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Summary

Biofilm formation of Pseudomonas aeruginosa is one of the major threats of its treatment. P. aeruginosa
expresses lectins, which are carbohydrate-binding proteins: LecA, specifically binding to D-galactose. The
development of galactose-based inhibitors with high affinity towards LecA represents a promising way
towards novel therapeutics. Derivatives of phenyl B-D-galactosides were synthesized and tested on their
binding potential to LecA. Within the set of 44 synthesized D-galactose based inhibitors m-methoxy phenyl
B-D-galactoside was determined as the best LecA inhibitor with a binding affinity in the low micro molar range
and can now be used for further derivatization. In contrast to synthesis virtual screening and NMR screening
of a °F library was used to identify novel LecA inhibitors. The determined hits were verified using biochemical
methods. To identify fragments binding in the vicinity of the carbohydrate binding pocket a screening approach
based on the functional replacement of Ca?* in the binding pocket is developed. As Ca®" is replaced with
paragmagntic lanthanide ions resulting effects like signal shifts (PCS) and enhanced relaxation (PRE) give
insight on distance and angle of potential binders. The developed screening approach based on paramagnetic

effects can be used to screening further fragment libraries to identify new binding fragments or ligands.



Zusammenfassung

Die Biofilmbildung von Pseudomonas aeruginosa ist eines der grofles Problem bei der Behandlung. P.
aeruginosa exprimiert kohlenhydratbindende Proteine, genannt Lektine. LecA bindet spezifisch an D-
Galaktose. Die Entwicklung von Hemmstoffen auf Galaktosebasis stellt einen vielversprechenden Weg zu
neuen Therapeutika dar. Es wurden 44 D-Galaktosederivate synthetisiert und auf ihr Bindungspotenzial an
LecA getestet. M-Methoxyphenyl-p-D-Galaktosid wurde als bester LecA-Inhibitor mit einer Bindungsaffinitit
im niedrigen mikromolaren Bereich ermittelt und kann fiir weitere Derivatisierung verwendet werden.
Zusitzlich zur Synthese und Evaluierung wurde ein virtuelles Screening sowie ein NMR-Screening einer °F-
Bibliothek eingesetzt, um neue LecA-Inhibitoren zu identifizieren. Die ermittelten Treffer wurden mittels
biochemischer Methoden weiter untersucht. Um weiterhin Fragmente zu identifizieren, die in der Néhe der
Kohlenhydratbindungstasche binden, wurde ein Screening-Ansatz entwickelt, der auf dem funktionellen
Ersatz von Ca®" in der Bindungstasche basiert. Durch den Ersatz von Ca®" durch paragmagnesische
Lanthanidionen werden Effekte wie Signalverschiebungen (PCS) und verstirkte Relaxation (PRE) beobachtet,
die Aufschluss iiber Abstand und Winkel potenzieller Bindungspartner geben. Der entwickelte

Screeninganstatz kann nun fiir die Untersuchung weitere Bibliotheken verwendet werden.
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1 Introduction

1.1  Pseudomonas aeruginosa and its ability of biofilm formation

Wherever we are a multiplicity of bacteria are surrounding us. Most of these bacteria are not harmful to
healthy individuals. However, as hospitalized patients suffer from a reduced immune system, these bacteria
can become extremely dangerous leading to a series of severe infections, starting from inflammation,
ending up in sepsis and death. Recently, the WHO acknowledged the bacterium Pseudomonas aeruginosa
as being one of the most infectious bacteria and classified them as priority pathogens with the criticality
critical due to the pathogens’ resistance to a huge number of available antibiotics.!! P. aeruginosa is a gram
negative, rhode-shaped, opportunistic pathogen. It is one of the main causes of hospital-acquired infections,
and a serious threat for patients facing an impaired immune system. The enhanced antibiotic resistance is
caused by a multiplicity of aspects, like the level of porins and membrane permeability for antibacterial
agents. Moreover, the potential to express large numbers of efflux pumps increases potential of the
excretion of antibiotic molecules from the bacterial cell. Second, P. aeruginosa, like many other pathogens,
can easily acquire specific antibiotic resistance genes that are p-lactamases and aminoglycoside-
inactivating enzymes. And most important, chronic infections caused by P. aeruginosa are accompanied

by biofilm formation.?!

5 stages of Biofilm Development -
ey

1al pbio 0050307.0001

Figure 1 The five stages of P. aeruginosa biofilm formation are depicted in the cartoon. First, the reversible attachment of
planktonic bacteria (1), followed by the irreversible attachment (2). Third, after reaching a final density (3), bacteria start to form
a biofilm, which matures to a mushroom like structure (4). Finally, the mushroom shape disrupts, and planktonic bacteria are

again released (5). The picture is taken from Don Monroe PlosOne. [*]

In general, bacteria can exist in either of two lifestyles: planktonic or sessile. Within the sessile stage,
biofilm formation can occur. - A biofilm however is an endless life-cycle of a community of bacteria.
This community surrounds itself with a matrix, consisting of polysaccharides, proteins, DNA and RNA.
This matrix also prevents the single bacteria from antibiotic attack of the host immune system. - For P.

aeruginosa the formation of the biofilm can be divided into five major phenotypic stages (Figure 1):!



The process of the biofilm formation starts with the reversible attachment of planktonic bacteria, followed
by the irreversible attachment of bacterial colonies. Afterwards, these colonies grow to a threshold density,
then starting to produce the bacterial biofilm, which grows up to mushroom shaped aggregates, until finally,
parts of the biofilm are disrupted to colonize new surfaces and the process is started from the beginning.
Within the biofilm, the single bacterium communicates using small chemical molecules. There are five
signaling pathways knwn for P. aeruginosa: First the Rhl-system, using N-butanoyl-L-homoserine lactone
(C4-HSL), second the Las system with its chemical messenger N-3-oxododecanyl-L-homoserine lactone
(3-0x0-C12-HSL) as well as the Pgs system owing the chemical messengers of the quinolone family.[1*17]
Other to them, a secondary messenger system using cyclic di-GMP (¢-diGMP) can result in an increased
expression of adhesins, exopolysaccharides like Pel, Psl or Alginate. While the Rhl, Las and Pqs are more
important within a mature biofilm, c-diGMP is mostly involved in the switch from a planktonic to sessile

10.18] Tn addition to that, a system based on RNA is present, using the two component system GacS

lifestyle.!
and GacA which result in activation of the type-3-secretion system (T3SS).['*!”] The biofilm protects the
bacteria from attacks by either antibiotic, disinfectants, mechanical cleaning or the host immune defense
system. Moreover, due to a decrease in nutrients within the biofilm, the bacteria on the bottom suffer from
low oxygen content and low nutrients, changing them in so-called persister cells with an extremely reduced
metabolism.%2 These persister cells can be also protected by dead bacteria in the surrounding, and start

s.2324 The combination of all the above mentioned

to grow upon reaching growth favorable condition
factors contribute to the factor that often antibiotics are without long-lasting effects on bacteria in a biofilm.
It was shown that antibiotic treatment of P. aeruginosa only leads to a short-lived improvement in patient
situation, but no lasting improvement was observed with the use of different antibiotics.*’! Attempts to
combine antibiotic with efflux pump inhibitors like Mefloquine, epinephrine or theobromine have not

significantly enhanced the potency of the antibiotic agents. [2627]

Bacterial adhesion is the initial step in colonization and biofilm formation; thus, the bacteria need a strong
arsenal of adhesins. Although it was tried to describe bacterial adhesion with the parameter of the
interaction of colloid particles with a surface, which could be accurate given the size similarity of both

system, bacterial adhesion was found to be extremely complicated and thus it deviates from the adhesion

28,29

models. %! P. geruginosa expresses a number of different adhesins, starting with the flagellar cap protein

FlpD, a mucin adhesin.’*”! 90 % of the bacterial adhesion is mediated by type-IV secretion system with the

31,32

related pili.B!32! In addition, CdrA, a protein responsive to the biofilm promoting secondary messenger

33,34

cyclic-di-GMP, is a P. aeruginosa adhesin.>** Above all, the two soluble lectins, LecA and LecB, are

bacterial adhesins.?>-38

1 Both of these C-type lectins are carbohydrate binding proteins. While LecB was
already shown to be present on the outer membrane, LecA was shown to be an exotoxin. 3! Both lectins
were shown to be necessary in biofilm formation. *#4! As a result, a new born child suffering from a
Pseudomonas induced sepsis was treated successfully with a fucose and galactose solution, and later a
small case study containing 11 patients inhaling a saturated galactose- and fucose solution showed a

reduced bacterial load in the sputum. 4344

2



1.2  Lectins are carbohydrate binding proteins

Bacterial adhesion, like many naturally occurring phenomena, is based on the interaction of a glycan
surface with glycan binding proteins. Interaction of bacterial lectins with sugars, like exopolysaccharides
or glycan surface of the host tissue or interaction of lectins with a host cell surface, and interaction of
eukaryotic carbohydrate binding proteins like selectins are involved in cell-cell communication processes
and processes of the innate immune system. 323639 Carbohydrate binding proteins are called lectins. They
do not have an enzymatic activity themselves, but they can induce biochemical reactions upon binding.
137401 T ectins, the term derived from the Latin word ,,legere* for reading, can influence a huge number of

biochemical processes like cell-division, ribosomal protein synthesis and agglutination of cells, called

hemagglutination for red blood particles. 443

1.2.1 Biological relevance of P. aeruginosa lectins LecA and LecB
Cell-adhesion processes or host-pathogen contact are often enabled via carbohydrate-lectin interactions. 4!

In contrast to other bacterial adhesins like flagella or pili, lectins are soluble proteins, [21:222847-501 p,
aeruginosa expressed two of this soluble lectins: LecA and LecB: Both were shown to be necessary for

33,50,51

biofilm formation. [ 1" As lectins are adhesins, they need to be present on the surface.

Since the mechanism of secretion is still unknown, it is hypothesized, that lectins are secreted by lysis of
victimized bacteria. ! Little evidence of lectin secretion is present up to date, but it is well known, that

both lectins are expressed under quorum sensing control. 2 Both tetrameric lectins are C-type lectins,

28,47,53]

meaning that they depend on the presence of at least one Ca?* for functional ligand binding. !

Figure 2: Crystal structure of LecA (A, pdb code 10KO) and LecB (B, pdb code 10XC) in complex Ca®" (purple) with their
carbohydrate ligands (blue). In case of LecA the carbohydrate ligand is p-NPG 19 and L-Fucose for LecB



While LecB has two Ca?*-ions in each binding pocket, LecA only bears one Ca**-ion. *73%3! LecB binds
both, D-mannose and L-fucose whereas LecA exclusively binds to D-galactose and its derivatives.
Moreover, a study using a LecA over expression mutant PAO1-P47 showed enhanced biofilm formation,
but the biofilm of the wild-type and the mutant were reduced substantially upon addition of the LecA ligand
Isopropyl B-D-thio galactoside (IPTG).[*! However, an effect of the known LecB ligand p-nitro phenyl B-
L-fucoside was not observed using the steel coupon assay reported by Diggle and co-workers. 2% 33551 [n
contrast, a study by Tielker and co-workers using on a static biofilm grown on glass slides reported on
reduced biofilm of a PAO1-PAIT2 and PAO1-P27 mutant impaired in LecB formation. ?°! In both cases,
no general growth defect of the mutants was detected, as planktonic cultures showed the same growth rates

as the wild type.[***]

1.2.2 Natural Lectin inhibitors

1.2.2.1 Inhibitors of the galactophilic lectin LecA

Firstin 1972, LecA, formerly named PA-IL, was identified from the heat stable fraction of a P. aeruginosa
culture and was shown to be stable to temperatures up to 70°C and to enzymatic treatment. 2%/ Treatment
of the bacterial hemagglutinin with ethylene diamine tetra acetic acid (EDTA) abolished the activity, and

addition of Mn?", Mg or Ca®" reinstated it. ®3! Numerous studies showed, the specific D-galactose

binding of lectin LecA was depended on the presence of one Ca*"ion in the binding pocket. [26:3657]
Ho H uo oH wo H Ho OH Ho OH
0, o 0 o] o
HO HD&\Q Hn&% HDé:@,O Ho&q,s
HO
HO OH NH oM e Ho @ Ho Tr
- L}
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Figure 3 : Monovalent LecA inhibitors based on a galactose scaffold. The natural ligand D-galactose S was identified together with
its galactosamine analog 6, the ligands methyl a-galactoside 7, phenyl f-D-galactoside 8 and the thio galactoside isopropyl B-D-
thio galactoside (IPTG) 9 with improved affinity for D-galactose were identified in 1992. [38] Most recent advances in affinity
improvement were made with the acetamido compound 10 developed by Vidal and co-workers, the naphthol derivative 11, and the

peptide substituted 12. 396!



Within the past years, numerous D-galactose based ligands have been examined as potential LecA
inhibitors. Starting from the natural ligand D-galactose 5 reported in 1992, with an affinity of 87.5 uM,

[58.62-63] Within the growing interest in LecA

methyl a-galactoside 7 was reported with an increased affinity.
galactose interaction, a study showing the significance of the CH—n T-shape interaction between the HisS0
of LecA and the aromatic ring of the galactoside aglycon in ligands binding to lectin LecA from P.
aeruginosa explained the enhanced affinity of aromatic B-galactosides. () Many studies in the past years
have examined different aglycon to improve the binding affinity. It was demonstrated, that compared to the
affinity of 8.8 uM of the unsubstituted phenyl ring in phenyl B-D-galactoside 8, the substitution of the
phenyl ring with an acetamido moiety in para position (10), or the addition of a tripeptide in the same
position (12), the affinity was improved to 6 uM or 4 uM, respectively. [°“*2] Moreover, the affinity of the
naphthol D-galactoside 11 was determined with 4 pM. [ Compared to the first monovalent specific
galactose-based LecA inhibitors discovered by Gilboa-Garber in 1972, years later a natural ligand based
on the globo-series glycosphingolipid was discovered as the first multivalent LecA inhibitor. [ Globo
glycosphingolipid is also known to be present on lung epithelial cells. - Previously it was shown that
the natural disaccharide melbiose (aGall-6Glc), and galabiose (aGall—4Gal) can bind to LecA with micro
molar affinities. 5764 The affinities of the two identified binding globo-trisaccharides is 68 uM and 77 uM,

respectively.

Figure 4. Surface representation of the sugar binding site of LecA in complex with Melbiose. Crystal structure of LecA in complex
with Melbiose. (pdb code 4AL9) The galactose part of Melbiose is depicted in light grey and the glucose part is depicted in light

red. The glucose does not make any contact with the amino acids of the carbohydrate binding pocket of LecA.

Looking at the crystal structure of the LecA in complex aGall-3pGal1-4Glc trisaccharide the atomic basis
of the specific binding of the second galactose residue is revealed. In the binding site, the non-reducing
aGal is fixed within the binding site and participates in the coordination with the Ca?'-ion. Although the
hydrophobic contacts are rather limited since only the CH group at C; interacts with the side chain of Tyr61,
the overall orientation of galactose is very similar to that observed in the complex between LecA and

36-57.64] 1 ike nature uses multivalence to increase binding affinity, chemists have tried to

galactose alone. !
enhance the binding affinities of galactose based inhibitors by multivalent display *>¢! However, showing
affinities in the micro molar affinities both globo-trisaccharide are rather weak inhibitors, researches have

been inspired enhancing the affinity to LecA by exploiting multivalent display. A dramatic increase in



affinity was obtained using a poly-PA-a- or B-Gal ligand with binding constants of 4.12 uM and 5.05 pM,
respectively. [ The use of calixarene or fullerene scaffold increase the potential of a single galactose of
up to 200-fold, leading to ligands with 176 nM and 44 nM. [¢8-72] Glyco nanoparticulates were also presented
with an affinity of 50 nM and an increase in potency of 30-fold compared to the used single galactose
monomer. ")l Exploration of the hydrophobic interactions, a peptide dendrimer linked with 4-carboxy
phenyl B-galactoside was synthesized and tested with an affinity of 100 nM. '’ Duye to their sugar moiety,
D-galactose based LecA inhibitors have a good water solubility, which is an important feature for
biomedical applications. ["*! Moreover, due to the cluster effects of multivalent ligands, the affinity can be
improved. On the downside, oral application in cystic fibrosis patients might be unfeasible with large
ligands as the potential drug has to be administered as an aerosol. This is mainly because multivalent ligands
are usually larger and have a higher molecular weight than monovalent ligands. Due to that, the oral

bioavailability is decreased, as well as excretion rates and tissue permeability are decreased.

1.2.2.2 Inhibitors lectin LecB are based on D-mannose and L-fucose

Like LecA, LecB was isolated in 1977 from the heat stable fraction of a P. aeruginosa isolate. 2! Soon after

the protein was identified as a mannose binding agglutinin, its ability to bind to L-fucose, L-galactose and

D-fructose was determined.(Figure 5) [47-5% 76-78]
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Figure 5: Ligands of the P. aeruginosa lectin LecB. The natural ligands D-mannose (13), and L-fucose (16). Enhanced
affinities are obtained by introduction of a methyl moiety (15, 16). The synthetic mannose-based inhibitor 17 having an

increased binding affinity. Lewis® 18 is the most potent natural ligand.



1.2.1.3 Targeting of both lectins, LecA and LecB, simultaneously

Individual research on either of the two P. aeruginosa lectins in the past years have paved the way for the
development of bivalent ligands. Since both lectins are suspected to be present on the bacterial surface and
within the biofilm, a dual inhibitor could be an elegant way of targeting the bacterial virulence. Extensive
studies on the individual contributions to LecA and LecB affinities make a rational ligand design of a
combined ligand a promising approach. [*#3) Combined with the knowledge, that a mimic of Lewis® has
been tested with an ICso 0of 47 pM for LecA and 1 uM for LecB, this can be taken into account for a bivalent

ligand.[4%- 86-87]

1.3 Analysis of protein-ligand interactions using biochemical
and biophysical methods

For the determination of potential ligands, testing systems are crutial. Within years of research, several
methods emerged and have been improved. Every method offers advantages and disadvantages. For high
through-put screening, fluorescence polarization (FP), a thermal shift assay (TS) and surface plasmon

6,59,88-91

resonance (SPR) are most frequently used techniques. ! I In addition, enzyme linked lectin assay

(ELLA) isothermal titration calorimetry (ITC) are also frequently used.

1.3.1. Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) is a technique which measures the energy associated with the
interactions of two molecules at constant temperature. It is a direct method for the determination of
thermodynamic parameters associated with complex formation between two components, for example a

92,93

protein and its ligand. >°* From one titration a complete thermodynamic profile, that includes all relevant

data like enthalpy changes (AH), the association constant (K,), which can be used to determine the
binding affinity (Kq), and stoichiometry (n) can be derived.!®*! Using this initially obtained data, changes
in entropy (AS) and Gibbs free energy (AG) can be calculated and directly related to the mechanism of
binding.”**! Up to date it is the most preferred method for measuring the thermodynamics of ligand
binding.’¥ In constrast to other techniques like SPR or FP measurement, ITC has no limitations like
immobilization or the need of a fluorescent probe. ! On the other side, the disadvantage of this method
is the huge amount of material needed, and thus this method is not suitable for high-through put screening
nonetheless it can be used to characterize binding behavior of selected ligands. 1 Up to date, isothermal
titration calorimetry is becoming a major tool in drug discovery, mostly as a second screening technique to

94-96

eliminate false positive screening hits. 4% Additionally, it is used to validate computational estimations

of binding energetics, and can be used for hit selection and lead optimization.”!



1.3.2 Thermal shift assay (TSA)

Basically, the thermal shift assay measures the melting temperature of the target protein upon binding of
the ligand using a fluorescent protein dye. ’**?! In the thermal shift assay (TSA), samples of a protein are
mixed with a potential ligand and a fluorescent hydrophobic dye. Folded proteins will not bind to these
types of dyes, but molten and denatured proteins as well as intermediates will bind them, resulting in a
sharp increase in fluorescence. In case of a binding event of the ligand to the protein, the apparent melting

100

temperature of the protein is shifted to a higher value. 1% This shift is caused by ligand induced
stabilization of the protein due to energetic coupling and resulting changes in the midpoint for thermally
induced melting curve. The shift can be observed by heating the sample in a fluorimeter with fluorescence
read-out. In some cases, the binding of a ligand can also decrease the protein stability, causing it to
denaturation with less temperature applied, depended on the protein structure. %! This method has not
only been applied in drug discovery, but also to optimize ligand and buffer conditions for

crystallography.[100:102]

1.3.3 Fluorescence polarization assay (FP)

An assay based on fluorescence polarization (FP) is a versatile solution-based technique and have been
widely used to study molecular interactions. Since Perrin first theoretical described the fluorescence
polarization in 1926 it took almost 20 years to first use fluorescence polarization in studies on bovine serum

103-105

albumin and ovalbumin conjugated with the fluorescent dansyl chloride. ! I From then on, the

application has evolved to study of molecule-protein binding in high through put- and automated settings.
[106-109) The principle of FP assays is based on the fact that the degree of polarization of a fluorophore, the
so-called reporter ligand, is inversely related to its molecular rotation. FP is quantitatively calculated from
the difference of the emission light intensity in parallel and perpendicular direction compared to the
excitation light plane. Using these changes, the binding of a ligand is monitored by changes in the
fluorescence polarization. As the free reporter ligand is bound to the protein, it tumbles slowly causing high
fluorescence polarization, upon displacement from the protein, it is free in solution, rotates fast resulting in
a low fluorescence polarization. !04+107.110-111] YWhile the method has grown to more attention, multiple
reviews on the FP method have been published covering the versatile possibilities of its applications in
basic research and drug discovery. Despite the fact, that FP has become as a technique which allows
miniaturization for high through put in many fields, the application in lectin-carbohydrate interactions has
lagged.®® One reason is the low affinity of this carbohydrate-lectin interactions resulting in the requirement
for high protein concentrations has long delayed the development. From the first time, the method was used
for plant lectins interactions, a high concentration of 200 pM plant lectin were needed, and an assay of the
human E-selectin was done with 160 uM of selectin. ['%!3] With growing advances in instrument
sensitivity and ligand improvement FP assays are now used as a routine screening method for galectins and
for the two pathogenic bacterial E. coli with its lectin FimH and for P. aeruginosa with its lectins LecA

and LecB. [%- 81848588, 110-11L14-115] 1y addition, it has already been used for the screening of new inhibitors
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1611 ike every other biochemical method, FP has its pros and cons:

for Burkolderia cenocepacia BC-2LA. |
The drawback of the FP assay is that it can suffer from auto fluorescence and fluorescence quenching by
ligands. Effects like this can interfere with FP calculation. ''7 Since this method is detecting the fraction
bound of the tracer, saturation of the binding is needed and thus the total amount of protein being required
is dependent on the binding affinity between protein and tracer. Consequently, high protein concentrations

[108,112,117

can be required. 'In contrast, one of the many advances of the FP assay is that it is a simple, high

speed method, that is relatively low in costs. In addition, the combined advances in the FP assay method

make it applicable into new types of targets and for screening set ups. ['!7]

1.3.4 Surface plasmon resonance (SPR)
Since the first commercial surface plasmon resonance (SPR) instrument was available in 1991, this method

18-l Tt can be used to examine protein ligand interactions. In this method, one of

has been widely used. [
the two binding partners is immobilized on a surface, typically a gold chip. Up to date, there are several
immobilization methods known as formation of a self-assembled monolayer between sulphur and the gold

(18] Polarized light from a laser

surface or the covalent attachment to a carboxylated dextran membrane.
source is directly applied on the gold surface of the chip and the generated plasmon reflection angle is
measured. Changes in the reflection angle are observed upon binding of a ligand to the immobilized target
protein. When the steady state is reached, thermodynamic data like Kon and Kosr can be determined from
SPR experiments, and so insight into binding behavior of ligands can be obtained. Besides the costly chips,
the fact that the protein is immobilized and thus the function can be influenced is one of the great
disadvantages. One advantage of the method is the fact, that the surface can be regenerated after an
experiment and experiments can be started again. The lowest detectable concentration in SPR is a critical
parameter and is set up dependent on numerous factors including the molecular weight of protein and
ligand, optical properties of either of the two and as well as the binding affinity of the analyte molecule.

[120-1211 Moreover, the binding to a specific area of the protein cannot be assessed. But on the other hand,

proteins with unknown function can be evaluated.

1.3.5 Enzyme linked lectin assay (ELLA)

Developed in 1984, the enzyme-linked lectin assay (ELLA) is derived from the earlier developed enzyme
linked immuno-S-assay (ELISA). [12%123] In the lectin assay format, typically, a 96-well plate is coated with
a sugar and after subsequent blocking, a biotin-labelled lectin is added. Binding to the surface is evaluated
using a readout of the used label. Potential inhibitors are evaluated by their potential to compete with the
immobilized sugar surface. ['**! Based on this technique, the glycosylation of proteins and binding of lectins

d. 12571271 Byt since this method requires numerous handling steps, the reproducibility

has been widely studie
between different experiments is rather low. '?%) On the pro side of the assay, the binding to a specific
binding site can be evaluated if the carbohydrate preference is known. On the downside, it cannot be used

to assay the interactions of lectins with unknown ligands and in high through put set-ups.



1.4 Determination of ligand protein interactions by nuclear
magnetic resonance (NMR) methods

Nuclear magnetic resonance (NMR) measures the chemical shift of molecules in the magentic field. In
general, the method can have the ability to shed light on the structure of a molecule but also give

(1351 Since its commercial availability in the middle

information on molecule interaction on an atomic level.
1960s continuouse instrumental improvements have dramatically increased the potential of NMR and is
thus nowadays a powerful tool in drug discovery. ' Nowadays NMR has a great variety of of potential
applications e.g. the detection and characterization of a ligand binding to a protein or mapping and
identifying the binding site in solution. In general, two different approaches can be used: protein-based
NMR methods, in which signals and effects on the target protein are studied, or ligand-based approaches

in which ligand effects are followed by NMR.

1.4.1 Ligand-based NMR methods

NMR methods using the ligang signals can be used. There are different ligand-based methods used up to
date: Within the past years, a multiplicity of different ligand-based methods was established. The principle
of nuclear Overhauser effects (NOEs) was already described in 1972; NOE experiments have then been
used to determine the 3D structure of molecules due observing transferred NOEs. 5190 1t can be
distinguished between inter- and intramolecular NOEs, whereas intermolecular NOEs are used to examine
ligand and receptor interactions, intramolecular NOE are the key to study ligand conformation in the protein
bound state.['1-162] Another technique, frequently used is the saturation-transfer NMR spectroscopy (STD-
NMR). It is based on the fact, that for weak binding ligands, there is an exchange between free and bound
state. 31 For the STD NMR experiments, a spectrum with a selectively saturated protein (on-resonance),
due to irradiating at a region of only protein resonances, is subtracted from the NMR spectra without
irradiation. In the difference spectrum, only signals that have received saturation via spin diffusion from
the protein will remain, all signals from non-binding ligands will disappear. Some information of the
orientation of binding can be drawn from the fact, that only the signals of hydrogens that are in close contact
of around 5 A receive magnetization from the protein will have more intense signals. ['%1] The difference
between a STD and a normal NMR spectrum enables the possibility to screen compound libraries for
binding to a target protein.!!>166-1671 Moreover, the binding of carbohydrate ligands to their target proteins
has already been studied with the STD technique. [141:13167] Since the method depends on the exchange
between free and bound state, the major drawback is the limited affinity range. Due to the high
concentration needed for low affinity ligands and resulting solubility problems, low affinity ligands could
be missed in screenings. On the other hand, very tight binding of ligands might have led to slow exchange

159,164-166

and thus ligand signals in solution can also be missed. ! ! For very hydrophilic targets, the use of
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saturation transfer through bulk water instead of the protein (waterLOGSY) can be used. ['®®! The advantage

of either of the methods is that no labelling is required since only the ligand signals are used, and unknown

.[129.148,168]

epitopes can be examine Besides typical ligand based approaches like STDU® and

waterLOGSY!%8, relaxation-edited approaches are nowadays widely used in drug discovery, [130:155170-171]

Compared to the used protein targets, these small compounds have smaller relaxation rates R; and Ry, but

after a binding event, the small molecule share the NMR properties of the larger target. Thus, small

[155

molecules that show binding have a larger R; and R,. [!3] The transverse relaxation rate R, = T»-1 is directly

depended on the overall molecular rotation correlation time.['%172 This is more evident in the Ry, = T},-1

dispersion experiments, where magnetization along the spin-lock field in the rotating frame is followed.!!>>

3] To measure transverse relaxation, Carr-Purcell-Meiboom-Gill (CMPG) or T1, experiments are

used. 133 157:170.172-174] Thig method has the advantage of the possibility to examine a mixture of ligands, and

thus the potential application of it in high through put screening, but it does not give information on the

binding site or ligand conformation. !>

In the time since its discovery, nuclear magnetic resonance (NMR) has become a powerful tool in medicinal

[137,143-147
Y.

chemistry as well as structural biolog 1 Besides different developed methodologies ligand-based

NMR approaches canhave several advantages over protein-based approaches.!!3% 1441481511 [ joand-based

[152

approaches have the ability to detect binding up to ten-fold below the K4 value.['?) One of the most

promoted advantages of ligand-based methods is the applicability in the study of low affinity ligands.!'>*

1531 In fact, low-affinity ligands are perfectly suited for ligand-based NMR methods, as the exchange of
low-affinity ligands is slow on the NMR time scale, and consequently the Kofris larger than the chemical
shift difference between the free and the bound form, ending up with only one NMR signal.['*3!52] Even
though ligand-based NMR methods look at ligand effects in solution, and the ligand-target complex is too
short to be observed, the free ligand carries information obtained by binding to the
macromolecule,[146:148.152-156

500 Da. [155,157]

1 Usually, ligands used for ligand-based methods have masses of smaller than

1.4.2. Protein-based NMR methods

In protein-based NMR methods effects on the protein are studied. Protein-based approaches are used to
study structure, function, and dynamics of a target protein. 3% To study proteins in NMR different
approaches can be followed: First, the protein can be expressed using a N taq and so 2D protein-based
NMR techniques based on a hetero nuclear single quantum correlation, mostly using a 'H-'*N correlation

131

can be applied. ['*" The chemically unique amide “NH”-groups give insight on the tertiary structure of the

protein. Also, upon addition of a potential ligand to the '*N labelled protein chemical shift perturbation

132

(CSP) can be measured and like this, ligand specific binding can be monitored. ['*2! CSP approaches have
been extensively used in the binding site identification of small molecules, and CSP has gained even more

attention after the introduction of the structure-activity relationship (SAR) by NMR technique in 1996. 133
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For the addition of SAR methodologies to the CSP approach data of a weakly binding compound with a
known specific binding site are used for the optimization of the observed interaction. Using this
optimization ligands binding to the adjacent site are identified, followed by the elucidation of the orientation
and linking of the two weakly binding fragments to potentially obtain a more potent ligand. Since its first
description in literature, SAR by NMR has been used successfully in the development of different potent

134-136, 3021 Other protein-based methods using uniformelly "N labelled protein are Transverse

inhibitors. [
Relaxation Optimized SpectroscopY (TROSY), 'H!*N Heteronuclear single quantum correlation (HSQC).
HSQC was first used by Geoffrey Bodenhausen and D.J Ruben in 1980 and is measuring a 2D spectrum
with one axis for the proton (*H) and the other for the heteronucleus (for protein usually N or *C). The

1351 The method can be combined

spectrum then contains a peak for each proton attached to a heteronucleus. !
with other NMR experiments like NOESY-HSQC (nuclear Overhauser enhancement spectroscopy) or
TOCSY-HSQC (total correlation spectroscopy). In NOESY experments magnetization is exchanged
between all hydrogens using the NOE (Nuclear Overhauser effect) giving information on the structural
arrangement of the nuclei. In contrast TOCSY is used to divide proton groups using spin-spin coupling of

only 'H nuclei.

TROSY is an NMR technique based on transverse relaxation mechanisms, which is used to determine the
width and intensity of the acquired NMR signal with enhanced quality resolution. Pervushin and co-
workers developed a sequence to obtain a signal transfer by a long delay for the magnetization transfer,
allowing the seriously reduced magnetization due to a fast decay in T2 magnetization. !'** The additionally
used WATERGATE-sequence was used to enhance the sensitivity of the measurements in non-deuterated

(1401 For lectins having molecular masses around 40 kDa, TROSY is a perfect approach. For larger

solutions.
proteins, the solvent exposed amides by TROSY (SEA-TROSY) experiment offers the advantages, that
only exchangeable amino protons are detected. Sensitivity can be increased up to four-fold by applying
cryo-probe technology. 14! It has been shown that the concentration of the *N-labeled protein can be
reduced with a cryo-probe by a factor of four. The additional use of '*C is not only more expensive, but
also increases the complexity of the spectra and is consequently not widely used in the ligand- or binding
site identification. Only *C proteins with selectively labeled methyl groups of valine, leucine and

142

isoleucine have been used in ligand screening. ['*?! The above mentioned techniques are most frequently

used in the identification of the binding site, or ligands binding to a target protein.

1.4.2.1 The use of spin labels in NMR techniques

In addition to both above mentioned approaches, spin labeles can be used in protein-based methods. Spin
labels are organic molecules or ions which possess an unpaired electron causing paramagnetic effects. In
general spin labels can be attached covalently to the probe or non-covalent. In a variation of relaxation-
edited approaches, the spin labels are attached to the protein side chains as a tool to identify interacting
compounds (SLAPSTIC) method developed by Jahnke and co-workers. [!7517¢) [n this approach, a spin

label is covalently attached to the target protein, for example at the side chain lysine or cysteine, and binding
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of a potential ligand in the vicinity of the spin label is detected.!'”! Paramagnetism of the introduced radical
spin label, e.g. TEMPO, is caused by the unpaired electron. Compared to to Nuclear Overhauser effects
(NOE) which range up to 5 A it has a long effective radius of 20 A. ['77-'7°] In addition, the spin label can

be introduced to a first site ligand, to detect a ligand binding at a potential second binding site. [ Besides

the use of covalently attached spin labels, the use of paramagnetic ions is explored in NMR experiments.['3%-

1881 While paramagnetic ions are used commonly in structural biology, and protein-based NMR methods

[189-193 187,193-194

l'its applicability in ligand-based methods has developed slowly. 1 But paramagnetic NMR
probes bring several advantages like the possibility to observe pseudo contact shifts (PCS), paramagnetic
relaxation enhancement (PRE) and residual dipolar couplings (RDC). [187:190:193.195-196] Ty addition lanthanide
ions have long-range paramagnetic effects ranging up to 40 A.I'87197-19 T anthanides show different
magnitudes of the associated anisotropy when placed in the same environment, resulting in different
magnitudes of the observed paramagnetic effects. [!87:2°6201 Compared to diamagnetic lanthanide ions, like
La**, Y, Lu*" and Sc¢*", the ions Er*" and Yb*" are mildly paramagnetic, and Dy**, Tb** Ho** and Tm** are
highly paramagnetic. [2°! Gd** has a special position within the lanthanides, as it only causes PRE but no

187,208,

PCS, and is very widely used in MRI contrast agents. | ! As lanthanides do not play a known role in

biology, using lanthanides in NMR methods ensures bio-orthogonality. For the use in NMR techniques the

[187

natural metal ion, like Ca?*, Mg?" or Mn®" are replaced with lanthanide ions. '8-With the emerging need

to speed up the drug development processes, the use of paramagnetic metal ions has become more.['*¥
Besides the ability to combine high through put screening with quantitative information, NMR offers the
possibility to detect weak binders and secondary binding sites.['70:194 2212221 So far, the substitution of
natural metal ligands, like Zn?", Mg?" or Ca**, with paramagnetic metal ions has only been rarely used. But
functional replacement of the natural metal ligand zinc in the matrix metallo proteinases with paramagnetic
cobalt was one of first literature known examples for the use of lanthanides in NMR screening. [194227-2321
It was shown, that more information are obtained from simple proton spectra in presence of paramagnetic
ions, compared to diamagnetic ions because of an inhomogeneous signal decrease in presence of

1941 Furthermore, the use of paramagnetic cobalt enhanced the sensitivity of up to 10

paramagnetic cobalt.
fold. "' While the natural metal ligand in metal binding proteins can be easily substituted with non-covlent

binding proteins without a metal binding site have to be tagged, making them the less suitable targets. 2!+

215,217,221]
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1.4.2.2 Angle- and distance determination using paramagnetic lanthanide ions

Paramagnetic ions cause two different effects: Paramagentic relaxation enhancement (PRE) Pseudo contact

shifts (PCS).

In general, the changes in chemical shift of an observed nucleus under influence of a paramagnetic centre
are called pseudo contact shifts. They are mediated through space interactions and are dependent on the

paramagnetic distance and the angles to the paramagnetic center.

Paramagnetic relaxation enhancement (PRE) describes the phenomenon of an enhanced drop in signal
intensity of signals in the proximity of a paramagentic probe. Since PRE effects are solely dependent on
the distance to the paramentic center, the distance between the paramagnetic center and the nuclear active

spin can be determined from increased relaxation rates.

The nuclear spin senses the unique magnetic moment of neighboring spins, electronic or nuclear ones. And
under the experimental conditions, transversal relaxation time T2 corresponds in approximation to T1 in
the rotating frame, i.e., T1p. As this effect is strongly distance dependent, it decreases with the inverse sixth
power of the proton electron distance r. This paramagnetic relaxation enhancement can be used to gaining
information on the geometrical alignment of the binding ligand. Organic radicals like TEMPO bear one
unpaired electron and therefore the electron spin S is 12, resulting in measurable effects of the NO radical
on proton relaxation up to 15 A. In contrast, paramagnetic transition metals have a higher number of
unpaired electrons, resulting in a higher S number and therefore a higher resulting magnetic moment. These
paramagnetic metals have consequently a stronger relaxation enhancing influence on remote protons.
Making them the better choice for signals with a bigger distance to the paramagnetic centre, like in second
site screening. In literature, paramagnetic relaxation enhancement of lanthanides is reported for a distance

to the paramagnetic centre of up to 40 A. [198:226]
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2 Aim of the thesis

Just as the work presented in this thesis, the aim can be divided in three parts: The first aim was the
determination of a SAR on the anomeric position of D-galactose, starting from the known LecA inhibitor
phenyl B-galactoside. With this SAR a LecA selective lead structure should be determined with an optimized
C1 moiety. Compared to one of the first determined ligands, the unsubstituted D-galactose, substitution on the
anomeric center has increased the affinity of substitured ligands by 8-fold. Moreover, each hydroxyl group of
D-galactose is involved in the binding to LecA within a complex network of hydrogen interactions. Thus, the
stereochemistry of D-galactose is important, and derivatives first are focused on the anomeric position (Figure

10).

Figure 6: Crystal structure of the LecA binding pocket in complex with the known LecA ligand the globo trisaccharide. The amino
acids of the binding pocket are shown (His50, Tyr36, Asp47, Glu49, Asp47, Pro38, Trp42, GIn40, Thr39). PDB ode: 2VIJX

Since it was shown that the introduction of a phenyl ring has increased the affinity, the question on further
optimization of this chemical structure arises. Hence, a SAR study on the substitution pattern of the phenyl
ring will be presented in this thesis. To complete the SAR study, N-Acetyl galactosamine and its derivatives
will be studied to investigate their binding on LecA. Moreover, an extended SAR on lactams will be included,

to study the potential binding.

The second aim was the development of non-carbohydrate-based inhibitors for the lectin LecA. To achieve
this, two different starting points are planned to be evaluated. The first starting point is a virtual screening
conducted by Anne Imberty and co-workers. For this approach, the best hits from the virtual screening will be
selected and tested in biochemical assays systems, FP, and TSA. The identified hits will then be further
evaluated using NMR techniques. In contrast, the second approach is the the usage of a '°F based ligand

screening developed by Christoph Rademacher and co-workers. In this approach, a library of 300 fluorinated
15



compounds will be screened using NMR screening and the determined hits are characterized using more
elaborated NMR techniques and biochemical assays. Both above mentioned screening approaches aim at the

identification of novel LecA inhibitors binding in the D-galactose binding site but have no sugar moiety.

The third part, the development of a ligand-based NMR method using paramagnetic lanthanide ions, will focus
on the development of an NMR method to determine potential second site binders. LecA is a C-type lectin
with one Ca®" in the binding pocket which can be exploited in this set up by replacing the calcium with a
trivalent lanthanide ion, making this a label free screening approach (Figure 7).For the NMR screening, the
biophysical properties of the lanthanide ions will be used, as they cause paramagnetic relaxation enhancement
and pseudo-contact shifts on protons with a distance of up to 40 A to the paramagnetic center. Measuring those

effects distance and angle to the effected protons can be calculated.

PRE and PCS

observable in NMR measurements’
/

Figure 7: Schematic representation of the NMR screening approach using NMR paramagnetic lanthanides in ligand screening.
Paramagnetic Ln" ion (green) is bound to LecA instead of its natural ligand Ca?*. Upon binding of the ligand, its protons receive
magnetization that is visible in the spectra by different relaxation ratios of the proton. The graphical representation of the screening

principle is based on the crystal structure of LecA in complex with D-galactose (PDB code 10KO).

For the NMR screening approach, the binding of the lanthanides to the protein is crutial. It will be assayed
using an ELLA approach, because the functional replacement of the natural ligand Ca*" is a key parameter for
the screening. If functional replacement of the Ca?* in the binding pocket is show evaluation of the method
using known LecA ligand will be done. If a second site ligand is identified, it could then be combined with the

known LecA inhibitor D-galactose to obtain a potentially more potent LecA ligand.
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3. Results and Discussion

3.1 Optimization of D-galactose based lectin LecA inhibitors

In 1972, Garber and co-worker identified the specific binding of lectin LecA from Pseudomonas aeruginosa
to D-galactosides. 81 Thereafter, glyco-chemists working on inhibiting LecA focused on the design of
synthetic galactose analogous. 25237 A key step for rational ligand design was solving the crystal structure of

LecA, in addition classifying LecA as a C-type lectin with one Ca®" in each binding pocket. [3%28

Figure 8: Crystal structure of LecA in complex with its D-galactose based ligand p-naphthol f-D-thio galactoside (green sticks).

