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SUMMARY

Summary

The carbohydrate-binding proteins (lectins) emerged as viable targets to combat viral
as well as bacterial pathogens. Therefore, drugs targeting lectins are desired; however
their identification and development is challenging and is currently primarily focused on
carbohydrate—-based inhibitors. Therefore, new strategies and sensitive methods are
required. Fragment-based drug design (FBDD) has proven to be a promising strategy
for approaching difficult targets such as lectins. To address the current limitations in
design of drug-like inhibitors for lectins, non- and metal-dependent bacterial or
mammalian lectins are used. First, bacterial lectins from the opportunistic human
pathogens Pseudomonas aeruginosa (LecA (PA-IL) and LecB (PA-IIL)) and
Burkholderia ambifaria (BambL) were employed as models to establish ligand- (F-
glycan) and protein-observed 'F NMR (PrOF) methods for drug discovery. To
demonstrate the utility of these methods for fragment-based drug discovery (FBDD), a
druggable pocket in BambL was uncovered as a potential target site for allosteric
inhibitors. Finally, these methods were employed as well as other biophysical (X-ray,
SPR), computational and biochemical techniques to discover a novel class of drug-like
molecules for targeting the carbohydrate-binding site of metal-dependent bacterial and
mammalian lectins. Together, the '°F NMR-based methods and discovery of metal-
binding pharmacophores (MBPs) as novel chemotypes will support the development of
small molecule inhibitors for metal-dependent lectins and bacterial lectins as new

therapeutic approaches against antibiotic-resistant pathogens.

Xl



ZUSAMMENFASSUNG

Zusammenfassung

Die kohlenhydratbindenden Proteine (Lektine) haben sich als Zielproteine zur
Bekampfung von viralen und bakteriellen Pathogenen herausgestellt. Daher sind die
Medikamente, die auf die Lektine abzielen, erwunscht. lhre Identifizierung und
Entwicklung ist jedoch eine Herausforderung und ist basiert derzeit hauptsachlich auf
kohlenhydrathaltige Inhibitoren. Daher werden neue Strategien und sensitive
Methoden bendtigt. Die fragmentbasierte Wirkstoffentwicklung (FBDD) hat sich als
eine vielversprechende Strategie fir die schwierige Zielproteine wie Lektine erwiesen.
Zunachst wurden bakterielle Lektine aus den opportunistischen Humanpathogenen
Pseudomonas aeruginosa (LecA (PA-IL) und LecB (PA-IIL)) und Burkholderia
ambifaria (BambL) als Modellproteine untersucht, um Liganden- (F-Glykan) und
proteinbasierte '°’F NMR (PrOF) Methoden fiir die Entwicklung von wirkstoffahnlichen
Liganden zu etablieren. Die Nutzlichkeit dieser Methoden fir die fragmentbasierte
Wirkstoffsuche (FBDD) wurde demonstriert, indem eine Wirkstofftasche in BambL als
potentielle Zielstelle fir allosterische Inhibitoren aufgedeckt wurde. SchlielRlich wurden
diese und andere biophysikalische Methoden (Rdntgenkristallographie und SPR)
eingesetzt, um eine neue Klasse von wirkstoffahnlichen Molekiilen fiir die Ca*-
bindende bakteriellen und Saugetier-Lektinen zu entdecken. Im Zusammenfassung,
die "F NMR-basierten Methoden wurden zur Entdeckung von metallbindenden
Pharmakophoren (MBPs) als neuartige Klasse der wirkstoffahnlichen Liganden fir
metallbindende Lektine etabliert, die neue therapeutische Ansatze gegen

antibiotikaresistente Krankheitserreger unterstitzen werden.

Xl



1. INTRODUCTION

1. Introduction

1.1. Fragment-based drug design

Discovering new drug candidates is challenging. To obtain hit molecules against a
particular protein target, large libraries of chemical compounds are commonly
screened to identify starting points for further drug development. In the past 20 years,
fragment-based drug design (FBDD) has emerged as an alternative to conventional
drug discovery methods such as high-throughput screening (HTS) and structure-
guided drug discovery, which were fruitful for established classes of targets.’?
However, FBDD is frequently applied to find lead molecules for proteins lacking deep
or well-defined druggable pockets, so-called “undruggable” targets.?® For example,
Vemurafenib was the first inhibitor that originated from an FBDD screen, which was
approved by U.S. Food and Drug Administration (FDA) in 2011.* Many other examples
for the successful use of fragment-based campaigns to discover clinical candidates
followed.”” Finally, fragment-screening approaches are relatively inexpensive, which

