptides from the AuNP 1 surface was not observed by
phosphorylated carbohydrates. In order to quantify the amount of peptide displaced, it
was assumed that the F.I. max for the peptide when it is fully displaced was the
interception value of the equation obtained from SSC experiments of that peptide (y = mx
+ q). Then, this value was used to normalize the F.I. and to plot the percentage of peptide
I-III displaced as a function of the concentration of the phosphorylated glucose isomers.

4.5.8 Increasing the affinity of carbohydrate for AuNP 1 through
the creation of binding pockets

4.5.8.1 Study of binding affinity of peptides towards AuNP 1 covered
with probe A

The binding affinity of peptide I-III towards AuNP 1 covered with fluorescence probe A
was studied through displacement experiments monitoring the fluorescence of probe A
(Aex = 450 nm, Lem = 493 nm, slits = 2.5/5.0 nm). The experiments were performed by
adding consecutive amount of a stock solution of peptide in milliQ water to a 1 mL
aqueous solution ((HEPES] = 10 mM, pH 7.0) containing [TACN-Zn?**] = 10 uM, in
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terms of head group, coated with [probe A] = 3.6 uM, which correspond to 100% of the
surface saturation concentration and it was determined in Chapter 2, at 37 °C.

To ensure that a stable signal was obtained, the displacement studies were performed by
measuring the fluorescence intensity in time after each addition until a constant value was
observed (8 to 10 minutes between each addition).

The experiments were performed up to 1 mM concentration of carbohydrate. A plateau
was observed in all the cases corresponding to F.I. max. Then that value was taken to
normalize the F.I. and to plot the percentage of probe A displaced as a function of the
concentration of peptide.

peptide F.I. max observed
I 372
11 365
I 303

Table 7: F.I. max observed owing to the displacement of probe A by the peptides I-IIl. Experimental
conditions: [HEPES] = 10 mM, pH 7.0, [TACN-Zn?*] = 10 uM, [probe A] = 100 % SSC, 37 °C, £ oz, prove 4
=450 nm, A em, prove A = 493 nm, slits = 2.5/5.0 nm.

4.5.8.2 Study of C6 and C1 isomers of carbohydrates for AuNP 1
covered with mixture of peptide and probe A

D-glucose-6P, a-D-glucose-1P, B-D-glucose-1P recognition by AuNP 1 covered with a
mixture of probe A and the peptides I-III were studied through fluorescence displacement
experiments monitoring the fluorescence of probe A (Aex = 450 nm, Aem = 493 nm, slits =
2.5/5.0 nm). The experiments were done preparing 1 mL aqueous solution ((HEPES] =
10 mM, pH 7.0) containing [TACN-Zn?*] = 10 uM, in terms of head group, coated with
[probe A] = 3.6 uM, which correspond to 100% of the SSC, at 37 °C. Upon the
stabilization of the F.I., the peptide was added ([peptide I] =5 uM, [peptide II] =2 uM,
[peptide III] = 1 uM) to the solution and then consecutive amount of a stock solution of
carbohydrate in milliQ water were added to the mixture.

To ensure that a stable signal was obtained, the displacement studies were performed by
measuring the fluorescence intensity in time after each addition until a constant value was
observed (8 to 10 minutes between each addition).

In order to quantify the displacement of the probe A from the AuNP 1 surface, it was
necessary to determined F.I. max for probe A under these experimental conditions.
Therefore, displacement experiments were performed adding consecutive amount of D-
fructose-1,6-bisphosphate in milliQ water to 1 mL aqueous solution ((HEPES] = 10 mM,
pH 7.0) containing [TACN-Zn?*] = 10 uM, in terms of head group, coated with [probe
A] = 3.6 uM and the peptide ([peptide I] =5 uM, [peptide II] =2 uM, [peptide III] = 1
uM). The probe A was fully displaced and the F.I. max were determined for each system.
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AuNP 1 + peptide F.I. max observed
Ac-WS(OPOs*)-OH 360.98
Ac-WWS(OPO5*)-OH 385.92
Ac-WWWS(OPO;>)-OH 375.08

Table 8: F.I. max observed owing to the displacement of probe A by D-fructose-1,6-bisphosphate.
Experimental conditions: [HEPES] = 10 mM, pH 7.0, [TACN-Zn**] = 10 UM, [probe A] = 75% SSC,
[peptide I-III] = 25% SSC, 37 °C, £ ex, probe s = 450 nm, £ em, prove A = 493 nm, slits = 2.5/5.0 nm.

Once F.I. max for probe A was determined for each system, those values were taken to
normalize the F.I. and to plot the percentage of probe A displaced as a function of the
concentration of carbohydrates.