The pink surface represents hydrophobic ares, whereas the orange shows the aromatic surfaces. (PDB code 4A68S)

Within the multitude of the synthesized galactosides, hydrophobic [B-galactosides are the most potent
monovalent LecA inhibitors. (%631 In addition to O-galactosides, thio-galactosides were described as potential
LecA ligands.° However, a C-galactoside linked aglycon results in a decreased affinity to LecA of 37 uM
for compound 23.1°”) Since it was shown that hydrophobic substituents in B-position increase the binding
affinity of the galactose derivatives due to beneficial n-stacking interactions of the aromatic ring structure and
the His50 of LecA.[Yl Due to geometry reasons of a-substituted galactosides, the ring renders an altered
configuration and thus hydrophobic a-galactosides have a much lower binding affinity to LecA. 3¢ Between
O-and S-galactosides a slight decrease in binding affinity was observed for S-galactosides. *3!:88] Compared
to the unsubstituted phenyl ring, different substituents were shown to have influences on the binding affinity.
While an electron withdrawing substituent like a nitro group in para position or flour substituents in various
positions decrease the binding affinity, addition of a methyl group increases the affinity (19, 21). Addition of
a bulky acetamido-acetyl group 10 increased the binding affinity two-fold to 5.8 uM. % Supplementing the

phenyl ring with an acetyl linked tripeptide containing lysin, proline and leucine 24 also resulted in a two-fold
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increased affinity compared to the unsubstituted phenyl 8. %% Also for thio galactoside, recent work

evaluating different thio-linked aglycons revealed differences in binding affinity between altering aromatic

ring substituents [38, 61, 63, 85, 87- 90, 93, 260-268,]
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Figure 9: The published monovalent LecA ligands based on D-galactose have affinities in the range between 30 M and the

currently best known inhibitors 10 and 20 of about 3 pM. 11, 25, 241601, 19, 81581 1001, 220931, 20, 21, 2212591, 23(61]

As none of the evaluated ligands so far have binding affinities in the very low uM to nM range, attempts to

enhance the binding affinity by exploring multivalent effects have been pursued by the groups of Vidal and

Peters. 10262 2611 [n contrast, recently published results point to affinities of multivalent ligands in the lower

uM range. 1% 6

! Compared to multivalent ligands, monovalent carbohydrate ligands have the advantages of a

better oral applicability and lower molecular weight, making them more suitable candidates for future

medicinal applications. !
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3.1.1 Enhancement of binding affinity by C1 modifications of D-galactosides

The question, how different substituents on the aromatic phenyl ring influence the binding affinity of the -
galactosides was assessed by synthesis and evaluation of a set of 44 different inhibitors based on the core
structure 26. Different positions of the substituents were tested because alterations in the electronic of the

phenyl ring or steric demand of the ligand can influence the binding affinity (Figure 10). (! 88.262]

To examine the above-mentioned question a set of totally 44 different D-galactose based derivatives were
synthesized. Phenyl B-galactoside is a known LecA ligand, and to examine the electronic and steric effects of
the different substituents 24 different ortho- meta- and para derivatives were synthesized (Figure 12). As the
amide linked triazole derivate 10 was reported as a potent LecA ligand %!, 12 amide- and 8 sulfonamide linked
ligands were included into the study (Figure 10). Compared to the amide linkage, the sulfonamide linkage
mimics in its geometry more the C-C linkage, and thus both are interesting for SAR studies on the LecA
binding preferences. It was previously reported that there is a slight preference of S-galactosides compared to

35, 58,61,87, 89-90 263-268

O-galactosides. | ! And consequently, a small set of four thio galactosides were included in

the study (Figure 12).

Figure 10: The general structure of the synthesized galactose derivatives with different substituents on

Ho JOH
o, f\:o\ o the phenyl ring. The ortho, meta and para position of the phenyl ring have different effect on the
HO \?\ electronic effects of the ring, as well as the result in different steric demands. Thus, ortho- meta- and
Nl R para substituted derivatives have been planed.
26

The starting point of all synthesized galactose derivatives was the penta acetyl protected galactose. This was
obtained via acetylation of the unprotected D-galactose to selectively obtain the B-penta acetylated D-galactose
after recrystallization. All C; derivatives were obtained using a glycosylation reaction in presence of the lewis
acid BF;OEt; (Figure 11). Using this lewis acid, B-selective glycosylation was obtained. Only after reaction
times of more than two days, the formation of the f-anomer was observed. Since purification of the acetylated
product is easier than of the unprotected sugar, all derivatives were purified also on this stage to obtain highly
pure compounds prior to deprotection. Then, all final compounds were obtained by removal of the acetyl

groups using Zemplen conditions, namely sodium methanolate in methanol (Figure 11).12¢%

Glycosylation reactions typically does not have quantitative yields, and thus for the synthesis of the galactose
derivatives over all good to moderate yields were obtained (Figure 11B). Within the O-galactosides, the ortho-
substituted derivatives were obtained with the lowest yields. This might be explained by the fact, that the
substituent in ortho position stericaly hinders the hydroxy group of the phenol during the glycosylation
reaction. The meta- or para position might not hinder the hydroxy group and thus the latter two react faster.
The limiting factor of the glycosylation reaction is the stereo selectivity, as the favored f-anomer is formed
first as the kinetic product. The thermodynamic product, the a-anomer is formed with longer reactions times.

In this case the a-anomer is the undesired product and thus the reaction must be stopped prior to its formation.
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Moreover, the unprotected sugar is a rather polar compounds and thus difficult to purify on silica columns.
This explains the fact, that usually derivatives with bulky, hydrophobic substituents like the naphthol
derivatives e.g. 20, 48 were obtained with better yields than the more polar compounds, e.g. 40 (Figure 12).
After synthesis of the set of potential LecA inhibitors, the binding affinity for LecA can be tested using the

fluorescence polarization assay. 262!
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Figure 11: Glycosylation reaction for the synthesis of the C; O- and S-galactose derivatives. The glycosylation was done
with the lewis acid BF;OEt; and the corresponding alcohol or thiole derivative. Compared to meta and para substituted

phenyl derivatives, the ortho derivative showed decreased yields.

Within the 24 tested D-galactose based ligands, the 2-thio naphthol derivative 48 showed the worst ICso with
103 uM. In contrast, the 3-methoxy phenyl B-galactoside 1 was tested with an ICsy values of 3 uM, and thus
being the best ligand of the series. Within the series of ortho derivatives, the ICso value of the methyl substituted
derivative 38 was in the same order of magnitude as the used standard phenyl B-galactoside 8. The ethyl
derivative 39, the methoxy derivative 40, and the nitro derivative 49 showed affinities of higher than 20 uM.
This can be explained by the fact, that bulky substituents might have a negative influence of the affinity, as
they might clash with the crystal structure of LecA.

A potential steric clash is more likely the explanation than the electronic effects as the nitro- and methoxy-
derivatives have electronic withdrawing effects while the ethyl substituent has an electron donating +I effect.
Within the series of meta substituted phenyl derivates all synthesized ligands showed affinities lower that the
unsubstituted standard phenyl 8. Within the m-nitro substituted derivative 33 was the worst ligand with an ICs
of 13.4 uM. For the para series, all derivatives, with exception of the nitro derivative 19, showed lower ICso

values than the standard phenyl B-galactoside 8.
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Figure 12: The evaluated D-galactose based inhibitors to obtain insight in the binding behavior of LecA. For the O-
galactoside phenyl derivative, a SAR study on the different ring positions was done. In addition, bulkier, di-substituted

ligands and naphthol derivatives with an O-linkage were tested. To compared S- and O-galactosides, a set of four thio-

Therefore, it can be concluded, that the nitro group in ortho meta- and para position is a less favorable ligand
than the alkyl substituents methyl and ethyl, or the methoxy- or phenyl substituents. The comparison of S- and
O-galactosides, it can be concluded that the binding affinity of p-methoxy phenyl O-47 or S-galactoside 36 is
with 7.0 uM- or 9.8 uM comparable. For this substituent, there was no difference between O- and S-
galactosides. The published LecA ligand 2-naphthol B-D-thio galactoside (20) was tested with an IC50 of 18.1
uM, while it was published with a Kd value of 6.3 uM. Since the K4 determination was done with a direct
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titration using ITC, the determination of the ICso value was used by FP assay. This is an indirect method and
explains the difference. Comparison between the two O- (11) and S-(20) galactoside, a slight preference for
the O-galactoside was observed. In contrast, the affinity of the 1-naphthol p-D-thio galactoside (48) was with
an ICso value of 103 uM significantly lower than the 2-naphthol derivative (20) Moreover, the substitution of
the O-2-naphthol derivative (11) with a methoxy group in 6- (45) or 7-(44) position did not improve the
affinity. Since the methyl- and methoxy substitution were favorable the di-substituted derivatives 42, 41, 43,
46 have been analyzed. While the di-substituted methoxy derivative 42 showed an ICso of 19.5 uM, while the
di-methyl substituted thio-derivative 46 showed an ICso value of 8 uM. From this it can be concluded that a

substitution in 3, 5 position is more favorable than a 3, 4 substitutions.
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Figure 13: FP determination of the ICso values of the ortho- (40), meta- (1) and para- (36) substituted phenyl -D-
galactoside, the p-methoxy-thiophenyl B-D-galactoside (47) and the di-methoxy phenyl- (42) derivative

To obtain more insight into the binding behavior of LecA a set of 12 amides- and 8-sulfonamides was
synthesized to compete the SAR study. Both linkages are interesting for the SAR study the sulfonamide linkage
mimics in its geometry more the C-C linkage. Compared to the previously described phenyl-based ligands, the
amide- and sulfonamide ligands were synthesized using an amide formation with chloride (Figure 14). For this
reaction, the deprotected amine derivative was dissolved in DMF, and after addition of NEt; as base and
cooling to 0°C, the different chlorides were added. Because of the hydrophilic nature of the obtained product,
purification of the reaction turned out to be difficult. Since reversed phase was not an option at the time of
synthesis, only yields between 13 and 41 % of final product must be accepted.**¥ Also, enhancing the
equivalents of chloride from 1.2 to 2 did not enhance the affinity significantly. To improve the yield of the
reaction, DMF could be replaced with MeOH for the synthesis, obtaining a protecting effect of the surrounding

MeOH molecules to prevent the OH groups of the sugar from reacting.
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To obtain a full picture of the LecA binding preferences, amide as well as sulfonamide coupled ligands with

para- and meta substitution was synthesized (Figure 14). Within the series of the amides, binding affinities

between 5 and 20 uM have been determined. Again, the worst inhibitor of the series was the p-nitro derivative

64 with 19.9 uM. Compared to these results, the affinity of the synthesized sulfonamide derivatives was

significantly lower (Figure 16). Within the series of the sulfonamides, the para substituted 4-flour phenyl

derivative 65 showed the best ICsy value of 10.5 uM, and the para naphthol derivative 67 with a binding affinity

of 11 uM. The unsubstituted phenyl derivative 68 and the para nitro derivative 69 have a 10-fold higher binding

affinity of around 100 uM. While both, the flour group and the nitro group have a —I-effect, but while flour

has a +M effect the nitro has a —M effect. This difference gives an indication, that electronic effects play a role

in the ligand binding.
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Figure 14: Synthesis of the amide- and sulfonamide derivatives. The sulfonamides 66, 68, 69, 70, 71, 72 were synthesized

under supervision of Ines Joachim by Maike Lehner during her Bachelor thesis. Overall, both syntheses were carried out

in DMF with addition of triethyl amine and addition of the chloride at 0°C. After stirring at room temperature, the final

compounds were obtained. Yields are given for the shown synthesis steps.
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Figure 15: Binding affinity was determined using the FP assay. The determined ICso values for the amide- and
sulfonamide structures showed decreased affinity compared to the C1 derivatives. 66, 68, 69, 70, 71, 72 were synthesized
by Maike Lehner in her Bachelor thesis.**! The amides (pink structures) showed better affinities compared to the

sulfonamide structures.

Overall, it can be concluded, that both, the meta and the para position are more favorable compared to the
ortho position. For the amide derivatives, this effect is even more pronounced, as the substituent is bigger and
thus steric effects are more pronounced. Since the methoxy derivatives showed an enhanced affinity, the two
disubstituted derivatives were synthesized and analyzed using the FP assay. In contrary to the expected, both
derivatives showed a decreased affinity of only 17.6 uM or 19.5 uM, respectively. This result suggests that
steric effects or electronic effects of the disubstituted derivatives are less favorable compared to mono
substituted derivatives. In contrast, the disubstituted thio derivative with a meta-meta methyl substitution
pattern did show an affinity in the same range as the mono substituted derivative. These results suggest as well
that mono substitution is more favorable compared to disubstituted. Moreover, the analysis of the two
synthesized naphthol derivatives suggest a steric clash of the ortho position since the 2-B-naphthol derivative

is 10-times less potent than its 3-naphthol derivative.

From the synthesis of a set of 44 potential LecA ligands it can be concluded, that within the set of 24 phenyl
B- galactosides it was observed that substitution in meta position of the ring is favored over para, this is true
for substitutions on the phenyl ring and the amides. More significantly, meta and para are better than the ortho

position. For the amides, no ortho linked amides were synthesized, because a close examination of the crystal
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structure suggests a steric clash of ortho substituted ligands with the LecA surface. In comparison worse
affinities have been determined for most of the amide- and sulfonamide derivatives. All in all, it can be
assumed, that synthesis of C1 derivatives will not lead to a significant increase in the binding affinity compared

to phenyl B-galactoside 8.
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3.1.2 Evaluation of galactosamine scaffold as potential LecA inhibitor

Within the first detected LecA inhibitors, besides several galactosides, N-Acetyl B-galactosamine was
discovered to bind to LecA as well. 581 Consequently, the binding potential of galactosamine derivatives was
evaluated. For this, galactosamine (GalNH;) 75 and the substituted 4-Nitrophenyl-2-acetamido-2deoxy B-D-
galactopyranoside (p-NP-GalNAc) 76 were tested using the FP assay. [
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Figure 16: Determination of the binding affinity of galactosamine 75 and 4-Nitrophenyl-2-acetamido-2deoxy B-D-

galactopyranoside (p-NP-GaINAc) 76. Galactosamine 75 showed no binding, whereas p-NPG GalNAc 76 showed
binding with a affinity of 136.3 £49.1 uM.

The unsubstituted galactosamine 75 did not bind to LecA in the tested concentrations, as well as the
unsubstituted N-acetyl galactosamine. Only the tested 4-Nitrophenyl-2-acetamido-2deoxy B-D-
galactopyranoside (p-NP-GalNAc) 76 showed an affinity of 136.3 uM, which is in the same range as D-
galactose. These results are in good agreement with previously reported results which showed an 50 %
inhibition of galactosamine after equilibrium dialysis of 400 uM sugar derivative with 100 pM sugar.l*®]
Because of the worse affinity of 76 compared to phenyl p-galactoside 8 it can be concluded, that galactosamine
is not a suitable starting point for new, more potent LecA inhibitors. Since the derivative 76 is already
substituted with a p-nitro phenyl moiety in C1 and with an acetyl group at the amine position and has only a
binding affinity of 136 uM. From this one can conclude, that there is little room for improvement. One

possibility to improve might substitution at the nitro moiety using different substituents.
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3.1.3 Evaluation of Galactonoamidines or Galactolactams as potential LecA inhibitors

There are several LecA ligands known for LecA, but all of them are based on a D-galactose scaffold. [2¢ 3858

9. 2631 The group of Susanne Striegler developed galactonoamidines as binders for the B-galactosidase of

Aspergillius oryzae. ¥7-2°Y1 Since B-galactosidases are not only used in industrial processes of diary productst®”’
and reporter gene assays?®”! but also has a beneficial therapeutic effect in lysosomal disorders. ?7°! But most
interesting, the galactonoamidines are also potent inhibitors of the Streptococuss pneuminiae -galactosidase

BgaC.[2¢7]
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Figure 17: For all tested potential lactam inhibitors, only 89 showed binding to LecA using the FP assay. The ligands 77
to 87, and 120, 90 to 88 did not show binding up to 3 mM.
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Moreover, the affinity of the galactonoamidines is based on the hydrophobic interaction with the methyl group
as well as - interactions of the aromatic ring. 724! Due to this reasons, the galactonoamidines might be an
interesting potential ligand for the Pseudomonas aeruginosa lectin LecA. To test this hypothesis, the ligands

provided by the group of Susanne Striegler 77 to 88 were tested in the fluorescence polarization assay (FP).

Within the 15 tested ligands, 77 to 88, only the B-lactam 89 did show binding to LecA (Figure 17 and 18). The
B-lactam 89 did show a binding affinity of 161.2 uM, which is in the same range as D-galactose itself. In

contrast, the glucose analog 90 showed no binding to LecA. This is in good agreement with the fact, that D-

glucose itself does not bind to LecA. ¥
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Figure 18: Representative FP assay titration for the tested galactonoamidine derivatives 77-82, 84-87, 88, 83, the lactam
derivatives 89 and 90, and phenyl B-galactoside as control. The blue line represents the control phenyl -D-galactoside,

the binding lactam compound 89 is shown in red and all nonbinding derivatives are shown in black.

It can be concluded that only the lactam structure based on galactose showed binding to LecA. All the presented
amidines did not show binding, this might be explained by the differences in electronic differences between
the nitro- or oxygen in C1 position. In contrast, the lactam structure based on glucose showed no binding,
which can be explained by the different hydroxy orientation in the C4 position. Since hydroxy groups in
position 3 and position 4 are involved in the binding to LecA, more specifically the coordination to the Ca**-

ion. Moreover, there is a difference in the electronic effects between the amidine and lactam ring structure.
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Within the aminides, the ring opposes and reverse anomeric effect, an effect that is termed after the preference

of the positively charged nitrogen.[2%]

Amidine Lactam
OH OH — OH OH NH Figure 19 Geometric representation of the galactonoamidine
N N . .
/ S : -
HObN/H_@ o o o derivatives. This structure varies from the D-galactose structure
OH OH that binds to LecA.

In summary, new potential ligands can only be synthesized based on lactam structures but can not be based on

amidine structures.

3.1.4 Conclusion on the SAR studies for D-galactose based LecA inhibitors

To conclude the SAR examination based on a D-galactose scaffold, m-methoxy phenyl substituted derivative
(1) was tested as the most potent LecA ligand with an ICso value of 3 uM in the FP assay. Moreover, the -
lactam galactoside (90) was shown to be very weak ligand with binding affinities in the mM range. In addition,
the ortho position was determined to be the worst position for a substitution, while the meta and para position
have been equally good. Compared to the published, best LecA ligands thio naphthol 20, and the triazole
published byVidal 61, no significant enhancement in affinity was observed. While N-Acetyl -D-galactosamine
was reported as a LecA ligand, binding of -D-galactosamine 75 was not determined using the FP assay. The
p-nitro phenyl N-Acetyl -D-galactosamine 76 showed an affinity of 162 uM, showing the N-Acetyl -D-
galactosamine is in need a LecA ligand. But as only the addition of a phenyl moiety at C1 position led to LecA
ligand with a determinable ICsy value in the FP assay, the N-acetyl galactosamine scaffold is a less potent

scaffold than D-galactose itself.
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3.2 Non-carbohydrate glyco mimetic as ligand of the P.
aeruginosa lectin LecA

In contrast to the previously describes approaches, which are all based on the natural LecA ligand D-galactose
as a scaffold, non-carbohydrate inhibitors could be an alternative. As the known crystal structure of LecA was
used as an inspiration for the synthesis of many compounds, they all are containing galactose scaffold to target
the primary Ca?*-dependent carbohydrate binding site. [**°*257 The development of non-carbohydrate mimics
could be an alternative strategy, opening a potentially large chemical space for novel inhibitors. But
carbohydrate-protein interactions can be very complex because of different hydrogen bonds and hydrophobic
contacts. For this reason, reported success stories of non-carbohydrate analogs have been limited. One of the
very few success stories of a novel glyco mimetic was reported for the model lectin Concanavalin A. A set of
glycol mimetic based on a shikimic acid scaffold have been shown to have good inhibitory activity against
DC-SIGN, another C-type lectin.[?”® Thus it can be concluded, that the presence of a Ca**-ion should therefore
be no obstacle for a glyco mimetic strategy against LecA. To identify novel structures binding to a protein a
virtual screening approach can be used. In this screening, a high number ob ligands can be screened using a
computational set up. Virtual screening could a powerful technique to identify potential ligands from a huge

number of potential scaffolds.

For LecA a virtual screening approach was planned to determine new scaffolds, which are potentially binding
to LecA in the carbohydrate binding site. This new scaffold will the identified by a virtual screening approach
and tested on their ability to bind to LecA in a biochemical assay. For these biochemical assays binding to the
first binding site of LecA, the galactose binding site is essential, as the biochemical assay is a competition
assay using a reporter ligand with the known LecA ligand galactose.®®! Thus the virtual screening hits will be

limited to those binding in the carbohydrate binding pocket.

3.2.1 Screening of the NCI database

The virtual screening was planned and executed by Anne Imberty and co-workers. In summary, the number of
1597 different molecules from the National Cancer Institute (NCI) diversity set [V were docked into the

binding site of LecA and 60 were determined as potential hits.[*!

3.2.2 Biochemical evaluation of the determined hits

From the 60 determined binding hits 40 hits have been selected and tested in the previously published FP
assay.[®®! Using this assay it can be determined if a compound is binding to LecA in the carbohydrate binding
pocket, as competition with a galactose derivative is used. In detail, the potential ligands are incubated with a
LecA and reporter ligand, a D-galactose based ligand bearing a fluorophore. Various concentrations of the

potential ligand are used. If the reporter ligand is tumbling free in solution the fluorescence polarization is low,
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while the reporter ligand LecA complex causes a high fluorescence polarization. Thus, after an incubation time
the fluorescence polarization of the solution is measured and plotted against the used ligand concentration to
give insight to the binding of a potential ligand. This method is limited to ligands binding in the carbohydrate
binding pocket, as completion with a D-galactose based ligand is used. Thus, only ligands binding in the
carbohydrate binding pocket can be examined. Within all the tested compounds only two have been determined

in the FP assay as potential hits, NSC27389 92 and NSC73735 93 (Figure 20).
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Figure 20: ICso determination using the FP assay using the conditions published before (88] Both tested virtual screening derivatives

influenced the determined fluorescence polarization. For both potential screening hits NSC27389 92 and NSC73735 93no sigmoidal

binding curves were obtained. The used ligand concentration was limited due to solubility of the ligands.

For both potential hits an influence on the fluorescence polarization was observed (Figure 20). Compared to
the usual observed sigmoidal binding curve, e.g. for D-galactose, the binding curve of both virtual screening
compounds differs in its shape. Both virtual screening compounds showed only in the highest concentration
changes in the fluorescence polarization. From the determined ICsy data, binding can neither be shown nor
excluded. To decide on the potential binding of the compounds, a thermal shift assay was done, including the
catechol derivatives 94 - 100. Those derivatives were chosen as potential derivatives of NSC27389 92. For the
thermal shift assay, LecA is incubated with fluorescent dye, which binds to the protein after denaturation. The
LecA dye mixture is incubated in presence of different ligands. In theory, binding of the ligands should
stabilize the protein and consequently increase the melting temperature. For the thermal shift assay temperature

shifts of 0.4 °C are considered hits. ['°!1 Since the theory of the thermal shift assay is based on the fact, that
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binding of a ligand stabilizes the protein and thus enhances the melting temperature, usually only ligands with

positive hits are considered.
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Figure 21 Representation of the evaluated virtual screening hits using the FP assay and determination of the thermal shift (TS). For
the thermal shift values, the difference between the melting temperature of LecA alone and the complex of LecA and the respective

compound is shown.

From all the tested potential ligands the standard phenyl b-galactose 8 and 3,4-Dihydroxybenzophenone 97
were determined as hits in the thermal shift assay. The standard sugar ligand 8 was also determined as a LecA
binder in the FP assay while for 97 no competitive binding was observed in the FP assay. But also, for 97
binding in the FP assay was suggested as changes in the fluorescence polarization were observed with ligand
concentration of more than 2.7 mM. For NSC 27389 92, 3,4 Dihydroxybenzonitril 95, and 1,4 Dihydroxybezol
101 positive thermal shifts were observed which are not considered significant since they are smaller than
0.4 °C. 2,3,4 Trihydroxybenzaldehyde 94, 1,2 Dihydroxy 4-methylbenzene 96, Catechol 98 and Phenol 99 big
temperature shifts of more than 3 °C were observed. All those big shifts were negative, thus showing that
binding of these ligands destabilizes the protein. In addition, negative hits can give a hint on a potential binding
event, but then either due to unspecific interactions or with the tendency to destabilize the complex due to

binding on hydrophobic regions. From the TS assay 97 was determined as potential hits (Figure 21). With a
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thermal shift of 0.34 °C NSC27389 92 was close to the threshold of 0.4 °C, thus remaining an inconclusive
result on the potential binding of the screening hit. All ligands with a negative thermal shift were not considered
hits since they showed no binding in the FP assay and probably of false positive hits from the TS due to

unspecific hydrophobic interaction with the surface of LecA was too high.

The biochemical evaluation of the obtained screening hits failed to give a clear result on the binding of the
potential hits. Since there has been a sign of binding for ligands NSC 27389 (92) and NSC 73735 (93) they
have been examined in ITC experiments, but for both ligands no binding in direct titration experiments have
been observed. Both potential hits were expected to have a binding affinity in the milli molar range, and
because of the poor solubility of LecA and the ligands, determination of low affinity ligands with ITC is rather
difficult. To enhance the probability of identifying low affinity ligands, a replacement titration was done with
NSC 27389 (92). In this experiment, the target protein LecA is incubated with the potential ligand NSC 27389
(92) and titration with the known ligand p-NPG 8 is done. The binding constant of the low affinity ligand 92
can be calculated with respect of the determined titration data of LecA with known ligand alone. As well as
the direct titration, the indirect titration failed to give a clear result on the binding to LecA, as well as no
binding affinity could have reliably been determined from these experiments. One more method for the
determination of binding of the ligands was the use of NMR to obtain more information. Compared to NMR
spectrometry, the biochemical fluorescence polarization assay, as well as the thermal shift assay based on the
read out of a fluorescent dye have several drawbacks, which can interfere with the obtained results. For both,
the assay could have been disturbed by the colored screening hits or their potential of fluorescence
enhancement or quenching. With these interferences it is impossible to determine a clear binding curve and it
makes the discrimination between real binders and false positives very difficult. Moreover, for the catechol
ligand oxidation was suspected that occurs during the incubation time and which caused the fluorescence of
the ligand to disappear. Thus, it can be hypothesized, that catechol structures are not very suitable starting
points for the determination of new, non-carbohydrate lectin LecA ligands. Since NMR is not influenced by

fluorescence, this technique can be used to give a more reliable result on the binding in this specific case.

3.2.3 Determination of the binding affinity using a ligand-based NMR method

In case of small ligands with low binding affinities, one might face the problems with biochemical assays in
hit evaluation. Since poor solubility, fluorescence issues or a massive consumption of expensive materials
were experienced drawbacks in the verification of the obtained virtual screening hits, one potential hit NSC
27389 (92) was examined using a ligand-based NMR approach. This approach was just recently used to
examine the binding of a whole library of potential, fragments binding with varying affinities to the heat-shock
protein Hsp90. 7! Experiments based on ligands effect have the advantage that small amounts of protein are
consumed, typically 1 to 10 uM of target protein (in 500 uL). " Moreover, the use of unlabeled target protein
and ligands are a huge advantage.[”! Following this approach, affinities between 0.1 to 10 mM can be detected.
Using a ligand-based NMR approach was a promising starting point as it is the only biophysical method which

148

enables the detection of binding one order of magnitude beyond Kq ["* Thus making it an interesting and

promising approach for poorly soluble and expensive ligands. Despite the fact, that NMR is the method with
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the lowest absolute sensitivity compared to surface plasmon resonance (SPR) or fluorescence based (FP)
methods, a variety of NMR techniques have been proposed to detect week affinity binders. 147! In general, the
obtained proton spectra can be evaluated using the determination of the full width half maximum of the
obtained signals, or the frequency of each observed peak. As reviewed in 2012 by E. Kovrigin, NMR line-

[179

shape analysis can provide information on ligand binding. !’ While analyzing NMR line shape in complex
transitions is difficult, but utilization for a proposed single binding event was shown to be a powerful tool.!'”!
In contrast to the determination of the full width at half maximum, the frequency of the peaks can be used for
determination of binding as well. The enhanced line broadening and the chemical shift changes are based on
the changing environment due to the binding of a small molecule to the target protein, and thus the chemical
environment changes. For the chemical shift determination, an approach to follow changes in the histidine
residues of bovine ribunuclease was published already in 1974, and the implication of this method to determine
the chemical rate and mechanism of a histidine titration with pH-depended changes in line broadening was
established by the group of Jonsson. Subsequent, the idea to measure proton shifts and use them to determine
ligand binding was followed up by Roberts and co-workers in 1978 and transferred to observation of ligand
effects. Despite the fact, that chemical shift mapping is used more frequently in protein-based NMR

approaches, it can be applied to a ligand-based approach, if some aspects are carefully considered and

reviewed:

To start the evaluation of such experiments, it must be examined which exchange conditions do apply for the
examined system. In case of a diffusion driven association and dissociation, the exchange rate will be in the
range from 107 to 103 M! s and this will be taken as a first rough estimation the equilibrium constant.['®% In
the event of a tight binder, the exchange will be slow on the NMR time scale. Thus, usually two different
spectra are observed, one for the complex and one for the free specie if this occurs at the tested concentration.
Usually, this biding applies for Kq4 values lower than 10”7 M. Entering values of around 10~ M the binding will
be weak and as a result the exchange will be fast on the NMR time scale. Then, the observed spectra are the
average of resonance of the nuclei at the corresponding sites in the free and unbound state resulting in the
observation of a single peak moving from the initial to a final position. The progressively shifting frequencies,
for example after increasing the ligand concentration as one of the two binding partners, a binding curve is
obtained by blotting the chemical shift against the used ligand concentration. [17-18% Between the both extremes
of a slow or fast exchange, intermediate exchange that does not fit to non-Lorentzian will render a clear
determination of a binding constant difficult. For the theoretical determination of the binding, a one-to-one
binding event is considered, in which ligand plus protein form a ligand-protein complex.['*”) Thus, both
presented ways of evaluating the recorded proton spectra can provide insight in a binding event, the binding

affinity and the mechanism.

Since the FP assay failed to give a clear result on the binding of the virtual screening compound NSC 27389
92 the binding was examined using the described NMR approaches. For the NMR measurements, the target

protein LecA was used with 100 uM concentration containing an equimolar amount of CaCl, to ensure ligand
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binding. NSC 27389 (92) was added in different concentrations between 100 uM and 5 mM and proton spectra
and water suppressed proton spectra were recorded and evaluated. The DMSO concentration was adjusted to

5 % in every sample to prevent unspecific effects due to altering DMSO concentrations.

All four obtained signals, the isopropyl signal at 1.205 ppm (Figure 22, A), and the three aromatic signals at
7.058 ppm (Figure 22, B), 7.564 ppm (Figure 22, C) and 7.640 ppm (Figure 22, D) showed changes in
frequency with increasing amounts of NSC 27389 (92). Since the DMSO concentration was kept constant in
all samples, the changes in peak shifts are most likely caused by a binding event. If this binding event is within
the carbohydrate-binding pocket cannot be determined from this experiment. The full width half maximum

cannot be determined visually, thus the full width at half maximum of the determined peaks was measured and

179]

blotted. In case of binding, line broadening should be observed, as described by E. Kovirigin in 2012. !

A

10 [rel]

T T T
758 757 7.56 755 [ppm]

Figure 22: Shown are the determined peaks for NSC 27389 (92) in concentrations from ranging from 5 (purple), 3.5 (blue) 2.5 (green)
1 (orange) and 0.5 (red) mM. A the isopropyl-protons at 1.205 ppm B to D the aromatic protons. All spectra contain 100 uM of LecA
with 100 uM CaCl: to ensure ligand binding and were referenced on the internal DMSO signal. All spectra contain a final DMSO

amount of 5 % and were recorded with a number of 1000 scans a with water suppression.

The titration with 100 uM of NSC 27389 (92) had to be removed, as the signal to noise ratio was to poor for a

valid determination of the full width half maximum or a clear peak.
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On the one hand, the titration process can be followed by determination of the peak frequencies. This has been
blotted in Figure 22. For all four signals, changes in the signal peaks have been determined with respect to the
DMSO signal, which was used as an internal reference. But for all four signals, no sigmoidal could be
determined using a free fit of the determined data. As summarized in Table 1, the free hit did not give valid
curves for the signals at 1.21 ppm with a hill slope of 11.14 and at 7.66 ppm with a hill slope of 5.290. The
two other aromatic signals at 7.57 ppm and 7.05 ppm did give hill slopes of 0.608 and 1.110. Thus, fixing the
slope to 1 did not change much on the previously determined K4 values of 22.5 and 16.9 mM. Recalculating
the curves with the fixed value, 27.4 and 16.1 mM were determined. In contrast, the free fit with the hill slope
values strongly deviant from 1, the free K4 value of 2.7 mM for isopropyl and 4.4 mM for the aromatic signal
at 7.66 ppm. Fixing the hill slope to 1, a K4 value of 1.4 mM was obtained for the isopropyl-proton signal, and
21.1 mM for the aromatic signal 7.66 ppm. The calculated fit curve for the isopropyl signal (Figure 23A) does
not fit the determined values properly so the resulting K4 is unsure. Using all four determined Kq values, a

value of 16.49 + 9.60 mM was obtained. Without the isopropyl signal, a value of 22.53 + 4.61 mM is obtained.
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Figure 23: Titrations of NSC 27389 (92) with LecA (100 uM) A: Isopropyl-H and the aromatic protons B-D B: the proton at 7.06
ppm, C: and the protons at 7.57 ppm and D: the protons at 7.66 ppm. Changes in the full width half maximum (FWHM) are determined
for all four signals. Blotted is the ligand concentration against the measured full width half at maximum. Spectra were recorded with

water suppression and 1000 of scans.

On the other hand, the full width at half maximum can be used to determine binding of a ligand to a target

protein. Thus, the spectra were superimposed and referenced to the DMSO signal, and then the full width at
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the half maximum was red out. For all four determined peaks, a rather small difference between the different
full widths half maximum values were determined (Figure 23). In detail, the span of the experiment varied
from 0.2 to 0.5. This can be explained in either of two ways, one being the poor binding affinity leading to
only minor changes, or second being a hint of unspecific binding. Compared to published results for K4 values
in the range of 10 mM, a span of 1 was observed for a similar experiment. But as this experiment was set up
as a tool in fragment-based drug design, it was optimized to target long-lived states in NMR, increasing the

intensity to a maximum compared to the recorded usual water suppressed proton spectra.l?’!l

With the used NMR approach, a binding affinity of 8.1 + 2.4 mM was determined. Looking at the determined
Hill Slopes of the four fits, it is obvious that the quality of the curve with the signal at 7.06 ppm is poor,
showing a Hill slope of 6.9 if not fixed giving a K4 value of 11 mM. Fixing this Hill Slope, and thus the slope
of the curve, to 1, a K4 of 10.44 mM is obtained. Even though, the curve does now represent the determined
values much better, it has only minor influences on the obtained K4 value. In contrast, not fixing the Hill Slope
for the signal at 7.66 ppm, a Hill Slope of 16.9 not only was unreasonable, but also a K4of 57 mM was obtained.
Unspecific binding or the small span of the obtained values can explain this. If the Hill Slope is again fixed to

1, a reasonable curve representing the obtained data and a K4 of 9.8 mM are obtained.

3.2.4 Conclusion on the examined hits from the virtual screening approach

To conclude, one can say that there is a line broadening of the signal with decreasing amounts of ligand and
that there is a shift in the peak signals with changing ligand concentrations. As a binding of a small molecule
to a bigger target molecule, LecA in this case, does result in a signal broadening; this can be concluded to be
a general hint for binding of NSC 27389 (92) to LecA. Moreover, the observed changes in peak signals can be
taken as a sign for binding. For the first evaluation method, the blotting of the proton shifts, a K4 value of 16.5
* 9.6 mM using all four peaks, and 22.5 +4.6 mM neglecting the isopropyl proton due to poor fit quality were
obtained. In contrast, using the measurement of the full width at half maximum, a K4 of 8.1 + 2.4 mM was
calculated. Comparing both obtained values, the discrepancy of the two obtained values is obvious. Since both
values are determined from the same spectra, this discrepancy can only be explained by either the obtained
small changes in signal shifts or full width at half maximum due to weak binding or by the fact, that the binding
is unspecific. For either of the evaluation methods, the determined Kq in the 10 mM range explained the
observed problems in obtaining binding curves using the FP assay. Finally, one problem is the fact, that the
binding per se is not clear. All calculations assume that the observed small effects are indeed due to specific
binding. To verify this binding, the method should be applied to a known weak binding LecA ligand with a K4

in the same range, for example D-galactosamine.

The obove mentioned results were used as a starting point for further experiments and were ultimately

published in 2020. %I
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3.3 Using a '°F NMR screening for the identification of potential
new carbohydrate binding site ligands for P. aeruginosa lectin
LecA

While monovalent ligands based on fucose present nano molar binding affinities to LecB, galactose based
LecA ligands show binding affinities in the lower uM range. [*>87- 2632641 To enhance the binding affinity of
known ligand growing approaches or derivatization can be used, the lather was successfully used to determine
more potent LecB inhibitors. 872642661 [n general two different starting points can be chosen: either starting
from a known ligand, which could be D-galactose for LecA, or starting with a screening for the determination
of binding structures which could also be without a sugar scaffold. It was shown by Rademacher and co-
workers, that a fluorine-based NMR screening set up can be used to determine binding molecules for lectins
without a sugar scaffold. %7 In this technique, a fragment library with members bearing a fluorine atom is

93, 267-268

screened in a two-step NMR approach using a '°F screening and a CPMG sequence. [ 1 The advantage

of the fluorine NMR is not only the increased sensitivity, but also the reduced number of signals using '°F

NMR techniques enabling the combination of up to 36 compounds in one sample or so-called bins.

A * Figure 24: Schematic representation of the screening set
. . up is shown starting the recording the compound

. libraries (bins) with °F and CPMG measurements (A),

followed by recording the bins in presence of the target

L \ protein (B) identifying hits by a reduction in the signal

SRS " apectuny intensity (CMPG) or signal shifts ('°F) shown for the red

hit compound. To verify binding, the bins are recorded

B
' in presence of the target protein and a known inhibitor
. ‘.\ I (grey, C), true hits are identified if the compound of A
. and C are the same.
CPMG spectrum '*F spectrum
C

e

CPMG spectrum  '°F spectrum
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For the NMR screening first, '°F and CPMG spectra of the compound bins with a final concentration of 50 uM
per compound were recorded on a 600MHz NMR equipped with a cryo probe. Then as a second step the bins
were measured in presence of 10 uM of the target protein LecA (Schematically shown in Figure 29A). To
reduce the obtained potential LecA binding hits to fragments binding in the carbohydrate binding pocket,
spectra of the bins in presence of LecA (10 uM) and 100 uM of the known LecA carbohydrate ligand p-NPG
are recorded (Schematically shown in Figure 24C). 71 As the known ligand p-NPG has a Kq value of 26.2
uM, a concentration of 100 uM was used to ensure competition even in case of strongly binding fragments.?>:
%I NMR spectroscopy is a highly sensitive method so the reduction of the obtained binding fragments to those
binding in the carbohydrate binding pocket was needed, because it reduces the number of hits and is an
additional verification method to reduce false positive hits. Moreover, the FP assay for biochemical hit
verification is based on competition with a D-galactose-based reporter ligand. Binding of potentals hits is
identified as changes in the chemical shifts of '’F NMR spectra. For evaluation the of potential hits in the '°F
spectra signal shifts were rated with 1 when a clear effect was observed or with 0.5 if effect was less clear. For
the YF competition measurements with p-NPG signals were rated with 1 when the chemical shift changes back
to the shift of the reference spectrum value after inhibitor addition.-Hits in the CPMG sequence are identified
by a reduction of the signal intensity. For the CPMG experiments signals in presence of LecA were rated with
1 if a clear effect was observed which is a signal reduction of more than 50%. Signals were rated with 0.5 if
an unsure effect was observed (signal reduction of more than 25%). For the CPMG experiments with p-NPG
competition, signals were rated with 1 if a clear effect was observed (rise in signal intensity of more than 50%)
and rated with 0.5 if unsure effect were observed (rise in signal intensity of more than 25%). The results of all

analyzed compounds are summarized in Tablel. All compound that scored at least a 1 in the '°F or CPMG
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measurement with LecA and at least a 0.5 in the competition measurement with p-NPG were considered as

hits. In summary 192 different compounds combined in six bins were screened:
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Figure 25: A shows the identification of the screening compound 14H04 (104) with the CPMG measurement and B shows the
identification of the screening compounds 14E08 (105) with the CPMG measurement and C shows the '°F measurement of compound
14E08 (105). The red spectra represent the measured compound libraries alone (50 puM, reference), the green spectra show the
measurement of the library bin and LecA (10 pM, +LecA) and the blue spectra represent the NMR measurement containing the
compound library bin, LecA and p-nitro phenyl B-D-galactoside (100 pM, +LecA/p-NPG). All chemical shifts are given in ppm. For
104 a clear signal reduction of 55 % was observed after the addition of LecA (A, red compared to green peak), and the signal was
changed back to 73% of the initial intensity after the addition of p-NPG (B, blue peak). 105 showed an even stronger reduction in
signal intensity after addition of LecA (B, red compared to green peak) than 104, but the signal intensity was not completely restored
after the addition of p-NPG (B, blue peak). The '’F NMR measurement of 105 also revealed a signal shift (C, red compared to green
shift) which was reverted after the addition of competitor p-NPG (C, green peak).

The first screened bin contained a total of 36 compounds and two hits were identified, namely 105 and 104
(Figure 25). For compound 104 only binding and competition effects were observed in CPMG measurements

(Figure 25, A). After addition of LecA the signal of compound 104 was reduced by 55%, and a recovery of
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the signal of 73% was observed after the addition of the carbohydrate binding site ligand p-NPG. However,
no effects were observed for 104 in the '°F measurement. In this bin a second potential LecA ligand was
identified 105 (Figure 25 B, C). Compound 105 was identified as the second potential hit during the screening
scoring in both, the '°F measurements as well as the CPMG measurement (Figure 25, Table 1). For the CMPG
measurement a value of 0.5 was scored with a signal reduction of 28% and a recovery of 39%, making this
structure a potential weak hit. In the '°F measurement a weaker shift was observed, leaving the compounds
with a 0.5 score in the '°F screening. The shifts were partially reversible after addition of p-NPG but no signal
reduction was observed. Although compound 105 did only score a 0.5 in the individual measurement it is one
of the rare cases that did show effects in both types of measurements and was therefore considered a potential
hit.
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Figure 27: CPMG spectra of the two hits 102 and 103 of the second screened bin. The red spectra represent the measured bin of
the compound libraries alone (50 uM, reference), the green spectra show the samples with the respective bin and LecA (10 uM,
+LecA) and the blue spectra represent the sample containing the compound library, LecA and p-nitro phenyl B-D-galactoside (100
uM, +LecA/p-NPG). All chemical shifts are given in ppm. For all compounds 106-109 clear signal shifts were observed after the
addition of LecA (A, red compared to green peak), and the signal was changed partially back to the initial intensity after the

42



addition of p-NPG (B, blue peak. So, a score of 1 was assigned for all spectra with LecA and a score of 0.5 was assigned for all

measurements with the competitor p-NPG.