facilitates their extensive use in industry as well as academia.®

1.1.1. Theory of fragment-based drug design

Fragment screening has several advantages over conventional HTS. FBDD libraries
are composed of small molecules with a molecular weight (hereafter, MW) less than
300 Da (Figure 1.1-1a), whereas HTS is focused on complex drug-like compounds
with a higher MW above 500 Da. In this respect, the advantage of the fragments is that
small molecules cover the chemical space of the protein targets more adequately.’ In
particular, HTS hits frequently have parts of a molecule not contributing to binding,
whereas fragments are more likely to optimally bind to protein pockets resulting in
more ‘high quality’ interactions (Figure 1.1-1b). Moreover, the structure-activity
relationship (SAR) studies of the fragment hits move forward faster, because
analogues can be synthesized more easily or are commercially available due to their
lower complexity.’ Finally, screening of fragment libraries could be used to reflect the
protein druggability.'"*?

The aim of protein druggability assessment is to evaluate if it is possible to develop a
drug-like molecule to modify the activity of a target protein.®> The drug-like molecules
follow the ‘rule of five’, which evaluates the druglikeness of a chemical compound that
would likely make it orally available: MW < 500 Da, H-bond donors < 5 and acceptors
< 10, the lipophilicity (cLogP) < 5, and the total number of nitrogen and oxygen atoms

< 10."™ Consequently, all compounds of a fragment library used to be examined for



1. INTRODUCTION

these drug-like properties. However, the analysis of hit compounds from early
fragment screens in the mid-2000s led to new principles for the design of a fragment
library, namely to the ‘rule of three’.""” The ‘rule of three’ proposes that molecules are
considered fragments if they have a MW < 300 Da, < 3 hydrogen bond donors and
acceptors, a cLogP < 3 and < 3 rotatable bonds. Even though there are ambiguities in
how donors and acceptors are defined, total MW and number of the atoms except for
hydrogen called heavy atoms (HA) are probably the most important factors in selection
of fragments for FBDD libraries.”® Together, these rules allow assessing which
fragments to obtain for FBDD campaigns.

The main challenge of the FBDD approach is that fragments have a poor affinity for
the target due to the limited number of the interactions they can engage in. However,
they may bind tightly enough relative to their size and number of HAs."® Therefore, the
concept of ligand efficiency (LE) has been introduced in addition to the binding
affinity.?’ LE quantifies the activity of a fragment relative to its HAs. This is usually
derived from the experimental Ky or ICs, values. Moreover, Kq can be used to calculate
the free energy of fragment binding (AGpinging), Which is divided by the number of HAs
in the fragment. This is the most common metric used in FBDD for the evaluation of
the quality of the fragment-protein interactions as opposed to the absolute binding
efficiency. As a rule of thumb, hits with a high LE of ~0.3 kcal mol” HA™ serve as good

starting points for drug development.?'

Hereby, any gains in activity can be normalized
to the increase in molecular weight. If a LE of 0.3 kcal mol” HA™ is kept during the
fragment evolution from its low molecular weight until its drug-like size of around 400
Da, it will result in Ky in the ten-nanomolar range. Thus, hits from fragment screening
likely have improved LE values over HTS hits, because they form ‘higher-quality’
intermolecular interactions with the target proteins at an early stage of the drug
development.??

Altogether, identifying a suitable starting point is generally a bottleneck for drug
discovery, which is even more difficult for challenging target proteins. However,
fragments continue to prove itself as promising molecules in the drug development,®
where most HTS-derived drugs are difficult to optimize.?*** Consequently, FBDD
campaigns are routinely used for challenging proteins in addition to HTS in academia

and industry.?®

1.1.2. Metal-binding pharmacophores in fragment-based drug design
During a fragment screen, small molecules frequently cause false-positive effects.
Such compounds are known in the literature as ‘bad actors’ or pan-assay interference

compounds (PAINS).2%?" PAINS are small, aggregation-prone and insoluble
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molecules, reactive covalent modifiers, redox active species and metal chelators that
can bind proteins nonspecifically. Metal chelators are classified as PAINS based on
empirical experience. For instance, metal chelators are commonly contaminated with
metal ions, which may introduce a transition or heavy metal ions into a biological
assay and thus, should be used carefully at the high concentrations.?®? Cumulatively,
these factors led to the exclusion of metal chelators from FBDD libraries as their
presence can partially or fully compromise the screen.?”*°