4.5.8.3 Study of the stability of the peptides on AuNP 1 surface in
presence of carbohydrates

The stability of the peptides I-III when they are covering the AuNP 1 along with the
probe A in presence of carbohydrate were studied through displacement experiments
monitoring the fluorescence of tryptophan (Aex = 280 nm, Aem = 360 nm, slits = 10.0/10.0
nm). The experiments were performed preparing 1 mL aqueous solution ((HEPES] = 10
mM, pH 7.0) containing [TACN-Zn?*] = 10 uM, in term of head group, saturated with
[probe A] = 3.6 uM, which correspond to 100% of the SSC, at 37 °C. Upon the
stabilization of the F.I., the peptide was added ([peptide I] =5 uM, [peptide II] =2 uM,
[peptide III] = 1 uM) to the solution and then consecutive amount of a stock solution of
D-glucose-6P in milliQ water were added to the mixture.

To ensure that a stable signal was obtained, the displacement studies were performed by
measuring the fluorescence intensity in time after each addition until a constant value was
observed (8 to 10 minutes between each addition).

In order to quantify the displacement of the peptides from the AuNP 1 surface, it was
necessary to determined F.I. max for each peptide under these experimental conditions.
Hence, peptide solution ([peptide I] =5 uM, [peptide II] = 2 uM, [peptide III] = 1 uM)
was prepared in 1 mL aqueous solution ((HEPES] = 10 mM ,pH 7.0) with [probe A] =
3.6 uM. Then, F.I. was recorded for each peptide under these experimental conditions.

peptide F.IL (a.u.)
I 5717
11 265
I 145

Table 9: F.I. determined for peptides free in solution. Experimental conditions: [HEPES] = 10 mM,
pH 7.0, [probe A] = 3.6 uM, 37 °C, & ox 11p = 280 nm, £ om, 1rp = 360 nm, slits = 10.0/10.0 nm.

Once F.I. max for each peptide were determined, those values were taken to normalize
the F.I. and to plot the percentage of peptide displaced as a function of the concentration
of carbohydrate.
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Chapter 5

Chapter 5: Carbohydrate recognition through enzyme-
mediated signal generation

5.1 Summary

In Chapter 2 it was observed that the weak interactions between phosphorylated
carbohydrates and AuNP 1 covered with fluorescence probe led to low levels of probe
displacement and, concomitantly, signals of low fluorescence intensity. In this Chapter,
a novel strategy is reported to increase the signal strength relying on enzyme mediated
dephosphorylation. It will be shown that enzyme substrate selectivity can cause a
differentiated response of the sensing system towards carbohydrates.

5.2 Introduction

The studies described in the previous chapters showed that systems composed of AuNP
1, fluorescent probes and additional recognition modules — i.e. peptides — were able to
generate a response to phosphorylated carbohydrates with some degree of selectivity.
Although interesting from a conceptual point of view, the observed signal intensities and
selectivities never reached the magnitude to make the system practical from an applicative
point of view. In addition, non-phosphorylated carbohydrates — which are the most
attractive targets — never induced any effect. For that reason, we decided to explore an
entire different approach towards carbohydrate sensing relying on one feature that
emerged as critical for carbohydrate binding to AuNP 1: the presence of negative charges
in the analyte. Comparative studies had shown a strong difference in affinity between
non-phosphorylated carbohydrates (no binding), monophosphorylated binding (mM
regime) and diphosphorylated binding (UM regime). These results were fully in line with
previous results obtained in the Prins’ group for nucleotides and peptides.' Also for those
compounds it was observed that the addition of each negative charged caused an increase
in the affinity for AuNP 1 of one order of magnitude. Prins et. al. reported the use of
catalytic AuNPs, coated with thiol chain containing TACN-Zn?* as head group, for the
detection of enzyme activity.!® It was found that in the presence of this AuNPs the
transphosphorylation process of 2-hydroxypropyl-4-nitrophenyl phosphate (HPNPP)
presented a rate acceleration over 3x10* (kca/kuncar) under saturation conditions at neutral
pH owing to the cooperative effects of two head groups. The presence of oligoanions,
such as ATP and Ac-Asp-Asp-Asp-OH, provoked the inhibition of the catalytic process
due to the strong interaction with the polycationic surface of AuNP avoiding the
formation of p-nitrophenol as reporter molecule. Yet, the presence of an enzyme able to
hydrolyse ATP or the peptides in smaller fragments with low affinity for Au NP 1 resulted
in the activation of catalysis. This could be easily detected by the formation of a yellow
color.
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Figure 1: The catalytic activity of Au MPC 7 is inhibited in the presence of oligoanions. The addition of
an enzyme able to hydrolyse the substrate in small fragments restores the catalytic activity of Au MPC 7.

We posed ourselves the question whether it would be possible to exploit a related strategy
for the detection of non-phosphorylated carbohydrates. Thus, through enzyme-mediated
phosphate transfer to a non-phosphorylated carbohydrates we would increase the affinity
of the carbohydrate for AuNP 1 leading to a displacement of a fluorogenic probe. In
principle, the use of enzymes could also introduce an element of selectivity in case
phosphate-transfer would take place selectively to certain carbohydrates (Figure 2).
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Figure 2: Schematic representation of carbohydrate recognition by AuNP 1 through the transformation
of non-phosphorylated carbohydrate to phosphorylated carbohydrate via transphosphorylation
performed by enzyme.