In the second screening bin containing 36 compounds of the total compound library in the '°F NMR spectra
four compounds were identified as potential hits namely 106-109. All four hits scored a 1 in the "F
measurement, which as described before means a clear signal shift (Figure 27). In the competition
measurement all compounds only scored a 0.5, resulting in incomplete shifts back to the spectra of the
reference bin alone. These results suggest that it is an uncertain hit. In addition to the four potential hits
mentioned above two more potential hits were determined, but only in the CPMG measurement: 102 and 103
(Figure 27). All the four hits 106-109 determined from the '°F measurement did not score a hit the CPMG
measurement and 103 from the CPMG measurement only scored a 0.5 in the '°F measurement with LecA but
was not restored after the addition of p-NPG. For 103 a signal reduction of 51% was observed in the CPMG
measurement which was restored up to 96% after the addition of p-NPG. 102 scored a 0.5 in the "F
measurement with LecA but did not show competition in these measurement upon addition of p-NPG (Table
1, Figure 32). In the CMPG measurement 102 showed a signal reduction of 51% after addition of LecA and
the signal was fully restored after addition of p-NPG.

In the third bin, that containted a total of 12 compounds, only one hit was identified 110. This hit was identified
only in the CPMG measurement were a signal reduction of 80% was observed after the addition of LecA, and
the signal was restored by 91% after the addition of p-NPG (Figure 28, Table 1). In the '°F spectra the
compound 110 scored a 0.5 in the measurement with LecA but did not show competition in the measurement

with p-NPG in the °F spectra (Tablel)
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Figure 28: The determined hit from the CPMG measurement identifying 110 as a screening hit. The red spectra represent the measured
compound libraries alone (50 uM, reference), the green spectra show the samples with the respective bin and LecA (10 uM, +LecA)
and the blue spectra represent the sample containing the compound library, LecA and p-nitro phenyl p-D-galactoside (100 puM,
+LecA/p-NPQG). All chemical shifts are given in ppm. For 110 clear signal reductions of 80 % was observed after the addition of LecA,
resulting in a score of 1(A, red compared to green peak). The signal was restored by 91 % of the initial intensity after the addition of

p-NPG, resulting again in a score of 1 (B, blue peak).

In the fourth bin containing 36 compounds six hits were identified as hits in the CPMG measurement: 111-

116 (Figure 34, Table 1). All compounds 112, 114, 115, 116 and 117 scored a 1 in the CPMG measurement
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and the competition which means a signal reduction of more than 50 % and a recovery of at least the same

after addition of the known LecA competitor p-NPG.
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Figure 29: The determined hits of a bin containing 36 compounds. 111 (A), 112 (B), 113 (C), 114 (D), 115 (E), 116 (F) were
determined as hits from the CPMG measurement. The red spectra represens the measured compound libraries alone (50 uM reference),
the green spectra depict the samples with the respective bin and LecA (10 uM, +LecA) and the blue spectra represent the sample
containing the compound library, LecA and p-nitro phenyl B-D-galactoside (100 uM, +LecA/p-NPG). All chemical shifts are given in
ppm. In details, 111 showed a signal reduction of 53 % after addition of LecA scoring a 1 (A, red compared to green peak) and the
signal was restored by 32 % after addition of p-NPG scoring a 0.5 (C, blue peak). For 112 a signal reduction of 61 % was observed,
scoring a 1 (A, red compared to green peak). 100 % recovery was observed for the signal of 112 after addition of p-NPG, clearly
scoring a 1 (C, blue peak). 113 showed a signal reduction of 48 % scoring a 0.5 in the CMPG measurement with LecA (A, red compared
to green peak), but a score of 1 was reached upon addition of p-NPG as the signal was fully restored (C, blue peak). 114 showed a
signal reduction of 67 % resulting in score of 1 (A, red compared to green peak), and the signal was restored by 61 % upon addition of
p-NPG, resulting again in a score of 1 (C, blue peak). 115 showed a decrease in its signal by 61 % scoring a 1 in the CPMG measurement
with LecA (A, red compared to green peak), and a clear score of 1 was reached upon addition of p-NPG as the signal was fully restored
(C, blue peak). The last hit 116 showed the clearest results with a complete loss in signal in presence of LecA (A, red compared to

green peak) and a full recovery of the signal upon addition of p-NPG (C, blue peak.), which means a score of 1 in both measurements.
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In detail, 112 showed a signal reduction of 61% in the CPMG measurement and a full recovery of the signal
after addition of p-NPG (Figure 29, B). For 114 the reduction a signal reduction of 67% was measured which
was restored by 61% after addition of the carbohydrate competitor p-NPG (Figure 29, D). The signal of 115
was decreased by 61% after the addition of LecA and was fully restored after the addition of p-NPG (Figure
29, E). While 111 showed a reduction of its signal of 53% and the signal was restored by 32% after addition
of p-NPG (Figure 29, A). This means that 111 is a weaker potential hit compared to the previously described
112 and 114. It could also mean, that the affinity of 111 to LecA is less than for the other two, as 111 does not
compete with p-NPG as efficiently. In contrast, 116 showed a complete loss of the signal after addition of
LecA and a complete recovery after the addition of the galactose derivative (Figure 29 F, Table 1). The weakest
hit of the CPMG measurement of the bin was 113, which scored a 0.5 with a reduction of 48 % in the CPMG
sequence and a 1 in the competition measurement with a recovery of 100 %. None of the hits mentioned above
nor any additional hit were identified in the '°F spectra. It is surprising that none of the hits did cause effects
in the "F measurement because they did show clear results in the CPMG measurement. This might hint to the
fact that the found compounds are weak binders. As both experiments were measured with the same probe, a

sample error can be excluded as root cause of the observed result.

In summary, for this screening only compounds that scored at least a score of 1 in the F or CMPG
measurement with LecA were considered hits with the exemption of 113 which scored only a 0.5 in the CPMG
spectra with a signal reduction of 48%. A reduction of 50% would result in a score of 1 and as 48% is very
close and in addition the signal was fully recovered after the addition of the competitor, this compound was
considered a hit even with scoring only a 0.5 in the screening with LecA. Table 1 is summarizing all screening

results.

In summary using the descriped criteria, a total of 14 hits were identified using CPMG and '°F measurements.
Within these hits according to the above-mentioned criteria, 102 and 103 were determined the strongest hit.
While compound 102 appeared as a distinct hit in the CPMG measurement with a signal reduction of 51 %
and a full recovery of the signal after carbohydrate addition, no clear effect was observed in the 'F
measurement. Thus the total score of compound 102 was 2 out of 4 maximum possible. Compound 103 also
was determined as a clear hit in the CPMG measurement with a signal reduction of 67 % and a recovery of the
signal of 61 % after addition of the galactose derivative. 103 also scored a 2 in total. In the "°F screening
compound 114 showed and unsure effect with a signal reduction of over 50% but no chemical shift was
observed. Usually signal reduction was observed in the CMPG measurements while in '°F measurements
mainly signal shifts have been observed. 115, 110, 114, 116, 104 and 112 were all clear hits in the CPMG
measurement but did not show effects in the 'F screening. This could be due to the enhanced sensitivity of
the relaxation based CPMG method in contrast to the '°F measurement.!**?! 108, 106 and 107 all showed a
clear effect in the "’F measurement (rated with a 1) and for all three compounds the effect in the competition
assay was not as pronounced (rated with a 0.5). A rate of 0.5 in the competition experiment does not necessarily

mean that the determined hit has a worse quality it can also be a result of a strong binding of the ligand.
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Remarkable however is the fact, that all these three hits did not show any effect in the CPMG measurement,
which could potentially be a sign of unspecific binding. Compound 111 showed effects in the CPMG but not
in the '°F measurement. Only compound 105 showed effects in both, the '°F and the CPMG measurement. 113
was the weakest determined hit with only a score of 0.5 in the CPMG measurement, but due to the fact that
the threshold for a score of 1 is 50 % signal reduction and the compound showed 48 % signal reduction and a
full recovery after addition of the inhibitor p-NPG the compound was also considered a hit. In total using the
CPMG and '°F NMR screening approach developed by Rademacher and co-workers six bins were screened
with a sum of 192 compounds. In summary 67 compounds showed binding to LecA upon which 14 were
competitive, thus a total of 15% of all determined LecA binding compounds could be specific LecA binding
site ligands. For further evaluation of the determined potential LecA carbohydrate binding site ligands
commercially avaibale compounds were ordered for the biochemical evaluation in the competitive binding

assay.
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3.3.3 Biochemical evaluation of potential carbohydrate binding site ligand hits from the
NMR screening using the fluorescence polarization assay as well as the thermal shift

assay

One of the advantages of NMR based screening is the sensitivity of the method, but on the other hand, this
makes it prone to false positive hits. ['*>228) Thus a method to is needed to verify binding of potential ligands

determined in the NMR screening to LecA.
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Figure 30: Evaluation of the eight derivatives tested in the FP assay. The inhibtion at a maximum concentration is shown in the plot.
Eight compounds were tested and five showed inhibition: 111 and its derivative without flourine 117, the derivative of 114 without
fluorine 118 was tested as well as the the fluorless derivative of 104, 119 and compound 108. LecA was used in 18 uM concentration,
and the ligand was used in its individual highest possible concentration (see x-axis). None of the tested compunds showed a sigmoidal
binding curve when used in increasing concentrations thus only the inhibition at the maximum concentration based on changes in the

florescence polarization are blotted. The average and standard deviation are calculated from at least three independent experiments

The biochemical method for hit verification is potentially SPR, ELLA, TSA or FP. Since the screening
included a competiton with a known LecA carbohydrate binding site ligand only potential ligands binding in

this pocket should have been identified. Thus, a method testing specifically for ligands binding in the
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carbohydrate binding pocket would be of great benefit. Biochemical confirmation of the determined hits is
crucial to distinguish between true binders and false positive hits. For the rapid evaluation of LecA inhibitors,
the developed assay based on fluorescence polarization was used.?’”! In this assay, binding of a ligand is
determined by competition of a fluorescently marked ligand. 15 compounds were used in the assay due to
availability of the screening hits. The fluorine ions which were crutial for the NMR screening as it was based
on a ’F measurement. For the biochemical evaluation also three compounds (111, 114, 104) were in addition
tested as derivative without fluorine. From the 15 screening hits only eight were selected due to availability of
the needed amounts for the assay and due to cost limitations and tested in the FP assay. The clearest hit from

the NMR screening, 102, was included in the study.

In the FP assay only five compounds (108, 111, 117, 118, 119) out of the eight tested compounds showed
effects. It was not possible to obtain sigmoidal binding curves for either of the tested ligands. This could
potentially be a result or combination of poor binding affinities as well as a poor solubility of the ligands. One
of the hits from the NMR screening was tested as flourine- and flourineless compound: 111 and the fluorine
less derivative 117. Both derivatives did show the same solubility as well as comparable inhibitory potential.
111 showed inhibiton of 21 = 5 % and 117 of 16 £ 6 %. These results could be because the fluorine for this
compound does not influence the binding affinity significantly. But the conclusion on less pronounced effects
in the binding affinity cannot be made since no sigmoidal binding curve was obtained. The fluorineless
derivative 118 was also tested in the assay and did show inhibition of 21 &+ 5 %. As this compound was tested
but the original screening compound containing the fluorine 114 was not tested no conclusions on the role of
the fluorin in these compounds can be made. Compared to 111 and 117, 114 showed an inhibtion of the same
magnitude. In addition, 119, which is the derivative without fluorine of 104 was tested and showed inhibition
of 16 + 1 % in the FP assay. The solubility of the compound was rather poor, resulting in final concentrations
of only 667 uM in the assay. Also 108 determined as potential hit in the NMR experiment showed effects in
the FP assay of 13 + 9 %, but the variance between the single measurements was high as the standard deviation
of 69 % clearly show. Also, with a final concentration of 3 mM and yet no sigmoidal binding curve, it can be
concluded that the affinity of this ligand is poor. In Summary, 113, 102 and 115 showed no inhibition in the
FP assay while 111 and its derivative 117, 118 and 119 showed inhisbition of up to 21 % at the highest tested
concentration of each compound. For 108 only two of three experiments showed significant inhibition making
its standard deviation with 69 % unreliably high and so no conclusion based on these data alone is possible.
NMR is a highly sensitive method compared to the fluorescence polarization assay. So, there are numerous
reasons why a hit can be determined in the NMR screening but not in the FP assay. It can be possible limitations
in the solubility of the compounds with respect to there binding affinity to LecA. In NMR measurements
ligands with a low binding affinity can be determined while in the FP assay a ligand concentration of more
than the binding affinity is needed. If a ligand is poorly soluble but has a low binding affinity it can not be
determeind in the FP assay. In addition, the fluorescence intensity of the reporter ligand can be influenced by
the potential LecA ligands causing unwanted effects on the fluorescence. This was tested as the fluorescence
of the ligands with the reporter ligand alone was tested and no significant effect on the fluorescence intensity

was observed. Also, unwated interactions with the dye or the carbohydrate of the reporter ligand could be the
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reason for unclear effects in the FP assay. This can be excluded for the compounds presented in figure 35 as
they were all tested against the carbohydrate reporter ligand alone and did not show any interactions. For
further verification of the binding of the screening compounds a second biochemical evaluation using

differential scanning fluorometry (DSF) based on the melting behavior of LecA was carried out.

The thermal shift assay is based on the principle that LecA and a fluorescent dye (sypro orange) are heated up
and upon denaturation of the protein the dye can bind to the thereby presented hydrophobic regions of the
protein. In theory, binding of a ligand enhances the complex stability and thus the determined melting
temperature of the protein is higher. It is discussed, if decrease of the melting temperature can be counted as a

3941 However, due to experimental uncertanties,

biding event as well, but with an adverse energetic profile. !
only a change in melting temperature of at least 0.4 °C is considered as significant. Sypro orange, which was
used in this thermal shift assay, has an extinction maximum at 300 and 472 nm and emission maximum at 570
nm. In contrast to the fluorescence polarization assay, in which competition of the carbohydrate binding site
is monitored, no conclusion on the binding site can be drawn from the thermal shift experiment as stabilization
of the protein can occur upon every binding event regardless of the binding site. Both positive controls me-a-
gal (7) as well as p-NPG (8) did show stabilization of LecA. me-o-gal (7) increased the melting temperature
of LecA by 0.85 £ 0.20 °C and p-NPG (8) increased the melting temperature by 1.84 £+ 0.04 °C. p-NPG (8) is
a stronger LecA ligand with an Kp of 8.6 uM than me-a-gal (7) with in ICso of 50 uM thus the determined
stabilization is slightly enhanced. From all 8 tested screening ligands, 111 had the largest impact on the LecA
melting temperature by increasing it up to 1.53 = 0.07 °C. The derivative of 111 without the fluor atom 117
increased the LecA complex stability only by 0.57 & 0.03 °C. This difference in melting temperature suggests
that the fluorine has a positive influence on the binding capacities to LecA. Moreover, 119 also enhanced LecA
stability by 0.97 £ 0.05 °C. 118, 108, 102, 115 did not change the melting temperature of LecA. Only
compound 113 decreased the LecA melting temperature about -1.19 = 0.10 °C. LecA is in general a stable
protein with a melting temperature of 83.6 °C and it cannot be reconstituted after melting. This was shown, as
no binding, not even of the known ligands, was determined in a second round of thermal shift analysis (data
not shown). To exclude false positive hits resulting of an interaction of the potential hits and the dye from the
assay, sypro orange was tested with each compound alone, but none of the compounds showed interactions

with the dye alone.

To summarize the results from the two above presented biochemical assays: 115, 102 showed in both assays
clearly no effect. 113 did not show effects in the FP assay but showed a negative influence on the stability of
LecA resulting in a decreased melting themperature of the LecA/113 complex. Thus, a conclusion on the
binding to the carbohydrate binding site of LecA can not be drawn. The effects in the thermal shift assay could
as well be due to binding of the ligand at another binding site of LecA. For 108 unsure effects were observed
in the FP assay as binding was only observed in 2 out of 3 in dependent experiment and no change in the
melting temperature on LecA was observed in the thermal shift assay. In conclusion, it remains questionable

if compound 108 is a true LecA binder. As the FP assay never resulted in a sigmoidal binding curve and the
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inhibition of fluorescence polarization not fully reproducible a specific binding of 108 to the carbohydrate
binding pocket of LecA with an acceptable affinity is unlikely. 118 showed clear effects in the FP assay but
did not have any effects on the melting temperature of LecA. This could be explained either of two ways: The
compound could also bind to a second binding site close to the carbohydrate binding that does not contribute

significantly to the stability of the protein. Since the reporter ligand in the FP assay is based on a f-phenyl-D-
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Figure 32: Thermal shift results of the screening ligands and known LecA ligands me-a-gal and p-NPG are shown. All ligands were
used with 500 uM concentration and shifts were calculated with respect to the melting temperature (Tm) of LecA of 83.6 = 0.2 °C.
LecA was used with 2 uM concentration. The dashed line represents the threshold of 0.4 °C, beyond this shift, the effect was
considered unspecific. 118, 108, 102, 115 showed shifts of less than 0.4 °C. The known LecA ligands p-NPG showed the strongest
shift with 1.84 £ 0.2 °C. Compound 111 determined from the NMR screening showed a comparable shift of 1.53 + 0.07 °C. 117, the
derivative of 111 without a fluor atom showed a shift of 0.57 + 0.03 °C. 119, the derivative of 104 without fluor, showed a shift of
0.97 £0.05 °C. 113 destabilized LecA and caused a negative shift of -1.19 + 0.10 °C.

galactose scaffold, it could be possible that 118 does not compete with the sugar moiety in the reporter ligand
but the phenyl or part of the fluorescent dye. With this mechanism it could cause an effect on the fluorescence
polarization in the FP assay. Another possibility is that the compound was a false positive hit in the FP assay.
False positive hits in the FP assay can occur if the compound interaction with the reporter ligand or if it
influences the fluorescence intensity. For compound 118 an interaction with the reporter ligand was excluded
and the changes in fluorescence intensity was within the allowed range of 20%. However, since the
fluorescence intensity was changed about nearly 20% the effect in the FP assay could be as well due to
unspecific effects. Due to all the presented arguments this compound was considered a false positive hit and

was not further investigated. In both assays the screening hits. 111, as well as 117, the derivative of 111 without
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the fluor atom and 119 were determined as clear hits. For 111 both assays showed stronger effects for the
fluorinated compound suggesting a beneficial contribution of the fluor to the binding affinity. Since binding
in the thermal shift assay might be prone to false positive results due to unspecific interactions with the protein
a concentration dependent measurement was performed for 111 and 119 to verify specific binding. In case of
specific binding, it is expected that the melting temperature is influenced with an increasing magnitude when

increasing the concentration.

The highest concentration possible in the experiment was determined by the fact, that the assay system only
tolerates a final DMSO concentration of 5 %. As the compunds showed different solubility in DMSO, this fact
determined the maximum possible ligand concentration used in the experiment. The results of the titration
differ in its absolute values from the ones presented in figure 37 due to fact that these results are a single
experiment with replicates and figure 37 is the average of at least three independent experiments. In each case,
LecA was tested with the used DMSO concentration of the set up. For 111 an ICs value of 1.7 mM was
determined with a R? value of 0.9774 of the fit. Since this fit was only calculated with 4 different datapoint the
p-value for the statistical significance was calculated. For 111 a p-value of 0.1256 was determined which
considers the obtained data as not statistically significant. For compound 119 an ICso of 540.1 pM was
calculated with a very good R? of 0.999 of the fit. In this case a p-value of 0.0316 for the determined fit data

was calculated which are considered statistically significant making the obtained ICso value a valid result.
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Figure 33: Concentration dependent changes in the melting temperature of LecA in presence of increasing concentrations of the
two potential LecA carbohydrate binding site ligands 111 and 119 were monitored using the thermal shift assay. Both compounds
did show changes to the melting temperature of LecA dependent on the concentration. For 111 an ICso value of 1.7 mM was
determined but as no saturation was reached the quality of the fit is rather poor. For compound 119 an IC50 of 540.1 uM was

calculated.

From the thermal shift assay with increasing concentrations of the derivatives 111 and 119 it can be
hypothesized that there is no specific binding for 111 in the carbohydrate binding pocket. But the compound

was identified in NMR screening using a LecA ligand as competitor. In addition, the melting temperature of
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LecA was increasing with increasing ligand concentration it is likely that there is binding to LecA, but not in
the carbohydrate binding pocket, but very close to the binding pocket. It is likely that the binding is close to
the carbohydrate binding pocket as 111 showed effects in the NMR screening with p-NPG as competitor as
well as effects in the FP assay with a p-NPG based reporter ligand. So, it can be concluded that the competiton
in the NMR competition experiment as well as the observed effects in the FP assay are not due to competiton
with the sugar part of the molecule, but due to replacement of the phenyl moiety of p-NPG. In addition, specific
effects observed in the thermal shift assay show binding to LecA, but DSF does not allow a conclusion on the
binding site. For 119 all obtained data show that the compound is binding to LecA, as binding was observed
in the FP assay and DSF. Also, concentration dependent changes were observed in DSF which is a clear sign
of specific binding. With the titration of 119 in the thermal shift assay a binding affinity of around 500 pM
was determined, but no sigmoidal binding curves were obtained in the FP assay so the binding affinity could
not be verified. As the maximum concentration in the FP assay was 1.7 mM due to solubility issue and issues
with changes in fluorescence intensity of more than 20% a binding affinity of around 500 uM can not
specifically be determined. But since a inhibition of 16 % was determined at a concentration of 667 pM with
a low standard deviation of 1 % in three idenpendend experiments binding was shown. In summary 119 showed

binding in the NMR experiments as well as the FP and DSF assay so binding to LecA was shown.

3.3. Evaluation of carbohydrate binding site shifts in >N TROSY experiments for hit
verification of 119

Within the screening campaign, the potential LecA ligand 104 emerged from a !°F based NMR screening. The
original screening hit was ordered from Sigma Aldrich as derivative without fluor 119 due to price reasons
and tested in the FP assay and with TS assay. Both biochemical evaluations gave strong hits for binding but

since no binding affinity could be determined binding was not fully proofed. So, the potential hit was tested
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using the binding site mapping approach with a TROSY experiment. As no assignment of the protein exists,

all numbers do not reflect the amino acid numbers of the protein but are randomly assigned.
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Figure 34: TROSY spectra of uniformly labeled '’N LecA (291 uM) with 0.5 eq of 119 (145 pM) in presence of 1 eq of CaCla (291
uM). LecA form with 0.1 % DMSO is depicted in red, the protein containing the potential ligand 119 in blue. All changes are marked
with boxes and the respective peak numbers. The green circles represent newly emerging shifts or shifts that cannot be clearly assigned
its peak in the protein spectra. 42 peaks were influenced by the addition of 119 to LecA, of which 31 match the shifts observed upon
addition of the known LecA ligand me-a-gal and p-NPG. So, 74% of all shifts observed for 119 equal those of the know LecA
carbohydrate binding ligands.

The examined compound 119 showed a total of 42 shifts upon which 31 are correspond to previously observed
shifts for methyl a-galactoside and p-nitro phenyl B-galactoside. So, 74 % of the determined shifts for 119 are
the same shifts in case of known LecA ligands and are thus within the carbohydrate binding pocket. From this
measurement and comparison to known shifts of the carbohydrate binders me-a-gal and p-NPG it can be
concluded that the determined non-carbohydrate inhibitor 119 is indeed binding within the carbohydrate
binding pocket of LecA. In addition to the 31 known shifts 11 new shifts were observed in contrast to titration
with the known sugar ligands. Three of them have been previously observed by titration with GdCls. As it is

assumed that lanthanide ions are binding instead of the natural ligand Ca®', which is in the carbohydrate

54



binding pocket, it can be assumed that the shift is close to the carbohydrate binding pocket. However, the huge
number of shifts observed also leaves room for speculation on an additional binding site or other side effects

caused by this compound.
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3.3.5 Conclusion and Outlook on potential new ligands determined by the '°F NMR

high-throughput screening and biochemical evaluation

Table 1: Summary of the determined compounds from the screening of a sum of 192 compounds. Results of the
screening using '°F (hits marked aubergine) and CMPG (hits marked dark red) sequence. For the '°F screening hits are
rated with a 1 if clear effect that includes chemical shift are observed or a 0.5 if unsure effect that is a signal reduction
of more than 40% without chemical shift. And for the '°F competition test a 1 if chemical shift after inhibitor addition
towards reference chemical shift or 0.5 if a rise in signal intensity of more than 20%. For the CPMG screening a 1 was
scored if a clear effect that is a signal reduction of more than 50% or a 0.5 if an unsure effect that is a signal reduction
of more than 25% is observed. For the CPMG sequence a 1 is scored if a clear effect that is a rise in signal intensity of
more than 50% and a 0.5 if an unsure effect that is a rise in signal intensity of more than 25% is observed. The FP
results are listed, and the hits marked in green and bold. The results from the TS assay are shown in orange and the
significant this are marked bold, the shifts beyond the threshold of 0.40 °C are marked italic. In summary three
compounds (or their flourineless analog) showed binding in a variety of different tests: 14C04, 14H04, 15D03

FP
19
Compound IF hit F CPMG CPMG (inhibiton
competition competition in %)
4 1 0.5 0 0 0 0.16 n.d,
O 3H01 (108)
o
HN@ 0 0 1 1 0 0.31 n.d.
04D07 (115)
0 0 0.5 1 0 n.d

04D12 (113)

F l ! 0 0.5 0 1 1 0 0.26 n.d.
9F05 (102) by

|
N/ (o]
@F 0 0 1 1 n.d n.d n.d.

13H08 (110)
F\Cdoo e 0 0 1 1 n.d. n.d. n.d.
@d" n.d. n.d. n.d. n.d. 21.1 0.04 n.d.
;1141(;())4 w/o F
% H§4 0.5 0 1 1 n.d. n.d n.d.
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Table 1: Summary of the determined compounds from the screening of a sum of 192 compounds. Results of the
screening using '°F (hits marked aubergine) and CMPG (hits marked dark red) sequence. For the '°F screening hits are
rated with a 1 if clear effect that includes chemical shift are observed or a 0.5 if unsure effect that is a signal reduction
of more than 40% without chemical shift. And for the '°F competition test a 1 if chemical shift after inhibitor addition
towards reference chemical shift or 0.5 if a rise in signal intensity of more than 20%. For the CPMG screening a 1 was
scored if a clear effect that is a signal reduction of more than 50% or a 0.5 if an unsure effect that is a signal reduction
of more than 25% is observed. For the CPMG sequence a 1 is scored if a clear effect that is a rise in signal intensity of
more than 50% and a 0.5 if an unsure effect that is a rise in signal intensity of more than 25% is observed. The FP
results are listed, and the hits marked in green and bold. The results from the TS assay are shown in orange and the
significant this are marked bold, the shifts beyond the threshold of 0.40 °C are marked italic. In summary three
compounds (or their flourineless analog) showed binding in a variety of different tests: 14C04, 14H04, 15D03

0.5 0.5 0.5 0.5 n.d. n.d. n.d.

14E08 (105)

14G08 (106)

o I 0 0 1 1 n.d. n.d. nd.

o
14H04 (104)

Homj\) n.d. n.d. n.d. n.d. 16.4

119 (14H04 wio F)

K@ 0 0 1 0.5 20.8

N n.d. n.d. n.d. n.d. 16.0 n.d.

15D03 w/o F

(117)

R 0 1 1 nd n.d n.d
\& (112)

UQX% 1 0.5 0 0 n.d n.d nd

16A02 (107)

In Table 1 all screening hits and their biochemical evaluation are summarized. 105 showed effects in all four
NMR sequences, but only scored a 0.5 in each individual sequence. No other compound showed effects in all
four NMR measurements. As the score was only 0.5 in all NMR measurements this could be unspecific

interaction or rather weak binding affinity. Due to cost limitations and compound availability the compound
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was not tested in the FP assay or DSF. Thus, it can not be verified if there is specific binding to LecA. 102 did
show effects in the '°F measurements (0.5 in the measurement without competitor and 0 with competitor) but
scored a 1 in both CPMG sequences. But no effect was seen in the FP or the TS assay. This could be due to
very poor affinity or a false positive hit in the NMR measurements. 114 did show clear effects in the CMPG
measurements but no effects in the '°F measurement. To evaluate the binding the fluorless derivative 118 was
analyzed in the FP and TS assay. In the FP assay no sigmoidal binding curve could be obtained, but in single
concentration experiments an inhibition of 21 % was observed. Even though experiments with compound and
the reporter ligand alone showed that there is no interaction the fact that no temperature shift (0.04 °C) was
determined in the TS assay makes it most likely a false positive hit. 111 showed no effect in the °F
measurement but showed a strong effect in the CPMG sequence (scored a 1) and showed effects upon addition
of the competition (scored a 0.5). 111 as well as its fluorless derivative 117 was tested in the FP and TS assay.
Both compounds showed no sigmoidal binding curves, but both showed a good inhibition of 21 % for 111 and
16 % for the derivative 117 without fluorine. Also, both compounds showed strong effects on the LecA melting
temperature of 1.53 °C for 111 and 0.57 °C 117. In both biochemical assays the fluorinated derivate showed
stronger effects than the one without fluorine suggesting that the fluorine in the structure is either directly
involved in the binding or is influencing the distribution of the electron density in the structure in a favorable
way. To investigate this, molecular modeling of the compounds in complex with LecA can be done. After this
modeling the path forward can be determined, if a fragment growing approach can be used or if chemical

derivatization might result in a more potent LecA ligand.

For compound 113 no effect was observed in the '°F experiment, but effects are observed in the CPMG
sequence. Astonishingly only week effects were observed in the sequence without the competitor, but stronger
effects were observed with the sugar competitor. Also, no effect was observed in the biochemical TP assay. In
the thermal shift assay a destabilization of LecA of -1.19 °C was observed. Negative shifts do not necessarily
mean that there is no binding but can be also a hint of unspecific interaction with the protein surface. The
absence of binding in the TP assay and the negative shift are most likely the effect of unspecific or unfavorable
interaction with the protein resulting in slight changes in the protein structure. These changes cause an effect
in the CPMG sequence, and cause destabilization in the TS assay. The reason for the hit in the competitive
CPMG sequence cannot be explained by the destabilization theory but might be caused by the stabilization of

the protein upon addition of the sugar ligand.

The clearest hit determined in this series was 104 and its derivative 119. The compound showed no effects in
the '°F sequence, it showed clear effects in the CPMG sequence. As for all other compounds, no sigmoidal
binding curve could be determined in the TP assay, but final inhibition of 16 % pointed clearly towards a
specific binding in the binding pocket. Also, the TS assay showed that 119 stabilized the protein LecA by
0.97°C and moreover in a concentration dependent TS assay it was shown that increasing amounts of 119
showed an increasing stabilization of LecA. This all taken together for compound 119 (and 104) binding to

the carbohydrate binding pocket of LecA is given and thus a fragment growing, or derivatization approach
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could be used to develop a new, non carbohydrate structure as a LecA ligand, which might ultimately lead to

structures with a higher affinity to LecA.
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3.4 A lanthanide-based NMR approach for the determination of
new LecA inhibitors

The search for new, more potent LecA inhibtiors has been challenging. While there has been a bigger
improvement in lectin LecB inhibitors, the galactophilic lectin LecA is more challenging. 6787 8% 01 [n
comparison to the natural ligand D-galactose with an affinity of around 80 uM, a dramatic increase in affinity
was observed by introduction of an aromatic, hydrophobic moiety in beta position of the anomeric carbon,

[68-69

ending up with ligands of around 10 uM affinity.[®-%! Sebastien Vidal and co-workers further increased the

affinity to 5 uM. The replacement of the aglycon with a naphtol moiety did decrease the affinity to 3.2 uM.

272 Since the approach of

This is up to date the lowest known affinity for monovalent LecA inhibitors.!
galactose derivatization did not result in ligand with a strongly decreased binding affinity, another approach
to develop ligands with a significantly enhanced affinity is needed. Looking at the crystal structure, a cleft near
the carbohydrate binding pocket is observed, bearing aromatic amino acids like Trp42, Tyr36 and Thr38 as
well as hydrophobic amino acids like Glu59, Asp47 and GIn40 (Figure 7). It was shown that the m-stack
interaction of His50 of a phenyl substituted B-galactosides resulted in an enhanced affinity. So potential ligands
should keep the beneficial interaction. In general, fragment growing or fragment linking approaches could
potentially be used to develop new, more potent LecA inhibitors. The question remains how to identify
fragments binding in the vicinity of the carbohydrate binding pocket to link them together with known D-
galactose based ligands to obtain a new and more potent ligand. An NMR approach could be the solution to
this fragment identification issue. Since the potential second binding site can be further away from the
carbohydrate binding pocket the question arises how to identify ligands binding in the second site.
Paramagnetis could be the answer to this, as is has the advantage of long distance influeces up to 40A. In the
filed of paramagnetic NMR Otting and Bertini are pioneers. They already used the replacement of diamagnetic
Ca*" in calcium-binding protein metallo-matrix protease (MMP) and determined ligand binding looking at

ligand effects, like paramagnetic relaxation enhancement (PRE) and pseudo-contact shifts (PCS).

LecA also has a Ca*" ion in the binding pocket. To use paramagnetic effects in NMR screening the Ca*" can
be replaced by paramagnetic lanthanide ions. Those ions can cause paramangetic releaxation enhancement
(PRE) and pseudo-contact shifts (PCS) on signals. As these effects are distance, and PCS also angle, dependent
information on the binding of a potenial ligand can be made. This approach is schematically shown in figure
35, where the paramagnetici on that replaced Ca?* ion is shown in green. It can cause paramagnetic effects on
a ligand binding to a potential second binding site. Paragmetic effects can be distance and angle dependent

effects (shown by different sizes of the letters).
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3.4.1 Functional replacement of the natural Ca’* with trivalent paramagnetic
lanthanide ions in LecA

The screening approach is based on the functional replacement of Ca*" in the binding pocket of LecA. Thus,
the potential to functionally substitute the natural salt ligand Ca*" in the binding pocket is examined. For the
use of lanthanides ions as tags in NMR screening approach LecA needs to be functional and able to bind to a
ligand, in complex with the substituted lanthanide ions. To evaluated which lanthanides can functionally
replace Ca®" in the binding pocket the natural binding behavior of LecA was used: LecA can bind to galactose
with a good affinity (Kq = 87.5 uM) but does not bind to glucose with a reasonable affinity. [°76% 273! So, to
determine if the paramagnetic lanthanides ions Tb**, Yb**, Ce**, Ho’", Tm*', Dy’" and Gd** and the
diamagnetic ion La®" are able to functionally replace the natural ligand Ca*" the following modified ELLA

experiment was set up:
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Figure 35: Schematic representation of the ELLA-experiment using a galactosylated and gluosylated surface. LecA has a good
affinity to galactose and no significant affinity to glucose. For the ELLA experiments biotiylated LecA is used. After binding of
the biotinylated LecA and incubation step with streptavidin coupled with a peroxidas (HRP = horse radish peroxidase) is
followed. Binding of LecA to the the both surfaces is red out using a chemical reaction catalyzed by HRP of o-phenylene diamine

dihyrdo chloride to 2,3-diamino phenazine. Before the read out of 490 nm the reaction is stopped using H2SOa.

For the determination of the functional replacement of Ca?* in the binding pockets by lanthanide ions, the vials
were coated either with galactose (PAA-gal) or glucose (PAA-glc). For the experiment LecA is labeled with
biotin to use HRP-Strepatividin to generate a colour recation of o-phenylene diamine dihydro chloride. To
substitute with different lanthanide ions, biotinylated LecA was obtained in its apo form (Ca*'-free) to
substitute with different lanthanide ions as well as EDTA as negative controle and Ca?" as positive control. To
obtain Ca> free LecA, a dialysis set up using a highly potent Ca* binding chelator was established.
Ethylenediaminetetraacetic acid (EDTA) was chosen as a chelator as it is a highly potent Ca* ion binder with

2001 To determine if LecA can still functionally bind to D-galactose after
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replacement with lanthanides, Biotin-labeled LecA was incubated either with the different lanthanides, or the
natural ligand Ca?" or with ETDA as control. EDTA is a cheating agent binding Ca*", thus it was used as a
negative control to verify that no binding to the sugar surfaces is possible without salt. Binding is evaluated
using a chemical reaction of o-phenylene diamine dihyro chloride. To facilitate this reaction an enzyme, called
horse-radish peroxidase (HRP), is used. This enzyme is coupled to Streptavidin, which is binding with a very

high affinity to biotin. which is widely used as a tag in combination with horse radish peroxidase.

3
B PAA-gal
. B PAA-glc
E -
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o
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w/o Ca* Tb* Yb* Ce* La* Ho* Tm*™ Dy* Gd* EDTA

Figure 36: The ELLA assay showed the functional replacement of Ca?* in LecA. The red bars represent the binding to a glucose
surface, while the blue bars represent the binding to a galactose surface. In presence of EDTA or without substitution 8w/0), no binding
was observed. All tested lanthanide ions as well as the natural ligand Ca?" were able to functionally replace Ca?" in the binding pocket

of biotinylated LecA.

An ELLA assay was used to get inside in the binding potential of Ca*" free, so-called apo, LecA re-substituted
with different lanthanides to D-galactose. For the ELLA experiment LecA in was used in it its apo-form (Ca**
free). After expression and purification, LecA was dialyzed first against an EDTA solution to remove the
naturally bound Ca?’, and subsequent dialysis against a NaCl solution and water was needed to obtain Ca*"

free and EDTA free LecA.

Data from the ELLA experiment shows that there is no binding of LecA with either of the lanthanide salts to
the glucosylated surface (Figure 36). In contrast, binding of LecA to the galactosylated surface was observed
for all the tested lanthanide ions as well as for the diamagnetic control Ca®" (Figure 36). The presented results
suggest an enhanced binding affinity of LecA to galactose in presence of Gd*". Sine ELLA assays are known
to have a poor reproducibility between different plates 2%, the error of for all tested ions is rather high. Besides
the slightly enhanced affinity of Gd*', a conclusion on the binding affinity of the different lanthanide ions and

Ca’" can not be drawn. but the overall conclusion that all tested lanthanides were functionally able to replace
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the natural ligand Ca*" in the binding pocket. For comparability reasons all tested lanthanides were used in the
same concentration (200 uM). The determination of the binding affinities of the different lanthanide ions can
be important, as unbound lanthanide ions in the NMR measurements might cause unspecific side reactions.
Protons of ligands might also show enhanced relaxation behavior or signal broadening, if they come close to

lanthanide ions that are unbound and thus free in solution.
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Figure 37: The binding affinity of ITC titrations of Ca’*" (A), Tb** (B) and Dy*" (C) to apo LecA was determined using ITC
measurement. For titration of LecA with Ca?* ion a one site fit was used and a Ka value of 60 + 20 uM was determined (N = 0.6 = 0.4).
For the titration with Tb3" a two-site fit was used for calculation and a Kai value of 37 + 6 uM (N1 = 0.9 + 0.2) and Kqavalue of 13 +
16 uM (N2 = 0.3 £ 0.1) was calculated. Also, for the titration with Dy" a two-site fit was used for calculation and a K1 value of 78 +

5uM (N1 =1.1+0.1) and Kaz value of 27 + 2 uM (N2 = 0.1 £ 0.1) was obtained.

Because of the poor reproducibly of absolute absorbance values in ELLA experiments, this method was not
suited to determine the binding affinity of the lanthanide ions to LecA. Because lanthanides offer long-live
fluorescence, a time-resolved FRET (Forster resonance energy transfer) approach was planned. In this time-
resolved FRET the excitation of the Trp42 in the binding pocket of LecA and an energy transfer to the
lanthanide ion in the binding pocket of LecA and an emission of long-life fluorescence of LecA was tried. But
no fluorescence of the lanthanide ions was detected probably because of quenching of the lanthanide
fluorescence due to water molecules in the binding pocket. As the photometric determination of the binding to
LecA was not possible the binding of lanthanides to Ca** free LecA was examined using isothermal titration
calorimetry (ITC). For ITC Ca®* free LecA, so called apo-LecA, was used. First apo LecA was measured upon
titration with its natural ligand Ca?*. A binding affinity of 60 + 20 uM was measured for the natural ligand of
LecA, and a binding stéchiometriy of 0.6 = 0.4. In theory a binding stochiometry of 1 would be expected. One
reason why a binding stochiometry of less than 1 was determined could be that the protein is partially
inactivated either during lyophilization or during the resolubilisation process. To exclude damages to the
protein the resolubilisation protocol was adapted to mild shaking for two hours at room temperature. More
likely, remainders of Ca?* either in the sample cell or the buffer itself might be the reason for the binding
stochiometry. None of the salts are completely Ca*" free, so it is most likely that the poor binding stdchiometry

is due to remaining Ca?" or a combination of both reasons presented above. In contrast to the titration with
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Ca’" a two-site fit had to be used for calculation of Tb*" and Dy**, which means that the protein has two
different binding sites for the lanthanide ions. For Tb*", the two measured affinites were Kq; = 37 £ 6 uM and
Ko =13 £16 uM. For the binding stochiometry N; = 0.9 £ 0.2 and N> = 0.3 + 0.1 were determined. A binding
stochiometry of 1 means, that one ligand, in this case Tb*", is binding to one protein, in this case LecA. So, for
N it can be assumed, that one Tb** is binding to one LecA. As usually each binding pocket has a Ca**, this is
most likely the values of the Ca?*-binding site. To conclude that would mean that the binding affinity of Tb*"
in the Ca*" binding pocket is 37 + 6 uM. But there also is a second binding site for Tbs: but that seams to be
an complex interaction of more than one LecA with a Tb** ion. Also, for Dy*" two binding sites have been
determined Most likely the Ca,: site has an affinity for Dy*" of 78 + 5 uM and a binding stochiometry of N =
1.1 £ 0.1. The second binding site has an affinity of 27 = 2 uM and a binding stochiometry of N = 0.1 £ 0.1
This binding stéchiometry would mean, that one Dy** ligand is binding to 10 LecA molecules. As this is rather
unlikley this result is most likely an artefact. In summary, both lanthanides are binding to LecA with a

comparable affinity as the natural ligand Ca**.