Given the presence of various proteins in the genome requiring metal ions for their
activity and stability, it is rather incorrect to exclude all metal coordinating fragments as
PAINS.*' For instance, Fesik et al. reported the use of hydroxamates for
metalloenzyme inhibitor development for the first time in 1997.% Here, the authors
targeted stromelysin-1 (MMP-3), which is a metalloenzyme with a Zn?* ion in the active
site required for catalytic activity. Interestingly, the only hit, acetohydroxamic acid, was
found to inhibit MMP-3 by coordinating Zn?* with the dissociation constant (Ky) of 17
mM. Future structure-activity relationship (SAR) studies improved the scaffold by
introducing a biphenyl group (Kq=20 uM), which resulted in the first MMP-3 inhibitor
with an ICs value of 15 nM, interacting with Zn?* in the active and neighboring sites.*®
Later, Cohen et al. proposed a concept of FBDD libraries using metal-binding
pharmacophores (MBPs, Figure 1.1-1¢),* where fragments were effectively used in
the target-directed FBDD campaigns for metalloenzymes.**>¢ As result, several drugs
have been marketed for metalloproteins.***° However, the concept of a targeted FBDD
library is controversial, as FBDD libraries are designed to be universal to cover a
larger, unbiased chemical space towards the targets.8 Nevertheless, a few reported
studies using target-directed FBDD libraries were more successful than using general
libraries.*"*

Taken together, MBPs are not well suitable fragments for being incorporated into the
general libraries. However, it has proved its utility in target-oriented FBDD campaigns
as it has been shown for metalloenzymes. Interestingly, despite the presence of
various proteins in the genome requiring metal ions for their activity and stability,
MBPs have never been reported for other clinically relevant protein targets, such as

lectins.

1.1.3. Methods for examining fragment-protein interactions

The detection of weak fragment-protein interactions requires highly sensitive methods.
Frequently, various biochemical fluorescence-based assays are widely used in high-
throughput screenings due to their high sensitivity, which is challenging for low-affinity

binders such as fragments.* In contrast, biophysical methods as ligand- and protein-
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observed nuclear magnetic resonance spectroscopy (NMR), X-ray crystallography®,
surface plasmon resonance®® and mass spectrometry (MS)*’ are regularly used to
detect weak interactions and thus, to screen fragment libraries.*® In particular, NMR is
the most suitable fragment screening technique, because it detects fragment binding
in the high yM—-low mM range, which are frequently the only hits found for challenging
targets.***® Moreover, FBDD fragment screenings by NMR do not require prior
knowledge of protein structure, function or natural binding partners, which is frequently
needed in enzymatic assays. Notably, NMR is frequently used to quantify binding
affinities for the identified hits in order to establish an SAR study. Finally, as it directly
observes binding events, NMR does not usually lead to false-positive hits due to the
light scattering artifacts, which can interfere with other fluorescence-based screening

techniques.®’
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Figure 1.1-1 Fragment-based drug design.

a Example structures of drug-like fragments that are used in fragment-based drug design
(FBDD). b Comparison of FBDD vs high-throughput screening (HTS) for discovery of drug-like
molecules targeting challenging proteins such as carbohydrate-binding proteins. Hydroxamic
acid coordinates a metal ion, whereas 2-(4-trifluoromethyl)phenylmorpholine binds the pocket
near the carbohydrate-binding site. Merging both fragments could result in a potent inhibitor
(feft). In contrast, HTS hit gains binding through suboptimal interactions. Therefore, the core
scaffold of the HTS hit requires a lot of modifications to remove nonessential functional groups
(right). ¢ Shown are the examples of metal-binding pharmacophores.
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To characterize fragment-protein interactions by NMR, changes in the spectra of the
fragments or the protein are monitored and are defined as ligand- or protein-observed
NMR, respectively.'® Ligand-observed NMR methods such as 'H saturation transfer
difference (STD)*? and 'F NMR® are well-suited for screening of large fragment
libraries, and consume low amounts of protein and ligand. Complimentary, protein-
observed NMR methods provide structural information on the binding site of fragment
hits similar to X-ray crystallography. The details of both ligand- and protein-observed
NMR methods are discussed in the subchapters 1.1.4. and 1.1.5.