In natural processes transphosphorylation is carried out by different classes of enzymes.>
It is well known that hexokinase (HK), which belongs to the transferase family, plays an
important role in the first step in glycolysis. HK is able to transfer an inorganic phosphate
group from adenosine triphosphate (ATP), as phosphate source, to glucose, as phosphate
acceptor, yielding glucose-6-phosphate as product and adenosine diphosphate (ADP) as
by-product (Figure 3).?

CH,OH CH,0P032"
0 Hexokinase 0
OH + ATP — OH + ADP
HO OH HO OH
OH OH
Glucose Glucose 6-phosphate
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Figure 3: Transphosphorylation process performed by Hexokinase using ATP as phosphate source and
glucose as acceptor yielding D-glucose-6-phosphate and ADP.

Yet, this example immediately marks the main challenge, which is that typically enzymes
use ATP as phosphate source in transphosphorylation reactions. The use of ATP,
however, is incompatible with the proposed sensing system. Prins et. al. reported that
oligophosphate compounds, such as ATP and ADP, present a stronger binding affinity
for AuNP 1 than polycarboxylate compounds or monophosphate compounds, such as
probe A or glucose-6-phosphate respectively.!® # This implies that ATP cannot be used
as phosphate donor since it would strip all other compounds from the surface of AuNP 1.
For this reason, it was necessary to carry out the transphosphorylation process using an
enzyme which uses a phosphate source with low binding affinity for AuNP 1.

a)

b) H.0 EePi === E+P,
R]OH\%
.

E+R,OP === EeR,0P E-P

/&\ EeR,OP

R,OH

E + R,OP

Figure 4: a) Schematic representation of the 3D structure of dimeric E. coli AP the monomers are shown
in blue and red. b) Kinetic scheme for the enzymatic hydrolysis/transphosphorylation of phosphate
monoester by AP.

Alternative enzymes capable of catalysing transphosphorylation reactions were
investigated and alkaline phosphatase (AP) was selected for further studies. AP is a
ubiquitous membrane-bound glycoprotein that catalyses the hydrolysis of phosphate
monoesters from a wide variety of substrates at basic pH values.” However, it has been
reported that under specific conditions AP is able to transfer the phosphate group from a
monophosphate source to an acceptor with a hydroxyl group (Figure 4).° Pradines et. al.
reported the use of AP for the synthesis of glycerol-1-phosphate, reaching yield of 41%,
using phosphate salts as phosphate source under the reverse hydrolysis conditions.’
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5.3 Results and discussion

5.3.1 Transphosphorylation studies

Several factors are relevant in order to shift the enzymatic process from hydrolysis, which
is favoured, to transphosphorylation. To investigate this possibility we modified several
parameters, such as the type of phosphate donor, the type of acceptor, the donor: acceptor
ratio and the type of buffer.

The transphosphorylation process was investigated through fluorescence kinetic
experiments. Experiments were performed by preparing 1 mL solutions of AuNP 1 and
probe A in aqueous buffer to which different phosphate donors and non-phosphorylated
carbohydrates, were added as acceptor. Kinetics were started by adding AP to the mixture
and monitored by measuring the fluorescence emission from probe A. All attempts are
listed in Table 1.

Entrance Buffer (pH) Phosphate donor (uM) Phosphate acceptor (1M) AP (U/mL)
1 HEPES (7) Phenyl Phosphate (150) Fructose (300) 3
2 TRIS (8) Phenyl Phosphate (150) Fructose (300) 3
3 HEPES (7) TMP (100) Glucose (100) 3
4 HEPES (7) dGMP (100) Glucose (200) 3
5 HEPES (7) Phenyl Phosphate (100) Glucose (1000) 3
6 MOPS (7.9) Phenyl Phosphate (200) Glucose (2000) 3
7 MES (6.7) Phenyl Phosphate (200) Glucose (2000) 3
8 MOPS (7.9) PNPP(100) Glucose (1000) 3
9 MES (6.7) PNPP(100) Glucose (1000) 3
10 MOPS (7.9) Phenyl Phosphate (200) Glucose (1000) 4
11 MOPS (7.9) Phenyl Phosphate (200) Mannose (1000) 4
12 HEPES (7) Fructose-1,6-BisPhosphate (200) Glucose (500) 4
13 HEPES (7) Phenyl Phosphate (200) Glucose-6P (1000) 4

Table 1: Experimental conditions assayed for transphosphorylation process. Experimental conditions:
[buffer] = 100 mM, [TACN-Zn**] = 10 uM, [probe A] = 100 % SSC, 37 °C, feox probe s = 450 0, Lom prove 4 =
493 nm, slits 2.5/5 nm.
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Different phosphate donors were tested such as phenyl phosphate, thymidine
monophosphate (TMP), deoxy-guanidine monophosphate (dGMP), para-nitro-phenyl
phosphate (PNPP) and also the diphosphorylated carbohydrate D-fructose-1,6-
bisphosphate. In addition, a series of non-phosphorylated carbohydrates such glucose,
mannose and fructose were used. Finally, different donor:acceptor ratios and buffer
systems were tested.