3.4.3 Determination of paramagnetic effects on protons of the known LecA ligand p-
nitro phenyl f-D-galactoside using different trivalent lanthanide ions

To establish a screening based on functional replacement of Ca®" in LecA, effects of paramagnetic lantanides
in complex with LecA in NMR set up were examined. To evaluate the effects a ligand known to bind to LecA
was used. p-nitro phenyl B-D-galactoside (19) is a known LecA ligand with a binding affinity of 26.2 pM. As
p-NPG (19) has not only the sugar protons, but also the phenyl protons which are further away from the
paramagnetic center this ligand is ideal to evaluated the ability to obtain distance dependent effects. In the
literature, Tb**, Dy**, Tm** and Ho®" are often used for lanthanide-based NMR methods.!**"! Thus, first water
suppressed proton spectra and T, measurements were recorded using those four lanthanide ions. 172233, 274-27¢]
All four trivalent lanthanide ions were used in the NMR set up together with apoLecA and the known LecA
ligand p-nitro phenyl B-D-galactoside (19). For all experiments, a para- and diamagnetic control without
addition of the protein as well as a diamagnetic reference with Ca?>" and LecA were recorded. In literature,
different rations of ligand and protein were used, varying from 2- to 100-fold excess of the ligands. [13% 192.213,
2772191 1In this experiment a ligand excess of 100-fold was used. LecA was used with 10 pM. For Tm** and
Ho** no Kd was determined so equimolare concentration was used. For Dy*" a Kd of 78 uM was determined,
but due to increasing line broadening with increasing lanthanide concentration only 50 uM was used. First,
water-suppressed proton spectra were recorded for all samples. The diamagnetic control (Ca**, Figure 38 blue
curve) showed the strongest signal intensity. Ho*" (Figure 38, blue curve) and Tm** (Figure 38, black curve)
both showed a slightly reduced signal intensity compared to the diamagnetic control. Dy** (Figure 38, purple

curve) showed a clear signal reduction in contrast to the diamagnetic control. For all lanthanide samples line

broadening in contrast to the diamagnetic control was observed.
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Figure 38: Water suppressed 1D proton spectra of p-nitro phenyl B-galactoside 19 (I mM) in presence of LecA (10 uM) and
paramagnetic lanthanides Ho** (10 uM, red spectra), Tm>" (10 uM, grey spectra) and Dy>* (50 uM, purple spectra) or the diamagnetic
sample containing Ca®* (blue spectra). Spectra were recorded with a 100-fold ligand excess and 16 scans. All spectra are recorded with

100 uM TMA and normalized to the internal standard.

To conclude, Ho*" and Tm** showed only weak effects on the protons of the known LecA ligand p-NPG. Since
Tb*" and Dy** have the strongest PRE and PCS effects, both were tested in more detail. 25!

The ligand to protein ratio is important for the determination of distinct PRE effects in Tlp experiments

using the paramagnetic Th** ion

The ligand based T1pNMR technique uses the proton signals of a ligand. Spectra of the same sample with
different spin lock times are recorded and used for the determination of paramagnetic relaxation enhancement
effects on the ligand protons. Thus, the ligand concentration must fulfill two criteria: first, it must be used in a
concentration with a suitable signal to noise ratio, and second it must be an excess to the protein and above the
K4 value of the ligand-protein complex to ensure binding and exchange. The examined LecA ligand p-nitro

2721 As first NMR experiments were aimed to have
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phenyl p-D-galactoside has a binding affinity of 26.2 uM. |



a 100-fold ligand excess with relation to the LecA concentration of 50 uM, a concentration of 5 mM of p-NPG

was used. A 200-fold ligand concentration above the K4 of the protein-ligand complex ensures full saturation .
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Figure 39: Enhanced signal relaxation in presence of the paramagnetic Tb*". Proton spectra of p-nitro phenyl B-D-galactoside 19
(5mM, green spectra) together with LecA (50 uM, red spectra) were recorded with paramagnetic TbCls (50 uM) and the internal
standard (TMA, 500 uM). A shows the sugar signals and C the signal of the anomeric proton, while B show the aromatic phenyl
signals. D shows the signal of the internal standard at 3.201 ppm. Spectra were recorded with 16 scans and referenced to the internal

standard.

With respect to the determined K4 value of the trivalent Terbium-Ion, a concentration of 50 pM Tb*" was used.
Consequently, LecA was used in the same concentration (50 uM) while for a 100-fold ligand excess, 5 mM of

p-nitro phenyl B-D-galactoside was used.

Water suppressed proton spectra as well as T, spectra were recorded. Relaxation effects were observed for
the sugar protons (Figure 39, A and C) and for the aromatic phenyl protons (Figure 39 B). But no PCS were

observed for any of the signals.
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Figure 40: 1D Proton spectra of p-nitro phenyl B-D-galactoside (SmM, alone green) and with LecA (50 uM, red). All spectra contain

CaClz (both 50 uM) and the internal standard (TMA, 500 uM). A shows the sugar signals and C the signal of the anomeric proton,

while B shows the aromatic phenyl signals. D shows the signal of the internal standard at 3.201 ppm. Spectra were recorded with 16

scans.
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Figure 41: Signal intensity within the series of T1p spectra of p-NPG decreased with increasing spin lock times. Concentration of p-

nitrophenyl p-D-galactoside 5 mM, LecA 50 uM and TbCl3 or CaCl> both with 50 pM were used. A presents the evaluation of relaxation
of the phenyl protons, B of the anomeric proton Gal-Hi, C of Gal-H4 and D of Gal-Hs. Spectra were recorded with 32 scans. The
anomeric proton Gal-Hi showed the strongest relaxation, while the phenyl protons showed no difference in relaxation between the dia-

and paramagnetic samples.

For each sample, a water-suppressed proton spectrum and T1p spectra with six different spin lock times were
recored and the relaxation was evaluated. In case of the water suppressed proton spectra, a signal decrease of
22.7 % in case of phenyl proton of the paramagnetic sample and 11.2 % in case of the diamagnetic sample was
measured. For the Gal-Hs proton of the sugar a relaxation of 22.2 % was measured in the paramagnetic samples
while the diamagnetic samples showed relaxation of 0.4 %. The effects of the paramagnetic Tb*" ion in Tlp
measurements was less pronounced (Figure 41). For the anomeric proton Gal-H; a clearly enhanced relaxation
of the signal was observed (Figure 41, B). Also, for the other clearly distinguishable sugar signals, Gal-H4 and
Gal-H5, a slightly enhanced signal relaxation was observed (Figure 41 C and D). In contrast, no enhanced
signal relaxation was observed for the phenyl-protons (Figure 41, A). As this method monitors the ligand
signals as an average of all protons in the sample, a large excess of ligand might result in minor effects. For
this experiment a ligand excess of 100-fold was used, thus a lot of unbound ligands in the sampe. To optimize
the conditions, a reduced ligand to LecA ratio of 50:1 was also examined with 1D water suppressed proton

spectra and T1p measurements.
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A comparison between paramagnetic- and diamagnetic samples showed no difference in the decrease of the
signal upon binding to the protein. In particular, the paramagnetic sample showed a decrease of 15.3 % whereas
the diamagnetic samples showed a decrease of 14.1 %. But for the paramagnetic sample (Figure 40) line
broadening in presence of LecA was observed, proofing binding of the galactose derivative to the protein.
Binding to the protein is expected as LecA was shown to be functional after replacement with a trivalent
lanthanide ions and p-NPG is a known LecA ligand. In contrast, no line broadening was observed in presence
of the diamagnetic Ca*" ion, but signal decrease as a sign of binding. The relaxation behavior in T1p
measurements of the paramagnetic samples was enhanced compared to the paramagnetic control and the

diamagnetic samples (Figure 40).

A B N Jﬂ

Figure 42: Stacked T1p spectra of p-nitro phenyl p-D-galactoside (2.5 mM) and TbCls (50 uM) in presence of LecA (50 uM) (A, B)
and absence of LecA (C, D). A and C represent the aromatic phenyl protons at 7.28 ppm while B and D represent the anomeric Gal-
Hi. All spectra were recorded with 32 scans and spinlock times varying from 0.5 ms (red), 1 ms (blue), 10 ms (green), 50 ms (purple),
100 ms (yellow), 300 ms (orange), 500 ms (light green), 700 ms (black) to 900 ms (dark blue) and in presence of 100 pM internal

standard, to whom the spectra were referenced.

This enhancement was caused by the Tb*" as a paramagnetic spin label in the binding pocket of LecA. Upon
binding of the nitro-phenyl D-galactose derivative to LecA with Tb*", the protons showed an enhanced signal
relaxation behavior. As previously, no pseudo-contact shifts were observed using a 50-fold excess of ligand
compared to LecA. If a great ligand excess is used the problem of ligand that have never been contact with the

protein can become more prominent, thus a ligand excess of only 10-fold can be beneficial. 125
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To examine this, 1D water suppressed proton spectra and a series of T1p spectra were recorded with an excess

of 10-fold ligand to protein.

é”i 100 4 100
o
3 B
L2 804 2 804
3 3B —e— TbCly, p-NPG, LecA
g 60- é 60 —=— TbCl,, p-NPG
8 8 —a— CaCl,, p-NPG
g 404 ?\i 404 —¥— CaCl,, p-NPG, LecA
g 20 T T T T g 20 T T T T
g 0 200 400 600 800 3 0 200 400 600 800
spinlock time (ms) spinlock time (ms)

Figure 43: Determined decrease in signal intensity for the proton signals of the LecA ligand p-NPG. Specifically, A shows the decrease
of the anomeric proton and B of the phenyl proton at 8.01 ppm. The spectra were recorded with a ligand concentration of 2.5 mM, a
salt concentration of 50 uM. In case of the samples containing LecA (Dots and downward triangle) a LecA concentration of 50 uM
was used. Like this, a 50-fold ligand excess was obtained. Only one representative example of the phenyl protons is shown. Because
of significant line broadening of the sugar protons, only the anomeric Hi could be evaluated as a distinct signal. The internal standard

TMA was used in 100 uM concentration in all samples and all spectra were recorded with 32 scans.
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Figure 44: Signal shifts and signal relexation was observed in NMR measurements of p-NPG, Tb*" and LecA. Water suppressed
proton spectra of the aromatic region (A), and the sugar protons (B) showing the diamagnetic control (Ca®*) in blue, the diamagnetic
sample in pink (Ca®*, LecA), the paramagnetic control in green (Tb") and the paramagnetic sample in purple (Tb*, LecA). (C) and
(D) represent the recorded T1p spectra of the paramagnetic sample (C) and the diamagnetic sample (D) of the phenyl protons. T1p

spectra were recorded with spinlock times of 900 ms, 700 ms, 500 ms, 300ms, 150 ms, 100 ms, 50 ms, 10 ms. LecA concentration in

all samples containing LecA was 100 uM, p-NPG and TMA were used in every sample with 1 mM and 200 uM, respectively. Ca?"

was used in the diamagnetic sample and control with 15 uM, while Tb*" was used in the paramagnetic sample and control with 30 uM.

Water suppressed proton spectra were recorded with 1000 scans, and the T1p spectra with 32 scans.

To increase the ligand to protein ratio a 10-fold ligand excess was used and water-suppressed proton spectra
as well as T1p spectra with different relaxation times were recorded. The use of a reduced ligand to LecA ratio
of 10-fold showed differences in the paramagnetic samples containing Tb*" and the diamagnetic ones with
Ca*" (Figure 44). In contrast to the diamagnetic samples (Figure 44, A and B blue and pink curves), the
paramagnetic samples (Figure 44, A and B green and purple curves) showed a reduced signal intensity of all
signals. For the comparison of all samples, the integral of the internal standard TMA was set to 1 in the spectra
containing all samples. The differences in the signal intensity of the diamagnetic control (blue spectra) lacking
LecA, and the LecA containing diamagnetic sample (pink spectra) showed binding of p-NPG to LecA. The
same effect is observed for the paramagnetic samples were the paramagnetic control (green spectra) has a

greater signals intensity than the sample containing LecA (purple spectra). The observed effects are a clear
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sign for binding of the sugar ligand to LecA. Moreover, there was a very slight change in the peak position
between the dia- and paramagnetic sample being potentially so-called pseudo contact shifts (PCS). For the
phenyl proton, a shift of 1.35 Hz was observed and for the H4 proton of the galactose a shift of 0.81 Hz. No
shifts were observed for any other sugar proton. While relaxation enhancement caused by paramagnetic metal
ions is distance depended, PCS are angle depended. Thus, it can be explained, that there are no PCS for all
signals. But as PCS can have very great effects with shifts of more than 50 ppm, and only very slight effects
were observed, the specificity of this effect can be questioned. While it makes sense that Hs proton signal of
the galactose experiences shifts, as it is together with Hs of the galactose the one closest to the paramagnetic
center, the phenyl protons are the protons most distant to the paramagnetic center. And while angle depended
effects on the sugar protons might explain the absence of shifts in some signals, it cannot be the sole reason
the absence of every other sugar proton. It can be concluded that the observed shifts are unspecific effects and

cannot be taken as PCS caused by the paramagnetic Tb*" ion.

Influence of the ratio of LecA to paramagnetic lanthanide

While the ligand to protein ratio was determined to be a key parameter, the LecA to dia- or paramagnetic salt
was not yet evaluated. The used diamagnetic salt CaCl, was used with a concentration of 15 uM, and the TbCl3
was used with 30 pM, or in earlier studies, the salt and LecA concentration was used in a one-to-one ratio.
First experiments using LecA for EPR investigation with Gd*" by Corzilius and co-workers (unpublished data)
showed an extraordinarily narrow EPR line with a LecA to Gd** ratio of 8:1 or 4:1. Thus, a four-fold increased
concentration of LecA compared used paramagnetic metal ion Tb>* was evaluated. For the NMR experiment
Tb** instead of Gd** was chosen, as Gd*'in contrast to Tb** only causes distance dependent PRE but not

distance and angle dependent PCS

A

Figure 45: Signal relaxation was observed for proton signals of p-NPG in NMR measurements with Tb*" and LecA. Water suppressed
proton spectra of p-NPG and Tb3* are shown, the blue spectra show p-NPG together with Tb3* but in absence of LecA, the red spectra
was recorded in presence of LecA. p-NPG was used with 1 mM, LecA with 10 uM, Tb*" was used with 2.5 uM and the internal
standard TMA with 100 pM. The water suppressed proton spectra were recorded with 32 scans. A and B both show the proton signals

of the phenyl moiety while ¢ shows the sugar signals.

For all determined ligand signals a reduced signal intensity in water suppressed proton spectra were observed
(Figure 45, A-C). No differences in the reduced signal intensity were observed between the phenyl protons
(Figure 45, A), anomeric H; of the galactose derivative (Figure 45, B) or the other sugar signals (Figure 45,

C). As the aromatic phenyl signals have a greater distance to the paramagnetic Tb*", relaxation of this protons
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should be reduced compared to the galactose protons Hs and Hs, which are the closest to the paramagnetic
center. In contrast to the previously used equimolar ratio of LecA to the used metal ions in this case LecA is
in a 4-fold excess. Due to the excess of LecA in this experiment, three portions of the protein in solution have
no metal ion bound. This leads to a reduced amount of functional LecA in solution, as it was shown by ELLA
experiments that LecA only functionally binds to its sugar ligands when in complex with trivalent metal ions
or Ca?*. With this calculation a ligand excess of 400- fold is obtained and this method follows the signals of
the ligand. With this concentration of p-NPG that is 67-fold above its Kg, there is competitive binding between
each ligand in the solution. With a great ligand excess it is more likely that the small portion of ligand that has
received the magnetization is in the mean of all the ligand in the solution not strong enough to cause specific
effects.It can be concluded, that while an excess of LecA might work well for EPR experiments that are carried
out in solid state, but does not lead to specific PRE or PCS using the paramagnetic trivalent Tb**, but is also
not expected to work for any other lanthanide using this ligand, protein and salt concentrations. For T1p
experiments, a receptor saturation with the paramagnetic tag is desirable and thus, equimolar concentrations
of lanthanide ions are favored. An excess of lanthanide is not an option, as free lanthanide in solution causes

unwanted and unspecific site effects, especially line broadening.

The ligand to protein ratio is important for the determination of distinct PRE effects in Tlp experiments

using the paramagnetic Dy*" ion

As PRE but no PCS were observed with Tb*" other lanthandies were also evalaued as paramagnetic LecA tags,
Dy**, Tm*" and Ho*" were tested in NMR measurements using a protein ligand ratio of 1: 100 on their potential
to cause PRE and PCS. While Tm*" is classified as a highly paramagnetic lanthanide just as Tb** and Dy*",
Ho*" is only classified as a moderate paramagnetic lanthanide.!*®! But as Ho*" has the same orbital composition

for PCS as Dy** and Tb** and Tm?*" differs in its f-Orbital, all three were tested

C

Figure 46: Dy*", Ho** and Tm?" all show a decrease in signal intensity of p-NPG in complex with LecA.T1p spectra of LecA (10 uM)
p-NPG (ImM) with Ca?" (10 uM, blue spectra), Tm*" (10 uM, brown spectra), Dy*" (10 uM, purple spectra) and Ho*" (10 uM, red
spectra). All spectra were recorded with 0.5 ms spinlock time and 16 scans. The phenyl protons are shown in A, B shows the anomeric

Gal-Hi of p-NPG, C the rest of the sugar protons of p-NPG.

Water suppressed proton spectra and T1p measurements of LecA and its known ligand p-NPG as well as the

corresponding lanthanide were recorded. For comparability reason, all lanthanides were tested at the same
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concentration. For Tm** and Ho** no K4 was determined using ITC experiments. Compared to the sample
containing Ca>" (Figure 46, blue spectra) no line broadening was observed in presence of Ho*" (Figure 56, red
spectra), and only weak broadening was observed for Tm*" (Figure 46, brown spectra). In contrast, clear line
broadening was observed for Dy** (Figure 46, purple spectra). For all tree tested trivalent lanthanide ions,
signal reduction was observed in contrast to the diamagnetic sample containing LecA. Stronger effects were
observed for the phenyl protons (Figure 46, A) in contrast to the anomeric Gal-H; (Figure 47, B) or the other
sugar protons (Figure 46, C). This contrasts with the fact, that the phenyl protons are more distant to the
paramagnetic center with distance of 10 A, compared to 5 A of the sugar protons. This abnormality can be
explained by the general relaxation behavior of the phenyl protons, as also a faster relaxation time was
observed in absence of paramagnetic ions or even LecA. So, phenyl protons have a shorter T1 time and as
ligand binding to a macromolecule like LecA and paramagnetic ions enhance this relaxation. No significant
effects were obtained using Tm** and Ho®". Pseudo-contact shifts are angle depended, so the absence of shifts
can be explained using two different theories: one is that the concentration of the used lanthanide ion was too
low because the binding affinities of the two lanthanides were not yet determined. Consequently, no effect of
the paramagnetic Tm** or Ho** ion was observed because the K4 value of Tm** or Ho** is significantly higher
than the 10 uM used in the experiment. Or second, the effects of the two lanthanides could be too weak to be
determined. Either way, none of the two lanthanides were not investigated further. As this method is measuring
the free ligand, and all displayed effects are the mean between the ligands that were bound to the protein and
the ones that have never been in contact to the protein, it might be, that with a 100-fold excess of the ligands,

effects can be missed. This might also be the explanation for the missing pseudo-contact shifts.

Proof of concept for the use of ligand-based NMR measurements in a screening approach for a new LecA

ligand using the known LecA inhibitor methyl a-D-galactoside and a small molecule p-nitro phenol

For evaluation of the new NMR screening set up using paramagnetic Tb*" as a spin label as proof of concept
the known LecA ligand methyl a-D-galactoside (Me-a-gal) was used together with p-nitro phenol as a
fragment. In this set up, the p-nitro phenol represents the screening ligand. As p-NPG is a known ligand it can
be assumed that p-nitro phenol is also binding to LecA the same way the phenyl-moeity of p-NPG is binding
to LecA. Methyl a-D-galactoside was used to block the first binding site. As specific effects were observed in

the presence of Tb*" it was used in the proof-of-concept measurements.
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Figure 47: Determined water-suppressed NMR spectra of methyl a-galactoside (1 mM), p-nitro phenol (200 uM) and LecA
(10 uM) (red) or without LecA (green), containing CaClz (A, C, E) or TbCls (B, D, F). A and B depict the signals of methyl a-

galactoside 7 (Me-a-gal) C and D show the phenyl signals.-All spectra were recorded with 0.5 ms spinlock time and 16 scans

Significant decrease in signal intensity have been observed for the sugar signals in presence of Tb*compared
to the control samples either without LecA (Figure 47, B green curve) or for the paramagnetic controls (Figure
47, A). It can be concluded that the decrease in signal intensity proofs binding of Me-a-gal 7 to LecA in
complex with paramagnetic Tb**. Also, the signal intensity was decreased for the diamagnetic sample of LecA
in complex with Ca*" in contrast to the sample without LecA. For the sample containing the paramagnetic
Tb*the signal is reduced more compared to the diamagnetic sample. It can be concluded, that Tb*" is binding
in the carbohydrate binding pocket of LecA and is causing specific paramagnetic relaxation effects on the
sugar protons of Me-a-gal 7 binding in the vicinity. In contrast to the sugar protons, only weak decrease in
signal intensity was observed for the methyl group on the anomeric center of Me-a-gal 7. For the phenyl
protons of p-nitro phenol a decrease in signal intensity was observed for the dia- as well as the paramagnetic

samples containing LecA. For both samples the protons signals of the phenyl ring showed a shift. A signal
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shift of -1.70 Hz for the paramagnetic samples and a shift of -0.74 Hz for the diamagnetic sample. (Figure 47,
C and D). Pseudo contact shift were measured for the phenol protons of p-NP-H2 and H4 of 1.05 Hz and1.28
Hz, and for p-NP-H3 and HS of 3.85 Hz and 4.12 Hz (Figure 48). Moreover, upon addition of paramagnetic
Tb*" the signal intensity was reduced by 62.1 % (Figure 48 A) or 67.4 % (Figure 48 B), respectively.

A a B

Figure 48: A decrease in signal intensity as well as signal shifts were observed for the phenyl protons of p-nitro phenol in presence of
paramagnetic Tb". LecA, methyl -galactoside 7 and p-nitro phenol with CaCl are shown in blue, and with TbCls in red. A shows
PCSs and PRE for the phenyl protons p-NP-Hz, p-NP-H4 B shows PCS and PRE for p-NP-H3 and p-NP-Hs. For A a decrease in signal
intensity of 62.1 % were measured and PCS of 1.05 Hz and 1.28 Hz. For B a dercrease in signal intenstiy of 67.4 % and PCS of 4.12

Hz and 3.85 Hz were measured. All spectra were recorded with 32 scans ans 0.5 ms spin lock time.

For the determination of relaxation effects caused by the paramagnetic spin label Tb** the decrease in signal
intensity is measured. The signal relaxation behavior in T1p NMR spectra was maintained by the presence of
Tb*" and LecA (Figure 47) compared to the samples containing the diamagnetic control CaCl,. But a slight
increase in the relaxation rate is observed in the samples containing LecA (Figure 47). It can be excluded that
LecA was un-functional as no difference between the samples containing LecA and without would have been
observed in this case. This result is in accordance with the water suppressed proton spectra (Figure 47). For

the phenol signals, no enhanced relaxation was observed.

In this first attempt, a concentration of potential fragment of 200 uM was used. One possibility for lack in
relaxation effects might be that the used fragment, p- nitro phenol, has a very low affinity for the Leca and
thus the used concentration was too low. As p-nitro phenyl B-D-galactoside is a known ligand and moreover
dramatically increases the affinity of D-galactose upon addition, a very weak binding could only be explained
by the presence of the hydroxyl-group of the free phenol derivative. Moreover, the co-resident methyl group
on the simultaneously used sugar might lead to a steric conflict with the hydroxyl group on the phenol.

Additionally, an equimolare concentration of Tb*" compared to LecA was used. As the used concentration was
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lower than the determined Kg value for the Tb** LecA complex, it might also be a reason for observed, weak

effect.
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Figure 49: No difference in signal relaxation time was observed between the para- and diamagnetic samples. Evaluated NMR spectra
of the T1 measurements of methyl -galactoside and LecA (with CaClz presented as dots, and TbCls presented as triangles) or without
LecA (CaClz squares, or TbCl; triangles) A represents the relaxation of the internal standard, and no relaxation is observed B represents
the anomeric protons Hi while C shows the relaxation behavior of the closest proton to the paramagnetic center H4 and D shows the

relaxation of Ho.

Significant signal releaxation and decrease in signal intensity was observed in the water-suppressed proton
spectra while no enhanced signal relaxation were observed in the T1p measurements with spinlock times
between 10 and 900 ms. One possible could be that the relaxation is extremely fast and stronger relaxation
takes place before 10 ms. In comparison to the sugar signals, the signals of the phenol ring showed only modest
decrease in the water suppressed proton spectra, with no difference between the para- and the diamagnetic
sample. And no enhanced relaxation in the T1p measurements has been detected. Due to the fact, that
lanthanide ions can cause long-distance effects up to 40 A, effects on the phenol ring were expected as it
supposedly binds similar as the phenyl ring of p-nitro phenyl p-D-galactoside having distance of 10 A. This
distance should be short enough to see PRE effects. However, the hydroxyl group of the phenol ring could
decrease the binding affinity of the phenol derivative as it could competed with the anomeric position of Me-
a-gal 7. 200 uM of p-nitro phenol might be to less to see strong effects as the binding affinity of the fragment
could be rather low. With low binding affinities a concentration of 1 to 5 mM can be used to see distinct effects.
But for the first time, pseudo-contact shifts have been observed for the phenol protons, enabling the detection
of the angle of binding fragments. For the screening of fragments, the concentration might have to be enhanced

to 500 uM or higher to identify fragments with PRE and PCS.
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Moreover, Gd*" is a paramagnetic lanthanide that causes only very strong PRE but no PCS, so Gd** could be
tested as a first line screening spin label identifying fragments by strong PRE and using Tb*" or Dy*" in detailed
binding studies with fragments derived from the first line screening with Gd**. However, for modeling and
synthesis design of a combined inhibitor based on D-galactose and the identified fragments, detailed structural

information is needed and thus angle dependent PCS are a great benefit.

Overcoming weak relaxation effects using Gd*" in a relaxation edited NMR approach for fragment screening

To examine paramagnetic effects of Gadolinium-salt as paramagnetic spin label in LecA ligand screening,
effects on known LecA ligands were examined. First, the known LecA ligand p-nitro phenyl B-D-galactoside
8 with an affinity of K4 14.1 £ 0.2 uM!® was used. Since no affinity of GdCl; for LecA was known, 30 pM,
the same concentration as for the previously described experiments with TbCls and DyCls was used. All signal
of the LecA ligand p-nitro phenyl B-D-galactoside 8 showed an enhanced relaxation compared to the control
without LecA, or the diamagnetic control containing LecA and Ca*". To evaluate the relaxation effects, the
determined intensity was blotted against the measured spinlock times. Significantly faster relaxation of all

protons was observed in presence of LecA substituted with GdCls.
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Figure 50: Signal decrease of all protons signals of phenyl B-galactoside 8 was observed upon binding of LecA and Gd**. A Signal
decrease of the protons signals as depicted in B. NMR spectra were recorded with LecA 10 uM, p-NPG 1 mM, CaClz or GdCl3 30 uM
and the internal standard with 500 pM. Spectra were recorded with spinlock pulses starting from 1 ms to 900 ms and 64 scans were

used.

The sugar protons Hs, H4 and Hs showed the strongest relaxation. Looking at the crystal structure, Hs and Ha
are the closest to LecA, and hence the paramagnetic effects of Gd** are the strongest. Compared to the phenyl-
signals, that appeared as two doublets, showing the average of two protons, most sugar signals were better

distinguishable. For the determination of the T, spectra, a water suppression prior to excitation sculpting was
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used, and for that reason, the signal of the anomeric proton H;, appearing at about 5 ppm, was influenced by

the water suppression and thus the peak intensity was low.
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Figure 51: Blotted intensity of the protons signals A represent the phenyl protons close to the nitro group B represents the phenyl
protons close to the sugar moiety C shows the relaxation of the anomeric proton Hi D represents the relaxation of proton Hs E the
relaxation of Hs F shows the relaxation of H2 and G of proton Hs. The logarithms of the quotient of the intensity compared to the

intensity Io was blotted against the spinlock time in ms.

The proton signals of phenyl protons Hz and Hs showed the stongest relaxation of 53.2 To start with, the
process of relaxation must be examined. To understand this, the determination of the relaxation rates and the
factors influencing their values need to be understood. Relaxation involves the transition of energy levels. But
it is again important to mention, that there is a difference in the transverse magnetic field. This field is
oscillating close to the so-called Larmor frequency. As this effect is global to all spins that experience the same
oscillating field and can thus be neglected. In contrast, the local fields effects affecting only a few spins must
be examined. These fields are generated inside the sample itself and are based on interactions of spins with
neighbors, or environment in some way. 2%3-284 Besides this quantum mechanics reasons for the enhanced

relaxation, it might be also possible that a small portion of unbound Gd*" coordinates to the negatively charges
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oxygen in the nitro-group, causing some of it to coordinate to the nitro moiety and thus being very close the

[285-286] To examine this, a ligand with more signals having a greater distance than the sugar

phenyl protons.
signals to the paramagnetic center was examined. Moreover, to prevent ionic coordination, only a methoxy

substituent in the naphthol aglycon was chosen.

Paramagnetic effects of GACls on the stericaly demanding LecA ligand 6-methoxy naphthalen f-D-
galactoside 45

For the examination of Gd*" as potential spin label, a LecA ligand with a greater distance to the paramagnetic
label was examined. Since the ligand 6-methoxy naphthalen -D-galactoside 45 was examined as a potential

LecA inhibitor and tested with an ICso value of 5.3 uM in the FP assay it was then used in NMR experiments.
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Figure 52: Signal intensity of 45 in complex with LecA and G+ is decreased compared to the diamagentic control. Determined
relaxation of the protons signals of the sugar signals A shows the relaxation behavior of the H4 protons close to the paramagnetic
center, B represents the signal intensity of H4 at 900 ms of spinlock time C represents the relaxation of the sugar protons of Hz and H3
(due to signal overlap), D shows the relaxation of those to sugar protons (Hz, H3) at a spinlock time of 900 ms and E shows the
relaxation of the signals obtained for He and Hs (due to signal overlap) , F shows the signal intensity of Hs and He at 900 ms of spinlock
time. For the T1 experiments, LecA was used with 10 uM, the sugar 45 with | mM and CaClz with or GdClIs with. All samples contain

500 uM internal standard and were recorded with 64 scans.

80



Compared to the known LecA ligand p-NPG 8, signal overlap of sugar as well as aromatic signals made the
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Figure 53: Determined relaxation of the protons signals of A shows the relaxation of the anomeric protons of the triplet at 7.8 ppm ,B
shows the signal intensity at 900 ms spinlock time while C shows the signal relaxation of the doublet at 7.4 ppm and D the signal
intensity at 900 ms. E shows the relaxation of the aromatic protons of the naphthol aglycon at 7.2 ppm F shows the signal intensity of
the lather quartet. LecA was used with 10 pM, the sugar 45 with 1 mM and CaClz or GdCl3 with 30 pM. All samples contain 500 pM

internal standard and were recorded with 64 scans.

evaluation difficult. For the sugar signals, as well as for the aromatic proton signals, only three distinct signals
could be isolated. For the examined signals, a stronger relaxation of the sugar signals was observed compared
to the determined aromatic signals. This finding agrees with the crystal structure, where all sugar signals are
closer to the paramagnetic center compared to the aromatic signals. But for all signals from the distant naphthol
moiety relaxation enhancement in the presence of Gd®" and LecA was observed. As the methoxy signal
overlaps with the sugar signals, no evaluation on the relaxation was possible. Moreover, signal overlap of the
signals in the aromatic region makes it difficult to distinguish between the different aromatic protons signal

and determine the percentage of relaxation enhancement per proton.

Within the determined relaxation of the protons the strongest relaxation was observed for the proton Hs with
an increase in the relaxation of 51.3 %. For the clearly determinable proton H; a relaxation of 12.0 % was
observed and for the aromatic protons, 27.8 %, 46.6 % and 25.2 %, resprectively. For the proton Hs the increase

in signal relaxation can be explained by the close distance to the paramagnetic center. For all determined T
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relaxation times, a decrease was observed. Compared to the clearly explainable effect of the sugar protons Hs
and Ha, the effects observed for the aromatic protons cannot be explained as easily. All aromatic protons are
more distant to the paramagnetic center than the sugar protons. In general, relaxation of protons describes how
NMR signals chance with time. ! Stronger relaxation was observed with Gd** compared to the use of Tb*",
Dy** or Yb*". In contrast, no PCS can be obtained with Gd**. To summarize the best screening set up would
be a first line screening using Gd>* to obtain more clear effects on the potential ligands and a second screening
with Tb*" to examine pseudo contact shifts and to calculate the anisotropy tensor. In addition, the >N LecA

can be used to examine the binding of potential ligands.

All in all, this method enables the rapid identification of fragments binding near the paramagnetic spin label
with additional structural information on the binding mode by distance dependent PRE and angle dependent

PCS. Combining all the obtained data, a new LecA inhibitor based on D-galactose can be developed.

LecA in complex
with the first site ligand
and Gd**

1* line screening with Gd*

# identification of potential ligands

LecA in complex

with the first site ligand
and Tb* and the deter-
mined potential ligand

2¢ line screening with Tb*

Identification

of PCS of

the potential

ligand
Biochemical evaluation
and derivatization

Figure 54: Schematic representation of the screening set up using paramagnetic lanthanide ions Gd>* and Tb*". For the screening set
up, a library of potential ligands can be screened with LecA in presence of Gd*" and the first site ligand D-galactose. After identification

of a potential ligand, the lather can be evaluated using LecA and Tb3* to potentially obtain more detailed information on the ligand.
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3.5 Determination of the carbohydrate binding site by mapping
of TROSY-NMR shifts of P. aeruginosa lectin LecA

3.5.1 Introduction to TROSY spectroscopy

Within the search for new, more potent LecA inhibitors, verification of potential hits can be challenging. For
LecA no NMR signal assignment is known yet. As LecA is a known Ca?* binding protein and is also a known
D-galactose binder this knowledge can be used to determine specific signal shifts of the carbohydrate binding
pocket. To assign specific shifts to those amino acids in the carbohydrate binding pocket the signal shifts upon
Ca? additon will be used. In addition, the formerly tested trivalent paramagnetic ions Tb** and Gd**, which can
functionally replace the calcium-ion in the binding pocket as shown previously by ELLA experiments, will be
used. In contrast to the diamagnetic Ca**-ion, both paramagnetic ions Tb*>" and Gd** should cause stronger
effects due to paramagnetic relaxation enhancement (PRE) effects. Besides the known LecA salt ligands Ca*",
Tb** and Gd**, known D-galactose based LecA ligands will be used to assign all shifts cause by the binding of
a carbohydrate ligand. For this methyl a-galactoside 7 and p-nitro phenyl B-galactoside 8 were used to evaluate
the influence of two different D-galactose derivative on LecA signals. Those two ligands mainly differ in the
aglycon structure and binding geometry with respect to the D-galactose scaffold: In comparison to the aliphatic
methyl in a-position, the aromatic aglycon p-nitro phenyl in -position of D-galactose should also have effects
on His50. Since LecA is a rather small protein consisting only of 122 amino acids, a Transverse Relaxation
Optimized SpectroscopY (TROSY) NMR approach was chosen. TROSY is a NMR technique based on
transverse relaxation mechanisms, which is used to determine the width and intensity of the acquired NMR
signal with enhanced quality resolution. TROSY was developed by Pervushin and co-workers to obtain a
magnetization transfer, allowing the seriously reduced magnetization due to a fast decay in T

145

magnetization.'"™), For the NMR experiment a water suppression using a WATERGATE-sequence as

described by Piotto and Pervushin was used. [14>-286)

The localization of the carbohydrate-binding site using paramagnetic Th** and Gd** and diamagnetic Ca**

For the determination of the carbohydrate-binding site a spectrum of the apo-LecA (Ca**-free) was recorded
first. As no assignment of the protein is known up to now, all determined peaks were labeled with numbers
unrelated to number of the amino acid residue. For apo-LecA 123 peaks have been determined using N

labeled lectin in citrate buffer. Citrate buffer was chosen as the solubility of LecA is higher compared to PBS
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or TBS. LecA has a total number of 122 amino acids, thus 123 signals is in good agreement with the total

numbers of amino acids in the protein, as one amino acid can give more than one shift.
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Figure 55: TROSY spectra of N apo-LecA (338 uM) in citrate buffer recorded on a 700 MHz NMR spectrometer
equipped with a cryo probe. All peak numbers have no relation to the amino acid sequence of LecA. In summary, 123

peaks with different intensities have been detected.

Peaks influenced upon binding of CaCl; to LecA

As a spectrum was recorded for apoLecA without its natural Ca?" ligand, the baseline was set to determine
shifts that are specifically changed by Ca*" addition. As one LecA monomer has only one known Ca** binding
site it can be assumed that all the shifts that are changing due to addition of Ca*" are caused by either binding
of Ca?" or due to structural alteration due to changes after addition of Ca*". To evaluate shifts the recorded
spectra were superimposed. All signals that disappear as well as all signals that showed clearly visible shifts
are considered as influenced.

For the determination of specific shifts resulting in Ca** binding to LecA, apo-LecA was measured with
increasing amounts (0.5, 1 and 2 equivalents) of Ca*". 123 peaks determined for apo-LecA have also been
determined for the measurement with Ca*". Upon addition of a half equivalent of CaCl,, seven peaks are
influenced (Figure 56; Influenced signals 13, 22, 34, 72, 90, 118, 123). Signal 123 completely vanished upon

addition of 0.5 eq of Ca?" and signal number 90 and 118 showed a clear signal reduction. For signal 12, 34 and
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72 signal intensities were clearly decreased. Adding one equivalent of the diamagnetic CaCl,, in addition to
the previously influenced signals seven more peaks were influenced (Figure 56; Influenced signals 13, 22 34,
45,56, 64, 68, 71, 72,79, 90, 111, 118, 122, 123). Upon addition of an equimolare Ca*" concentration seven
signal shifts (Figuare 56; Signal number 22, 34, 64, 72, 90, 122 and 123) completely disappeared. Also, singal
number 13 and 118 showed again reduced signal intensities. In addition, eight more signals showed reduced
intensites (Figure 56, signal number 37, 45, 56, 68, 71, 79, 99, 111). With two equivalents of CaCl, added,
moreover the signal intensities of numbers 17, 32 and 65 were reduced (Figure 56). Increasing the

concentration of CaCly, up to 15.4% of 123 signals were influenced.
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Figure 56: TROSY spectra of the >N LecA (338 pM) in citrate buffer (apo in blue), with A 0.5 eq B 1 eq and C 2 eq of CaCl..
All changes are shown in boxes and are labeled with the according number. For A seven signals (number 13, 22, 34, 72, 90,
118, 123) were shifted or reduced. For B eight more signals were shifted or reduced (singal number 13,22, 34, 45, 56, 64, 68,
71,72,79,90, 111, 118, 122, 123). For the addition of 2 equivalntes of CaCl, (C), three more signals were influenced (signal
number 13, 17, 22, 32, 34, 45, 56, 64, 65, 68, 71, 72,79, 90, 111, 118, 122, 123).
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Peaks influenced upon binding of the paramagnetic ThCls to apoLecA

To further determine specific effects of signal shifts of the Ca?*- and carbohydrate binding site apoLecA was
titrated with paramagnetic Tb*". In contrast to the diamagnetic Ca®>", Tb** is a lanthanide with paramagnetic
properties. So, Tb*" causes paramagnetic relaxation enhancement and pseudo contact shifts of signals close to
it. Consequently, the addition of Tb*" should cause the same signals to shift as the diamagnetic Ca**, but in
addition signals more distant from the Ca*" binding site should additionally be influenced. For the titration

with paramagnetic Tb®" again spectra with an excess of 0.5- 1 and 2 eq Tb**-ligand compared to LecA were

measured.

By addition of 0.5 equivalents of Tb*" a total of 29 peaks (4, 10, 13, 22, 23, 34, 36, 37, 45, 47, 52, 53, 56, 61,
64, 65, 72, 75, 78, 79, 80, 83, 90, 94, 96, 100, 108, 111, 121) were influenced. In contrast, addition of 0.5

equivalents of Ca*" only caused 7 signals to shift.
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Figure 57: TROSY spectra of the '’N LecA (338 uM) in citrate buffer (apo in blue), with A 0.5 eq B 1 eq and C 2 eq of
TbCls. All changes are shown in boxes and are labeled with the according number. For A 29 signals (4, 10, 13, 22, 23,
34,36, 37,45,47, 52,53, 56, 61, 64, 65,72, 75,78, 79, 80, 83, 90, 94, 96, 100, 108, 111, 121) were shifted or reduced.
For B two more signals were shifted or reduced (4, 10, 13, 22, 23, 34, 37, 39, 45, 47, 52, 53, 56, 61, 64, 65, 71, 72, 75,
79, 80, 83,90, 94, 96, 100, 108, 111, 114, 121). For the addition of 2 equivalntes of TbCls (C), five more signals were
influenced (signal number 4,6, 10, 13, 22, 23, 34, 37, 39, 45, 47, 52, 53, 56, 61, 64, 65, 66, 71, 72, 75, 79, 80, 83, 90, 94,
96, 100, 105, 108, 111, 114, 121)
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All seven peaks (13, 22, 34, 72, 90, 118, 123) which were influenced by the addition of 0.5 equivalntes of Ca**
were also influenced by the addition of 0.5 equivlantes of Tb**. Six signals, (34, 64, 68, 79, 90 and 122)
completely vanished upon addition of 0.5 equivalents of TbCls. As the protein signals number 34 and 90 were
also affected by the addition of Ca?" it those signals are very close to the Ca®" binding site. They are very close
because lanthanides can cause blind spots very close to their site of binding, resulting in signals to completely
disappear. In addition, six more signals (10, 12, 72, 94, 96,108 and 118) are reduced in their intensity. Since
signal number 72 was also affected by the addition of 0.5 equivalents of Ca?* it is highly likely that signal
number 72 is very close to the Ca?" binding site of LecA. In contrast to the titration with CaCl,, 11 more peaks
showed signal shifts (23, 37, 47, 52, 53, 65, 75, 78, 100, 111 and 121). Interestingly, a new signal at a f;
frequency of around 125 ppm and f> frequency of nearly 8 ppm was observed. This signal could be the result
of a very strong signal shift of either of the signals formerly called 122 which supposedly vanished. Increasing
the addition of Tb®" to an equimolare concentration a total of 31 peaks (4, 10, 13, 22, 23, 32, 34, 39, 37, 45,
47,52, 53,56, 61, 64, 65,71, 72,75, 79, 80, 83, 90, 94, 96, 100, 108, 111, 114, 121) were influenced.