1.1.4. Application of "’F NMR in fragment-based drug design

Incorporating fluorine atoms into a small molecule or the protein target provides a lot of
benefits for studying protein-protein or ligand-protein interactions in NMR. The isotope
'“F has nearly the same sensitivity as 'H (~83%). It has a spin 1/2 nucleus, is stable,
has a natural abundance of 100% and is nearly absent in biological systems, thereby
delivering background-free NMR spectra.** Unlike 'H NMR, "*F NMR has a wide
chemical shift range and is sensitive to changes in local chemical environment.
Altogether, these factors render "F NMR spectra fast and easy for acquisition and
data analysis. Therefore, '°F NMR is frequently applied in medicinal chemistry.

The first report on "F NMR from 1967 studied a small fluorinated molecule interacting
with chymotrypsin.®® In 2020, nearly 25% of FDA-approved drugs contain fluorine.*® In
medicinal chemistry, the "°F atom is frequently present in many drug-like molecules for
several reasons. First, '°F can participate in hydrophobic and dipolar interactions with
carbonyl groups of proteins and improve metabolic features of drugs by tuning acidity
and lipophilicity for a better membrane permeability.”’*® Furthermore, the chemical
shift range and background-free "F NMR spectra enable multiplexed high-throughput
screening of fluorinated fragment libraries with up to 50 compounds in a single
measurement, which is difficult to achieve using '"H NMR based methods due to the
spectral complexity (Figure 1.1-2a). If a fragment binds to the target, the chemical
environment of the fragment changes upon the interaction resulting in a chemical shift
perturbation (CSP) or a line broadening of the '°F signal. In particular, the transverse
relaxation time (T.) of the "°F spin is dominated by chemical shift anisotropy (CSA),
which is sensitive to the rotational correlation time of the '°F spin. Therefore, '°F NMR
provides sharp signals for small molecules such as fragments, whereas the '°F signal
changes for fragments in a protein-bound state. When the ligands have a high affinity,
the fluorine resonance is in a slow exchange on the NMR timescale. Therefore, two
discrete resonances can be resolved in a simple and fast '’F NMR spectrum of the

ligand free vs protein-bound states. In this case, '°F ligand-observed NMR can be
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applied to derive the affinity (Ky) of the protein-ligand interaction. However, fragments
are weak ligands as only a low amount of a fragment can be protein-bound in "°F NMR
screening. Therefore, fragments are frequently found in a fast exchange on NMR time
scale demonstrating a CSP, where a single '°F resonance represents the average of
ligand-free and protein-bound populations. In this case, changes in CSPs of '°F
resonance can be used to derive the Ky value. However, CSPs are observed rather
rarely with fragment and thus, more sensitive methods are needed.*

Most ligand-observed NMR techniques in medicinal chemistry focus on the relaxation
rate effects. In contrast to fragments, proteins have longer rotational correlation times
resulting in shorter transverse relaxation times (T,). Consequently, a '°F resonance of
a fragment in a protein-bound state will show a stronger line broadening compared to
the protein-free state. This effect is utilized in the spin-echo Carr-Purcell-Meiboom-Gill
(CPMG) pulse sequence, which is a valuable method for detection of the weak
fragment-protein interactions.®®®? Briefly, a 90° pulse is applied resulting in a change
of the equilibrium magnetization from z- down to y-axis. The system returns to the
equilibrium, where two relaxation rates are distinguished: spin-lattice (longitudinal, T+)
and spin-spin (transversal, T,). Notably, T, relaxation rate is accelerated if the
rotational diffusion rate decreases and the rotational correlation time of a molecule
increases due to protein-ligand binding.?® The CPMG sequence is applied to isolate T,
from T, relaxation, which results in a decrease of '°F signal of fragments binding to the
protein. The optimal length of the spin-echo filter is around 400 ms, which enhances
the effect allowing the detection of the weak fragment-protein interactions in '°F CPMG
NMR screening.®