However, in nearly all cases addition of the enzyme resulted in a decrease of fluorescence
intensity indicating that enzyme activity resulted in the formation of products with a lower
affinity compared to the starting materials (Figure 5a).
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Figure 5: Fluorescence intensity of 493 nm as a function of time upon the addition of alkaline
phosphatase as chemical triggers in presence of D-glucose (left) and D-glucose-6P (right) as acceptors.
Experimental conditions a) [MES] = 10 mM, pH 6.7, [TACN-Zn?**] = 10 uM, [glucose] = 1000 uM,
[probe A] = 100% SSC, [PNPP] = 100 uM, [Alkaline Phosphatase] = 3 U/mL, 37 °C, dox, probe a= 450 nm
Aom, probe A= 493 nm, slits = 2.5/5.0 nm. Experimental conditions b) [HEPES] = 10 mM, pH 7.0,
[TACN-Zn**] = 10 uM, [D-glucose-6P] = 1 mM, [probe A] = 100% SSC, [Phenyl Phosphate] = 200 uM,
[Alkaline Phosphatase] = 4 U/mL, 37 °C, dex, probe aA= 450 nm dem, prove a= 493 nm, slits = 2.5/5.0 nm.

Excitingly, in just one case we observed an increase of F.I. upon the addition of AP to the
solution. This occurred when D-glucose-6-phosphate was used as an acceptor and phenyl
phosphate as the donor (Figure 5b). Our reason for inserting D-glucose-6-phosphate was
that transfer of the phosphate group to one of the hydroxyl-moieties would lead to a
diphosphorylated carbohydrate which would be easier to distinguish from the donor and
acceptor, which are both monophosphorylated.

We studied this system in further detail to obtain confirmation that transphosphorylation
was the source for the observation. This turned out not to be the case, because the addition
of AP to a solution containing just D-glucose-6-phosphate — in the absence of a phosphate
donor - provoked the same effect. Indeed, this result demonstrates clearly that phenyl
phosphate does not play any role in increase of F.I. (Figure 6).
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Figure 6: a) Fluorescence intensity of 493 nm as a function of time upon the addition of alkaline
phosphatase as chemical triggers in presence of phenyl phosphate. Experimental conditions:[HEPES] =
10 mM, pH 7.0, [TACN-Zn?*] = 10 uM, [probe A] = 100% SSC, [phenyl phosphate] = 200 uM,
[Alkaline Phosphatase] = 4 U/mL, 37 °C, dex, prove A= 450 0 dom, prove A= 493nm, slits = 2.5/5.0 nm. b)
Percentage of probe A displaced as function of the time in presence and absence of AP. Experimental
conditions: [HEPES] = 10 mM, pH 7.0, [TACN-Zn**] = 10 uM, [probe A] = 100% SSC, [D-glucose-6P]
= I mM, [Alkaline Phosphatase] = 4 U/mL, 37°C, dex, prove A= 450 nm em, prove a= 493 nm, slits = 2.5/5.0
nm.

On the other hand the process was clearly caused by enzymatic action, because in the
absence of enzyme the signal was basically stable as a function of time.

A more detailed investigation was carried out by measuring the rate of fluorescence
increase at different concentrations of alkaline phosphate. Fluorescence kinetic
experiments were performed by adding fixed amounts of AP to 1 mL solution of AuNP
1 covered with probe A in the presence of D-glucose-6P in aqueous buffer (Figure 7). It
was observed that an increase in AP concentration resulted in a higher rate (Figure 8).
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Figure 7: Fluorescence intensity of 493 nm as a function of time upon the addition of different
concentration of alkaline phosphatase as chemical triggers in presence of D-glucose-6P. Experimental
conditions: [HEPES] = 10 mM, pH 7.0, [TACN-Zn**] = 10 uM, [probe A] = 100% SSC, [D-glucose-6P]
=1 mM, 37 °C, dex, prove A= 450 0 Qom, prove A= 493 nm, slits = 2.5/5.0 nm.
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Figure 8: Fluorescence intensity of 493 nm as a function of time upon the addition of different
concentration of alkaline phosphatase as chemical triggers in presence of D-glucose-6P. b) Initial rate
(V,) as function of AP concentration. Experimental conditions: [HEPES] = 10 mM, pH 7.0, [TACN-Zn**]
= 10 uM, [probe A] = 100% SSC, [D-glucose-6P] = 1 mM, 37 °C, Aex, probe A= 450 0 Ao, prove s= 493 nm,
slits = 2.5/5.0 nm.