In contrast to deficient Tb*" concentration, two more signals completely disappeared (signal number 118 and
123). In addition, three more signals (6, 39, 114) were reduced in intensity upon addition of an equimolare
amount of Tb** and tow signals (71, 99) were shifted upon addition of equimolare Tb**concentration. Adding
of an excess of two equivalents of the paramagnetic TbCls, eight more signals were influenced. Six signals (7,
19, 38, 61, 78 and 91) were reduced in intensity but did not completely disappear. Two more signals (66 and
105) were shifted but were not strongly reduced in intensity. In comparison to the titrations with the
diamagnetic CaCl,, 11 similar signals were reduced in intensity (13, 22, 34, 37, 45, 53, 71, 72, 90, 111 and

287

122). Signal number 111 is most likely one of the tryptophan signals.l**” For none of the other signals and

signal shifts a conclusion on the corresponding amino acids can be made.

Peaks influenced upon binding of the paramagnetic GdCls to apoLecA

In contrast to the previously used lanthanide Tb**, Gd** has the strongeset paramagnetic proberties among all
lanthanide ions and cause very strong releaxation enfhacnement but in constrast to other lanthanides does not
cause pseudo contact shifts. To complete the analysis of specific effects on signals in the region of the
carbohydrate binding pocket measurements with LecA in complex with Gd** were performed. Using a
deficient concentration of Gd*"in contrast to LecA five signal shifts have been clearly moved. For all of those
for those five signals (22, 37, 56, 64, 78) completely new peaks were observed (Figure 58, green shifts). Ten
signal shifts completey disappeared (15, 19, 32, 34, 38, 65, 90, 118, 122 and 123, Figure 58A). The signals
intensity of 22 signals was reduced but they did not completely disappear (4, 10, 17, 20, 27, 36, 46, 65, 66, 67,
68, 71, 72, 79, 80, 83, 91, 99, 111, 114, 121, Figure 58A). Using an equimolare amount of Gd**, two more
peaks have been moved completely (75, 80; Figure 58B). In addition, four new peaks not associated with a
previously observed hits were observed. New shifts have been observed at a {1 frequency of around 105 ppm
and f> frequency of nearly 6.8 ppm, a f; frequency of around 109 ppm and f; frequency of nearly 9.0 ppm, a fi
frequency of around 115 ppm and f; frequency of nearly 8.2 ppm, a f; frequency of around 122 ppm and f,
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frequency of nearly 8.4 ppm. For the titration with GdCl; evaluable spectra were only obtained for the addition
of 0.5 eq and 1 eq of GdCl;. By the addition of a half equivalent of GdCls a total number 44 peaks are
influenced. By addition of an equimolar concentration of GdCl; in total 10 more peaks were influenced. As
the addition of two equivalents of the paramagnetic GdCls did cause most of the peaks to disappear, this could
be explained by the fact, that the homo tetramer of LecA has four Ca-binding pockets, and thus the same
number of Gd** could be bound to the protein. As the carbohydrate binding pockets are 32 A and 55 A apart
and the paramagnetic radius of Gadolinium is about 40 A, it might well be, that the increased amount of
Gadolinium-ion in the sample caused a saturation of the Ca-binding pocket with Gd** resulting in a multitude
of signals to disappear. However, it cannot be excluded that the increased free GdCls in solution caused the
weak signal intensity of the measured TROSY spectra. Either way, the spectra cannot be used for the

determination of the binding pocket.

There are four peaks which were influenced by a deficient concentration of either of the added lanthanide salts.
(Peaks 22, 34, 72 and 90) were already influenced by half an equivalent of all three tested salts. Thus, it is
most probable that these peaks are close to the carbohydrate-binding pocket, or the binding of the ion
influenced the corresponding amino acids. There are several signals which were already influenced with CaCl,
in contrast to the apoLecA form (Figure 56). So, it can be concluded that the apo-form of the protein is much
more flexible. Moreover, five more peaks (37, 45, 71, 83, 111) were influenced in all spectra with the addition
of equimolar concentration of all the lanthanide ions. As peaks 111 was identified as a tryptophan signal, it is
most likely to be Trp42. As no assignment of the LecA sequence is known up to now, no more amino acids

can the assigned.
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Figure 58: TROSY spectra of the ’'N LecA (338 uM) in citrate buffer (apo in blue), with A 0.5 eq B 1 eq of GdCls. All changes are

shown in boxes and are labeled with the according number. All spectra were recored with a scan number of 16 scans.
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In comparison to the diamagnetic CaCls, there are 5 peaks only influenced by the paramagnetic Tb** and Gd**,
namely peak number 4, 10, 23, 36, and 47. These peaks were only influenced by the paramagnetic ions,
suggesting it to be either amino acids more distant from the carbohydrate binding pocket, or amino acids that
are close to a potential second binding site for the lanthanide ions. To examine this, a co-titration of CaCl,
with either of the two lanthanides could be made, targeting the potential second site while occupying the first
binding site. As these experiments were aiming at identifying the carbohydrate binding site, to examine
potential binders, the examination of a potential second site for the lanthanides ions was neglected and a
titration with the known LecA D-galactose based ligands p-nitro phenyl p-d-galactoside and methyl a-D-

galactoside were examined.

The localization of a sugar binding site using the known LecA ligand p-nitro phenyl f-galactoside 19 and
methyl a-galactoside 7

To localize the signals related to the binding of known, sugar-based ligands, LecA was measured either in
complex with p-NPG 19 and me-a-gal 7, which both are known LecA carbohydrate ligands. For both
carbohydrate ligands increasing amounts of carbohydrate in complex with LecA was measured to determine
specific effects. In addition, Ca®* is crutial for the binding of a carbohydrate ligand to LecA so all measuremnts

with ligands were done using one equivalen of Ca?".

First the stronger LecA ligand p-NPG 19 with a binding affinity of 26 uM was measured. In contrast to the
titration with the diamagnetic Ca" or the paramagnetic Tb*" the addition of the known LecA carbohydrate
ligand p-NPG 19 influenced a huge number of signals. Besides five newly emerged signals, 36 peaks were
already affected by the addition of a half equivalent of the carbohydrate ligand. Peak 37 was significantly
shifted upon addition of p-NPG 19. Six signals did completely disappear upon addition of half an equivalent
of p-NPG (Figure 67A; peak 22, 23, 34, 64, 90, 122). 17 signals were significantly reduced in their intensity
(figure 67 A; peak 10, 13, 14, 20, 36, 47, 52, 58, 66, 72, 79, 83, 85, 92, 93, 102 and 118) and 15 were shifted
(Figure 67 A; peak 4, 35, 45, 51, 56, 64, 67, 71, 75, 80, 83,99, 100, 111, 121). To sum it up, in total 39 peaks
were affected by the addition of a deficient concentration of p-NPG 19. Upon addition of an equimolare
concentration of the carbohydrate ligand 19, 12 new signals were observed (figure 67 B). In addition to 37,
which was completely shifted already by the addition of half an equivalent of p-NPG 19, signal 104 was also

complety shifted upon addition of an equimolare concentration of the sugar ligand.

Adding one equivalent of methyl a-galactoside 7, 11 new signals were observed, and 40 peaks were affected
either with shifts or signal decrease. The signals 4, 10, 13, 14, 20, 22, 34, 35, 36, 37, 45, 47,51, 64,71, 72, 75,
99, 100, 102, 111, 121 showed a decreased signal intensity most likely caused by the reduced protein rigidity.

To determine between the effects caused by the sugar moiety and the phenyl moiety, TROSY NMR spectra of
LecA with methyl a-galactoside (K4 50 pM) 7% 8% 28] were recorded. With sub-molar amounts of the
carbohydrate, only eight protein signals were influenced. Peak 10, 22, 34, 37, 64, 72, 90, 122 were influenced
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upon addition. Adding one equivalent of sugar to the Ca**-containing protein, 28 more LecA signals were
influenced by the addition of methyl a-galactoside. In detail, Peak 4, 14, 20, 23, 35, 36, 40, 41, 45, 47, 52, 56,
58, 61, 65, 66, 75,79, 83, 86, 92, 97, 99, 105, 109, 111, 119, 121 were influenced.
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Figure 59: TROSY spectra of the 5N labeled LecA (338 uM). The blue spectra represent the apo form of the lectin, the pink spectra
the ones with phenyl -galactoside A 169 uM B 338 uM

For both tested galactose-derivatives, the aliphatic methyl a-galactoside and the B-hydrophobic phenyl -
galactoside, modest effects were observed for the sub-stoichiometric amount of sugar. While a lot, and global
effects. Any magnetic nucleus, sugar or protein origin creates a magnetic field proportional to the magnetic
moment in strength. As the molecule tumbles in solution the field fluctuates causing relaxation of nearby spins,
either '*N nuclei, 'H" or ligand 'H. Dipolar relaxation strongly depends on the distance of two nuclei, as it
changes with the inverse sixth power (1/t°) of its distances.[”) For protons in the "N LecA, the main sources of
dipolar relaxations are protons of the amino acids nearby. However, it might be that the addition of methyl -
galactoside chances the geometries of the LecA tetramer, allowing more DD interactions to take place,
resulting in a reduced number of shifts being determined in the TROSY experiment. Even if it highly unlikely,
a second reason for the reduced visible proton shifts compared to p-nitro phenyl B-galactoside could be a

potential second sugar binding site as reported earlier by Imberty for glucose. [22¢!

Determination of the carbohydrate binding site in the Ca’*-binding protein lectin LecA using changes in
specific signal shifts

Using the >N and 1D TROSY shifts of the galactophilic LecA in complex with its natural salt ligand Ca*" or
the paramagnetic substitutes Tb** or Gd*" 11 were influenced by all three salt ligands. Besides the semi-
assigned Trp42 (Signal number 111) the signal numbers 22, 34, 37, 56, 64, 65, 79, 90, 122 and 123 were
influenced. Looking at the paramagnetic ions alone, 14 more peaks were influenced, suggesting them to be
more distant to the Ca*"-binding pocket. For GdCl;, only spectra containing half- and one equivalent of salt

were evaluated, as the use of two equivalents of the strongly paramagnetic Gd*" did cause most of the signals
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to disappear. With a paramagnetic radius of 40 A, and the tetrameric LecA structure with four known binding
pockets for Gd**, it might be possible that a fully saturated protein might cause most of the signals to disappear

because the binding pockets are only about 20- and 35 A apart.[%¢!
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Figure 60: "N LecA TROSY spectra of A: LecA (291 uM, both with 1 eq CaClz) with and with 0.5 eq of methyl a-galactoside (red,
145 uM) or B: LecA (338 uM, both with 1 eq CaClz, blue) and 1 eq of methyl a-galactoside (338 uM). The shifts of the carbohydrate

containing spectra are depicted in purple. Every new shift is shown in green.

This makes it very likely, that most of the protein signals are quenched by the strong Gadolinium effect.
However, it cannot fully be excluded that the weak signal intensity or complete disappearance of most of the
signals is caused by an excess of Gadolinium in solution and thus, no interpretation was based on 2 equivalents
of GdCls. Surprisingly, peak 118 showed only a signal reduction in the presence of CaCl, but was uninfluenced
by the addition of TbCls or GdCls. This effect can be explained by small changes in the binding orientation or
mode of di- or trivalent salts, in this case influencing peak 118 only with the addition of the divalent Ca*". A
total number of 29 peaks were influenced by both, methyl a-galactoside and p-nitro phenyl B-galactoside.
Starting with peak no 4, 10, 13, 20, 22, 34, 36, 37, 40, 45, 47, 51, 52, 56, 58, 64, 65, 66, 71, 72 75, 8§83, 90, 92,
97,100, 102, 111, and 122. In contrast to the hydrophilic ligand p-nitro phenyl B-galactoside, which was shown
to interact in a w-stack interaction with the His50, the aliphatic methyl substituent of the methyl a-galactoside
should not influence this amino-acid residue. Thus, differences between the two sugars will most likely give a
hint on the signals of the corresponding histidine residue. Within all detected protein signals, a total number
of 123, the peak with the number 109 was only influenced by the addition of p-nitro phenyl B-galactoside but
did not show changes upon addition of either of the salts or the aliphatic D-galactose derivative methyl a-
galactoside, making it a promising candidate for the histidine His50. As no assignment is known up to now,
the corresponding residue can be only hypothesized for the tryptophan Trp42 129.13/10.344 and the histidine
His50 129.16/7.343.

In comparison to the titration of salts alone, the titration of the two known LecA ligands methyl a-galactoside

(me-a-gal) and p-nitro phenyl B-galactoside (p-NPG) did influence a sum of ten signals. As the peaks 13, 22,
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34,45, 56,6,72,90, 111 and 122 were all influenced by the addition of Ca**, Tb*", Gd**, methyl a-galactoside,
and p-nitro phenyl -galactoside these signals are most likely localized in the carbohydrate binding pocket or

influenced by the binding of ligands in its vicinity.
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Figure 61: Schematic representation of the TROSY experiments: The colors represent the different experiments. The back circle
represents all peacks dinfluence by Ca?*, the red circle represents all peaks influenced by the Tb3* effects and Gd** is represented by
the blue circle. The effects of the carbohydrate binding site are shown in green, so all signals in the green box are influenced by the
addion of the carbohydrate. When a number is marked in another color as the ring, they are in the effects was shown by multiple
experiments. The italic numbers represent shifts, the crossed-out numbers are signals reduced in intensity. There are no signals only
influenced by Ca?', but some which are influecend by Ca?" and Tb>* (red numbers). Only peak 94 and 108 are only influenced by Tb>*
but not by Ca?*, Gd** or the carbohydrate. All purple numbers are influenced by Gd**, but when they are in the red circle, they are also
affected by Tb**. All numbers in the Ca* binding site ring are also affected by Gd**, thus they have a blue ring.

To summarize 17 signals are influences by Ca*", Tb**, Gd** and carbohydrate. This most likely means that the
signals are the closest to the paramagnetic center. There are two signals which are only influenced upon
addition of Tb*". This might be caused by the fact, that only Tb** is causing pseudo contact shifts, Gd** is not
causing shifts, but only paramagnetic relaxation enhancement. There are eight signals which are only
influenced by Tb*" and Gd*" but are not influenced by the carbohydrate. This can be explained by the fact that
the signals are outside the carbohydrate binding pocket. Many peaks are influenced by the addition of Gd*".
This can be explained by the fact Gd*" has the strongest paramagnetic effects within the paramagnetic

lanthanide ions.
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4. Conclusion

4.1 Optimization of D-galactose based lectin LecA inhibitors

P. aeruginosa is a multi-drug resistant bacterium causing nosocomial and respiratory tract infections in
immune compromised patients, like patients suffering from cystic fibrosis. The bacterium uses its two soluble
carbohydrate binding lectins, LecA and LecB, to mediate adhesion to a carbohydrate surface. Inhibition of
these lectins with ligands was shown to reduce biofilm formation and thus might be the needed help in therapy
and treating infections. As the P.aeruginosa lectin LecA can be inhibited by D-galactose 44 inhibitors based
on D-galactose have been synthesized. Within the set of synthesized D-galactose derivatives it was shown that
most changes on the phenyl ring did not influence the affinity significantly. The most potent ligand was
determined to be m-methoxy phenyl B-D-galactoside, but also the stericaly more demanding ligands based on
a naphthol moiety at the anomeric center showed quite good affinities in the range of 10 uM. It can be
concluded, that without applying and bivalent approach or with a fragment growing approach the affinity of
D-galactose based ligands cannot be enhanced significantly.

Within the first detected LecA inhibitors, besides several galactosides, N-Acetyl B-galactosamine was
discovered to bind to LecA as well.l’® Consequently, the binding potential of galactosamine derivatives was
evaluated but only the tested p-nitro phenyl N-acetyl -galactosamine 76 showed an affinity of 136.3 uM,
which is in the same range as D-galactose. This result agrees with previously reported results which showed
an 50 % inhibition of galactosamine after equilibrium dialysis of 400 pM sugar derivative with 100 uM

[58] To conclude there is little room for improvement, the only possibility to improve might be

sugar.
substitution at the nitro moiety using different substituents.

In addition, the screening of a set of Galactonoamidines or Galactolactams showed that only the lactam
structure based on galactose showed binding to LecA. All the presented amidines did not show binding, this
might be explained by the differences in electronic differences between the nitro- or oxygen in C1 position. In
contrast, the lactam structure based on glucose showed no binding, which can be explained by the different

hydroxy orientation in the C4 position. Since hydroxy groups in position 3 and position 4 are involved in the

binding to LecA, more specifically the coordination to the Ca®"- jon. Moreover, there is a difference in the
electronic effects between the amidine and lactam ring structure. Within the aminides, the ring opposes and
reverse anomeric effect, an effect that is termed after the preference of the positively charged nitrogen. In
summary, new potential ligands can only be synthesized based on lactam structures but can not be based on

amidine structures.

93



4.2 Non-carbohydrate glyco mimetic as ligand of the P.
aeruginosa lectin LecA

One possibility to obtain new inhibitors can be the virtual screening of a hugh number of ligands using the
crystal structure of LecA. For this purpose, the virtual screening of 1597 different molecules from the National
Cancer Institute (NCI) diversity set IV were docked into the binding site of LecA. From these 60 potential
ligands were obtained and reduced to 40 by a rational approach. Those 60 have then been tested using the
fluorescence polarization assay. The biochemical evaluation using the fluorescence polarization of the
obtained screening hits failed to give a clear result on the binding of the potential hits. Since there has been a
sign of binding for ligands NSC 27389 (92) and NSC 73735 (93) they have been examined in ITC experiments,
but for both ligands no binding in direct titration experiments have been observed. Both potential hits were
expected to have a binding affinity in the milli molar range, and because of the poor solubility of LecA and
the ligands, determination of low affinity ligands with ITC is rather difficult but also a replacement titration
failed to give a clear result, as well as no binding affinity could have reliably been determined from these
experiments. One more method for the determination of binding of the ligands was the use of NMR to obtain
more information. Compared to NMR spectrometry, the biochemical fluorescence polarization assay, as well
as the thermal shift assay based on the read out of a fluorescent dye have several drawbacks, which can interfere
with the obtained results. For both, the assay could have been disturbed by the colored screening hits or their
potential of fluorescence enhancement or quenching. With these interferences, it is impossible to determine a
clear binding curve and it makes the discrimination between real binders and false positives very difficult.
Moreover, for one ligand oxidation was suspected within the incubation time and which caused the
fluorescence of the ligand to disappear. It can be hypothesized, that catechol structures are not very suitable
starting points for the determination of new, non-carbohydrate lectin LecA ligands. Since NMR is not

influenced by fluorescence, this technique can be used to give a more reliable result on the binding in this case.

To conclude, one can say that there is a line broadening of the signal with decreasing amounts of ligand and
that there is a shift in the peak signals with changing ligand concentrations. As a binding of a small molecule
to a bigger target molecule, LecA in this case, does result in a signal broadening; this can be concluded to be
a general hint for binding of NSC 27389 (92) to LecA. Moreover, the observed changes in peak signals can be
taken as a sign for binding. For the first evaluation method, the blotting of the proton shifts, a K, value of 16.5
+ 9.6 mM using all four peaks, and 22.5 +4.6 mM neglecting the isopropyl proton due to poor fit quality were
obtained. In contrast, using the measurement of the full width at half maximum, a K, of 8.1 £ 2.4 mM was
calculated. Comparing both obtained values, the discrepancy of the two obtained values is obvious. Since both
values are determined from the same spectra, this discrepancy can only be explained by either the obtained
small changes in signal shifts or full width at half maximum due to weak binding or by the fact, that the binding
is unspecific. For either of the evaluation methods, the determined K, in the 10 mM range explained the
observed problems in obtaining binding curves using the FP assay. Finally, one problem is the fact, that the

binding per se is not clear. All calculations assume that the observed small effects are indeed due to specific
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binding. To verify this binding, the method should be applied to a known weak binding LecA ligand with a K,

in the same range, for example D-galactosamine.
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4.3 Using a 'F NMR screening for the identification of potential
new carbohydrate binding site ligands for P. aeruginosa lectin
LecA

The group of Christoph Rademacher developed a fragment screening approach based on "F NMR
technique.*®® In this approach, a fragment library containing only "F labeled fragments is used. With this
screening approach six bins with a sum of 192 compounds were screened and in summary 67 compounds
showed binding to LecA. Upon which 14 were competitive, thus 15% of all determined binders might be
specific LecA binding site ligands. Within the 14 determined hits 09F05 (102) and 14C10 (103) were
determined the strongest hit with a score of 1.5 with LecA and a score of 1 in the competition assay. All other

12 hits did meat the threshold of the hits but have not been as clear as the two above mentioned.

In detail 15D03 (111), 04D07 (115), 13HO08 (110), 14C04 (114), 14E02 (116), 14H04 (104) and 15G07 (112)
were all clear hits in the CPMG measurement but did not show effects in the '°F screening. This could be due
to the enhanced sensitivity of the relaxation based CPMG method in contrast to the '°F measurement. *?!! And
in contrast 14E08 (105), 14C10 (103), 03HO01 (108), 14G08 (106) and 16A02 (107) all showed a clear effect
in the '°F measurement (rated with a 1) and for all three compounds the effect in the competition assay was
not as pronounced (rated with a 0.5). Only compound showed effects in both, the '°F and the CPMG
measurement. 04D12 (113) was the weakest determined hit with only a score of 0.5 in the CPMG sequence,
but due to the fact that the threshold for a score of 1 was 50% reduction and the compound showed 48% signal
reduction and a full recovery after addition of the inhibitor the compound was also considered a hit. A set of
the determined hits have been ordered and tested using the fluorescence polarization assay. In the FP assay no
sigmoidal binding curves were obtained for either of the compounds. But compound 15D03 (111), as well as
its flourless analog 15D03 w/o F (117), the fluorless derivative 14C04 w/o F (118), the fluorless derivative
14H04 w/o F (119) and 03HO01 (108) showed effects. In Summary, 03H01 (108) ,04D12 (113), 09F05 (102)
ad 04D07 (115) did not show inhibition in the FP assay while 15D03 (111) (as well as its fluorless analog
15D03 w/o F, 117) 14C04 w/o F, 118 and 14H04 w/o F (119) did show inhibition of up to 20% at the highest
tested concentration. Since NMR is a highly sensitive method compared to the fluorescence polarization assay
it might be possible that hits from the NMR measurement cannot be determined in the FP assay due to
limitations in the solubility, the fluorescence intensity or unwanted interactions with the dye or the
carbohydrate. In addition, the fluorless derivative of 14H04 (104) was tested in a TROSY experiment. The
examined compound 14H04 w/o F (119) did show a huge number of shifts, 42 in detail. Within these shifts,
31 concured with previously observed shifts for methyl -galactoside and p-nitro phenyl p-galactoside. With
74 % all determined shifts been also shifts in case of known LecA ligands, and this shifts within the
carbohydrate binding pocket, it can be concluded, that the determined non-carbohydrate inhibitor 14H04 w/o
F (119) is indeed binding within the CRD of LecA. 11 new shifts were observed in contrast to titration with

the sugar, but three of them have been observed by titration with GdCls;. However, the huge number of shifts
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observed also leaves room for speculation on an additional binding site or other side effects caused by this

compound.

To put all the above mentioned in a nutshell it can be concluded that the screening approach using the '°F
library and the combination of '°F screening as well as CPMG can lead to new LecA inhibitors. As the NMR
screening is a highly sensitive method it might be difficult verifying ligand with a poor solubly. Thus,
numerous biochemical assays might have to be used to verify binding. As well as the TROSY experiment is a
second NMR approach this might be the best verification as specific shift upon addition of a known
carbohydrate ligand have been determined and thus can be tested if potential ligands also have and influence
those peaks. Using a TROSY approach for screening is however not feasible since the amount of labeled LecA
would be to much and screening time would be not reasonable since no libraries can be tested. In case of well
soluble ligands without own fluorescence the fluorescence polarization assay is still the best verification

method as is specifically verifies binding in the carbohydrate binding pocket.

In addtion to NMR experiments biochemical evalutation of § ligands, which were selected based on avaibality
of enough material for biochemical evaluation were further analyzed with FP and thermal shift assay. Out of
the eight tested compounds only five showed effects. Potentially as a result or combination of poor binding
affinities as well as a poor solubility of the ligands it was not possible to obtain a sigmoidal binding curve or
any of the tested compounds. In Summary, 4D12, 9F05 ad 4D07 did not show inhibition in the FP assay while
15D03 (as well as its fluorless analog 117) 118 and 119 did show inhibition of up to 20% at the highest tested
concentration. 03HO01 only two of three of the experiments showed significant inhibition making its standard
deviation unreliably high. Since NMR is a highly sensitive method compared to the fluorescence polarization
assay it might be possible that hits from the NMR measurement can not be determined in the FP assay due to
limitations in the solubility, the fluorescence intensity or unwanted interactions with the dye or the
carbohydrate. The lather can be excluded for the compounds were all tested against the carbohydrate reporter
ligand alone and did not show any interactions. For verification of the first biochemical results a second
biochemical evaluation using differential scanning fluorometry (DSF, thermal shift assay) based on the melting
behavior of LecA was carried out. Of all 8 tested screening hits, 15D03 (111) had the largest impact on the
LecA melting temperature by increasing it up to 1.5 °C. The derivative lacking the fluorine 15D03 w/o F (117)
only increased the LecA complex stability 0.6 °C, suggesting the fluorine to be an important feature for its
binding capacities to LecA. Moreover, 14H04 w/o F (104) also enhanced LecA stability with 1 °C. 14C04
w/o F (118), 09F05 (102), 04D07 (115) did not change the melting temperature of LecA. Only 04D12 (113)

decreased the LecA melting temperature about 1 °C, compared to LecA alone having a temperature of 83.6 °C.

For the determined ligand 14H04 (104) derivatization must be made to enhance the binding affinity.
Furthermore, a crystal structure of the ligand in complex with LecA would be the best starting point for a

rational ligand design.
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4.4 Determination of the carbohydrate binding site by mapping
of TROSY-NMR shifts of the P.aeruginosa lectin LecA

NMR has emerged during the last better half of a decade and has become one of the most powerful tools in
structural biology. Although there is no full assignment of the LecA protein shifts NMR techniques can still
be used to get insight in the binding characteristics of this protein. For the determination of the carbohydrate-
binding site a spectrum of the apo-LecA (Ca*'-free) was recorded to have a baseline of protein shifts. After
addition of increasing amounts of Ca®" known LecA ligand up to 15.4 % of the signals showed shifts or a
reduction in their intensity. Due to the availability of the LecA crystal structure in complex with LecA one can
know in which structural region the salt ligand is binding. LecA is a C-type lectin, meaning that Ca®" is needed
near the carbohydrate binding pocket so bind to the respective ligand. It was shown by ELLA experiments that
the salt ligand is needed for binding to a galactosylated surface. Thus, it is very likely that the observed shift
is close to the carbohydrate binding pocket.

In comparison to the diamagnetic CaCl., there are 5 peaks only influenced by the paramagnetic Tb** and Gd**,
namely 4, 10, 23, 36, and 47. Thus, these peaks were highly likely to be close to the carbohydrate-binding
pocket or the binding of the ion influenced the corresponding amino acids. In generally, it can be concluded
that the apo-form of the protein is much more flexible, as more signals were appearing without the ion.
Moreover, the peaks number 37, 445, 71, 83, 111 were influenced in all spectra with the addition of equimolar
concentration of the ions. As peaks 111 was identified as a tryptophan signal, it is most likely to be Trp42. As
no assignment of the LecA sequence is known up to now, no more amino acids can the assigned. To examine
this, a co-titration of CaCl, with either of the two lanthanides could be made, targeting the potential second
site while occupying the first binding site. As these experiments were aiming at identifying the carbohydrate
binding site, to examine potential binders, the examination of a potential second site for the lanthanides ions

was neglected and a titration with the known

98



4.5 A lanthanide-based NMR approach for the determination of
new LecA inhibitors

Otting and Bertini, both pioneers in paramagnetic nuclear magnetic resonance with ligand-based methods,
already used the replacement of diamagnetic Ca*" in calcium-binding protein MMP and determined ligand
binding looking at ligand effects, like paramagnetic relaxation enhancement (PRE) and pseudo-contact shifts

(PCS).

It was shown with ELLA experiments that the lanthanide ions Tb**, Yb**, Ce**, Ho**, Tm**, Gd**, Dy** as well
as the diamagnetic La*" can functionally replace Ca" in the carbohydrate binding pocket as LecA substituted
with this ion was still able to specifically bind to a galactosylated surface. Moreover, it was shown, that a
specific sequence of dialysis steps, including dialysis against EDTA, a NaCl solution was well as distilled
water, needs to be followed to obtain fully Ca?* free protein. p- nitro phenyl p-D-galactoside (p-NPG, 19) is a
known LecA ligand which has not only the sugar protons, but also the phenyl protons which are further away
from the paramagnetic center this ligand is ideal to determine specific effects. In addtiton it is known that the
ligand has a good affinity with a Kq of 26.2 uM to the protein LecA. In the literature, Tb*", Dy**, Tm** and
Ho?*" are often used for lanthanide-based NMR methods.!?*"! All four trivalent lanthanide ions were tested with
Ca’" free LecA and the known LecA ligand p-nitro phenyl B-D-galactoside (19). No effect of Ho** and Tm?*
were observed neither in 1D water suppressed proton spectra nor T1, spectra with spinlock times up to 500
ms. In contrast, effects on the ligand protons in presence of Tb*" and Dy*" In addition it was concluded, that
The ligand to protein ratio is important for the determination of distinct PRE effects in T1 experiments using

the paramagnetic Tb*" and Dy*" ions.

For evaluation of the screening system using the paramagnetic lanthanide ions as a spin label in fragment
screening, methyl o-D-galactoside (Me-a-gal) was investigated together with p-nitro phenol in water
suppressed proton spectra and T1p measurements. In this set up, the p-nitro phenol represents the second site
ligand. Methyl a-D-galactoside was used to block the first binding site. In this experiment it was shown that
there is a difficultiy in ligand concentration and specific effects, which make the approach difficult so scale to
a library of potential second site ligand. To overcome this problem, only fragments without a hydroxyl group
were used. Moreover, Gd*" is a paramagnetic lanthanide that causes only very strong PRE but no PCS, so Gd**
could be tested as a first line screening spin label identifying fragments by strong PRE and using Tb*" or Dy**
in detailed binding studies with fragments derived from the first line screening with Gd**. In model
experiments with Gd** it was shown that bigger effects were seen. However, for modeling and synthesis design
of a combined inhibitor based on D-galactose and the identified fragments, detailed structural information is
needed and thus angle dependent PCS are a great benefit. All in all, this method enables the rapid identification
of fragments binding near the paramagnetic spin label with additional structural information on the binding
mode by distance dependent PRE and angle dependent PCS. Combining all the obtained data, a new LecA

inhibitor based on D-galactose can be developed.

99



In conclusion, all the above-mentioned synthesis and screening approaches have not yet led to the identification
of significantly more potent LecA inhibitors. But they present the groundwork for further research and
development targeting LecA. Optimized D-galactose frameworks as synthesized and evaluated in section 3.1
can occupy the sugar binding site, while ligands screened for using !°F approach (section 3.3) or the approach
based on pseudo-contact shift (section 3.4) can be used to target a further binding site. Combining first and
second site binders can ultimately result in significantly more potent LecA inhibitors. In general, NMR
techniques present a powerful addition to toolbox of biochemical methods like thermal-shift or fluorescence
polarization assay. Using the NMR screening approach based on paramagnetic effects can used to screening
fragment oder ligang libraries to identify potential new ligands. Like presented in this thesis, hits need to be

further verified or evaluated to exclude false positive hits.

Results based on the presented work together with further research and results have been published. 303 305-3071
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5. Experimental section

5.1. Protein expression

LecA expression and purification

The protein LecA was expressed and purified as described previously.”* Briefly, E. coli BL21(DE3) carrying
the plasmid pET25pall were grown in 1 L LB supplemented with ampicillin (100 pg mL™") to an OD600 =
0.5-0.6 at 37 °C and 180 rpm. Expression was induced with IPTG (0.25 mM final concentration) and bacteria
were cultured for 4 h at 30 °C and 180 rpm. The cells were then harvested by centrifugation (3000g, 10 min)
and the pellet was washed with PBS. The cells were resuspended in 25 mL TBS/Ca (20 mM Tris, 137 mM
NaCl, 2.6 mM KCI at pH 7.4 supplemented with 100 uM CaCl,) with PMSF (1 mM) and lysozyme (0.4 mg
mL) and subsequently disrupted using a homogenizer (5 cycles, microfluidics). Cell debris was removed by
centrifugation (60 min, 10 000 g) and the supernatant was loaded on galactosylated sepharose CL-6B.1*"! The
column was washed with TBS/Ca and LecA was eluted by addition of 100 mM D-galactose to the buffer. The
eluted fractions were extensively dialyzed against distilled water and then, the protein was lyophilized.
Between 20 and 35 mg LecA per liter bacterial culture were obtained. The protein was dissolved in TBS/Ca
before use and after centrifugation the concentration was determined by UV spectroscopy at 280 nm using a

molar extinction coefficient of 27 385 M-1 cm-1.2%3]

ISN labeled lectin LecA expression

The labeled protein was expressed according to Marley et al. using E. coli BL21(DE3) carrying the plasmid
pET25pall. 2892%1 The bacterial culture was grown in 1 L LB supplemented with ampicillin (100 pg/mL) to
an ODgoo = 0.8 at 37 °C and 180 rpm, and subsequently pelleted and washed twice with a sterile M9-salt
solution. Afterwards, the pellet was dissolved in 250 mL of minimal medium containing ""NH4CI. (For 1 L:
KH,PO4 3g, Na,HPO4*7H,0 12.8 g, NaCl 500 mg, "NH4Cl 1 g, D-glucose 4 g, 10 mL Vitamin solution
(Thiamine-HCI 10 mg/L, Pyridoxine-HC1 50 mg/L, Nicotinic acid 50 mg/L, L-glycine 200 mg/L), 1 M MgSQO4
2mL, 1 M CaCl; 100 pL). The bacterial were incubated for 1 h at 30 °C and the expression was induced with
IPTG (0.5 mM final concentration) and bacteria were cultured for 12 h at 30 °C and 180 rpm. The cells were
then harvested by centrifugation (3000 g, 10 min) and the pellet was washed with PBS. The cells were
resuspended in 25 mL TBS/Ca (20 mM Tris, 137 mM NaCl, 2.6 mM KClI at pH 7.4 supplemented with 100
uM CaCl,), PMSF (1 mM) and lysozyme (0.4 mg/mL) were added and subsequently disrupted using a
sonicator on ice (5 cycles of 10 s). Cell debris was removed by centrifugation (10 min, 10000 g) and the
supernatant was loaded on galactosylated sepharose CL-6B.*°!! The column was washed with TBS/Ca and
LecA was eluted by addition of 100 mM D-galactose to the buffer. The eluted fractions were extensively
dialyzed against distilled water and then, the protein was lyophilized. Between 10 and 20 mg LecA per liter

bacterial culture were obtained.
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5.2. Experimental information on NMR measurements

General information on NMR

The experiments were carried out on a 700 MHz NMR by Bruker BioSpin GmbH equipped with a 5 mm cry
probe, at 298 K using 5 mm NMR tubes from ABCR (Karlsruhe, Germany) or D,O Shigemi tubes (Euriso-
top, Saarbriicken). The spectra were processed with Bruker Topspin 3.5pl5. All deuterated solvents as well
BC-Glucose, "NH4CI were obtained from Euriso-top, Saarbriicken. Methyl a-galactoside was obtained from

Sigma Aldrich, p-nitro phenyl B-galactoside from Carbosyn, UK.

Information on used NMR pulse sequences

1D-proton sectra with water suprresion

Water suppressed protons spectra were recorded using p3919gp (watergate) pulse sequence with gradients, 8
scans, a spectral width of 14 ppm and 2 seq acquisition time. The transmitter frequency offset was calibarated

to 2351.23 Hz and the receiver gain to 2050.

T1p measurements

For the NMR measurement a Tlp -sequence provided by Marcel Blommers based on Bruker-Tlir-
pulseprogram was used and modified: A spectral width of 10 ppm was recoded using 8 scans. Again, a p3919gp
(watergate) was applied. Spinlock times between 0.1 and 900 ms (p8-pulse) were used resulting in acquisition

times up to 7 sec.

TROSY measurements

Spectra (using TROSYF3GPPH19 pulse sequence) were recorded with a transmitter frequency offset (F2="H,
F1="N) 0f 4.650 ppm and117 ppm. Time domain (F2='H, F1=""N) was set to 2048 and 256, while the spectral
width (F2="H, F1=""N) was set to 18 and 35 ppm. Spectra were recorede with 64 scans and an acquisition time

of 2 sec including a water suppression using a 3-9-19 pulse sequence with gradient (watergate).

F and CPMG measurements

Fluorine spectra were recorded with a spectral width of 140 ppm and a transmitter offset at 120 ppm, acquiring
128 scans, with an acquisition time of 0.8 and 2 s relaxation time. T-filtered spectra were recorded using a
CPMG pulse sequence with a 180 © pulse repetition rate of 50 Hz and duration of 1.0 s using same acquisition

s. 2812821 Two CPMG spectra were recorded per mixture to cover the full spectral width. A

and relaxation time
spectrum ranging from 50 to 100 ppm and from 100 to 150 ppm was recorded with 96 and 256 scans,

respectively
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The fragment library

The fragment library developed by Rademacher and co-workers was used as described previously.?*"! In this,
the commercially available compounds from different manufacturers (Sigma-Aldrich, St. Louis, MO, USA;
Key Organics, Camelford, UK; ACB Blocks, Toronto, ON, Canada; Santa Cruz Biotechnology, Santa Cruz,
CA, USA,; Vistas-MLab, Moscow, Russia; LifeChemicals, Kyiv, Ukraine; Alfa Aesar, Ward Hill, MA, USA;
TCI, Tokyo, Japan; Apollo Scientific, Stockport, UK) are contained, each compound with at least one fluorine

267 280]

atom.!?*” The different fragments mixtures (called bins) used were prepared as described by Aretz et al.!
All NMR studies were measured at 298 K in Norell SP5000-7 5 mm tubes (Norell, Landisville, NJ, USA) on
a Varian PremiumCOMPACT 600 MHz spectrometer equipped with an oneNMR probe (Agilent, Santa Clara,
CA, USA) with TSP and TFA as internal references. All spectra were analyzed in MestReNova 10.0.1
(Mestrelab Research, Santiago de Compostela, Spain). 6 screening mixtures (called bins) consisting of 36
compounds each were tested. The mixtures of 100 uM compound each, 100 uM TFA, 150 mM sodium chloride

in 20 mM Tris—HCI, pH 7.8, in 20 % DO (Euriso-Top) that were stored at 20°C as aliquots until used.

Sample preparation for '°F and a CPMG sequence
All protein samples were prepared at 20 uM of final LecA concentration in TBS/Ca (20 mM Tris, 137 mM
NaCl, 2.6 mM KCI at pH 7.4 supplemented with 150 uM CaCl,) and mixed 1:1 with the screening mixture

aliquots resulting in a final protein and compound concentration of 10 and 50 uM, respectively, in 500 pL final
volume. Screening was performed first in the presence and absence of protein, and in presence and absence of
p-nitro phenyl B-D-galactoside (stock 50 mM in D,0O) using a final concentration of 100 pM. All spectra were
analyzed for changes in peak intensity and chemical shift. As an additional quality control, frequent hitters
identified during unrelated screening campaigns were removed. All NMR spectra were processed and

evaluated using MestReNova 10.0.1(Mestrelab Research, Santiago de Compostela, Spain)

TROSY experiments with uniformly labeled '°N LecA

For the TROSY experiments, uniformly labeled "N LecA was dissolved in citrate buffer according to Gomori
(for pH 6.2 100 mL: 7.2 mL citric acid (0.1 M), 42.8 mL sodium citrate (0.1 M)) 12?1 by gently shaking for 2
h at r.t.. Afterwards, the protein solution was centrifuged for 30 min at 15 000 g and 25 °C. The concentration
was determined by measuring the absorbance at 280 nm (Genesys 10S UV-Vis, Thermo Scientific) and the
concentration was calculated using the extinctions coefficient of 27385 M cm™. To 500 pL of protein solution

50 uL of D>O or the respective salt- or sugar solution in D>O were added prior to measurement.

Tlp measurements with apoLecA substituted with trivalent lanthanide ions and sugar
ligands

For T1p measurements, LecA was dissolved in deuterated PBS (1 L in D,O: 8 g NaCl, 0.2 g KCI, 1.42 g
Na,HPO,, 0.27 g KH,PO,) and incubated for 2 h at r.t. The solution was subsequently centrifuged at 15000 g
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for 30 min and at 25 °C and the concentration was determined using UV measurement at 280 nm, and

calculation of the amount of dissolved LecA with its extinction factor of 27600 M cm.[#1]

LecA and ligand ratio of 1:10: To a solution of LecA (100 uM) and TbCl; (30 uM) or CaCl, (15 uM), ligand
(1mM) was added, trimethyl ammonium chloride (200 pM) was added as internal standard. The NMR samples
were transferred to 5 mm NMR tubes (500 pL final volume), and water suppressed proton spectra with 500

scans were recorded, as well as T1p relaxation edited spectra with different spin lock time (p8-pulse) between

1 and 900 ms.

LecA and ligand ratio of 1:50: To a solution of LecA (50 uM) and TbCl; or CaCl, (both 50 uM), ligand (2.5
mM) was added, tri-methyl ammonium chloride (1 mM) was added as internal standard. The NMR samples
were transferred to 5 mm NMR tubes (500 pL final volume), and water suppressed proton spectra with 500

scans were recorded, as well as T1p relaxation edited spectra with different spin lock time (p8-pulse) between

1 and 900 ms.

LecA and ligand ratio of 1:100: To a solution of LecA (100 pM) and TbCl; or CaCl, (15 pM), ligand (1 mM)
was added, tri-methyl ammonium chloride (500 uM) was added as internal standard. The NMR samples were
transferred to 5 mm NMR tubes (500 pL final volume), and water suppressed proton spectra with 500 scans
were recorded, as well as T1p relaxation edited spectra with different spin lock time (p8-pulse) between 1 and
900 ms. All spectra were evaluated using the Bruker Topspin 3.5pl5. For evaluation the spectra were overlaid
and the intensity was adjusted to the internal reference tetra methyl ammonium chloride (500 uM, 3.201 ppm)
peak. The signal intensity of each peak was measured and was calculated with respect to the determined value
at 1 ms (1 ms = 100 %) and then the calculated signal intensity (in %) was blotted against the spinlock time

(in ms). Data analysis was performed with Prism 5.0c

5.3. Experimental information on biochemical methods

Fluorescence Polarization assay!®’/

The FP assay was carried out in Tris buffered saline (TBS): prepared with 8 g NaCl, 200 mg KCI and 2.43 g
Tris base dissolved in 900 mL of water and the pH adjusted to 7.4 with 2 M HCI. Finally, the volume was
adjusted to 1000 mL. The buffer was supplemented with 100 uM CacCl, before use. The measured compounds
were dissolved in DMSO p.a. quality. Fluorescence polarization measurement occurred in black non-binding
384 well plates (Greiner bio-one, article: 781900) on a BMGLabtech PheraStar micro plate reader.
Concentration of LecA was determined at 280 nm and a theoretical extinction coefficient of 27 385 M-1 cm-
1 using an Agilent Carry60 UV-Vis Spectrometer. Data were analyzed using BMG Labtech MARS Data

Analysis Software (Version 2.40) and Graph pad Prism6. All measurements were performed as triplicates and
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an excitation filter of 485 nm and an emission filter of 535 nm were used. The measured intensities were

reduced by the values of buffer and LecA.