Fluorinated ligands having a low affinity for a protein are particularly well suited as
reporter molecules in 'F NMR allowing the detection of fragments binding to the
protein site of interest. C. Dalvit and co-workers referred to this approach as fluorine
chemical shift anisotropy and exchange for screening (FAXS, Figure 1.1-2b).5*% In
this assay, the '°F signal of the reporter molecule undergoes a line broadening as the
reporter is in the protein-bound state. Once a higher affinity ligand is present, it
replaces the reporter molecule from its binding site restoring the line width of the OF
signal. Furthermore, the affinity of the hit compound can be determined if binding
constant of the "°F reporter molecule is known. Cumulatively, the competitive 'F NMR
provides the information on the fragment binding site and its affinity if the '°F reporter
molecule is used. Therefore, the development of new '°F reporter molecules for lectins
is of a great value.®’

Similar to ligands, proteins can be 'F-labeled as well. Protein-labeling for '°F NMR

followed in 1974 by Sykes et al. with the first report of a fluorine-labeled alkaline
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phosphatase.®® In protein-observed 'F (PrOF) NMR the protein side chains are
detected as broad resonances at low yM protein concentrations, where the line
broadening increases in larger proteins (> 86 kDa) due to the chemical shift anisotropy
(CSA) effect on fluorine nuclei.®*”" This method has benefited from the commercial
availability of many fluorinated aromatic amino acids such as 5-fluorotryptophan
(5FW). Moreover, incorporation of fluorinated amino acids does not lead to major
structural and functional perturbations.”®”2 For example, 5FW had only a minor impact

on protein structure and dynamics in bacterial lectin from Ralstonia solanacearum
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Figure 1.1-2 Ligand-observed "°F NMR methods.

a Shown are the schemes for '°F and CPMG NMR screenings of fluorinated fragments (left
top) and pulse sequences (right top). Once a fragment is bound to a protein, a competition with
a higher affinity ligand for the binding site of interest is performed to identify fragments targeting
the site-of-interest (left bottom). Thereby, the OF signal either shows a chemical shift
perturbation or a change in line width, which is competed with the stronger ligand, as shown on
example of ‘in-house’ fluorinated fragment library and LecA using methyl-a-D-galactose
(MeGal) as a competitor (right bottom). b The scheme of a FAXS experiment is shown, where
a weak fluorinated ligand is a reporter in YF NMR for the protein site of interest and is
competed with a stronger ligand.
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lectin (RSL).” However, a high cost is associated with the synthesis of fluorine-labeled
amino acids, whereas its precursors such as 5-fluoroindole (5FI) are cheaper, but
more difficult to incorporate into proteins due to the antimicrobial properties of indole
derivatives.”*"® Despite the early reports on PrOF NMR, the protein labeling strategy
has only recently been improved and applied to screen small drug-like
molecules.”"""® This method is not only suitable for screening, but also provides
information on the fragment binding site and affinites. Compared to 'H-"°N
HSQC/TROSY NMR (see subchapter 1.1.5), PrOF NMR generates simpler spectra
that can be quickly recorded and analyzed. Usually, hits identified in PrOF NMR
screening are validated in orthogonal biophysical or biochemical methods.”’

Taken together, both ligand- and protein-observed '*F NMR are highly complimentary
methods that provide structural information and binding affinities of ligands, protein-
conformational effects, and affinities. Due to its high sensitivity, °F NMR is unique

method in the fields of medicinal chemistry and chemical biology.

1.1.5. "H-">’N HSQC/TROSY NMR in fragment-based drug design

The 'H-"N heteronuclear single quantum coherence (HSQC)”” or transverse-
relaxation optimized (TROSY)’® NMR experiments are frequently applied to gain the
information on the protein structure and the fragment binding sites."® Briefly, the "H-"°N
HSQC NMR experiment is based on the magnetization transfer from proton ('H) to
nitrogen ("°N) using the INEPT (Insensitive Nuclei Enhanced by Polarization Transfer)
method. In the conventional HSQC pulse sequence (Figure 1.1-3a), the 'H spin is
excited and the first INEPT coherence transfer forwards the magnetization to "°N.
Next, the magnetization progresses on "°N during the evolution time t;, and refocuses
back on 'H by applying the second INEPT transfer. Finally, the FID is recorded on 'H
while N is decoupled during the evolution time f,. However, the application of this
pulse sequence is limited to the molecular weight of proteins as larger molecules have
longer rotational correlation times. This results in shorter T, and thus, leads to a line
broadening of peaks in HSQC NMR spectrum. This is owned the fact that the T,
relaxation time of large proteins is dominated by two effects decreasing the signal-to-
noise ratio at a high magnetic field: the dipole-dipole (DD) coupling and CSA.
Consequently, TROSY pulse sequence was designed to circumvent these effects
through the constructive canceling of transverse relaxation caused by CSA and DD
mechanisms at the high magnetic fields starting from 700 MHz (Figure 1.1-3a).