3IP-NMR spectroscopy was then used to obtain a direct insight in the chemical
conversion. Several experimental conditions were studied and under optimized conditions
kinetic experiments were performed to monitor changes in the mixture. Prior to the
addition of AP, the signals of the a- and B-anomers of D-glucose-6P and H3POs, as
reference, were observed at 3.85 ppm, 3.76 ppm and 0.0 ppm respectively. Upon AP
addition, a gradual disappearance of the anomer signals was observed accompanied with
the formation of a new signal at 1.49 ppm (Figure 9 left).

50 45 40 35 30 25 20 15 10 05 00 -05 50 45 40 35 30 25 20 15 10 05 00 05
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In presence of AuNP 1 In absence of AuNP 1

Figure 9: Partial 3 P-NMR spectra from the kinetic experiments in presence and absence of AuNP 1.
Experimental conditions: [HEPES] = 10 mM, pH 7.0, [TACN-Zn’*] = 10 uM, [D-glucose-6P] = 2 mM,
[Alkaline Phosphatase] = 6 U/mL, 301 K.

In an additional experiment, it was investigated whether the presence of AuNP 1 affected
the reaction rate (Figure 9b). Preliminary results in the Prins’ group have provided
evidence that the TACN-Zn?* complexes in the monolayer can activate phosphate
compounds for enzymatic cleavage. In order to quantify the consumption of D-glucose-
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6P and the formation of the phosphorylated compound, the peak of H3PO4 was taken as
a reference and the signals of both compounds were integrated with regard to the
reference. No distinction was made between o- and f-anomers. An additional control
showed no difference in rate between the anomers. The graphs confirmed that AuNP 1
did not affect the rates (Figure 10).
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Figure 10: Integration of D-glucose-6P and phosphorylated compound signals as function of time.
Experimental conditions: [HEPES] = 10 mM, pH 7.0, [TACN-Zn’*] = 10 uM, [D-glucose-6P] = 2 mM,
[Alkaline Phosphatase] = 6 U/mL, 301 K.

After reaction, the mixture was purified by size-exclusion chromatography, using milliQ
water as the eluent, collecting several fractions. Surprisingly, the analysis showed
unequivocally that the new phosphorylated compound corresponded to inorganic
phosphate. Therefore, the process leading to an increase in fluorescence intensity
originated simply from the hydrolysis of D-glucose-6P.8 This came as a surprise, because
even though many dephosphorylation reactions on different compounds and using
different enzymes have been carried out previously in the Prins’ group, this is the first
example in which dephosphorylation results in an increase in fluorescent intensity.

This implies that the waste products (inorganic phosphate and glucose) have a higher
affinity compared to the starting material D-glucose-6P. This was verified using
displacement experiments. The displacement experiments consisted of titration of glucose
or inorganic phosphate stock solutions to a solution containing AuNP 1 and probe A.

As expected, D-glucose was unable to displace probe A from the surface even at 1 mM
concentration (3%). However, inorganic sodium phosphate displaced 18% of the probe
at the same concentration (Figure 11). The combined displacement of 21% closely
matches the 25% probe displacement observed during the initial kinetics.
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Figure 11: Percentage of probe A displaced as function of [hydrolysis product]. Experimental
conditions: [HEPES] = 10 mM, pH 7.0, [TACN-Zn?*] = 10 uM, [probe A] = 100% SSC, 37 °C, o, probe
A= 450 nm dem, prove aA= 493 nm, slits = 2.5/5.0 nm.

5.3.2 Study of C1- and Cé6-phosphorylated carbohydrates

Although different than designed, the observation that enzymatic activity leads to
increased signal strength enables a different approach to the sensing of
monophosphorylated carbohydrates. Indeed, compared to the direct titrations performed
in previous chapters, the increase in signal intensity is significantly higher. Yet, a possible
discrimination between carbohydrates cannot rely on the final fluorescence values,
because these derive from the liberated phosphate which is independent of the substrate.
This emerged clearly from a comparative study of D-glucose-1P, D-mannose-1P and D-
galactose-1P. Nearly superimposable kinetic traces were obtained reaching identical end
values (Figure 12).
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Figure 12: Percentage of probe A displaced as a function of time upon the addition of alkaline
phosphatase as chemical trigger in presence of phosphorylated carbohydrates in CI position.
Experimental conditions: [HEPES] = 10 mM, pH 7.0, [TACN-Zn’*] = 10 uM, [probe A] = 100% SSC,
[D-carbohydrate-1P] = 1 mM, 37 °C, dex, prove A= 450 0 dom, prove A= 493 nm, slits = 2.5/5.0 nm.