Thermal Shift assay

All ligands were stored in 5 mM stocks in TBS. A Mastermix containing Sypro Orange (8-fold, Sigma-Aldrich)
and LecA (2 uM) was prepared and vigorously mixed by pipetting. The ligand stock was diluted to 500 uM
final concentration using the mastermix and 20 pul. were shared into white opaque 96-well PCR plate
FrameStar (GeneOne) using triplicates. The loaded plate was sealed using PCR sealing foil and centrifuged at
1000 rpm for 1 min. Each plate contained a protein-only control and phenyl -galactoside (500 uM) as a positive
control. The plate was heated in a StepOnePlus real-time PCR system (Applied Biosystems) with 1 K/ min
starting from 298 to 368 K. The first derivations of obtained melting curves were analyzed using the StepOne

software and referenced against the protein only control.

Enzym linked lectin assay

For the enzyme linked lectin assay, purified LecA was biotinylated following the procedure published by G.
Elia.l*”’] Determination of the lectin concentration was performed according to Cecioni et al.?7?!; 96-well micro
titer plates (Greiner bio-one) were coated with PAA-gal or PAA-glc (Lectinity Holding, Inc.): 100 pL/ mL in
carbonate buffer (pH 9.6) for 1 h at 37 °C. Afterwards, the wells were blocked using 3% BSA in PBS for 1h
at 37 °C. The lectin solution (100 pL) starting from 50 pg/mL were added in 0.6-fold serial dilutions in
triplicates and the solution was incubated for 1h at 37 °C. After incubation, the wells were washed three-times
with 120 uLL T-PBS (PBS containing 0.05 % Tween). Horseradish peroxidase with a streptavidin tag (HRP, 1:
5000 dilution, 100 pL) was added and incubated for 1 h at 37 °C. After incubation, the wells were washed
three-times with 120 pL T-PBS. For the coloration reaction, 0.05 M phosphate/citrate buffer containing o-
phenylene diamin dihydro chloride (0.4 mg/ mL) and hydrogen peroxide (0.4 mg/ mL) for 15 minutes. The
reaction was stopped by addition of 50 pL of 30 % sulfuric acid. The absorbance was determined at 490 nm
using a micro titer reader (PheraStar FS, BMG Labtech). The determined absorbance was corrected with the
values buffer containing o-phenylene diamin dihydro chloride (0.4 mg/ mL) and hydrogen peroxide (0.4 mg/
mL) with sulfuric acid. For the determination of the optimal lectin concentration, the lectin concentration was
blotted against the measured absorbance. The value of highest linear response, 5 ug/ mL, was used in further
experiments. Determination of the functional replacement of Ca?" with trivalent lanthanide ions was performed
in analogy to Cecioni et al.l*’?]
one) coated with PAA-gal or PAA-glc (100uL, both 5 ug/mL) in carbonate buffer for 1 h at 37 °C. Afterwards,
100 uL of 3 % BSA in PBS solution per well was incubated for 1 h at 37 °C. The Ca**- free LecA-biotin (5

: ELLA experiments were carried out in 96-well micro titer plates (Greiner bio-

ug/ mL) was re-substitued with 100 uM of the respective trivalent lanthanide ion. After BSA blocking, 100
uL of the reconstituted LecA-biotin solution was incubated for 1 h at 37 °C. Three-times washing with 120
uL of T-PBS were followed by incubation of Horseradish peroxidase with a streptavidin tag (HRP, 1: 5000

dilution, 100 pL) for 1 h at 37 °C. After incubation with HRP, the wells were washed with 120 puL of PBS.
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For the coloration reaction, o-phenylene diamin dihydro chloride (0.4 mg/ mL) and hydrogen peroxide (0.4
mg/ mL) was incubated for 30minutes. The reaction was stopped by addition of 50 uL of 30 % sulfuric acid.
The absorbance was determined at 490 nm using a micro titer reader (PheraStar FS, BMG Labtech). The
determined absorbance was corrected with the values buffer containing o-phenylene diamin dihydro chloride

(0.4 mg/ mL) and hydrogen peroxide (0.4 mg/ mL) with sulfuric acid.

5.4. Experimental information on synthesis

Synthesis of the D-galactose derivatives
Penta acetylated D-galactose

Chemical Formula: C1gH22014
Exact Mass: 390,12

1,2,3,4,6-Penta-O-acetyl-B-D-galactopyranoside was synthesized according to Cohen et al.*!

p-nitro phenyl p -D-galactoside
HO OH
HO &/OO\
OH \os

Chemical Formula: C;,H,5NOg
Exact Mass: 301,08

Molecular sieves (5 g, 3 A) were dried under vacuum at 350 °C in a two-necked flask for 30 min. After cooling
to r.t., the flask was flushed with argon and dry CH>Cl, (25 mL) was added. Galactosyl donor 16 (5.0 g, 12.8
mmol) and p-nitro phenol (2.2 g, 15.9 mmol) were added, the reaction mixture was cooled (0 °C) and BF3;OEt,
(8.2 mL, 65.3 mmol) was added drop wise. Afterwards, the mixture was allowed to warm to r.t. and stirred for
1 d. The reaction was poured onto ice water (200 mL) and the aqueous phase was extracted with aqueous
saturated NaHCOs3 (5 % 50 mL). The combined organic layers were washed with brine (25 mL) and dried over
anhydrous Na>SOs. After filtration, the solvent was removed in vacuo. The crude product was dissolved in
warm EtOH and left at 4 °C. overnight. Precipitated pure product (3.1 g, 6.6 mmol, 52%) was obtained as light

yellow amorphous solid.

'H-NMR (400 MHz, CDCl3) & 8.25-8.17 (m, 2H, ArH), 7.10-7.05 (m, 2H, ArH), 5.51 (dd, J = 10.4, 7.9 Hz,
1H, H-2), 5.47 (d, J = 3.3 Hz, 1H, H-4), 5.17 (d, J = 7.9 Hz, 1H, H-1), 5.13 (dd, J = 10.4 3.4 Hz, 1H, H-3),
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4.25-4.10 (m, 3H, H-5, H-6a,b), 2.18 (s, 3H, CHs) 2.06 (s, 6H, CHs) 2.01 (s, 3H, CHs). *C-NMR (101 MHz,
CDCLs): 8 170.41 (C=0), 170.23 (C=0), 170.15 (C=0), 169.38 (C=0), 161.30 (ArC), 143.31 (ArC), 125.91
(2C, ArCH), 116.68 (2C, ArCH), 98.69 (C-1), 71.57 (C-5), 70.68 (C-3), 68.37 (C-2), 66.79 (C-4), 61.46 (C-
6), 20.82 (CHs), 20.79 (CHs), 20.76 (CHs), 20.68 (CHs); Rf = 0.27 (CH:ClyMeOH 12 : 1); ESI-MS:
[C20H23NO12 + Na]*™ caled 492.1 found 492.1. p-Nitro phenyl 2,3,4,6-tetra-O-acetyl-B-D-galactopyranoside
was first described by Goebel and Avery,?”® NMR data obtained are in agreement with the literature 'H-NMR

297]

data by Apparu et al.!

281 To deprotect the acetylated derivative sodium

Deprotection was done according to Zemplen conditions.!
(~0.1 eq) was dissolved in dry MeOH (100 eq) and the acetylated starting material (2.6 g, 5.6 mmol, 1 eq) was
added. The solution was stirred for 2 h at r.t. Afterwards the solution was neutralized using an acidic
Amberlite+ IR 120 (Merck) ion exchanger. The resin was filtered, and the solvent was removed in vacuo to

give 96.4 % of pure de-acetylated product.

'H-NMR: (400 MHz, MeOD-d,) & 8.23-8.18 (m, 2H, ArH) 7.27-7.21 (m, 2H, ArH) 5.01 (d, J= 7.7 Hz, 1H, H-
1) 3.91 (d, J= 3.4 Hz, 1H, H-2) 3.87- 3.68 (m, 3H, H-3& H-5& H-6) 3.60 (dd, J=9.70 3.4 Hz, 1H, H-4) 13C-
NMR: (101 MHz, MeOD-ds) § 163.97 (C-1°) 143.71 (C-4°) 126.57 (C-3& C-5°) 117.73 (C-2& C-6°) 102.27
(C-1) 77.27 (C-4) 74.69 (C-5) 71.98 (C-3) 70.14 (C-2) 62.39 (C-6) Re(CH,Cly: MeOH 10:1) 0.16

p-Amino phenyl B -D-galactoside o

HO
o]
HO &/OQ
NH

OH

Chemical Formula: Cy,H{7NQOg
Exact Mass: 271,11

For reduction of the nitro-group the nitro phenyl derivative 900 mg (3 mmol, 1 eq) was dissolved in dry MeOH
(10 mL) and Pd-C (7 wt%) was added. After three cycles of Ho/ vacuum the mixture was stirred under H»-
atmosphere (1 bar) at r.t. over night. The solution was filtered through a plug of celite and the filtrate was
washed with MeOH. The solvent was removed in vacuo to yield 98 % (797 mg, 2.94 mmol) of p-amino phenyl-
B-D- galactopyranoside.

The obtained NMR data are in accordance to Masato et al.[**"]

p-Amino phenyl- 2-napthosulfonamide p —D-galactoside
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O et 41t
For the sulfonamide synthesis, the p-amino phenyl f—D-galactoside (40 mg, 0.14 mmol, 1 eq) was dissolved
in 1 mL of dry DMF and NEt; (24.5 pL, 0.15 mmol, 1.2 eq) was added. The mixture was cooled to 0°C and
2-Napthalen sulfonyl chloride (33 pL, 0.15 mmol, 1.2 eq) were added and the reaction was stirred for 1 h at
0°C and 1 h at r.t.. Afterwards, the reaction was quenched with water and extracted with EtOAc (10x, 5 mL).
The solvent was removed in vacuo and the crude product was purified by column chromatography

(CH2Cl/MeOH: 0 to 10 % EtOH). 23.2 % (15 mg, 0.03 mmol) of product was obtained.

"HNMR (500 MHz, CDCls) & 8.31 —8.21 (m, 1H, ArH), 8.05 —7.90 (m, 4H, ArH), 7.78 = 7.71 (m, 1H, ArH),
7.62 (dddd, J =23.7, 8.4, 7.0, 1.3 Hz, 2H, ArH), 7.05 - 7.00 (m, 3H, ArH), 6.98 — 6.93 (m, 2H, ArH), 4.74 (d,
J=7.8 Hz, 1H, H-1), 3.96 — 3.85 (m, 1H, H-4), 3.78 — 3.70 (m, 3H, H2, H-6), 3.63 (qt, J = 7.0, 3.1 Hz, 1H, H-
3),3.54 (dt, ] =9.8, 3.8 Hz, 1H, H-5).

m-nitro phenyl p -D-galactoside

OH

HO
o)
HO &/O\QNOZ

OH

Chemical Formula: CoH15NOg
Exact Mass: 301,08

3 A (5 g) molecular sieve was dried under reduced pressure at 350 °C in a two-necked flask for 30 min. After
cooling to r.t. the flask was flushed with argon. 25 mL of dry CH»Cl, were added under counter current flow
of argon. 5 g (12.8 mmol; 1 eq) of acetylated D-galactose and 2.2 g (15.9 mmol; 1.2 eq) p-nitro phenol were
added. The reaction mixture was cooled to 0 °C and 8.2 mL BF3*OEt; (65.3 mmol; 5.1 eq) was added drop
wise. Afterwards, the mixture was allowed to warm to r.t. and was stirred for 1 d. The reaction was poured
onto ice water and extracted five times with 50 mL saturated NaHCOs. The organic layers were washed with
25 mL of saturated NaCl and dried with Na,SOs. The solvent was removed, and the residue was dissolved in
warm ethanol and afterwards put at 4 °C overnight. A light yellow amorphous solid was filtered to give 3.3 g
(7.1 mmol; 55.4 %) of pure m-nitro phenyl 2,3,4,6-tetra-O-acetyl B-D-galactopyranoside. The mother liquor

was concentrated and dried to give a yellow oil. The oil was heated in EtOH to reflux and put at 4 °C for
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crystallization. The white product was filtered and washed with 10 mL of cool EtOH to give 1.0 g (4 mmol;
16.4 %) of m-nitro phenyl-tetra-O-acetyl a-D-galactopyranoside.

o-anomer:

'H-NMR (400 MHz, CDCl3) & 8.24- 8.19 (m, 2H, ArH) 7.20-7.12 (m, 2H, ArH) 5.88 (d, J= 3.6 Hz,1H, H-1)
5.58-5.49 (m, 2H, H-3 & H-4) 5.31 (dd, J= 10.7 3.6 Hz, 1H, H-2) 4.24 (ddd, J= 7.2 6.2 1.5 Hz, 1H, H-5) 4.07
(qd, J= 11.3 6.5 Hz, 2H, H-6) 2.17 (s, 3H, CHs) 2.07 (s, 3H, CHs) 2.03 (s, 3H, CHs) 1.92 (s, 3H, CHs) 1*C-
NMR (101 MHz, CDCls) § 170.36 (C=0) 170.24 (C=0) 170.09 (C=0) 170.04 (C=0) 160.86 (ArC) 143.06
(ArC) 125.83 (ArC) 116.57 (ArC) 94.73 (C-1) 67.81 (C-3) 67.54 (C-2) 67.38 (C-4) 67.19 (C-5) 61.32 (C-6)
20.71 (CH;) 20.66 (CHs) 20.62 (CHs) 20.57 (CHs)

-anomer:

'H-NMR (400 MHz, CDCl;) § 8.25-8.17 (m, 2H, ArH) 7.10-7.05 (m, 2H, Arh) 5.55-5.46 (m, 2H, H-3 & H-5)
5.17 (d, J= 7.9 Hz, 1H, H-1) 5.13 (dd, J= 10.4 3.4 Hz, 1H, H-2) 4.25-4.10 (m, 3H, H-4 & H-6) 2.18 (s, 3H,
CH3)2.06 (s, 6H, CH3) 2.01 (s, 3H, CH3) *C-NMR (101 MHz, CDCl;) § 170.41 (C=0) 170.23 (C=0) 170.15
(C=0) 169.38 (C=0) 161.30 (ArC) 143.31 (ArC) 125.91 (ArC) 116.68 (ArC) 98.69 (C-1) 71.57 (C-4) 70.68
(C-2) 68.37 (C-3) 66.79 (C-5) 61.46 (C-6) 20.82 (CHs) 20.79 (CH3)20.76 (CH:) 20.68 (CHs) ESI-MS:
[C20H2sNO -+ Na]" calc. 429.4 found 492.6 [CaHxsNO K" calc. 508.5 found 508.6 Ry: (CHyCl, 12:1) 0.27.
The NMR data corresponds to Matta et al. 3%

Deprotection was done according to Zemplen conditions.!*” To deprotect the acetylated derivatives sodium
(~0.1 eq) was dissolved in dry MeOH (100 eq) and the acetylated starting material (3.3g, 7.1 mmol, 1 eq) was
added. The solution was stirred for 2 h at r.t. Afterwards the solution was neutralized using an acidic

Amberlite+ IR 120 (Merck) ion exchanger. The resin was filtered, and the solvent was removed in vacuo to

give the de-acetylated products. Following this method 2.1 g (7.0 mmol; 98.2%) of the white solid product

was obtained.

'H-NMR: (400 MHz, MeOD-d4) § 7.97-7.94 (m, 1H, ArH) 7.90 (dt, J= 7.3 2.1 Hz, 1H, ArH) 7.57-7.48 (m,
2H, ArH) 4.97 (d, J=7.7 Hz, 1H, H-1) 3.92 (d, J= 3.4 Hz, 1H, H-2) 3.87-3.73 (m, 4H, H-3 & H-5 & H-6) 3.62
(dd, J= 9.7, 3.4 Hz, 1H, H-4) PC-NMR: (101 MHz, MeOD-d4) § 159.9 (C-1°) 150.44 (C-3°) 131.34 (C-6°)
124.20 (C-5°) 117.96 (C-2°) 112.71 (C-4%) 102.71 (C-1) 77.23 (C-5) 74.71 (C-4) 72.07 (C-3) 70.07 (C-2) 62.36
(C-1) ESI-MS: [Cp.HisNOg+Na]* cale. 324.2 found 324.4 [C;H;sNOg+K]" calc. 340.3 found 340.4
[C24H30N>016+H+Na] 2 caled. 626.2 found 626.0 Rf: (CH,CL: MeOH 1:10) 0.17

m-Amino phenyl p -D-galactoside
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OH

HO
)
HO &/OUNHE

OH

Chemical Formula: C45H17NOg
Exact Mass: 271,11

The amide was synthesized by Maike Lehner and reported in her Bachelor thesis.*”!

m-Phenyl-1-tolylamide p -D-galactosamide

OH
HO
o H
HO é\g/o N \N/Q/
OH o
Chemical Formula: CogH23NO7
Exact Mass: 389,15

For the amide coupling, the m-amino phenyl B-D-galactoside (40 mg, 0.147 mmol, 1 eq) was dissolved in 1
mL of dry DMF and NEt; (24.5 uL, 0.177 mmol, 1.2 eq) was added. The mixture was cooled to 0°C and tolyl
chloride (23.4 pL, 0.177 mmol, 1.2 eq) were added and the reaction was stirred for 1 h at 0°C and 1 h at r.t..
Afterwards, the reaction was quenched with NaOH (1 M) and extracted with EtOAc (20x, 5 mL). The solvent
was removed in vacuo and the crude product was purified by column chromatography (CH>Cl,/EtOH: 0 to

20 % EtOH). 34.9 % (20 mg, 0.051 mmol) of product was obtained.

"H NMR (400 MHz, MeOD-d4) 8 7.91 - 7.81 (m, 2H, ArH), 7.58 (t,J = 2.2 Hz, 1H, ArH), 7.43 - 7.33 (m, 3H,
ArH), 7.29 (t, J = 8.1 Hz, 1H, ArH), 6.94 (ddd, ] = 8.3, 2.4, 1.0 Hz, 1H, ArH), 4.93 (d, ] = 7.7 Hz, 1H, H1),
3.96 (dd,J=3.4, 1.0 Hz, 1H, H4),3.91 - 3.78 (m, 3H, H2, H3, H6b), 3.74 (ddd, ] = 6.7, 5.2, 1.1 Hz, 1H, H6D),
3.68 - 3.60 (m, 1H, H5), 2.45 (s, 3H, CH3) '*C NMR (101 MHz, MeOD-d4) § 168.8 (CO), 159.5 (ArC), 143.7
(ArC), 141.0 (ArC), 133.4 (ArC), 130.4 (ArC), 130.2 (ArC), 128.7 (ArC), 116.0 (ArC), 113.9 (ArC), 110.7
(ArC), 102.9 (C1), 74.9 (C2), 72.3 (C3), 70.2 (C4), 62.5, (C6) 21.5 (CH3) HRMS: (C2H23NO7+Na)" calc.
412.14 found. 412.135, (C4H4sNO14+Na)* calc. 801.29 found 801.281

m-Phenyl-1-naphtamide f -D-galactosamide
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Chemical Formula: Cp3H3NO7
Exact Mass: 425,15

For the amide coupling, the m-amino phenyl B-D-galactoside (40 mg, 0.147 mmol, 1 eq) was dissolved in 1
mL of dry DMF and NEt3 (24.5 uL, 0.177 mmol, 1.2 eq) was added. The mixture was cooled to 0°C and
Naphtyl chloride (26.7 uL, 0.177 mmol, 1.2 eq) were added and the reaction was stirred for 1 h at 0°C and 1
h at r.t.. Afterwards, the reaction was quenched with NaOH (1 M) and extracted with EtOAc (20x, 5 mL). The
solvent was removed in vacuo and the crude product was purified by column chromatography (CH>CIl,/EtOH:

0 to 20 % EtOH). 19.1 % (12 mg, 0.028 mmol) of product was obtained.

"HNMR (400 MHz, MeOD-d4) & 8.34 - 8.20 (m, 1H, ArH), 8.05 (d, J = 8.3 Hz, 1H, ArH), 8.03 - 7.95 (m, 1H,
ArH), 7.76 (dd, J=17.3, 1.3 Hz, 1H, ArH), 7.69 - 7.55 (m, 4H, ArH), 7.50 - 7.41 (m, 1H, ArH), 7.33 (t,J = 8.1
Hz, 1H, ArH), 6.97 (ddd, J=7.9, 2.2, 1.1 Hz, 1H, ArH), 4.94 (d, J = 7.7 Hz, 1H, H1), 3.94 (d, ] = 3.4 Hz, 1H,
H4), 3.90 - 3.70 (m, 4H, H2, H3, H6), 3.69 - 3.59 (m, 3H, H5, CH,) *C NMR (101 MHz, MeOD-d4) & 170.7
(C=0), 159.6 (ArC), 141.1 (ArC), 136.0 (ArC), 135.2 (ArC), 131.7 (ArC), 131.4 (ArC), 130.6 (ArC), 129.5
(ArC), 128.1 (ArC), 127.5 (ArC), 126.4 (ArC), 126.1 (ArC), 126.0 (ArC), 115.4 (ArC), 114.0 (ArC), 110.1
(ArC), 102.9 (C1),77.0 (C2), 74.9 (C5), 72.3 (C4), 70.2 (C2), 62.5 (C6), 58.3 (CH») HRMS: (C23H23NO7+Na)*
calc. 448.44 found. 448.89

m-Phenyl-4-methoxyphenyl p -D-galactosamide

HO
0 0 °
HO [o]

Chemical Formula: C5oH,3NOg
Exact Mass: 405,14

For the amide coupling, the m-amino phenyl p-D-galactoside (40 mg, 0.147 mmol, 1 eq) was dissolved in 1
mL of dry DMF and NEt; (24.5 pL, 0.177 mmol, 1.2 eq) was added. The mixture was cooled to 0°C and 4-
Methoxy benzoyl chloride (23.9 uL, 0.177 mmol, 1.2 eq) were added and the reaction was stirred for 1 h at

0°C and 1 h at r.t.. Afterwards, the reaction was quenched with NaOH (1 M) and extracted with EtOAc (20x,
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5 mL). The solvent was removed in vacuo and the crude product was purified by column chromatography

(CH2CI/EtOH: 0 to 20 % EtOH). 28.5 % (17 mg, 0.042 mmol) of product was obtained.

'"H NMR (400 MHz, MeOD-d4) § 7.94 (d, J = 8.9 Hz, 1H, ArH), 7.56 (t, J = 2.2 Hz, 1H, ArH), 7.37 (ddd, J =
8.1,2.1, 1.0 Hz, 1H, ArH), 7.28 (t,J = 8.1 Hz, 1H, ArH), 7.09 - 7.02 (m, 2H, ArH), 6.93 (ddd, J=8.3,2.5, 1.0
Hz, 1H, ArH), 4.93 (d,J = 7.7 Hz, 1H, H-1), 3.95 (dd, J = 3.4, 1.0 Hz, 1H, H-4), 3.90 (s, 3H, CHz), 3.89 - 3.71
(m, 3H, H-2 & H-6), 3.68 - 3.60 (m, 2H, H-3 & H-5) 3C NMR (101 MHz, MeOD-d4) § 168.4 (C=0), 164.2
(ArC), 159.5 (ArC), 141.1 (ArC), 130.6 (ArC), 130.4 (ArC), 128.2 (ArC), 116.0 (ArC), 114.8 (ArC), 113.8
(ArC), 110.7 (ArC), 102.9 (C-1), 77.0 (C-3), 74.9 (C-5), 72.3 (C-2), 70.3 (C-4), 62.5 (C-6), 56.0 (CHs)

p-Phenyl-1-naphtamide p -D-galactosamide

OH

o
HO QN .
s

Chemical Formula: Cp3HsNO7
Exact Mass: 425,15

For the three-step synthesis to obtain p-phenyl-1-naphtamide -D-galactosamide, tetra-o-acetyl-p-nitro phenyl
B-D-galactoside (50 mg, 0.107 mmol, 1 eq), was dissolved in dry CH,Cl, and Pd-C (5 g, 10 wt-%) were added
and after three cycles of H, /vacuum, the reaction was stirred at r.t. over night. Afterwards, the reaction was
cooled to 0°C and NEt; (17 uL, 0.128 mmol, 1.2 eq) and 1-Naphtoyl chloride (19 pL, 0.128 mmol, 1.2 eq)
were added and the reaction was stirred at 0°C for one hour and then allowed to warm up to room temperature
for an additional hour. The crude product was purified by column, using a mixture a gradient of hexan and
ethyl acetate 100 to 50 % of hexane. 78.8 % (50 mg, 0.084 mmol) of acetylated-product were obtained.
Subsequently, sodium (=1 mg) was dissolved in 3.5 mL of dry MeOH. Afterwards, the acetylated-product (50
mg, 0.084 mmol, 1 eq) were added and the solution was stirred at r.t. o/n. The reaction mixture was then
neutralized with Amberlite H" ion-exchanger and purified by column using a gradient of CH,Cl, to EtOH 99:1
to 80:20. 81.2 % (29 mg, 0.068 mmol) product was obtained

'H NMR (400 MHz, MeOD-d4) & 8.26 (dd, J = 8.0, 1.8 Hz, 1H, ArH), 8.04 (dd, J = 8.2, 1.2 Hz, 1H, ArH),
8.01 - 7.95 (m, 1H, ArH), 7.76 (dd, J = 7.0, 1.2 Hz, 1H, ArH), 7.73 - 7.67 (m, 2H, ArH), 7.64 - 7.54 (m, 3H,
ArH), 7.24 - 7.15 (m, 2H, ArH), 4.89 (d, J = 7.8 Hz, 1H), 3.95 (dd, J = 3.5, 1.1 Hz, 1H, H-4), 3.90 - 3.77 (m,
3H, H-2, H-3, H-6a), 3.75 - 3.70 (m, 1H, H-6b), 3.68 - 3.55 (m, 1H, H-5) *C NMR (101 MHz, MeOD-d4) §
170.5 (C=0), 156.2 (ArC), 136.0 (ArC), 135.2 (ArC), 134.5 (ArC), 131.6 (ArC), 131.5 (ArC), 129.5 (ArC),
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128.1 (ArC), 127.5 (ArC), 126.4 (ArC), 126.2 (ArC), 126.0 (ArC), 123.1 (ArC), 118.2 (ArC), 103.3 (C-1),
77.0 (C-3), 74.9 (C-5), 72.3 (C-2), 70.2 (C-4), 62.5 (C-6)

p-Amino phenyl 1-thiophen p —D-galactoside

OH

HO
(o)
HO 0
" Q

NH

° s
[ V7

Chemical Formula: C47H1gNO7S
Exact Mass: 381,09

For the amide coupling, the amine p-amino phenyl f-D-galactoside (40 mg, 0.15 mmol, 1 eq) was dissolved
in 1 mL of dry DMF and NEt; (24.5 uL, 0.18 mmol, 1.2 eq) was added. The mixture was cooled to 0°C and
2-thiophene chloride (24.5 puL, 0.18 mmol, 1.2 eq) were added and the reaction was stirred for 1 h at 0°C and
1 h at r.t.. Afterwards, the reaction was quenched with water and extracted with EtOAc (10x, 5 mL). The
solvent was removed in vacuo and the crude product was purified by column chromatography (CH>CIl,/EtOH:

0 to 20 % EtOH). 98.2 % (55 mg, 0.14 mmol) of product was obtained.

'"H NMR (500 MHz, MeOD-d4) 5 7.88 (dd, J = 3.8, 1.1 Hz, 1H, ArH), 7.73 — 7.68 (m, 1H, ArH), 7.59 — 7.54
(m, 2H, ArH), 7.20 — 7.08 (m, 3H, ArH), 4.86 (app. s, 1H, H-1), 3.93 (dd, J = 3.5, 1.0 Hz, 1H, H-4), 3.83 —
3.75 (m, 3H, H-2, H-6), 3.73 — 3.67 (m, 1H, H-3), 3.65 — 3.57 (m, 1H, H5). *C NMR (126 MHz, MeOD-d4)
§ 162.65 (C=0), 156.13 (ArC), 140.79 (ArC), 133.98 (ArC), 132.25 (ArC), 129.98 (ArC), 128.91 (ArC),
123.73 (ArC), 118.09 (ArC), 103.23 (C-1), 76.83 (C-3), 74.84 (C-5), 72.29 (C-2), 70.32 (C-4), 62.48 (C-6)

p-Aminophenyl p-methoxyphenyl B-D-galactoside

Ho ,OH
o
HO o
HO
o)
N
H /J\Q

o
Chemical Formula: CogH23NOg
Exact Mass: 405,14
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For the amide coupling, the p-amino phenyl -D-galactoside (50 mg, 0.18 mmol, 1 eq) was dissolved in 1 mL
of dry DMF and NEt; (30 uL, 0.22 mmol, 1.2 eq) was added. The mixture was cooled to 0°C and 4-Methoxy
benzoyl chloride (30 uL, 0.22 mmol, 1.2 eq) were added and the reaction was stirred for 1 h at 0°C and 1 h at
r.t.. Afterwards, the reaction was quenched with water and extracted with EtOAc (10x, 5 mL). The solvent was
removed in vacuo and the crude product was purified by column chromatography (CH>Cl,/MeOH: 0 to 10 %
EtOH). 20.6 % (15 mg, 0.04 mmol) of product was obtained.

'"H NMR (500 MHz, MeOD-d4) § 7.97 — 7.90 (m, 2H, ArH), 7.62 — 7.57 (m, 2H, ArH), 7.15 (d, J = 9.0 Hz,
1H, ArH), 7.05 (d, J = 8.9 Hz, 2H, ArH), 3.94 (dd, J = 3.4, 1.0 Hz, 1H, H-4), 3.90 (s, 3H, CHs), 3.85 — 3.78
(m, 3H, H-2, H-6), 3.75 — 3.68 (m, 1H, H-3), 3.61 (dd, J = 9.7, 3.4 Hz, 1H, H-5). *C NMR (126 MHz, MeOD-
d4) 5 168.29 (C=0), 164.10 (ArC), 156.07 (ArC), 130.48 (ArC), 123.80 (ArC), 118.09 (ArC), 114.80 (ArC),
103.34 (C-1), 76.96 (C-3), 74.89 (C-5), 72.32 (C-4), 70.26 (C-2), 62.45 (C-6), 55.98 (CHs)

p-Amino phenyl p-tolyl B-D-galactoside

Chemical Formula: CzgH23NO7
Exact Mass: 389,15

p-Nitro phenyl 2,3,4,6-tetra-O-acetyl-f-D-galactopyranoside (50 mg; 0.107 mmol, 1 eq) was dissolved in dry
CH-CI, (2 mL) and Pd-C (10 wt-%, 5 mg) was added. After three cycles of vacuum and H, the solution was
stirred under H, atmosphere over night. Subsequent, the solution was cooled to 0°C and afterwards NEt; (17
pL, 0.125 mmol, 1.2 eq) and p-Tolyl chloride (18 puL, 0.128 mmol, 1.2 eq) were added and the solution was
stirred for 1 h at 0°C, and 2 h at r.t.. Then the solution was filtered through celite and purified by column
chromatography using hexane and ethyl acetate from 99:1 to 60:40. 67.1 % (40 mg, 0.07 mmol) of product
was obtained. For the removal of the acetyl groups, Na ( 1 mg) was added to dry MeOH (3 mL), and after full
dissolution, the acetylated intermediate ( 40 mg; 0.07 mmol, 1 eq) was added and the solution was stirred o/n.
After neutralization of with Amberlite H" and the solvent was removed in vacuo. After column
chromatography using CH,Cl, and EtOH 99:1 to 70:30, 35.7 % (10 mg; 0.026 mmol) of pure product was

obtained.

'H NMR (400 MHz, MeOD-d4) § 7.89 — 7.83 (m, 2H, ArH), 7.65 — 7.59 (m, 2H, ArH), 7.39 — 7.33 (m, 2H,
ArH), 7.21 - 7.13 (m, 2H, ArH), 4.90 — 4.87 (app s, 1H, H-1), 3.94 (dd, J = 3.4, 1.0 Hz, 1H, H-4), 3.86 - 3.79
(m, 3H, H-2 H-3 H-6a), 3.72 (ddd, J = 7.0, 5.1, 1.1 Hz, 1H, H-6b), 3.62 (dd, ] = 9.7, 3.4 Hz, 1H, H-5), 2.45 (s,
3H, CH;). 3C NMR (101 MHz, MeOD-d4) § 167.98 (ArC), 154.74 (ArC), 128.79 (ArC), 127.20 (ArC), 122.36
(ArC), 116.70 (ArC), 101.95 (ArC), 100.00 (C-1), 75.59 (C-3), 73.49 (C-2), 70.92 (C-5), 68.84 (C-4), 63.96
(C-6), 20.04 (CH3).
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p-(0-Azidoacetamido)-phenyl p-D-galactopyranoside

OH
HO
o
o}
HO E;:\Q/ o

OH
NJJ\/NS
H

Chemical Formula: C14H1gN4O7
Exact Mass: 354,12

p-(a-Azidoacetamido)-phenyl B-D-galactopyranoside was synthesized from acetly-protected p-nitro phenyl B-

D- galactopyranoside in 4 chemical steps in as reported in Org. Bioorg. Chem 2016.0!

4-(4-Hydroxymethyl-1,2,3-triazol-1-yl) acetamidophenyl p-D-galactopyranoside

4-(4-Hydroxymethyl-1,2,3-triazol-1-yl) acetamidophenyl B-D-galactopyranoside was synthesized in 48 %
yield from acetly-protected p-nitro phenyl B-D- galactopyranoside in 4 chemical steps as reported by Cecioni

et al.[o%]

m-(0-Azidoacetamido)-phenyl p-D-galactopyranoside

OH
HO
(o] H
HO&/O N\[(\Na
OH 0

Chemical Formula: Cq4HgN4O7
Exact Mass: 354,12

m-(a-Azidoacetamido)-phenyl f-D-galactopyranoside was synthesized from acetly-protected m-nitro phenyl

B-D- galactopyranoside in 4 chemical steps in as reported in Org. Bioorg. Chem 2016.%
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m-Aminophenyl-benzyl p-D-galactoside

OH
HO
0 H
HO &/0 N
OH o
Chemical Formula: CogH23NO+
Exact Mass: 389,15

For the amide coupling, the m-amino phenyl B-D-galactoside (46 mg, 0.17 mmol, 1 eq) was dissolved in 1 mL
of dry DMF and NEt; (28.2 puL, 0.20 mmol, 1.2 eq) was added. The mixture was cooled to 0°C and Benzoyl
chloride (26.8 pL, 0.20 mmol, 1.2 eq) were added and the reaction was stirred for 1 h at 0°C and 1 h at r.t..
Afterwards, the reaction was quenched with NaOH (1 M) and extracted with EtOAc (10x, 5 mL). The solvent
was removed in vacuo and the crude product was purified by column chromatography (CH»CIl,/EtOH: 0 to

15 % EtOH). 9.1 % (6 mg, 0.015 mmol) of product was obtained.

'H NMR (400 MHz, MeOD-d4) § 7.47 (g, J = 1.5 Hz, 1H, ArH), 7.37 (d, J = 1.6 Hz, 2H, ArH), 7.32 — 7.26
(m, 1H, ArH), 7.23 (dd, J = 5.0, 2.3 Hz, 2H, ArH), 6.89 (d, J = 6.6 Hz, 1H, ArH), 4.89 (s, 1H, H-1), 3.94 (dd,
J=3.4, 1.0 Hz, 1H, H-4), 3.85 — 3.79 (m, 3H, H-2 & H-6), 3.73 — 3.68 (m, 3H, H-3 & CH,), 3.60 (dd, ] =9.7,
3.4 Hz, 1H, H-5). *C NMR (101 MHz, MeOD-d4) § 172.27 (C=0), 159.51 (ArC), 136.78 (ArC), 130.45
(ArC), 130.11 (ArC), 129.58 (ArC), 127.93 (ArC), 114.97 (ArC), 113.54 (ArC), 109.82 (ArC), 102.88 (C1),
76.93 (C3), 74.87 (C5), 72.23 (C2), 70.19 (C4), 62.39 (C6), 44.74(CHy).

m-Aminophenyl p-nitrophenyl -D-galactoside

OH

HO
o}
HO [0}
H
HO N
Oy

o,N

Chemical Formula: C1gH2gN2Og
Exact Mass: 420,12

For the amide coupling, the m-amino phenyl B-D-galactoside (40 mg, 0.15 mmol, 1 eq) was dissolved in 1 mL
of dry DMF and NEt; (24.5 pL, 0.18 mmol, 1.2 eq) was added. The mixture was cooled to 0°C and 4-
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Nitrobenzoyl chloride (32.8 mg, 0.18 mmol, 1.2 eq) were added and the reaction was stirred for 1 h at 0°C and
1 h at r.t.. Afterwards, the reaction was quenched with NaOH (1 M) and extracted with EtOAc (10x, 5 mL).
The solvent was removed in vacuo and the crude product was purified by column chromatography

(CH2CI/EtOH: 0 to 20 % EtOH). 76.1 % (47 mg, 0.11 mmol) of product was obtained.

'H NMR (400 MHz, MeOD) & 8.4 - 8.37 (m, 2H, ArH), 8.36 - 8.30 (m, 1H, ArH), 8.30 - 8.21 (m, 1H, ArH),
8.19 - 8.11 (m, 2H, ArH), 7.61 (t, J = 2.1 Hz, 1H, ArH), 7.47 - 7.37 (m, 1H, ArH), 7.32 (t, J = 8.1 Hz, 1H,
ArH), 6.97 (ddd, J = 8.2, 2.5, 1.0 Hz, 1H, ArH), 4.93 (d, J = 7.7 Hz, 1H, H-1), 3.95 (dd, ] = 3.3, 1.0 Hz, 1H,
H-4), 3.91 - 3.72 (m, 4H, H-2 H-3 H-6), 3.63 (dd, J = 9.7, 3.4 Hz, 1H, H-5) *C NMR (101 MHz, MeOD) &
159.5 (CO), 151.1 (ArC), 142.1 (ArC), 140.6 (ArC), 131.8 (ArC), 130.6 (ArC), 130.0 (ArC), 124.6 (ArC),
115.9 (ArC), 114.3 (ArC), 110.7 (ArC), 102.9 (C1), 77.0 (C5), 74.9 (C3), 72.3 (C2), 70.2 (C4), 62.5 (C6)

p-Methoxyphenyl p—D-galactoside

OH

HO
o
HO 0]
RS

0 —
Chemical Formula: C43H1507
Exact Mass: 286,11

3 A Molsieve (150 mg) was dried for 30 min under heating and vacuum. After cool down, CH,Cl, (5 mL, dry)
was added. Under stirring, the penta-acetylated sugar (200 mg, 0.51mmol, 1 eq) and the p-methoxy phenol
(78.9 mg, 0.64 mmol, 1.24 eq) were added. The reaction mixture was cooled to 0°C and BF;0Et; (363.8 mg,
325 uL, 2.6 mmol, 5 eq) were added drop wise over a few minutes. The reaction was stirred at r.t. o/n. The
reaction was diluted with CH>Cl, (70 mL) then poured onto ice and then extracted three times with a saturated
NaHCOs (50 mL) solution, and once with NaCl (50 mL). The organic layer was dried over NaSO4 and the
crude product was purified by column using hexane to ethyl acetate 99:1 to 50:50. 65.6 % (152 mg, 0.33 mmol)

of acetylated product was obtained.

'"H NMR (500 MHz, CDCL;) & 6.98 - 6.87 (m, 2H, ArH), 6.84 - 6.71 (m, 2H, ArH), 5.48 - 5.35 (m, 2H, ArH),
5.06 (dd, J = 10.5, 3.4 Hz, 1H, H-3), 4.89 (d, J = 8.0 Hz, 1H, H-1), 4.23 - 4.09 (m, 2H, H-6), 3.99 (td, ] = 6.7,
1.2 Hz, 1H, H-5), 3.73 (s, 3H, OCHs), 2.14 (s, 3H, CHs), 2.04 (s, 3H, CHs), 2.01 (s, 3H, CHs), 1.97 (s, 3H,
CH). 3C NMR (126 MHz, CDCl;) § 170.3 (C=0), 170.2 (C=0), 170.1 (C=0), 169.4 (C=0), 155.7 (ArC),
151.0 (ArC), 118.6 (ArC), 114.5 (ArC), 100.8 (C-1), 77.2 (C-3), 70.9 (C-5), 68.8 (C-2), 66.9 (C-4), 61.3 (C-
6), 55.6 (OCH3), 20.7 (CH), 20.6 (CHs), 20.6 (CH).
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The acetylated sugar (153 mg, 0.33 mmol, 1 eq) was dissolved in dry MeOH (5 mL). After addition of NaOMe
(5.3 M, 63 uL, 0.03 mmol, 0.1 eq) the solution was stirred at r.t. over night. The reaction mixture was then
neutralized with Amberlite H* ion-exchanger and purified by column using a gradient of CH,Cl, to MeOH
99:1 to 90:10. 57.2 % (54 mg, 0.19 mmol) product was obtained

'H NMR (500 MHz, MeOD-ds) § 7.04 (dd, J = 8.9, 1.2 Hz, 2H, ArH), 6.86 - 6.77 (m, 2H, ArH), 4.71 (d, J =
7.7 Hz, 1H, H-1), 3.87 (d, J = 3.2 Hz, 1H, H-4), 3.80 - 3.69 (m, 6H, CH; & H-6 & H-2), 3.61 (dd, ] = 6.8, 5.4
Hz, 1H, H-5), 3.54 (ddd, J = 9.9, 3.4, 1.1 Hz, 1H, H-3). *C NMR (126 MHz, MeOD-ds) 8 156.6 (ArC), 153.3
(ArC), 119.2 (ArC), 115.4 (ArC), 104.1 (C-1), 76.9 (C-5), 74.8 (C-3), 72.3 (C-2), 70.2 (C-4), 62.4 (C-6), 56.0
(CHs)

m-Methoxyphenyl p—D-galactoside

Chemical Formula: C43H1307
Exact Mass: 286,11

150 mg pre-dried 3 A Molsieve was dried for 30 min under heating and vacuum. After cool down, CH,Cl (5
mL, dry) was added. Under stirring, the sugar (200 mg, 0.51mmol, 1 eq) and the m-methoxy phenol (78.9 mg,
0.64 mmol, 1.24 eq) were added. The reaction mixture was cooled to 0°C and BFs;OEt; (363.8 mg, 325 uL,
2.6 mmol, 5 eq) were added drop wise over a few minutes. The reaction was stirred at r.t. o/n. The reaction
was diluted with CH,Cl, (70 mL) then poured onto ice and then extracted three times with a saturated NaHCOs
(50 mL) solution, and once with NaCl (50 mL). The organic layer was dried over NaSOs and the crude product
was purified by column using PE: EtOAc 99:1 to 50:50. 66.5 % (154 mg; 0.34 mmol) of pure product was

obtained.