The main difference between TROSY and conventional HSQC pulse sequences is that
the proton is not decoupled during the N evolution and "N is not decoupled during

'H acquisition in TROSY NMR. As result of 'H non-decoupling, one peak appears as
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multiples with different widths and TROSY sequence selects for a component with the
narrowest line width leading to an enhanced resolution and sensitivity (Figure 1.1-3b).
Therefore, the implication of TROSY NMR revolutionized the NMR field in 1997. As
the magnetic field strength of NMR spectrometers increases, larger proteins and
protein complexes (>100 kDa) can be recorded in TROSY-based 2D NMR.

Finally, HSQC and TROSY NMR are suitable for the detection of fragment binding. If a
fragment binds to a protein, the chemical environment of the proton and nitrogen
changes promoting a change in a chemical shift or line width of the resonance in the
HSQC/TROSY NMR spectrum (Figure 1.1-3c). Hereby, high affinity ligands promote a
slow-intermediate exchange on the NMR time scale, whereas weak ligands such as
fragments result in the fast exchange. Owing this, 'H-"°N HSQC/TROSY NMR allows
the determination of the fragment affinity and even provides the structural information
for the binding site of a ligand.”*® However, '°N-isotope labeling of proteins,
requirement of high field NMR spectrometers and sample preparation make 2D NMR

experiments less throughput and thus, can be applied mostly for validation of fragment

binding.
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Figure 1.1-3 Protein-observed 2D NMR methods.

a Shown are schematic representations of a conventional 'H-">N HSQC and HSQC-TROSY
pulse sequences (modified and adopted from ’®). PFG is a pulsed field gradient. b Shown are
different relaxation rates (line widths) for each of four components as result of 'H-"N
correlation in a none-decoupled HSQC, whereas a decoupled HSQC results in a single
component for small molecules. At high magnetic field, the narrowest peak can be observed in
TROSY NMR due to cancelling the transverse relaxation caused by CSA and DD. Therefore,
TROSY NMR can be used to extend the limits of protein-observed NMR methods. ¢ Shown are
three binding modes of ligands in HSQC or TROSY NMR (blue: free state, orange: bound
state).
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1.2. Carbohydrate-binding proteins as promising drug targets

The surface of mammalian cells is decorated with a complex matrix of glycosylated
proteins and lipids that are divergent from those present on pathogens. Notably, a
particular glycosylation pattern can be recognized through carbohydrate-binding
proteins called lectins. Innate and adaptive immune systems employ lectins in many
aspects such as ‘self-‘non-self differentiation (e.g. pathogens or cancer cells) and
cell-cell communication.?™® Interestingly, many pathogens developed strategies to
exploit these mechanisms for host invasion or to modulate immune cell responses.®

Therapeutics interfering with such interactions have a big potential as interventions

|84 |85

against bacterial®* and viral®® infections, as well as cancer® and autoimmune
diseases.?” In an attempt to understand the nature of the pathogenesis and to develop
new therapeutics, it is of a great importance to develop novel methods for the
characterization of the molecular and biological mechanisms of the carbohydrate-lectin

interactions.

1.2.1. Strategies for targeting lectins

Targeting lectins is a promising strategy to treat bacterial and fungal infections.
However, discovering a suitable starting point for the inhibitor development has been a
bottleneck for drug discovery due to the low druggability index of lectins compared to
many other protein targets.®> This is majorly due to the intrinsic properties of the
carbohydrate-lectin interactions. The carbohydrate-binding sites are shallow,
hydrophilic, and the specificity and the affinity are achieved through H-bonds, van-der-
Waals contacts and hydrophobic binding of aromatic acid residues.®®% Together, it
makes it difficult to approach lectins with small drug-like molecules, which lead to the