However, this screening method could exploit enzyme selectivity to generate a
differentiated response between different analytes. Although AP is not the best enzyme
of choice because of its broad substrate scope, the following experiments indicate
nonetheless the feasibility. Whereas the carbohydrates phosphorylated in position 1 were
structurally too similar to be differentiated by the enzyme, this was not the case for the
analogous carbohydrate series phosphorylated in position 6. Thus, the hydrolysis of D-
glucose-6P, D-mannose-6P and D-galactose-6P proceeded with very different rates.
Whereas hydrolysis of D-galactose-6P proceeded very slowly and was not complete after
100 minutes, D-glucose-6P was hydrolysed very rapidly. The difference emerges from a
comparison of the initial rates. An overall 2.7-fold difference was observed between the
best (D-glucose-6P) and worst (D-galactose-6P) substrate (Figure 13).
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Figure 13: a) Phosphorylated carbohydrates in C6 position selected. b) Percentage of probe A displaced
as a function of time upon the addition of alkaline phosphatase as chemical trigger in presence of
phosphorylated carbohydrates in C6 position. c) Initial rates for hydrolysis process of D-carbohydrates-
6P in presence of AP. Experimental conditions: [HEPES] = 10 mM, pH 7.0, [TACN-Zn’*] = 10 uM,
[probe A] = 100% SSC, [D-carbohydrate-6P] = 1 mM, 37 °C, dex, prove aA= 450 nm Ao, prove a= 493nm, slits
= 2.5/5.0 nm.
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5.4 Conclusions

A new approach has been developed for the sensing of non-phosphorylated carbohydrates
by AuNP 1 relying on the introduction of a phosphate group by means of an enzyme-
mediated transphosphorylation process. However, no experimental conditions within the
boundary conditions of our system could be found in which AP-catalysed
transphosphorylations was detected.

On the other hand, signal generation was observed for C6- and Cl-phosphorylated
carbohydrates because of AP-catalysed dephosphorylation. The reason for signal
intensity increase was the fact that the waste products had a higher affinity for AuNP 1
compared to the phosphorylated carbohydrates. So far, this had not been observed in the
Prins’ group. The different rates of hydrolysis for C6-phosphorylated carbohydrates
permitted their discrimination by AuNP 1. On the other hand, no selectivity was observed
for C1.

5.5 Experimental section

5.5.1 Instrumentations

NMR Analysis
"H-NMR spectra were recorded using a Bruker 400 Avance III spectrometer operating at

400 MHz for 'H. Chemical shifts (8) are reported in ppm using D20 residual solvent value
as internal reference.” *'P-NMR experiments were performed using a Bruker 400 Avance
III spectrometer operating at 162 MHz for *'P using a solution of H3PO4 (15 mM) as
external standard for calibration.

pH measurements
The pH of buffer solutions was determined at room temperature using a pH-meter
Metrohm-632 equipped with a Ag/AgCl/KCl reference electrode.

Uv-Vis and Fluorescence spectroscopy

Uv-Vis measurements were recorded on a Varian Cary 50 spectrophotometer, while
fluorescence measurements were recorded on a Varian Cary Eclipse Fluorescence
spectrophotometer. Both the spectrophotometers were equipped with a thermostatted cell
holders.

LC/MS analysis
The UHPLC/MS measurements were performed on an Agilent 1290 Infinity LC/MS
System equipped with an ESI sources, quadrupole system and diode array detector.
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LIOSP freeze dryer
Lyophilisation was performed by the LIO-5P at minimum condensing temperature of -55
°C under reduced pressure.

5.5.2 Materials

Zn(NOs)> was analytical grade products. 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), 2-amino-2-(hydroxymethyl)propane-1,3-diol ~ (TRIS),  3-(N-
morpholino)propanesulfonic (MOPS), 2-morpholinoethanesulfonic acid sodium salt
(MES), Sephadex® G-25 and alkaline phosphatase (from calf intestine, EC number
3.1.3.1) were purchased from Sigma Aldrich and used without further purification.
Coumarinz43-Gly-Asp-Asp (probe A) was synthesised previously in the group. D-
Glucose-6-phosphate, D-mannose-6-phosphate, D-galactose-6-phosphate, a-D-mannose-
1-phosphate and a-D-galactose-1-phosphate were purchased from Sigma Aldrich. a-D-
Glucose-1-phosphate, B-D-glucose-1-phosphate were purchased from CarboSynth. In all
cases, stock solutions were prepared using deionized water filtered with a milliQ-water-
purifier (Millipore) and stored at 4 °C or -20 °C.

5.5.3 Determination of the stock solution concentrations

The concentration of Zn(NOs)2 solution was determined by atomic absorption
spectroscopy. The concentration of the fluorescence probe A stock solution (€450 nm) =
45000 M! cm!) was determined by UV spectroscopy at pH 7.0. The concentration of
phosphorylated carbohydrate solution were determined by 'H-NMR using pyrazine as
internal standard.!® The concentration of TACN head group was determined by kinetic
titration using Zn(NO3),.'°

5.5.4 Determination of surface saturation concentration

The SSC of fluorescence probe A on AuNP 1 was determined from a fluorescence
titration of probe A to AuNP 1 (10 pM) in HEPES buffer (10 mM) at 25 °C.!! The F.L at
493 nm was measured as a function of amount of probe A added. Fitting of the
experimental values yielded a SSC of 3.6 uM (equivalent to 100% SCC).