'H NMR (500 MHz, CDCl3) 8 7.16 (t, J = 8.2 Hz, 1H, ArH), 6.63 - 6.52 (m, 3H, ArH), 5.48 - 5.44 (m, 1H, H-
4), 5.4 - 5.40 (m, 1H, H-2), 5.09 (dd, J = 10.5, 3.4 Hz, 1H, H-3), 5.03 (d, J = 8.0 Hz, 1H, H-1), 4.23 - 4.11
(m, 2H, H-6), 4.04 (ddd, 1= 7.2, 6.1, 1.1 Hz, 1H, H-5), 3.75 (s, 3H, CHz), 2.15 (s, 3H, CHs), 2.03 (d, J = 4.2
Hz, 6H, CHs), 1.98 (s, 3H, CHs). *C NMR (126 MHz, CDCls) § 170.4 (C=0), 170.3 (C=0), 170.1 (C=0),
169.4 (C=0), 160.8 (ArC), 158.1 (ArC), 130.0 (ArC), 108.9 (ArC), 108.5 (ArC), 103.5 (ArC), 9.5 (C-1), 71.1
(C-3), 70.9 (C-5), 68.6 (C-4), 66.9 (C-2), 61.5 (C-6), 55.4 (CHs), 20.8 (CH3), 20.7 (CHs), 20.6 (CHs), 20.6
(CHa).
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The acetlyted sugar (154 mg, 0.33 mmol, 1 eq) was dissolved in dry MeOH (5 mL). After addition of NaOMe
(5.3 M, 50 uL, 0.03 mmol, 0.1 eq) the solution was stirred at r.t. over night. The reaction mixture was then

neutralized with Amberlite H* ion-exchanger and purified by column using a gradient of CH,Cl, to MeOH

99:1 to 90:10. 60.6 % (52 mg, 0.18 mmol) product was obtained

'H NMR (500 MHz, MeOH-d4) § 7.19 - 7.12 (m, 1H, ArH), 6.73 - 6.66 (m, 2H, ArH), 6.61 - 6.55 (m, 1H,
ArH), 4.84 (d, J = 7.7 Hz, 1H, H-1), 3.90 (dd, J = 3.5, 1.1 Hz, 1H, H-4), 3.81 - 3.72 (m, 6H, H-2, H-6, CHs),
3.68 (ddd, J=7.1, 5.1, 1.1 Hz, 1H, H-5), 3.58 (dd, ] = 9.7, 3.4 Hz, 1H, H-3). 3C NMR (126 MHz, MeOH-d4)
§ 162.2 (ArC), 160.4 (ArC), 130.8 (ArCH), 109.9 (ArCH), 109.0 (ArCH), 103.9 (ArCH), 103.0 (C-1), 77.0
(C-3), 74.8 (C-5), 72.3 (C-2), 70.2 (C-4), 62.4 (C-6), 55.7 (CHs)

o-Methoxyphenyl p—D-galactoside
OH

HO
(o] o—
HO (e] {

HO

Chemical Formula: C3H4g0;
Exact Mass: 286,11

3 A Molsieve (500 mg) was dried for 30 min under heating and vacuum. After cool down, CH,Cl, (6 mL, dry)
was added. Under stirring, the penta-acetylated sugar (500 mg, 1.28 mmol, 1 eq) and the o-methoxy-phenol
(200 mg, 1.59 mmol, 1.24 eq) were added. The reaction mixture was cooled to 0°C and BF;OEt, (900 mg, 830
uL, 6.53 mmol, 5 eq) were added drop-wise over a few minutes. The reaction was stirred at r.t. over night. The
reaction was diluted with CH,Cl, (100 mL) then poured onto ice and then extracted three times with a saturated
NaHCOs (50 mL) solution, and once with NaCl (50 mL). The organic layer was dried over NaSO4 and the
crude product was purified by column using hexane and ethyl acetate 1:99 to 50:50. 11.2 % (65mg, 0.14 mmol)
of a alpha beta (0.3: 1) mixture were obtained.

'"H NMR (500 MHz, CDCl3) § 7.14 (dd, J = 7.9, 1.6 Hz, 1H, ArH), 7.10 - 6.99 (m, 2H, ArH), 6.95 - 6.83 (m,
3H, ArH), 5.71 (d, J = 3.7 Hz, OH, Hl-0), 5.64 - 5.55 (m, 1H, H-2), 5.54 - 5.48 (m, 1H, H-60), 5.43 (dd, J =
3.5, 1.1 Hz, 1H, H-4), 5.35 - 5.32 (m, OH, H-50), 5.24 (dd, J = 10.8, 3.7 Hz, 0H, H-20:), 5.09 (dd, J = 10.5, 3.4
Hz, 1H, H-3), 4.91 (d, J = 7.9 Hz, 1H, H-1), 4.65 (t, ] = 6.6 Hz, OH, H-40), 4.23 (dd, J = 11.3, 6.7 Hz, 1H, H-
6a), 4.20 - 4.05 (m, 2H, H-6b H-60), 3.97 (td, ] = 6.8, 1.1 Hz, 1H, H-5), 3.82 (d, ] = 3.4 Hz, 4H, OCH; o/p),
2.18 (s, 3H, CHs), 2.16 (d, J = 1.0 Hz, 2H, CH3), 2.14 (s, 1H, CHs), 2.09 (s, 3H, CHs), 2.04 (s, 1H, CHs), 2.02
(d, J =23 Hz, 1H, CH3), 2.01 (d, J = 3.6 Hz, 3H, CH;), 1.99 (s, 1H, CHs). 13C NMR (126 MHz, CDCL;) &
170.7 (C=0), 170.5 (C=0), 170.4 (C=0), 170.3 (C=0), 170.1 (C=0), 169.7 (ArC), 150.8 (ArC), 146.5 (ArC),
124.8 (ArC), 121.0 (ArC), 121.0 (ArC), 120.9 (ArC), 120.3 (ArC), 112.9 (ArC), 101.6 (C-1B), 96.9 (C-10),
71.1 (C-5B), 70.9 (C-3B), 68.9 (C-2P), 68.3 (C-20) , 68.2 (C-30), 67.7 (C-4at), 67.3 (C-4B), 67.1 (C-5), 61.9
(C-6B), 61.4 (C-60), 56.2 (CH:p), 55.9 (CHsa), 21.0 (CHs), 20.9 (CHs), 20.9 (CHs), 20.8 (CHs), 20.8 (CH).
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The acetlyted sugar (65 mg, 0.43 mmol, 1 eq) was dissolved in dry MeOH (5 mL). After addition of NaOMe
(5.3 M, 81 uL, 0.04 mmol, 0.1 eq) the solution was stirred at r.t. over night. The reaction mixture was then
neutralized with Amberlite H" ion-exchanger and purified by column using a gradient of CH,Cl, to MeOH
99:1 t0 90:10. 12.1 % (15 mg, 0.05 mmol) product was obtained.

'"H NMR (500 MHz, MeOD-d4) § 7.19 (dt, J = 7.8, 1.0 Hz, 1H, ArH), 7.04 - 6.98 (m, 2H, ArH), 6.90 (ddd, J
= 8.0, 5.5,3.5 Hz, 1H, ArH), 4.85 (d, ] = 7.8 Hz, 1H, H-1), 3.92 (dd, J = 3.5, 1.1 Hz, 1H, H-4), 3.87 (s, 3H,
CHs), 3.85 (d, = 2.0 Hz, 1H, H-2), 3.78 (d, J = 1.8 Hz, 1H, H-6a), 3.76 (d, ] = 0.7 Hz, 1H, H-6b), 3.66 (ddd,
J=6.6,5.4, 1.1 Hz, 1H, H-3), 3.60 (dd, J = 9.7, 3.4 Hz, 1H, H-5). 3C NMR (126 MHz, MeOD-d4) § 180.6
(ArC), 150.9 (ArC), 148.1 (ArC), 124.1 (ArC), 122.3 (ArC), 118.3 (ArC), 113.8 (ArC), 103.5 (C-1), 76.9 (C-
5), 74.7 (C-3), 72.3 (C-2), 70.2 (C-4), 62.4 (C-6), 56.7 (CHs)

o-Ethylphenyl p—D-galactoside

OH
HO
o
HO &/0
OH

Chemical Formula: Cq4H500¢g
Exact Mass: 284,13

3 A Molsieve (200 mg) was dried for 30 min under heating and vacuum. After cool down, CH,Cl, (5 mL, dry)
was added. Under stirring, the penta-acetylated sugar (200 mg, 0.51mmol, 1 eq) and the 2-ethyl phenol (37.7
uL, 39.1 mg, 0.64 mmol, 1.24 eq) were added. The reaction mixture was cooled to 0°C and BF;OEt, (330 puL,
370 mg, 2.6 mmol, 5 eq) were added drop wise over a few minutes. The reaction was stirred at r.t. o/n. The
reaction was diluted with EtOAc (150 mL) then poured onto ice and then extracted three times with a saturated
NaHCOs3 (100 mL) solution, and three times with NaCl (100 mL). The organic layer was dried over NaSO4
and the crude product was purified by column using hexane to ethyl acetate 99:1 to 50:50. 37.0 % (87 mg,

0.19 mmol) of pure product was obtained.

"HNMR (500 MHz, CDCl3) 8 7.20 - 7.11 (m, 2H, ArH), 7.07 - 6.94 (m, 1H, ArH), 5.55 (dd, J = 10.4, 8.0 Hz,
1H, H-2), 5.46 (dd, J=3.5, 1.1 Hz, 1H, H-4), 5.11 (dd, J=10.5, 3.5 Hz, 1H, H-3), 5.02 (d, J = 8.0 Hz, 1H, H-
1),4.24 (dd, J=11.3, 7.1 Hz, 1H, H-6a), 4.16 (dd, J = 11.3, 6.1 Hz, 1H, H-6b), 4.07 (ddd, J=7.2,6.2, 1.1 Hz,
1H, H-5), 2.58 (qd, J = 7.4, 2.4 Hz, 2H, CH,CH3), 2.18 (s, 3H, CHz), 2.06 (s, 6H, 2 x CH3), 2.01 (s, 3H, CHa),
1.15 (t, J = 7.5 Hz, 3H, CH2CHj3). '*C NMR (126 MHz, CDCl;) § 170.4 (C=0), 170.4 (C=0), 170.2 (C=0),
169.3 (C=0), 154.8 (ArC), 133.9 (ArC), 129.5 (ArC), 126.9 (ArC), 123.3 (ArC), 115.0 (ArC), 99.7 (C-1), 71.0
(C-2),71.0 (C-5), 68.6 (C-2), 67.0 (C-4), 61.5 (C-6), 23.0 (CH>CH3), 20.9 (CH3), 20.8 (CH3), 20.7 (CH3), 20.7
(CH3), 14.5 (CH2_CH3). HRMS: (C22H23010tNa+t) calc. 475.17 found 475.16
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The acetlyted sugar (87 mg, 0.19 mmol, 1 eq) was dissolved in dry MeOH (5 mL). After addition of NaOMe
(5.3 M, 70 uL, 0.3 mmol, 1 eq) the solution was stirred at r.t. over night. The reaction mixture was then
neutralized with Amberlite H" ion-exchanger and purified by column using a gradient of CH,Cl, to MeOH

99:1 to 90:10. 52.1 % (29.6 mg, 0.10 mmol) pure product was obtained.

'"H NMR (500 MHz, MeOD-d4) § 7.17 - 7.08 (m, 3H, ArC), 6.92 (td, J = 7.2, 1.4 Hz, 1H, ArC), 4.85 (d, J =
7.8 Hz, 1H, H-1),3.91 (dd, J = 3.5, 1.0 Hz, 1H, H-4), 3.83 (dd, J = 9.7, 7.8 Hz, 1H, H-2), 3.76 (dd, J = 6.1, 2.7
Hz, 2H, H-6), 3.66 (ddd, J = 6.7, 5.4, 1.1 Hz, 1H, H-5), 3.57 (dd, J = 9.7, 3.4 Hz, 1H, H-3), 2.80 - 2.63 (m, 2H,
CH,CH3), 1.19 (t, J = 7.5 Hz, 3H, CH,CH3). 3C NMR (126 MHz, MeOD-d4) & 156.9 (ArC), 134.9 (ArC),
130.0 (ArC), 127.8 (ArC), 123.3 (ArC), 116.2 (ArC), 103.2 (C-1), 76.9 (C-5), 75.2 (C-3), 72.4 (C-2), 70.2 (C-
4), 62.4 (C-6), 24.2 (CH,CH3), 15.1 (CH,CH;). HRMS: (C14H2006+ Na*) calc. 307.10 found 307.30

p-Ethylphenyl p—D-galactoside

HO OH
o
HO évA/o
OH
Chemical Formula: Cy4H;¢0¢
Exact Mass: 284,13

3 A Molsieve (100 mg) was dried for 30 min under heating and vacuum. After cool down, CH,Cl, (5 mL, dry)
was added. Under stirring, the penta-acetylated sugar (100 mg, 0.26 mmol, 1 eq) and the p-ethyl-phenol (39.1
mg, 0.32 mmol, 1.24 eq) were added. The reaction mixture was cooled to 0°C and BF;OEt, (101.7 mg, 162
uL, 1.3 mmol, 5 eq) were added drop wise over a few minutes. The reaction was stirred at r.t. over night. The
reaction was diluted with CH,Cl, (70 mL) then poured onto ice and then extracted three times with a saturated
NaHCOs (50 mL) solution, and once with NaCl (50 mL). The organic layer was dried over NaSO4 and the
crude product was purified by column using toluene and ethyl acetate 1:99 to 30:70. 26.4 % of pure product

was obtained.

'"H NMR (500 MHz, CDCLs): 7.05 ppm (2H, d, J = 8.5546 Hz, ArC), 6.85 ppm (2H, d, J = 8.6046 Hz, ArC)
5.41 (1H, dd, J= 6.1366, H-5) 5.38 (1H, d, J = 3.4018, H-3), 5.03 (1H, dd, J = 4.6358, H-2) 4.94 (1H, d, ] =
8.0043, H-1), 4.16 (1H, dd, J = 6.0866, H-6a), 4.09 (1H, dd, J = 5.9032, H-6b) 3.98 (t, J = 6.6536 Hz, H-4)
2.53 (2H, q, ] = 7.6041, CH,), 1.14 (t, ] = 7.6291, CHs) 3C NMR (500 MHz, CDCly): 170.44 (C=0), 170.36
(C=0), 170.23 (C=0), 169.49 (C=0), 155.12 (ArC), 139.34 (ArC), 128.90 (ArC), 116.99 (ArC), 100.05 (C-
1), 70.96 (C-4), 70.93 (C-2), 68.74 (C-5), 66.96 (C-3), 61.42 (C-6), 28.14 (CH,), 20.82 (COCH3), 20.75
(COCHs), 20.67 (COCHs), 15.87 (CHs)
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The acetlyted sugar (153 mg, 0.33 mmol, 1 eq) was dissolved in dry MeOH (5 mL). After addition of NaOMe
(5.3 M, 63 uL, 0.03 mmol, 0.1 eq) the solution was stirred at r.t. over night. The reaction mixture was then
neutralized with Amberlite H* ion-exchanger and purified by column using a gradient of CH>Cl, to MeOH
99:1 to 90:10. 57.2 % (54 mg, 0.19 mmol) product was obtained

'H NMR (500 MHz, MeOD-d4) § 7.14 (2H, d, J = 8.7547 Hz, ArH), 7.05 (2H, d, J = 8.7047 Hz, ArH), 4.85
(1H, d, J = 7.7542 Hz, H-1), 3.94 (dd, J = 1.4174 Hz, H-4) 3.84- 3.76 (m, 3H, H2 & H-6) 3.71-3.65 (m, 1H,
H-3),3.61 (q, 1H, J = 4.3857 Hz, H-5) 2.61 (dd, J = 7.6041 Hz, 2H, CH,) 1.23 (t, J = 7.6041 Hz, 3H, CH;) 1°C
NMR (500 MHz, MeOD-d4) § 157.29 (ArC), 139.41 (ArC), 129.57 (ArC), 117.85 (ArC), 103.23 (C-1), 76.87
(C-3), 74.88 (C-5), 72.34 (C-2), 70.21 (C-4), 62.40 (C-6), 29.04 (CH,), 16.40 (CH;)

m-Ethylphenyl p—D-galactoside
HO OH
o
HO &&:VA,O
OH
Chemical Formula: C44H5¢0¢
Exact Mass: 284,13

3 A Molsieve (100 mg) was dried for 30 min under heating and vacuum. After cool down, CH,Cl, (5 mL, dry)
was added. Under stirring, the penta-acetylated sugar (100 mg, 0.26 mmol, 1 eq) and the p-ethyl-phenol (39.1
mg, 0.32 mmol, 1.24 eq) were added. The reaction mixture was cooled to 0°C and BF;OEt, (101.7 mg, 162
uL, 1.3 mmol, 5 eq) were added drop-wise over a few minutes. The reaction was stirred at r.t. over night. The
reaction was diluted with CH,Cl, (70 mL) then poured onto ice and then extracted three times with a saturated
NaHCOs (50 mL) solution, and once with NaCl (50 mL). The organic layer was dried over NaSO4 and the
crude product was purified by column using toluene and ethyl acetate 1:99 to 30:70. 26.4 % (32 mg, 0.07

mmol) of pure acetylated product was obtained.

'"H NMR (500 MHz, CDCL3) § 7.15 (1H, t, J = 7.9, ArH), 6.86 (1H, d, J = 7.6, ArH), 6.79 (1H, app.s, ArH),
6.76 (1H, dd, J = 8.1, 2.4, ArH), 5.43 (1H, d, ] = 10.4, 7.9 Hz, H-4), 5.40 (1H; d, J = 3.6 Hz, H-2), 5.1 (1H,
dd, J = 4.6 Hz, H-3), 5.00 (1H, d, J = 8.0 Hz, H-1) 4.18-4.10 (2H, m, H-6), 4.01 (1H, t, ] = 6.6 Hz, H-5), 2.60
(2H, q,J = 7.6, CH,,), 2.18 (s, 3H, CHs), 2.06 (d, J = 5.5 Hz, 6H, CHs), 2.01 (s, 3H, CHs), 1.17 (t, J = 7.6 Hz,
CH;) *C NMR (500 MHz, CDCls) & 170.51 (C=0), 170.40 (C=0), 170.28 (C=0), 169.56 (C=0), 157.10
(ArC), 146.27 (ArC), 129.27 (ArCH), 122.97 (ArCH), 116.97 (ArCH), 113.92 (ArCH), 99.68 (C-1), 71.08 (C-
5), 70.96 (C-2), 68.77 (C-4), 61.63 (C-6), 28.91 (CH,), 20.88 (COCHj), 20.80 (COCH3), 20.77 (COCH3),
20.72 (COCH3), 15.55 (CH,CHs)
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The acetlyted sugar (32 mg, 0.07 mmol, 1 eq) was dissolved in dry MeOH (3 mL). After addition of NaOMe
(5.3 M, 2 uL, 0.01 mmol, 0.1 eq) the solution was stirred at r.t. over night. The reaction mixture was then
neutralized with Amberlite H" ion-exchanger and purified by column using a gradient of CH,Cl, to MeOH
99:1 to 90:10. 65.4 % (13 mg, 0.05 mmol) product was obtained.

'"H NMR (500 MHz, MeOD-d4) § 7.24 - 7.17 (m, 1H, ArH), 7.00 (td, J = 1.9, 0.6 Hz, 1H, ArH), 6.95 (ddd, J
=82,2.5, 1.0 Hz, 1H, ArH), 6.91 - 6.85 (m, 1H, ArH), 4.88 (d, J = 7.9 Hz, 1H, H-1), 3.94 (dd, ] = 3.5, 1.1
Hz, 1H, H-4), 3.85 - 3.76 (m, 3H, H-2 H-6), 3.71 (ddd, J = 7.0, 5.2, 1.1 Hz, 1H, H-5), 3.61 (dd, ] = 9.7, 3.4
Hz, 1H, H-3), 2.65 (q, J = 7.6 Hz, 2H, CH>), 1.30 - 1.18 (m, 3H, CHs). '*C NMR (126 MHz, MeOD-d4) §
159.3 (ArC), 147.1 (ArC), 130.2 (ArCH), 122.9 (ArCH), 117.4 (ArCH), 115.0 (ArCH), 103.0 (C-1), 77.0 (C-
5), 74.9 (C-3), 72.4 (C-2), 70.2 (C-4), 62.4 (C-6), 29.8 (CH,), 16.0(CHs).

3,4-Dimethoxyphenyl p—D-galactoside

Ho OH
)

HO &A/O 0.
OH

7

o

Chemical Formula: C14H,,0g
Exact Mass: 316,12

3 A Molsieve (100 mg) was dried for 30 min under heating and vacuum. After cool down, CH,Cl, (5 mL, dry)
was added. Under stirring, the penta-acetylated sugar (100 mg, 0.26 mmol, 1 eq) and the 3,4-dimethoxy phenol
(39.1 mg, 0.32 mmol, 1.24 eq) were added. The reaction mixture was cooled to 0°C and BF;0Et, (101.7 mg,
162 uL, 1.3 mmol, 5 eq) were added drop-wise over a few minutes. The reaction was stirred at r.t. over night.
The reaction was diluted with CH,Cl, (70 mL) then poured onto ice and then extracted three times with a
saturated NaHCO; (50 mL) solution, and once with NaCl (50 mL). The organic layer was dried over NaSO4
and the crude product was purified by column using hexane and ethyl acetate 1:99 to 50:50. 80.8 % (95 mg,

0.21 mmol) of product were obtained.

'"H NMR (500 MHz, CDCls) § 6.75 (d, J = 8.8 Hz, 1H, ArH), 6.59 (d, J = 2.7 Hz, 1H, ArH), 6.53 (dd, J=8.7,
2.7 Hz, 1H, ArH), 5.44 - 5.40 (m, 2H, H-2 H-4), 5.08 (dd, J = 10.5, 3.4 Hz, 1H, H-3), 4.95 (d, J = 8.0 Hz, 1H,
H-1), 4.24 - 4.12 (m, 2H, H-6), 4.01 (td, J = 6.6, 1.2 Hz, 1H, H-5), 3.82 (t, J = 0.9 Hz, 7H, 2 x CHs), 2.16 (d, J
=0.7 Hz, 3H, CH3), 2.07 (d, J = 0.6 Hz, 3H, CHs), 2.02 (d, J = 0.7 Hz, 3H, CH3), 1.99 (d, J = 0.7 Hz, 3H, CH;)
13C NMR (126 MHz, CDCL3) § 170.4 (C=0), 170.3 (C=0), 170.2 (C=0), 169.5 (C=0), 151.4 (ArC), 149.8
(ArC), 145.5 (ArC), 111.7 (ArC), 107.8 (ArC), 103.3 (ArC), 100.6 (C-1), 71.1 (C-5, C-3), 68.9 (C-4), 67.0 (C-
2), 61.5 (C-6), 56.4 (CHs), 56.1 (CHs), 20.9 (CHs), 20.7 (CHs), 20.7 (CHs), 20.6 (CHs).
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The acetlyted sugar (95 mg, 0.20 mmol, 1 eq) was dissolved in dry MeOH (10 mL). After addition of NaOMe
(5.3 M, 4 uL, 0.02 mmol, 0.1 eq) the solution was stirred at r.t. over night. The reaction mixture was then
neutralized with Amberlite H" ion-exchanger and purified by column using a gradient of EtOAc to EtOH 99:1
to 70:30. 94.9 % (60 mg, 0.19 mmol) product was obtained.

'"H NMR (500 MHz, MeOD -d4) § 6.89 - 6.85 (m, 2H, ArH), 6.70 (dd, J = 8.7, 2.8 Hz, 1H, ArH), 4.77 (d,J =
7.8 Hz, 1H, H-1), 3.91 (dd, J = 3.5, 1.0 Hz, 1H, H-4), 3.84 (s, 3H, OCHs), 3.80 (s, 4H, H-6a OCHz), 3.81 -
3.73 (m, 2H, H-2 H-6b), 3.70 - 3.66 (m, 1H, H-5), 3.61 - 3.57 (m, 1H, H-3).*C NMR (126 MHz, MeOD -d4)
§ 154.1 (ArC), 151.1 (ArC), 146.0 (ArC), 114.0 (ArCH), 109.4 (ArCH), 104.1 (C-1), 77.1 (C-5), 74.9 (C-3),
72.4 (C-2), 70.3 (C-4), 62.5 (C-6), 57.2 (OCH;3), 56.4 (OCH3).

Benzo 1,3 dioxole p—D-galactoside

HO OH
o
HO &/0 )
OH by
0]
Chemical Formula: Cy3H.¢0g
Exact Mass: 300,08

3 A Molsieve (100 mg) was dried for 30 min under heating and vacuum. After cool down, CH,Cl, (5 mL, dry)
was added. Under stirring, the penta-acetylated sugar (100 mg, 0.26 mmol, 1 eq) and the Benzodix-5-ol (44.2
mg, 0.32 mmol, 1.24 eq) were added. The reaction mixture was cooled to 0°C and BF;OEt, (101.7 mg, 162
uL, 1.3 mmol, 5 eq) were added drop-wise over a few minutes. The reaction was stirred at r.t. over night. The
reaction was diluted with CH,Cl, (70 mL) then poured onto ice and then extracted three times with a saturated
NaHCOs (50 mL) solution, and once with NaCl (50 mL). The organic layer was dried over NaSO4 and the
crude product was purified by column using hexane and ethyl acetate 1:99 to 50:50. 85.1 % (100 mg, 0.22

mmol) of product was obtained.

'"H NMR (500 MHz, CDCls) § 6.67 (d, J = 8.4 Hz, 1H, ArH), 6.57 (d,J = 2.4 Hz, 1H, ArH), 6.45 (dd, J = 8.4,
2.4 Hz, 1H, ArH), 5.91 (s, 2H, CH,), 5.46 - 5.36 (m, 2H, H-2 H-4), 5.07 (dd, J = 10.4, 3.4 Hz, 1H, H-3), 4.87
(d, J = 8.0 Hz, 1H, H-4), 4.21 (dd, ] = 11.3, 7.0 Hz, 1H, H-6a), 4.16 - 4.06 (m, 1H, H-6b), 3.99 (ddd, J = 7.2,
6.3, 1.2 Hz, 1H, H-5), 2.16 (s, 3H, CHs), 2.06 (s, 3H, CHs), 2.04 (s, 3H, CHs), 1.98 (s, 3H, CHs) 13C NMR
(126 MHz, CDCL;) § 170.4 (C=0), 170.3 (C=0), 170.2 (C=0), 169.4 (C=0), 152.3 (ArC), 148.2 (ArC), 143.7
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(ArC), 109.7 (ArC), 108.0 (ArC), 101.6 (ArC), 101.1 (CH,), 100.6 (C-1), 71.1 (C-5), 70.9 (C-3), 68.8 (C-2),
67.0 (C-4), 61.5 (C-6), 20.8 (CHs), 20.7 (CHs), 20.7 (CH3), 20.6 (CH).

The acetlyted sugar (100 mg, 0.22 mmol, 1 eq) was dissolved in dry MeOH (10 mL). After addition of NaOMe
(5.3 M, 10 pL, 0.05 mmol, 0.4 eq) the solution was stirred at r.t. over night. The reaction mixture was then
neutralized with Amberlite H" ion-exchanger and purified by column using a gradient of CH>Cl, to MeOH
99:1 to 90:10. 86.4 % (57 mg, 0.19 mmol) product was obtained.

'H NMR (500 MHz, MeOD-d4) 8 6.75 - 6.72 (m, 1H, ArH), 6.71 (s, 1H, ArH), 6.62 (dd, ] = 8.5, 2.4 Hz, 1H,
ArH), 5.92 (s, 2H, CHy), 4.72 (d, ] = 7.8 Hz, 1H, H-1), 3.90 (dd, ] = 3.5, 1.0 Hz, 1H, H-4), 3.84 - 3.73 (m, 3H,
H-2 H-6), 3.65 (ddd, ] = 6.7, 5.3, 1.1 Hz, 1H, H-5), 3.57 (dd, J = 9.7, 3.4 Hz, 1H, H-3) 3C NMR (126 MHz,
MeOD-d4) § 154.6 (ArC), 149.4 (ArC), 144.3 (ArC), 110.4 (ArCH), 108.8 (ArCH), 104.3 (ArCH), 102.5 (C-
1), 101.2 (CH,), 76.9 (C-5), 74.8 (C-3), 72.3 (C-2), 70.2 (C-4), 62.4 (C-6)

p-Tolyl B-D-galactoside

OH

HO
(o)
Hoé@/c’@\

OH

Chemical Formula: C13Hg0¢
Exact Mass: 270,11

3 A Molsieve (170 mg) was dried for 60 min under heating and vacuum. After cool down, CH,Cl, (7 mL, dry)
was added. Under stirring, the penta-acetylated sugar (150 mg, 0.38 mmol, 1 eq) and the p-cresol (51.7 mg,
50 pL, 0.48 mmol, 1.24 eq) were added. The reaction mixture was cooled to 0°C and BF3;OEt; (270 mg, 240
uL, 1.9 mmol, 5 eq) were added drop-wise over a few minutes. The reaction was stirred at r.t. over night. The
reaction was diluted with CH,Cl, (70 mL) then poured onto ice and then extracted three times with a saturated
NaHCO:s (3 times, 20 mL) solution, and once with NaCl (20 mL). The organic layer was dried over NaSO4
and the crude product was purified by column using hexane and ethyl acetate 1:99 to 50:50. 64.2 % (107 mg,

0.24 mmol) of product were obtained.

'H NMR (500 MHz, CDCl3) & 7.13 — 7.04 (m, 2H, ArH), 6.92 — 6.87 (m, 2H, ArH), 5.49 — 5.41 (m, 2H, H-
2, H-4), 5.09 (dd, J = 10.5, 3.5 Hz, 1H, H-3), 4.98 (d, ] = 8.0 Hz, 1H, H-1), 4.23 (dd, J = 11.3, 6.9 Hz, 1H, H-
6a), 4.15 (dd, T = 11.3, 6.4 Hz, 1H, H-6b), 4.03 (td, J = 6.7, 1.2 Hz, 1H, H-5), 2.30 (s, 3H, Phenyl-CHs), 2.18
(s, 3H, CHs), 2.06 (d, ] = 4.2 Hz, 6H, CHs), 2.01 (s, 3H, CHs). 3C NMR (126 MHz, CDCl;) & 170.49 (C=0),
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170.40 (C=0), 170.27 (C=0), 169.53 (C=0), 155.07 (ArC), 132.98 (ArC), 130.12 (ArC), 117.09 (ArC),
100.24 (C-1), 71.07 (C-3), 71.02 (C-5), 68.85 (C-4), 67.04 (C-2), 61.49 (C-6), 20.88 (CH3), 20.81 (CH3), 20.80
(CH3), 20.74 (CH3).

The acetlyted sugar (70 mg, 0.16 mmol, 1 eq) was dissolved in dry MeOH (5 mL). After addition of NaOMe
(5.3 M, 15 uL, 0.08 mmol, 0.5 eq) the solution was stirred at r.t. over night. The reaction mixture was then
neutralized with Amberlite H" ion-exchanger and purified by column using a gradient of CH,Cl, to MeOH
99:1 to 90:10. 83.3 % (36 mg, 0.13 mmol) product was obtained.

'H NMR (500 MHz, MeOD-d4) & 7.08 — 7.02 (m, 2H, ArH), 6.99 — 6.94 (m, 2H, ArH), 4.78 (d, J = 7.8 Hz,
1H, H-1), 3.87 (dd, J = 3.4, 1.0 Hz, 1H, H-4), 3.78 — 3.70 (m, 3H, H-2; H-3, H-6b), 3.66 — 3.60 (m, 1H, H-6a),
3.54 (dd, J = 9.7, 3.4 Hz, 1H, H-5), 2.24 (s, 3H, CH:). ®C NMR (126 MHz, MeOD-d4) 8 157.14 (ArC),
132.72 (ArC), 130.72 (ArC), 117.74 (ArC), 103.24 (C-1), 76.86 (C-2), 74.86 (C-5), 72.32 (C-3), 70.19 (C-4),
62.38 (C-6), 20.60 (CHs).

m-Tolyl B-D-galactoside

OH

HO
(o]
HO &/0

OH

Chemical Formula: C43Hg0g
Exact Mass: 270,11

3 A Molsieve (150 mg) was dried for 60 min under heating and vacuum. After cool down, CH,Cl, (7 mL, dry)
was added. Under stirring, the penta-acetylated sugar (150 mg, 0.38 mmol, 1 eq) and the p-cresol (51.7 mg,
50 pL, 0.48 mmol, 1.24 eq) were added. The reaction mixture was cooled to 0°C and BF3;OEt; (270 mg, 240
uL, 1.9 mmol, 5 eq) were added dropwise over a few minutes. The reaction was stirred at r.t. over night. The
reaction was diluted with CH>Cl, (70 mL) then poured onto ice and then extracted three times with a saturated
NaHCOs (3 times, 20 mL) solution, and once with NaCl (20 mL). The organic layer was dried over NaSO4
and the crude product was purified by column using hexane and ethyl acetate 1:99 to 50:50. 51.7 % (92.9 mg,

0.21 mmol) of product were obtained.
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'H NMR (500 MHz, CD,Cl,) & 7.60 (t, J = 7.8 Hz, 1H, ArH), 7.32 (ddt, J = 7.6, 1.7, 0.9 Hz, 1H, ArH), 7.23
(ddt, J=8.2,2.5,0.8 Hz, 1H, ArH), 5.88 (dd, J = 3.6, 1.1 Hz, 1H, H-4), 5.83 (dd, J = 10.5, 8.0 Hz, 1H, H-2),
5.54 (dd, J = 10.5, 3.5 Hz, 1H, H-3), 5.49 (d, J = 7.9 Hz, 1H, H-1), 4.66 — 4.56 (m, 2H, H-6), 4.55 — 4.48 (m,
1H, H-5), 2.75 (d, J= 0.7 Hz, 3H, Ar-CHs), 2.60 (s, 3H, CHs), 2.47 (d, J = 2.8 Hz, 6H, CH3), 2.42 (s, 3H, CHs).
13C NMR (126 MHz, CD,Cly) 8 165.72 (C=0), 165.50 (C=0), 164.84 (C=0), 152.53 (ArC), 135.38 (ArC),
124.78 (ArC), 119.50 (ArC), 113.11 (ArC), 109.25 (ArC), 95.11 (C-1), 66.70 (C-3), 66.37 (C-5), 64.12 (C-2),
62.61 (C-4), 57.16 (C-6), 16.70 (ArCHs), 16.05 (CHs), 15.99 (CHs), 15.97 (CHj), 15.92 (CHs).

The acetlyted sugar (91 mg, 0.21 mmol, 1 eq) was dissolved in dry MeOH (5 mL). After addition of NaOMe
(5.3 M, 2 uL, 0.01 mmol, 0.5 eq) the solution was stirred at r.t. over night. The reaction mixture was then
neutralized with Amberlite H" ion-exchanger and purified by column using a gradient of CH,Cl, to MeOH
99:1 to 90:10. 23.8 % (15 mg, 0.05 mmol) product was obtained.

'"H NMR (500 MHz, MeOD-d4) § 7.15 — 7.08 (m, 1H, ArH), 6.91 (ddd, J = 2.3, 1.5, 0.7 Hz, 1H, ArH), 6.87
(ddt, T =8.2,2.5, 0.8 Hz, 1H, ArH), 6.79 (ddt, ] = 7.5, 1.6, 0.8 Hz, 1H, ArH), 4.81 (d, J = 7.7 Hz, 1H, H-1),
3.87 (dd, J = 3.5, 1.0 Hz, 1H, H-4), 3.80 — 3.70 (m, 3H, H-2, H-3, H-6a), 3.64 (ddd, J = 6.9, 5.2, 1.1 Hz, 1H,
H-6b), 3.55 (dd, ] = 9.7, 3.4 Hz, 1H, H-5), 2.28 (d, ] = 0.7 Hz, 3H, CHs). *C NMR (126 MHz, MecOD-d4) &
159.22 (ArC), 140.48 (ArC), 130.09 (ArC), 124.02 (ArC), 118.48 (ArC), 114.74 (ArC), 102.93 (C-1), 76.91
(C-3), 74.86 (C-5), 72.31 (C-2), 70.21 (C-4), 62.41 (C-6), 21.50 (CHs).

OH

HO
(0]
HO &\/0 O

1-Phenyl-phenol B-D-galactoside O

OH

Chemical Formula: C4gH2¢Og
Exact Mass: 332,13

3 A Molsieve (150 mg) was dried for 30 min under heating and vacuum. After cool down, dry CH2Cl, (5 mL)
was added. Under stirring, the acetylated sugar (150 mg, 0.30 mmol, 1 eq) and the 1-phenyl phenol (81.7 mg,
0.48 mmol, 1.24 eq) were added. The reaction mixture was cooled to 0°C and BF;OEt; (269.7 mg, 240 uL,
1.90 mmol, 5 eq) were added dropwise over a few minutes. The reaction was stirred at r.t. o/n. The reaction
was diluted with CH,Cl, (50 mL) then poured onto ice and then extracted three times with a saturated NaHCOs
(30 mL) solution, and once with NaCl (30 mL). The organic layer was dried over NaSO4 and the crude product
was purified by column using CH>Cl»/ EtOAc 99:1 to 80:20. 38.7 % (58 mg, 0.116 mmol) of pure product

were obtained.

'"H NMR (500 MHz, CDCl;) & 7.58 - 7.49 (m, 2H, ArH), 7.46 - 7.40 (m, 2H, ArH), 7.39 - 7.27 (m, 2H, ArH),
7.24 -7.21 (m, 1H, ArH), 7.07 (d, J = 8.7 Hz, 1H, ArH), 6.98 (ddd, J=8.1, 2.5, 1.1 Hz, 1H, ArH), 5.52 (dd, J
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=10.5, 7.9 Hz, 1H, H-3), 5.46 (dd, J = 3.4, 1.1 Hz, 1H, H-4), 5.12 (d, J = 7.8 Hz, 1H, H-1), 4.26 - 4.06 (m,
3H, H-5 & H-6), 2.18 (s, 2H, CHs), 2.07 (s, 2H, CHs), 2.03 (s, 2H, CHs), 2.01 (s, 2H, CHs), 1.95 (s, 2H, CHs).
13C NMR (126 MHz, CDCls) § 171.2 (C=0), 170.5 (C=0), 170.3 (C=0), 170.2 (C=0), 169.5 (C=0), 157.4
(ArC), 143.1 (ArC), 140.7 (ArC), 130.0 (ArC), 128.9 (ArC), 128.4 (ArC), 127.7 (ArC), 127.2 (ArC), 127.0
(ArC), 122.2 (ArC), 117.3 (ArC), 115.9 (ArC), 99.7 (C-1), 71.0 (C-5), 68.8 (C-2), 67.1 (C-3), 61.8 (C-4), 60.5
(C-6), 21.1 (CHs), 20.9 (CHs), 20.8 (CHs), 20.7 (CHs).

The acetylated sugar (39 mg, 0.078 mmol, 1 eq) was dissolved in dry MeOH (2 mL). After addition of NaOMe
(5.3 M, 10 pL, 0.053 mmol, 0.7 eq) the solution was stirred at r.t. o/n. The reaction mixture was then
neutralized with Amberlite H+ ion-exchanger and purified by column using a gradient of CH>Cl, to MeOH
99:1 to 90:10. 50.1 % (13 mg, 0.039 mmol) product was obtained.

'"H NMR (500 MHz, MeOD-d4) § 7.62 — 7.57 (m, 2H, ArH), 7.43 — 7.28 (m, 5H, ArH), 7.27 — 7.24 (m, 1H,
ArH), 7.08 (ddd, ] = 8.2, 2.5, 1.0 Hz, 1H, ArH), 4.91 (d, J = 7.8 Hz, 1H, H-1), 3.88 (dd, ] = 3.5, 1.0 Hz, 1H,
H-4), 3.83 — 3.71 (m, 3H, H-2, H-6), 3.69 (ddd, ] = 7.1, 4.9, 1.1 Hz, 1H, H-3), 3.58 (dd, ] =9.7, 3.4 Hz, 1H,
H-5). 3C NMR (126 MHz, MeOD-d4) & 159.67 (ArC), 143.90 (ArC), 142.12 (ArC), 130.77 (ArC), 129.82
(ArC), 128.47 (ArC), 128.01 (ArC), 121.97 (ArC), 116.71 (ArC), 116.45 (ArC), 103.02 (C-1), 77.10 (C-3),
74.87 (C-5), 72.32 (C-2), 70.27 (C-4), 62.49 (C-6).

2-Phenyl-phenol p-D-galactoside

Chemical Formula: C4gH29Og
Exact Mass: 332,13

3 A Molsieve (250 mg) was dried for 30 min under heating and vacuum. After cool down, CH,Cl, (5 mL, dry)
was added. Under stirring, the penta-acetylated sugar (250 mg, 0.64 mmol, 1 eq) and the 3-phenyl phenol (134
mg, 0.79 mmol, 1.24 eq) were added. The reaction mixture was cooled to 0°C and BF3;OEt; (455 mg, 406 pL,
3.20 mmol, 5 eq) were added drop wise over a few minutes. The reaction was stirred at r.t. o/n. The reaction
was diluted with EtOAc (70 mL) then poured onto ice and then extracted three times with a saturated NaHCO;
(50 mL) solution, and once with NaCl (50 mL). The organic layer was dried over NaSO, and the crude product
was purified by column using hexane to ethyl acetate 99:1 to 50:50. 51.5 % (65 mg, 0.33 mmol ) of product

was obtained.