vast underrepresentation of inhibitors for lectins in the drug space.®

1.2.2. Glycomimetics for targeting the carbohydrate-binding site

Monovalent carbohydrates often show a low affinity towards lectins. However, to reach
higher avidities a multivalent display of the carbohydrates, lectins or both is utilized.®’
The vast majority of lectin inhibitors use carbohydrates as starting points for inhibitor
development. For this, two main directions have been explored: 1) design of
monovalent molecules to mimic the carbohydrates (glycomimetics)® and 2) multivalent
presentation of carbohydrate epitopes (glycodendrimers,® glycopeptides94 and
glycoclusters®). For instance, high affinity glycomimetic inhibitors have been reported
for multiple bacterial (LecA®™%, LecB* and BambL'®) and mammalian lectins
(Langerin™', DC-SIGN'®). Notably, this approach was applied successfully in drugs

like Tamiflu® and Relenza® as influenza therapeutics. However, it requires a lot of
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knowledge of the protein structure and thus, glycomimetic design is not ftrivial.
Moreover, the carbohydrate-based glycomimetics have several disadvantages over
the drug-like pharmacophores. First, a large-scale synthesis of these antagonists is
still challenging. Secondly, monovalent carbohydrates usually show fast off-rates as
the carbohydrate-protein interactions show low affinities. Using multivalent
carbohydrate-based antagonists can improve the binding, but at the cost of lowering
pharmacokinetic properties. Consequently, such large hydrophilic molecules show low
tissue permeability, which impedes their oral bioavailability and thus, complicates the
clinical development.®® Taken together, the recent progress in lectin inhibitors has
been focused either on the improvement of the carbohydrate-based mimetics or the

discovery of drug-like pharmacophores.

1.2.3. Secondary sites for design of lectin inhibitors

As an alternative to the conventional drug design aiming to target the orthosteric site of
proteins, targeting distant druggable secondary (allosteric) sites has gained a lot of
attention in the past years. In 1965, Changeux introduced the concept of allostery in
proteins, which states that ligands binding to the sites located away from the
orthosteric site can modulate the protein activity.'® Therefore, binding of a drug to an
allosteric site can influence the protein conformation, which either enhances (positive
modulation) or slows (negative modulation) the reaction at the orthosteric site.'
Therefore, this concept might overcome the challenges of the drug selectivity and
protein druggability in drug design. In particular, the allosteric modulators offer a way
to overcome the limitations associated with targeting the carbohydrate-binding site of
lectins. Recently, this approach has been explored for mammalian lectins.'%>'%
Several druggable, allosteric pockets have been discovered for the mammalian C-type
lectin receptor, DC-SIGN (CD209)."®” Moreover, an intra-domain allosteric network
that modulates Ca®" affinity of Langerin (CD207) has been described. This followed by
the discovery of drug-like allosteric inhibitors for Langerin supporting the allosteric
communication in mammalian lectins.'®'%'% Cumulatively, these discoveries paved

the way for further search of potential allosteric pockets in lectins.

1.2.4. Role of lectins in microbial pathogenicity

Lectins are found in many microorganisms such as bacteria, viruses, fungi and
protozoa.''®""" Moreover, these lectins often display a high affinity for mammalian
carbohydrates compared to their mammalian counterparts, likely deriving from co-
evolution.?’ Thus, pathogens take advantage of these interactions to adhere and to

infect the host. Viruses use lectins for the same purpose. For instance, influenza virus

11



1. INTRODUCTION

expresses hemagglutinin for binding to the sialic acid on the host cells, which results in
the endosomal uptake of the virus into the cell and thus, the pH-dependent release of
the viral RNA into the cytosol for viral replication. Interestingly, parasites use similar
pathways for the host invasion, e.g. Plasmodium falciparum (malaria) uses EBA-175-
glycan for entry into the red blood cells.""?

Nathan Sharon and coworkers described for the first time in the 1970’s how bacteria
use lectins for cell adhesion and recognition to initiate bacterial infections.”*® Similar to
viruses and parasites, bacterial lectins are involved in cell adhesion followed by
invasion of the host. Moreover, bacterial lectins contribute to bacterial pathogenicity
through biofilm formation. For instance, LecA (PA-IL) and LecB (PA-IIL) from Gram-
negative Pseudomonas aeruginosa (P. aeruginosa) and the B-propeller lectin BambL
from Burkholderia ambifaria are well-known examples of lectins from the pathogenic
bacteria."'*'"® These bacteria can cause chronic infections and exhibit multidrug
antibiotic resistance worldwide. They frequently affect immunocompromised patients,
as well as those suffering from cystic fibrosis (CF) and can cause life-threatening
pneumonia, respiratory failure and bacteremia.'"®