5.5.5 Fluorescence kinetic experiments

Study of the transphosphorylation process

To carry out the study of experimental conditions of transphosphorylation process
performed by alkaline phosphatase, AP stock solution (U/mL) was added to a mixture
of AuNP 1 (10 uM), probe A (3.6 uM), phosphate donor (uM) and carbohydrate (uM)
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prepared in 1 mL aqueous buffer (10 mM) at 37 °C. Upon the addition of AP at t = 15
minutes, the fluorescence intensity of probe A (Aex = 450 nm, Aem = 493 nm) was
monitored with time. The concentrations of each reagents are described in Table 1.

Study of C-1 and C6-phosphorylated carbohydrates

Phosphorylated carbohydrates in C1 and C6 positions were studied through kinetic
displacement experiments. The experiments were performed preparing 1 mL solution
containing AuNP 1 (10 uM), probe A (3.6 uM) and phosphorylated carbohydrate (1 mM)
in HEPES (10 mM, pH 7.0) at 37 °C. Upon the addition of AP stock solution in milliQ
water to the mixture reaching a concentration of 4 U/mL, the fluorescence of probe A was
monitored with time.

In order to normalize the F.I. values, it was assumed as F.I. max the value of the
interception of the equation obtained from SSC experiments (y = mx + q). Then, this
value was used to normalize the F.I. and to plot the percentage of probe displaced as
function of time.

Initial rate for the process (V,) were determined by following the changes in fluorescence
(Fluorescence Intensity (a.u.)/ minutes).

Study of the effect of AP concentration on the signal generation process

The influence of AP concentration to signal generation was investigated through kinetic
displacement experiments. The experiments were performed preparing 1 mL solution
containing AuNP 1 (10 uM), probe A (3.6 uM) and D-glucose-6P (1 mM) in HEPES (10
mM, pH 7.0) at 37 °C. Upon the addition of AP stock solution in milliQ water to the
mixture reaching a concentrations of 1, 2, 3, and 4 U/mL, the fluorescence of probe A
was monitored in time. Then, F.I at 493 nm was plotted as function of time.

Initial rate for the process (V,) were determined by following the changes in fluorescence
(Fluorescence Intesity (a.u.)/ minutes), plotted as a function of alkaline phosphatase
concentration (U/mL).

5.5.6 Investigation of the new compound formed by several
techniques

3 P-NMR spectroscopy

The *'P-NMR spectra (256 scan, delay time: 3 s) were recorded using a coaxial tube: an
aqueous solution of 15 mM H3PO4 was placed inside and employed as a chemical shift
reference (H3PO4 give 6= 0.0 ppm as a singlet), whereas the mixture of 0.5 mL of D-
glucose-6P (2 mM), AuNP 1 (10 uM) in HEPES (10 mM, pH 7.0) was placed in the
external tube. The first spectrum was acquired for the mixture with 10% of DO (v/v)
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(employed as a locking signal). Afterwards, alkaline phosphatase stock solution in milliQ
water was added to the mixture reaching final concentration of 6 U/mL. The process was
monitored for 360 minutes at 301K, in which every 15 minutes a spectra was recorded.
The same experiments were performed in absence of AuNP 1 under the similar
experimental conditions.

In order to quantify the process of the consumption of D-glucose-6P and the formation of
the new phosphorylated compounds, the intensity of the peak corresponding to H3POy, in
3IP-NMR spectra, was normalized to 1 and this was taken as a reference. The peaks
corresponding to D-glucose-6P and the phosphorylated compound were integrated.
Afterwards, these values were plotted as function of time.

Purification and UPLC/MS analysis

The sample preparation consisted of preparation of a mixture of 0.5 mL containing AuNP
1 (10 uM), D-glucose-6P (2 mM) in HEPES (10 mM, pH 7.0). Upon the addition of
alkaline phosphatase stock solution in milliQ water to the mixture, the sample was stirred
for 360 minutes at room temperature. Then, the sample was purified by size-exclusion
chromatography (Sephadex G25, eluent milliQ water) and collected in fractions. They
were characterized by UPLC/MS using A: HO + HCOOH 0.1% and B: ACN + HCOOH
0.1% as eluent and Zorbax SB-C3 rapid resolution HT 3.0 x 100 mm 1.8-micron passing
from 5% B to 95% B in 15 minutes.
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Fluorescence experiments

The fluorescence experiments consisted of displacement experiments using the
hydrolysis product. D-Glucose and sodium phosphate (inorganic phosphate) stock
solutions in milliQ water were used.

The displacement experiments were performed by adding consecutive amounts of stock
solutions of hydrolysis products in milliQ water to a 1 mL aqueous solution of HEPES
(10 mM, pH 7.0) containing the AuNP 1 (10 uM) in presence of fluorescence probe A
(3.6 uM) at 37 °C.