'H NMR (500 MHz, CDCl3)  7.57 — 7.54 (m, 2H, ArH), 7.46 — 7.41 (m, 2H, ArH), 7.39 — 7.33 (m, 2H, ArH),
7.30 (ddd, J=7.7, 1.7, 1.1 Hz, 1H, ArH), 7.24 — 7.22 (m, 1H, ArH), 6.99 (ddd, J = 8.1, 2.5, 1.0 Hz, 1H, ArH),
5.53(dd, J=10.5, 8.0 Hz, 1H, H-2), 5.47 (dd, J = 3.4, 1.1 Hz, 1H, H-4), 5.15 - 5.11 (m, 2H, H-1 & H-3), 4.26
— 4.14 (m, 2H, H-6), 4.13 — 4.06 (m, 1H, H-5), 2.19 (s, 3H, CHs), 2.08 (s, 3H, CHs), 2.02 (s, 3H, CHz), 1.96
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(s, 3H, CHs). *C NMR (126 MHz, CDCL) § 170.6 (C=0), 170.4 (C=0), 170.3 (C=0), 169.6 (C=0), 157.4
(ArC), 143.2 (ArC), 140.7 (ArC), 130.0 (ArC), 129.0 (ArC), 127.8 (ArC), 127.3 (ArC), 122.3 (ArC), 115.9
(ArC), 115.7 (ArC), 110.1 (ArC), 99.8 (C-1), 71.3 (C-5), 71.0 (C-3), 68.8 (C-2), 67.1 (C-4), 61.8 (-C6), 20.9
(CH3), 20.8 (CHs), 20.8 (CHs), 20.7 (CHs).

The acetylated sugar (160 mg, 0.32 mmol, 1 eq) was dissolved in dry MeOH (10 mL). After addition of NaOMe
(5.3 M, 60 uL, 0.03 mmol, 0.1 eq) the solution was stirred at r.t. o/n. The reaction mixture was then neutralized
with Amberlite H+ ion-exchanger and purified by column using a gradient of CH,Cl, to MeOH 99:1 to 90:10.
53.6 % (57 mg, 0.17 mmol) product was obtained.

"H NMR (500 MHz, MeOD-d4) § 7.63 — 7.59 (m, 2H, ArH), 7.44 — 7.37 (m, 3H, ArH), 7.35 — 7.29 (m, 2H,
ArH), 7.26 (ddd, J= 7.7, 1.7, 1.0 Hz, 1H, ArH), 7.09 (ddd, J = 8.1, 2.5, 1.0 Hz, 1H, ArH), 4.93 (d, ] = 7.8 Hz,
1H, H-1),3.91 (dd, J = 3.5, 1.0 Hz, 1H, H-4), 3.86 — 3.73 (m, 3H, H-2, H3, H-6a), 3.71 (ddd, J =7.2,4.9, 1.1
Hz, 1H, H-6b), 3.60 (dd, J = 9.7, 3.4 Hz, 1H, H-5). *C NMR (126 MHz, MeOD-d4) § 159.64 (ArC), 143.88
(ArC), 142.10 (ArC), 130.77 (ArC), 129.81 (ArC), 128.45 (ArC), 128.00 (ArC), 121.97 (ArC), 116.71 (ArC),
116.46 (ArC), 103.02 (C-1), 77.07 (C-3), 74.86 (C-5), 72.32 (C-2), 70.26 (C-4), 62.48 (C-6). HRMS:
(C1sH2006+Na")* calc. 355.12 found 355.13

3-Phenyl-phenol B-D-galactoside

OH

HO
(o]
HO &A/O O

OH

Chemical Formula: CygH0g
Exact Mass: 332,13

3 A Molsieve (150 mg) was dried for 30 min under heating and vacuum. After cool down, dry CH,Cl, (5 mL)
was added. Under stirring, the acetylated sugar (150 mg, 0.30 mmol, 1 eq) and the 4-phenyl phenol (81.7 mg,
0.48 mmol, 1.24 eq) were added. The reaction mixture was cooled to 0°C and BF;OEt; (269.7 mg, 240 uL,
1.90 mmol, 5 eq) were added drop wise over a few minutes. The reaction was stirred at r.t. o/n. The reaction
was diluted with CH,Cl, (50 mL) then poured onto ice and then extracted three times with a saturated NaHCOs
(30 mL) solution, and once with NaCl (30 mL). The organic layer was dried over NaSO4 and the crude product
was purified by column using CH>Cl»/ EtOAc 99:1 to 80:20. 50.7 % (76 mg, 0.152 mmol) of pure product

were obtained.
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"H NMR (500 MHz, CDCl3) § 7.56 - 7.49 (m, 3H, ArH), 7.46 -7.38 (m, 2H, ArH), 7.33 (d, ] = 7.4 Hz, 1H,
ArH), 7.11 - 7.03 (m, 2H, ArH), 5.52 (dd, J = 10.5, 7.9 Hz, 1H, H-2), 5.47 (dd, J=3.5, 1.1 Hz, 1H, H-4), 5.13
(dd, J=10.4, 3.4 Hz, 1H, H-5), 5.09 (d, J = 7.9 Hz, 1H, H-1), 4.25 (dd, J = 11.3, 7.0 Hz, 1H, H-6b), 4.18 (dd,
J=11.3, 6.3 Hz, 1H, H-6a), 4.15 - 4.04 (m, 1H, H-3), 2.19 (s, 3H,CH3), 2.08 (s, 3H, CH3), 2.06 (s, 3H, CH3),
2.02 (s, 3H, CH;3). ®C NMR (126 MHz, CDCl;5) § 170.4 (C=0) 170.3 (C=0) 170.2 (C=0) 169.5 (C=0) 156.5
(ArC) 140.5 (ArC) 136.6 (ArC) 128.9 (ArC) 128.4 (ArC) 127.2 (ArC) 127.0 (ArC) 117.3 (ArC) 99.8, (C-1)
71.2 (C-5) 71.0 (C-3) 68.8 (C-2) 67.0 (C-4) 61.5 (C-6) 20.8 (CHs) 20.8 (CHs) 20.7 (CH3) HRMS:
(Ca6H250101tNa)" calc. 523.16 found. 523.15

The acetylated sugar (76 mg, 0.152 mmol, 1 eq) was dissolved in dry MeOH (3 mL). After addition of NaOMe
(5.3 M, 30 pL, 0.016 mmol, 0.1 eq) the solution was stirred at r.t. o/n. The reaction mixture was then
neutralized with Amberlite H+ ion-exchanger and purified by column using a gradient of CH>Cl, to MeOH
99:1 to 90:10. 61.4 % (31 mg, 0.093 mmol) product was obtained.

"H NMR (500 MHz, DMSO-d6) § 7.60 (ddd, J = 12.3, 7.6, 1.9 Hz, 4H, ArH), 7.43 (t, ] = 7.7 Hz, 2H, ArH),
7.35 - 7.28 (m, 1H, ArH), 7.14 - 7.07 (m, 2H, ArH), 5.20 (d, J = 4.9 Hz, 1H, OH), 4.89 (d, J = 5.5 Hz, 1H,
OH), 4.86 (d, J =7.7 Hz, 1H, H-1), 4.69 (t, ] = 5.3 Hz, 1H, OH), 4.53 (d, J = 4.5 Hz, 1H, OH), 4.07 (s, 1H,
OH), 3.71 (t,J = 3.7 Hz, 1H, H-4), 3.64 - 3.47 (m, 5H, H-2, H-3, H-5, H-6). *C NMR (126 MHz, DMSO-d6)
3 157.2 (ArC), 139.8 (ArC), 133.7 (ArC), 128.9 (ArC), 127.7 (ArC), 126.9 (ArC), 126.3 (ArC), 116.7 (ArC),
101.1 (C-1), 75.6 (C-2), 73.3 (C-3), 70.3 (C-5), 68.2 (C-4), 60.4 (C-6). HRMS: (CisH200¢+H)" calc. 332.10
found. 332.13

2-naphtyl p-D-galactoside
OH

HO
(0]
HO &Q/O

Chemical Formula: C4gH150¢g
Exact Mass: 306,11

3 A Molsieve (150 mg) was dried for 30 min under heating and vacuum. After cool down, CH,Cl, (5 mL, dry)
was added. Under stirring, the acetylated sugar (50 mg, 0.38 mmol, 1 eq) and the 2-naphthol (69.2 mg, 0.48
mmol, 1.24 eq) were added. The reaction mixture was cooled to 0°C and BF;OEt; (269.8 mg, 240 uL, 1.90
mmol, 5 eq) were added drop wise over a few minutes. The reaction was stirred at r.t. o/n. The reaction was
diluted with CH>Cl; (50 mL) then poured onto ice and then extracted three times with a saturated NaHCO; (30
mL) solution, and once with NaCl (30 mL). The organic layer was dried over NaSO4 and the crude product
was purified by column using hexane and ethyl acetate 99:1 to 60:40. 57.7 % (104 mg; 0.22 mmol) of

acetylated product were obtained.
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'"H NMR (500 MHz, CDCls) § 7.84 - 7.70 (m, 3H, ArH), 7.50 - 7.43 (m, 1H, ArH), 7.43 - 7.37 (m, 1H, ArH),
7.35(d, J = 2.4 Hz, 1H, ArH), 7.19 (dd, J = 8.9, 2.5 Hz, 1H, ArH), 5.56 (dd, J = 10.5, 7.9 Hz, 1H, H-2), 5.49
(dd, J=3.5, 1.1 Hz, 1H, H-4), 5.19 (d, J = 8.0 Hz, 1H, H-1), 5.15 (dd, J = 10.4, 3.4 Hz, 1H, H-3), 4.26 (dd, J
=11.2, 7.1 Hz, 1H, H-6a), 4.23 - 4.09 (m, 2H, H-5, H-6b), 2.20 (s, 3H, CHs), 2.08 (d, ] = 3.4 Hz, 6H, CHy),
2.03 (s, 3H, CHs) *C NMR (126 MHz, CDCls) § 170.5 (C=0), 170.4 (C=0), 170.3 (C=0), 169.6 (C=0), 154.8
(ArC), 134.2 (ArC), 130.3 (ArC), 129.8 (ArC), 127.9 (ArC), 127.2 (ArC), 126.8 (ArC), 124.8 (ArC), 118.9
(ArC), 111.5 (ArC), 99.8 (C-1), 71.3 (C-5), 71.0 (C-3), 68.8 (C-2), 67.1 (C-4), 61.7 (C-6), 20.9 (CH3), 20.8
(CH3), 20.8 (CHz), 20.7 (CH3). HRMS: (Ca4Ha6010+Na)" calc. 497.14 found. 497.17

The acetylated sugar (80 mg, 0.17 mmol, 1 eq) was dissolved in dry MeOH (4 mL). After addition of NaOMe
(5.3 M, 4 uL, 0.02 mmol, 0.1 eq) the solution was stirred at r.t. o/n. The reaction mixture was then neutralized
with Amberlite H+ ion-exchanger and purified by column using a gradient of CH,Cl, to MeOH 99:1 to 90:10.
65.3 % (34 mg, 0.111 mmol) product was obtained.

'"H NMR (500 MHz, MeOD-d4) 5 7.82 (td, J = 8.4, 1.0 Hz, 3H, ArH), 7.58 — 7.53 (m, 1H, ArH), 7.47 (ddd, J
=8.1,6.8, 1.3 Hz, 1H, ArH), 7.42 — 7.31 (m, 2H, ArH), 5.07 (d, ] = 7.7 Hz, 1H, H-1), 3.98 (d, J = 3.2 Hz, 1H,
H-4), 3.86 — 3.81 (m, 2H, H-2 H-6a), 3.71 (dd, J = 5.5, 4.1 Hz, 2H, H-3, H-6b), 3.63 — 3.59 (m, 1H, H-5). 1*C
NMR (126 MHz, MeOD-d4) § 156.93 (ArC), 135.86 (ArC), 131.21 (ArC), 130.26 (ArC), 128.58 (ArC),
128.17 (ArC), 127.31 (ArC), 125.18 (ArC), 120.05 (ArC), 112.04 (ArC), 103.03 (C-1), 77.08 (C-3), 74.90 (C-
5), 73.64 (C-2), 70.27 (C-4), 62.49 (C-6).

6-Methoxy-2-naphtyl p-D-galactoside

OH
HO

Chemical Formula: Cy7H007
Exact Mass: 336,12

3 A Molsieve (150 mg) was dried for 30 min under heating and vacuum. After cool down, CH,Cl, (5 mL, dry)
was added. Under stirring, the acetylated sugar (150 mg, 0.30 mmol, 1 eq) and the 6-Methoxy-2-naphthol
(83.6 mg, 0.48 mmol, 1.24 eq) were added. The reaction mixture was cooled to 0°C and BF;0Et, (269.7 mg,
240 pL, 1.90 mmol, 5 eq) were added drop wise over a few minutes. The reaction was stirred at r.t. o/n. The
reaction was diluted with CH,Cl, (50 mL) then poured onto ice and then extracted three times with a saturated
NaHCOs (30 mL) solution, and once with NaCl (30 mL). The organic layer was dried over NaSO4 and the
crude product was first purified by column using hexane and ethyl acetate 99:1 to 50:50. 62.5 % (114 mg,0.3

mmol) of pure product were obtained.

"HNMR (500 MHz, CDCls) § 7.64 (dd, J=16.7, 8.9 Hz, 2H, ArH), 7.30 (d, J = 2.5 Hz, 1H, ArH), 7.20 — 7.06
(m, 3H, ArH), 5.53 (dd, J =10.4, 7.9 Hz, 1H, H-2), 5.47 (dd, J = 3.5, 1.1 Hz, 1H, H, H-2), 5.15 - 5.12 (m, 1H,
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H-3), 5.11 (d, J = 8.0 Hz, 1H, H-1), 4.25 (dd, J = 11.3, 7.1 Hz, 1H, H-6a), 4.18 (dd, J = 11.3, 6.1 Hz, 1H, H-
6b), 4.14 — 4.04 (m, 1H, H-5), 3.89 (s, 3H, OCHs), 2.19 (s, 3H, CHs), 2.08 (s, 3H, CHs), 2.06 (s, 3H, CHs),
2.02 (s, 3H, CH3) 3C NMR (126 MHz, CDCls) § 170.46 (C=0), 170.37 (C=0), 170.24 (C=0), 169.54 (C=0),
156.97 (ArC), 153.34 (ArC), 131.24 (ArC), 129.39 (ArC), 128.58 (ArC), 128.39 (ArC), 119.56 (ArC), 119.34
(ArC), 112.04 (ArC), 105.95 (ArC), 100.12 (C-1), 77.16 (C-3), 71.16 (C-5), 70.98(C-2), 68.83 (C-4), 61.61
(C-6), 55.40 (OCH3), 20.88 (CHs), 20.80 (CHs), 20.78(CHs), 20.71(CHs).

The acetylated sugar (114 mg, 0.3 mmol, 1 eq) was dissolved in dry MeOH (5 mL). After addition of NaOMe
(5.3 M, 70 uL, 0.03 mmol, 0.1 eq) the solution was stirred at r.t. o/n. The reaction mixture was then neutralized
with Amberlite H+ ion-exchanger and first purified by column using a gradient of CH,Cl, to MeOH 99:1 to
90:10 and second by HPLC using a gradient of water and acetonitrile. After lyophilization, 27.8 % (28 mg,

0.083 mmol) product was obtained.

'"H NMR (500 MHz, MeOD-d4) § 7.65 (t, ] = 9.1 Hz, 2H, ArH), 7.40 (d, J = 2.4 Hz, 1H, ArH), 7.17 — 7.09 (m,
2H, ArH), 6.97 (dd, J = 8.9, 2.5 Hz, 1H, ArH), 4.98 (d, J = 7.7 Hz, 1H, H-1), 3.91 (d, J = 3.3 Hz, 1H, H-4),
3.87 (s, 3H, OCHs), 3.86 — 3.73 (m, 4H, H-2, H-3, H-6), 3.60 (dd, J = 9.7, 3.4 Hz, 1H, H-5). *C NMR (126
MHz, MeOD-d4) § 159.61 (ArC), 157.58 (ArC), 137.30 (ArC), 130.00 (ArC), 129.94 (ArC), 126.61 (ArC),
117.83 (ArC), 117.39 (ArC), 111.39 (ArC), 106.36 (ArC), 102.99 (C-1), 77.10 (C-2), 74.90 (C-5), 72.33 (C-
3), 70.29 (C-5), 62.51 (C-6), 55.67 (OCH;3). HRMS: (C;7Hx00-+Na)" calc. 359.11 found. 359.10

7-Methoxy-2-naphtyl p-D-galactoside

OH
HO

o |
HO év,\,o o

Chemical Formula: Cq7H2007
Exact Mass: 336,12

3 A Molsieve (150 mg) was dried for 30 min under heating and vacuum. After cool down, CH,Cl, (5 mL, dry)
was added. Under stirring, the acetylated sugar (150 mg, 0.30 mmol, 1 eq) and 7-Methoxy-2-naphtol (83.6
mg, 0.48 mmol, 1.24 eq) were added. The reaction mixture was cooled to 0°C and BF3;OEt; (269.7 mg, 240
uL, 1.90 mmol, 5 eq) were added drop wise over a few minutes. The reaction was stirred at r.t. o/n. The reaction
was diluted with CH>Cl» (50 mL) then poured onto ice and then extracted three times with a saturated NaHCOs
(30 mL) solution, and once with NaCl (30 mL). The organic layer was dried over NaSOj4 and the crude product
was purified first by column using hexane and ethyl acetate in a 99:1 to 50:50 ratio and second with a gradient

of CH»Cl, and ethyl acetate 99: 1 to 90:10. 45.5 % (111 mg, 0.22 mmol) of pure product was obtained.

"H NMR (500 MHz, CDCls) & 7.88 (dd, J = 8.7, 4.4 Hz, 2H, ArH), 7.49 — 7.44 (m, 1H, ArH), 7.29 — 7.21 (m,
3H, ArH), 5.74 (dd, J =10.5, 7.9 Hz, 1H, H-4), 5.68 (dd, J = 3.5, 1.1 Hz, 1H, H-2), 5.36 (d, J=7.9 Hz, 1H, H-
1),5.35-5.31 (m, 1H, H-3),4.48 (dd, J = 11.2, 6.9 Hz, 1H, H-6a), 4.38 (dd, J = 11.2, 6.3 Hz, 1H, H-6b), 4.35
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—4.29 (m, 1H, H-5), 4.10 (s, 3H, OCHs), 2.39 (s, 3H, CHs), 2.28 (d, J = 2.6 Hz, 6H, CHs), 2.23 (s, 3H, CHs).
13C NMR (126 MHz, CDCls) § 170.46 (C=0), 170.38 (CO), 170.27 (C=0), 169.55 (C=0), 158.41 (ArC),
155.46 (ArC), 135.57 (ArC), 129.50 (ArC), 129.32 (ArC), 125.62 (ArC), 117.54 (ArC), 116.22 (ArC), 110.78
(ArC), 105.34 (ArC), 99.79 (C-1), 71.12 (C-5), 70.95 (C-3), 68.77 (C-4), 66.98 (C-2), 61.54 (C-6), 55.37
(OCH3), 20.89 (CHs), 20.80 (CHz), 20.73 (CHs).

The acetylated sugar (111 mg, 0.22 mmol, 1 eq) was dissolved in dry MeOH (5 mL). After addition of NaOMe
(5.3 M, 70 uL, 0.02 mmol, 0.1 eq) the solution was stirred at r.t. o/n. The reaction mixture was then neutralized
with Amberlite H+ ion-exchanger and first purified by column using a gradient of CH,Cl, to MeOH 99:1 to
90:10. 47.3 % (38 mg, 0.104 mmol) product was obtained.

"H NMR (500 MHz, MeOD-d4) & 7.66 (dd, J = 15.8, 9.0 Hz, 2H, ArH), 7.44 (d, ] = 2.4 Hz, 1H, ArH), 7.26
(dd,J=8.9,2.5Hz, 1H, ArH), 7.17 (d, ] = 2.5 Hz, 1H, ArH), 7.08 (dd, J = 8.9, 2.5 Hz, 1H, ArH), 4.95 (d, ] =
7.7 Hz, 1H, H-1), 3.91 (dd, J = 3.4, 1.0 Hz, 1H, H-4), 3.87 (s, 3H, OCH3), 3.85 - 3.71 (m, 4H, H-2, H-3, H-6),
3.60 (dd, J = 9.7, 3.4 Hz, 1H, H-5). 3C NMR (126 MHz, MeOD-d4) § 158.04 (ArC), 155.49 (ArC), 132.25
(ArC), 131.06 (ArC), 129.54 (ArC), 129.03 (ArC), 120.39 (ArC), 120.02 (ArC), 112.52 (ArC), 106.76 (ArC),
103.38 (C-1), 77.06 (C-2), 74.91 (C-5), 72.37 (C-3), 70.28 (C-4), 62.50 (C-6), 55.69 (OCH3). HRMS:
(C17H2007+Na)* calc. 359.11 found. 359.10

1-Naphtol p-D-thiogalactoside

OH

K ‘
o
HO s
OH

Chemical Formula: C4gH1505S
Exact Mass: 322,09
3 A Molsieve (500 mg) was dried for 45 min under heating and vacuum. After cool down, CH,Cl, (6 mL, dry)
was added. Under stirring, the penta-acetylated sugar (500 mg, 1.28 mmol, 1 eq) and the 2-thio naphthol (250
mg, 1.59 mmol, 1.24 eq) were added. The reaction mixture was cooled to 0°C and BF;0Et; (900 mg, 830 uL,
1.3 mmol, 5.1 eq) were added drop-wise over a few minutes. The reaction was stirred at r.t. over night. The
reaction was diluted with CH,Cl, (70 mL) then poured onto ice and then extracted three times with a saturated
NaHCOs (50 mL) solution, and once with NaCl (50 mL). The organic layer was dried over NaSO4 and the
crude product was purified by column using toluene and ethyl acetate 1:99 to 30:70. 58.9 % (370 mg, 0.75

mmol) acetylated product were obtained.

'H NMR (500 MHz, CDCls) & 8.02 (d, J = 1.8 Hz, 1H, ArH), 7.99 — 7.95 (m, 1H, ArH), 7.86 — 7.76 (m, 4H,
ArH), 7.76 — 7.71 (m, 1H, ArH), 7.62 (dd, J = 8.7, 2.0 Hz, 1H, ArH), 7.58 (dd, J = 8.5, 1.9 Hz, 1H, ArH), 7.53
—7.41 (m, 4H, ArH), 5.42 (dd, J = 3.3, 1.1 Hz, 1H, H-4), 5.28 (t, ] = 9.9 Hz, 1H, H-2), 5.07 (dd, J = 9.9, 3.3
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Hz, 1H, H-3),4.81 (d,J = 10.0 Hz, 1H; H-1),4.21 (dd,J = 11.4, 7.0 Hz, 1H; H-6b), 4.13 (dd, J = 11.4, 6.1 Hz,
1H, H-6a), 3.96 (ddd, J = 7.1, 6.1, 1.1 Hz, 1H, H-5), 2.12 (s, 3H, CHs), 2.07 (s, 3H, CHs), 2.01 (s, 3H, CHs),
1.97 (s, 3H, CH3).>*C NMR (126 MHz, CDCls) § 170.53 (C=0), 170.34 (C=0), 169.59 (C=0), 169.49 (C=0),
133.61 (ArC), 132.92 (ArC), 132.15 (ArC), 129.94 (ArC), 129.72 (ArC), 129.12 (ArC), 128.58 (ArC), 127.86
(ArC), 127.78 (ArC), 126.80 (ArC), 86.81 (C-1), 74.68 (C-5), 72.17 (C-3), 67.49 (C-4), 67.41(C-2), 61.86 (C-
6), 21.03 (CHs), 20.81 (CHs), 20.73 (CHs).

The acetlyted sugar (102 mg, 0.21 mmol, 1 eq) was dissolved in dry MeOH (10 mL). After addition of NaOMe
(5.3 M, 20 uL, 0.10 mmol, 0.5 eq) the solution was stirred at r.t. over night. The reaction mixture was then
neutralized with Amberlite H" ion-exchanger and purified by column using a gradient of PE to EtOAc 99:1 to
70:30. 75.5 % (66.8 mg, 0.16 mmol) product was obtained.

'"H NMR (500 MHz, MeOD-d4) 5 8.61 — 8.51 (m, 1H, ArH), 7.92 (dd, J = 7.3, 1.1 Hz, 1H, ArH), 7.89 — 7.85
(m, 1H, ArH), 7.81 (dt, J = 8.5, 1.1 Hz, 1H, ArH), 7.60 — 7.47 (m, 2H, ArH), 7.43 (dd, J = 8.2, 7.2 Hz, 1H,
ArH), 4.63 (d,J = 9.8 Hz, 1H, H-1), 3.91 (dd, J = 3.4, 1.1 Hz, 1H, H-4), 3.79 — 3.67 (m, 3H, H-2, H-6), 3.55 —
3.47 (m, 2H, H-3, H-5). *C NMR (126 MHz, MeOD-d4) § 135.39 (ArC), 134.76 (ArC), 132.99 (ArC), 131.94
(ArC), 129.44 (ArC), 129.22 (ArC), 127.36 (ArC), 127.17 (ArC), 126.71 (ArC), 126.61 (ArC), 90.60 (C-1),
80.46 (C-5), 76.32 (C-3), 71.50 (C-2), 70.31 (C-4), 62.45 (C-6).

2-Naphthol p-D-thiogalactoside

Chemical Formula: C4gH1g05S
Exact Mass: 322,09

3 A Molsieve (150 mg) was dried for 30 min under heating and vacuum. After cool down, CH,Cl, (5 mL, dry)
was added. Under stirring, the acetylated sugar (200 mg, 0.531 mmol, 1 eq) and the 1-thio naphthol (76.9 mg,
65.5 mL, 66.9 uL, 0.658 mmol, 1.24 eq) were added. The reaction mixture was cooled to 0°C and BF;OEt,
(363.8 mg, 375 uL, 12.5 mmol, 5 eq) were added drop wise over a few minutes. The reaction was stirred at
r.t. o/n. The reaction was diluted with CH,Cl, (50 mL) then poured onto ice and then extracted three times
with a saturated NaHCOs3 (30 mL) solution, and once with NaCl (30 mL). The organic layer was dried over
NaSO4 and the crude product was purified by column. 66.4 % (156.7 mg, 0.32 mmol) of pure product was

obtained.

'"H NMR (500 MHz, CDCl;) § 8.53 - 8.39 (m, 1H, ArH), 7.91 - 7.79 (m, 3H, ArH), 7.63 - 7.50 (m, 1H, ArH),
7.42 (dd, J = 8.2, 7.2 Hz, 1H, ArH), 5.35 (s, 1H, H-2), 5.02 (dd, J = 10.0, 3.4 Hz, 1H, H-4), 4.70 (d, J = 10.1
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Hz, 1H, H-1), 4.19 - 4.01 (m, 2H, H-6), 3.86 - 3.77 (m, 1H, H-5), 2.15 (t, J = 3.6 Hz, 7H, CHs), 2.03 (d, J =
1.6 Hz, 1H, CHs), 1.97 (d, J = 5.5 Hz, 6H, CH3). 3C NMR (126 MHz, CDCls) § 170.4 (C=0) 170.3 (C=0)
170.1 (C=0) 169.6 (C=0) 134.2 (ArC) 133.1 (ArC) 130.0 (ArC) 129.8 (ArC) 128.7 (ArC) 126.9 (ArC) 126.5
(ArC) 125.6 (ArC) 87.6 (C-1) 74.5 (C-5) 72.1 (C-4) 67.8 (C-2) 67.4 (C-3) 61.7 (C-6) 21.0 (CHs) 20.8 (CHs)
20.7 (CHs) 20.7(CHs)

The acetylated sugar (101.7 mg, 0.316 mmol, 1 eq) was dissolved in dry MeOH (10 mL). NaOMe (20 pL, 106
umol, 0.3 eq) and stirred for 2 h at r.t. and afterwards neutralized using Amberlite H+. The solvent was
removed in vacuo and the crude product was purified by flash chromatography to yield 75.5 % (50.6 mg, 0.157

mmol) of pure product.

'H NMR (500 MHz, MeOD-d4) § 8.61 - 8.50 (m, 1H, ArH), 7.92 (dd, ] = 7.3, 1.2 Hz, 1H, ArH), 7.88 - 7.83
(m, 1H, ArH), 7.81 (d, J = 8.3 Hz, 1H, ArH), 7.60 - 7.48 (m, 2H, ArH), 7.43 (dd, J = 8.2, 7.2 Hz, 1H, ArH),
4.63 (d, J=9.8 Hz, 1H, H-1), 3.91 (dd, J = 3.4, 1.0 Hz, 1H, H-4), 3.77 - 3.69 (m, 3H, H3, H-6), 3.54 - 3.48
(m, 2H, H2, H-5). 3C NMR (126 MHz, MeOD-d4) & 135.4 (ArC) 134.8 (ArC) 133.0 (ArC) 131.9(ArC)
129.4(ArC) 129.2 (ArC) 127.4 (ArC) 127.2 (ArC) 126.7 (ArC) 126.6 (ArC) 90.6 (C-1) 80.5 (C-5) 76.3 (C-3)
71.5 (C-2) 70.3 (C-4) 62.4 (C-6)

p-Methoxyphenyl B-D-thiogalactoside

Ho OH
0
Hoéﬁvs
OH .
o

Chemical Formula: Cq3H1304S
Exact Mass: 302,08

3 A Molsieve (500 mg) was dried for 30 min under heating and vacuum. After cool down, CH,Cl, (6 mL, dry)
was added. Under stirring, the penta-acetylated sugar (500 mg, 1.28 mmol, 1 eq) and the 4-methoxy phenol
(200 pL, 1.59 mmol, 1.24 eq) were added. The reaction mixture was cooled to 0°C and BF3OEt, (830 puL, 1.3
mmol, 5.1 eq) were added drop-wise over a few minutes. The reaction was stirred at r.t. over night. The reaction
was diluted with CH»Cl» (70 mL) then poured onto ice and then extracted three times with a saturated NaHCOs
(50 mL) solution, and once with NaCl (50 mL). The organic layer was dried over NaSOs and the crude product
was purified by column using toluene and ethyl acetate 1:99 to 30:70. 58.9 % (370 mg, 0.75 mmol) acetylated

product were obtained.

'H NMR (500 MHz, CDCls-d) & 7.50 — 7.44 (m, 2H, ArH), 7.42 — 7.36 (m, 1H,ArH), 6.89 — 6.79 (m, 4H,
ArH), 5.38 (dd, J = 3.3, 1.1 Hz, 1H, H-4), 5.17 (t, ] = 9.9 Hz, 1H, H-2), 5.02 (dd, J = 9.9, 3.3 Hz, 1H, H-3),
4.56 (d,J=9.9 Hz, 1H, H-1),4.17 (dd, ] = 11.3, 6.8 Hz, 1H, H-6a), 4.09 (dd, J = 11.3, 6.5 Hz, 1H, H-6b), 3.88
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(td, ] = 6.6, 1.2 Hz, 1H, H-5), 3.80 (d, J = 5.6 Hz, 3H, OCHs), 2.11 (s, 3H, CHs), 2.09 (s, 3H, CHs), 2.03 (s,
3H, CHs), 1.96 (s, 3H CHs). *C NMR (126 MHz, CDCls) § 170.50 (C=0), 170.31 (C=0), 170.21 (C=0),
169.55 (C=0), 160.39 (ArC), 160.04 (ArC), 136.04 (ArC), 132.79 (ArC), 128.57 (ArC), 122.17 (ArC), 114.75
(ArC), 114.48 (ArC), 87.11 (C-1), 74.44 (C-5), 72.21 (C-3), 67.46 (C-2), 67.36 (C-4), 61.66 (C-6), 55.50
(OCH3), 21.03 (CHs), 20.81 (CHs), 20.75 (CHs), 20.73(CHs).

The acetlyted sugar (220 mg, 0.46 mmol, 1 eq) was dissolved in dry MeOH (12 mL). After addition of NaOMe
(5.3 M, 4 uL, 0.01 mmol, 0.2 eq) the solution was stirred at r.t. over night. The reaction mixture was then
neutralized with Amberlite H" ion-exchanger and purified by column using a gradient of EtOAc to EtOH 99:1
to 50:50. 83.5 % (116 mg, 0.38 mmol) product was obtained.

'"H NMR (500 MHz, MeOD-d4) § 7.24 — 7.19 (m, 2H, ArH), 7.12 (ddd, J = 7.7, 1.7, 1.0 Hz, 1H, ArH), 6.82
(ddd, J=8.3,2.6, 1.0 Hz, 1H, ArH), 4.65 (d, ] = 9.7 Hz, 1H, H-1), 3.95 (dd, J = 3.3, 1.1 Hz, 1H, H-4), 3.82 (s,
4H, CHs, H-2), 3.76 (dd, J = 11.5, 5.2 Hz, 1H, H-3), 3.68 (t, = 9.5 Hz, 1H, H-6a), 3.63 (ddd, J = 6.9, 5.1, 1.1
Hz, 1H, H-6b), 3.56 (dd, J = 9.2, 3.3 Hz, 1H, H-5). *C NMR (126 MHz, MeOD-d4) § 161.19 (ArC), 137.19
(ArC), 130.54 (ArC), 123.80 (ArC), 116.57 (ArC), 114.14 (ArC), 89.97 (C-1), 80.54 (C-3), 76.19 (C-5), 70.80
(C-2), 70.35 (C-4), 62.63 (C-6), 55.78 (OCH3).

3,5-Dimethylphenyl B-D-thiogalactoside

OH

HO
o}
HO &/5
OH

Chemical Formula: C14H;005S
Exact Mass: 300,10

3 A Molsieve (150 mg) was dried for 30 min under heating and vacuum. After cool down, CH,Cl, (5 mL, dry)
was added. Under stirring, the acetylated sugar (150 mg, 0.38 mmol, 1 eq) and the 3,5 diethyl-benzene-1-thiol
(66.4 mg, 65.5 ulL, 0.48 mmol, 1.24 eq) were added. The reaction mixture was cooled to 0°C and BF;OEt,
(269.7mg, 240 pL, 11.9 mmol, 5 eq) were added drop wise over a few minutes. The reaction was stirred at r.t.
o/n. The reaction was diluted with CH>Cl, (50 mL) then poured onto ice and then extracted three times with a
saturated NaHCO3 (30 mL) solution, and once with NaCl (30 mL). The organic layer was dried over NaSQO4
and the crude product was purified by column. 79.8 % (142.9 mg, 0.30 mmol) of pure product was obtained.

'H NMR (500 MHz, CDCL;) § 7.41 (s, 1H, ArH), 7.26 (s, 2H, ArH), 5.57 (dd, J = 3.4, 1.1 Hz, 1H, H-4), 5.39
(t, J=10.0 Hz, 1H, H-2), 5.20 (dd, J = 10.0, 3.4 Hz, 1H, H-3), 4.87 (d, J = 10.0 Hz, 1H, H-1), 4.39 - 4.20 (m,
2H, H-6), 4.09 (ddd, J = 7.1, 6.1, 1.2 Hz, 1H, H-5), 2.45 (t, ] = 0.7 Hz, 6H, CHs), 2.29 (s, 3H, CHs), 2.24 (s,
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3H, CH3), 2.19 (s, 3H, CHs), 2.13 (s, 3H, CH3).")C NMR (126 MHz, CDCl3) § 170.5 (C=0), 170.4 (C=0),
170.2 (C=0), 169.6 (C=0), 138.7 (ArC), 132.4 (ArC), 130.0 (ArC), 129.9 (ArC), 87.3 (C-1), 74.5 (C-5), 72.1
(C-3), 67.4 (C-2), 61.9 (C-6), 21.4 (CH3), 21.0 (CH3), 20.8 (CH3), 20.8 (CH3), 20.7 (CH3).

The acetylated sugar (137.2 mg, 0.293 mmol, 1 eq) was dissolved in MeOH (10 mL, dry). NaOMe (20 pL,
146 umol, 0.5 eq) and stirred o/n at r.t. and afterwards neutralized using Amberlite H+. The solvent was
removed in vacuo and the crude product was purified by flash chromatography with EtOAc to EtOH 99:1 to
50:50 to yield 96.7 % (50.6 mg, 0.157 mmol) of pure product.

'H NMR (500 MHz, MeOD-d4) § 7.20 - 7.13 (m, 2H, ArH), 6.85 (s, 1H, ArH), 4.55 (d, J = 9.7 Hz, 1H, H-1),
3.89 (dd, J = 3.4, 1.1 Hz, 1H, H-4), 3.79 - 3.67 (m, 3H, H-6 & H-2), 3.63 - 3.47 (m, 2H, H-3 & H-5), 2.25 (s,
6H, CHs). 3C NMR (126 MHz, MeOD-d4) § 139.6 (ArC), 135.5 (ArC), 129.6 (ArC), 129.5 (ArC), 90.3 (C-
1), 80.6 (C-5), 76.3 (C-3), 71.0 (C-2), 70.4 (C-4), 62.6 (C-6), 21.3 (CHs).

p-phenyl-4-fluorphenyl-sulfonamide f-D-thiogalactoside

Chemical Formula: CygHFNOgS
Exact Mass: 429,09

p-Amino phenyl B-D-galactoside (204 mg, 0.75 mmol, 1 eq) were dissolved in DMF (5 mL, dry). NEt; (89.6
mg, 0.89 mmol, 1.2 eq) and 4-Fluoro benzene sulfonyl chloride (90.9 mg, 0.47 mmol, 0.6 eq) were added and
the reaction was stirred at r.t. o/n. The solvent was removed in vacuo and the remaining solid was dissolved in
EtOAc. The mixture was extracted with extracted three times with a saturated NaHCO3 (30 mL) solution, and
once with NaCl (30 mL). The crude product was purified using CH>Cl,/ MeOH 99:1 to 90:10 to yield 10.6 %
(34 mg, 0.08 mmol) of pure product.

1H NMR (500 MHz, MeOD-d4) 6 7.72 (dd, J = 8.9, 5.1 Hz, 1H), 7.18 (t, ] = 8.7 Hz, 2H, ArH), 6.97 (s, 4H,
ArH), 4.76 (d, J = 7.7 Hz, 1H, H-1), 3.87 (dd, J = 3.5, 1.0 Hz, 1H, H-4), 3.79 - 3.69 (m, 3H, H-2, H-6), 3.64
(ddd, J=17.0, 5.0, 1.1 Hz, 1H, H-3), 3.54 (dd, J = 9.7, 3.4 Hz, 1H, H-5) '*C NMR (126 MHz, MeOD-d4)
167.4 (ArC), 165.4 (ArC), 157.0 (ArC), 137.1 (ArC), 132.7 (ArC), 131.2 (ArC), 131.1 (ArC), 125.2 (ArC),
118.3 (ArC), 117.1 (ArC), 116.9 (ArC), 103.0 (C-1), 76.9 (C-3), 74.8 (C-3), 72.2 (C-2), 70.2 (C-4), 62.4 (C-
6). HRMS: (C,sH20FNOsS+Na)* calc. 452.08 found. 452.05

3-Chloro-4-Fluoro-phenyl g-D-thiogalactoside
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OH

HO
é _~
HO s cl
OH

F

Chemical Formula: C12H4CIFO5S
Exact Mass: 324,02

3 A Molsieve (150 mg) was dried for 30 min under heating and vacuum. After cool down, CH,Cl, (5 mL, dry)
was added. Under stirring, the acetylated sugar (150 mg, 0.30 mmol, 1 eq) and the 3-chloro-4-fluoro-thio
phenol(77.9 mg, 0.49 mmol, 1.24 eq) were added. The reaction mixture was cooled to 0°C and BF3OEt; (269.7
mg, 240 pL, 1.90 mmol, 5 eq) were added drop wise over a few minutes. The reaction was stirred at r.t. o/n.
The reaction was diluted with CH,Cl, (50 mL) then poured onto ice and then extracted three times with a
saturated NaHCO; (30 mL) solution, and once with NaCl (30 mL). The organic layer was dried over NaSO4
and the crude product was purified by column using CH>Cl,/ EtOAc 99:1 to 65:35. 56.2% (83.6 mg, 0.169

mmol) of pure product were obtained.

1H NMR (500 MHz, CDCls) § 7.64 (dd, J = 6.9, 2.2 Hz, 1H, ArH), 7.37 (ddd, J = 8.6, 4.5, 2.3 Hz, 1H, ArH),
7.08 (t, ] = 8.7 Hz, 1H, ArH), 5.40 (dd, J = 3.3, 1.1 Hz, 1H, H-4), 5.14 (t, ] = 9.9 Hz, 1H, H-2), 5.03 (dd, J =
10.0, 3.3 Hz, 1H, H-2), 4.63 (d, J = 9.8 Hz, 1H, H-1), 4.17 (dd, J = 11.4, 7.1 Hz, 1H, H-6a), 4.14 — 4.05 (m,
1H, H-6b), 3.93 (ddd, J = 7.0, 5.8, 1.1 Hz, 1H, H-5), 2.09 (d, J = 7.8 Hz, 6H, CH3), 2.05 (s, 3H, CH3), 1.95
(s, 3H, CH3). *C NMR (126 MHz, CDCL) & 170.50 (C=0), 170.18 (C=0), 170.08 (C=0), 169.42 (C=0),
159.45 (ArC), 157.45 (ArC), 135.45 (ArC), 133.59 (ArC), 128.22 (ArC), 121.44 (ArC), 116.98 (ArC), 86.00
(C-1), 74.71 (C-3), 71.96 (C-4), 67.28 (C-2), 67.01 (C-5), 61.86 (C-6), 20.91 (CHz), 20.80 (CH3), 20.69 (CHs),
20.66(CHs3). HRMS: (C20H2.CIFO0S+Na)* calc. 515.05 found. 515.03

The acetylated sugar (83 mg, 0.256 mmol, 1 eq) was dissolved in MeOH (3 mL, dry). NaOMe (96 uL, 26
umol, 0.1 eq) and stirred o/n at r.t. and afterwards neutralized using pre-washed Amberlite H+. The solvent
was removed in vacuo and the crude product was purified by flash chromatography with CH»Cl, to MeOH
99:1 to 90:10 to yield 22.9 % (19 mg, 0.06 mmol) of pure product.

'"H NMR (500 MHz, MeOD-d4) § 7.74 - 7.68 (m, 1H, ArH), 7.51 (ddd, J = 8.6, 4.5, 2.3 Hz, 1H, ArH), 7.20 -
7.11 (m, 1H, ArH), 4.50 (d, J = 9.6 Hz, 1H, H-1), 3.86 (dd, ] = 3.3, 1.1 Hz, 1H, H-4), 3.80 - 3.65 (m, 2H, H-
6), 3.59 - 3.52 (m, 2H, H-2 & H-5), 3.47 (dd, J = 9.2, 3.3 Hz, 1H, H-3) 3C NMR (126 MHz, MeOD-d4) &
159.8 (ArC), 157.9 (ArC), 134.9 (ArC), 133.5 (ArC), 132.4 (ArC), 122.0 (ArC), 117.9 (ArC), 111.4 (ArC),
90.0 (C-1), 80.7 (C-5), 76.3 (C-3), 70.8 (C-2), 70.4 (C-4), 62.7 (C-6)
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