In order to quantify the F.I. at 493 nm, similar procedure as above was followed. Then,
the F.I. values were normalized, as percentage of probe displaced, and plotted as function
of concentration of the hydrolysis product.
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Summary

Carbohydrates participate in many biological processes which are involved in the
recognition process of selective protein-carbohydrate interactions. Therefore, it is
important to develop new strategies for carbohydrate recognition since it can be useful to
understand the process better and also for its application in medical and diagnostic fields.
However, carbohydrate recognition in water is not trivial. Carbohydrates are hydrophilic
molecules which resemble cluster of water molecules and therefore the differentiation of
it from the solvent is difficult. Despite their large varieties, they usually have very subtle
structural differences which in turn makes it more difficult to differentiate them. Lectins,
which are natural carbohydrate receptors, are able to differentiate carbohydrates in a
biological context as a consequence of the presence of binding pockets with multiple
recognition units for carbohydrates relying on multiple non-covalent interactions.
Inspired by these natural systems, supramolecular chemists designed synthetic
counterparts. Initially, most synthetic strategies developed were operative only in organic
solvents however their applicability was limited in medical and diagnostic fields.
Recently, the attention has shifted towards designing synthetic receptors for recognition
of carbohydrates that are able to operate in water. AuNPs present very interesting features
which can be exploited for the design of novel chemical and biological sensors. This
characteristic gives it an advantage with regard to conventionally used synthetic
receptors.

In this PhD thesis AuNP 1, which are gold nanoparticles (d = 1.8 £ 0.4 nm) covered with
hydrophobic C9-thiols terminating with a 1,4,7-triazacyclonone (TACN)-Zn**, have been
used to study carbohydrate recognition. The main purpose was provide the initial bases
for the development of innovative synthetic receptor for recognition of carbohydrates able
to operate in water using non-covalent interactions.

Initially, study of different carbohydrates, such as glucose, mannose and galactose,
phosphorylated in C6 and C1 positions in presence of AuNP 1 covered with different
fluorescent probes, such probe A, MSP and BSP, were performed. The results showed
the AuNP 1 was able to bind to phosphorylated carbohydrates. Besides, certain selectivity
was observed for Cé6-isomers in presence of MSP and BSP while an inversion of the
selectivity was observed in presence of probe A. In addition, only in the case of probe A
selectivity was observed between the carbohydrates. Therefore, these system were able
to differentiate between isomers and epimers in presence of probe A. The study of a- and
B-anomers showed that the systems are able to differentiate them, also the selectivity is
affected by the type of probe on the surface. Therefore, this also suggests along with the
inversion of the selectivity between isomers that the probe could play a role in the
recognition process.

After this, the carbohydrate recognition by AuNP 1 was used as an ideal system in order
to study the interactions between AuNP 1 and small molecules. In addition, it was used
to study the role of the probe in the process. Several techniques were investigated such as
fluorescence correlation spectroscopy (FCS), isothermal titration calorimetry (ITC),
Diffusion-ordered spectroscopy (DOSY) and *'P-NMR. The results showed that all the
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techniques allowed the detection of the interaction between AuNP 1 and phosphorylated
carbohydrates despite the fact that all of them provide different grades of selectivity.
Owing to the weak interactions of the system, it was not possible to obtain reliable data
in all the cases. Related with the recognition process, it was observed that in the absence
of the fluorescent probe, phosphorylated glucose in the C1 and C6 positions present
similar binding affinity for the AuNP 1 giving an idea about the role of the probe in the
recognition process. Besides, it was observed that the binding process presents a different
behaviour compared to the 1:1 binding model indicating a higher level of complexity.

Based on the previous results obtained, a new strategy was designed by combining AuNP
1 and small peptides, containing I-II-III Trp residues as carbohydrate recognition units,
along with fluorescence probe A yielding a synthetic receptor capable of recognizing
carbohydrates in water via non-covalent interactions. The systems were assayed in
presence of D-glucose-6P and an increase of 4.8-folds was observed in the case of I, when
compared to the same system in absence of peptides. Even higher binding affinity was
observed in presence of II and similar results were obtained in the presence of III with
no drastic increase. Therefore, these results suggested that the presence of Trp on the
AuNP 1 surface is involved in the recognition process by improving the binding probably
through CH-m interactions with the carbohydrates. However, these system did not show
any selectivity in presence of a-D-glucose-1P and B-D-glucose-1P. Hence, these systems
are not able to differentiate between anomers of carbohydrates.

To overcome the above drawback a novel strategy was developed to produce an increase
of the signal strength by performing hydrolysis of phosphorylated carbohydrates using
alkaline phosphatase. Several phosphorylated carbohydrates in C1 and C6 positions were
studied. The results showed that AP presented different rates of efficiency and therefore
different selectivity for C6-isomers. However, no differentiation was observed in the case
of Cl-isomers.
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