Together, microbial infections are increasingly difficult to treat as antibiotic resistance
is rising worldwide. Therefore, identifying novel targets for design of anti-microbials or

anti-adhesives became a promising approach for their treatment.""’"'"®

1.2.5. LecA and LecB from Pseudomonas aeruginosa

The Gram-negative bacterium P. aeruginosa belongs to the group of ESKAPE
pathogens, causes chronic infections and establishes a protective antibiotic-resistant
biofilm environment in the lungs of immunocompromised patients.""® This pathogen
uses two carbohydrat-binding proteins LecA (PA-IL, Figure 1.2-4a) and LecB (PA-IIL,
Figure 1.2-4b), which play important roles in establishing antibiotic-resistant biofilm
and chronic infections."™

The crystal structures of LecA and LecB revealed two homotetramers with one and
two calcium () ions (Ca®") in the carbohydrate recognition domain (CRD),
respectively.'?'?' The Ca® ions are essential for the protein stability as well as the
carbohydrate binding. For this, one Ca®" ion in LecA coordinates 3-OH and 4-OH of D-
galactose, whereas two Ca?* ions in LecB allow it to establish interactions with L-
fucose through 2-OH, 3-OH and 4-OH. Binding studies revealed that LecA has a low
micromolar affinity for D-galactose (Ks=88 pM'?), whereas LecB has exceptionally
high affinity for L-fucose (K4=2.9 uM'?*) and a lower affinity for D-mannose (methyl-a-D-
mannoside, Ks=71 pM'?*)."?'?" Given these preferences, LecB was found to interact

with the fucosylated antigens (ABH, Lewis, P and | systems) on human tissues and in
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human milk with the highest affinity for Lewis® epitope (K;=212 nM)."?*'? Moreover,
high fucosylation of epithelial glycoproteins is found in airways of CF patients, which
favors LecB-mediated attachment of P. aeruginosa.'*'*°

Both lectins are located in the cytoplasm of planktonic cells, but can also be found
extracellularly in the biofiim."*' The P. aeruginosa biofilms are composed of a matrix of
extracellular polymers such as exopolysaccharides, extracellular DNA and various
proteins such as LecA and LecB.%®"">"32 The proof of this concept for a critical role of
lectins in biofilm formation was demonstrated in 2005 by showing that a LecB-deficient
P. aeruginosa strain lost its ability to grow a biofilm."* Following a similar observation
has been made with galactosides that have high affinities for LecA, such as IPTG
(isopropyl-B-D-thiogalactoside) and p-nitrophenyl B-D-galactoside (pNPGal), which
resulted in dispersion of mature biofilms."™ Consequently, LecA and LecB have a high
therapeutic interest and thus, a lot of attempts have been undertaken to design
inhibitors for these lectins.

Several low molecular weight inhibitors have been reported for LecA, which are based
on the B-linked galactosides with aromatic aglycon, e.g. pNPGal or GalAG2 with
Ks=14.1 uyM and Ks=0.1 pM, respectively (Figure 1.2-4c).%9"'22"34 This remarkable
improvement in binding affinity was achieved by addition of a CH-1m interaction
between the aromatic ring of the binding ligand and H50 in the protein. Interestingly,
low affinity for monovalent inhibitors is also circumvented by multivalent display of D-
galactose residues that can crosslink the neighboring carbohydrate-binding sites with
Ky values in the nM range, such as GalAxG3 (Ks=2.5 nM).>"*®* Due to a better LE
value, pNPGal (LE=0.31 kcal mol” HA") has an advantage over GalAG2 (LE=0.03
kcal mol™ HA™) and thus, only pNPGal serves as a good starting point for the inhibitor
development. Finally, its poor pharmacokinetic properties are a large drawback for the
clinically approval in future underscoring the importance of drug-like inhibitors.
Compared to LecA, design of monovalent inhibitors for LecB is more difficult due to its
high affinity for fucosylated ligands. Therefore, more improvement has been achieved
only with di- and oligovalent or dendrimer-based inhibitors.”® As such, a tetravalent
glycopeptide (/IC5=140 nM, Figure 1.2-4c) proved to be 10-fold more potent per
fucose residue compared to its monovalent glycopeptide epitope resulting in inhibition
of biofilm formation and its disruption at 50 pM.*® Similar as for multivalent inhibitors of
LecA, LecB inhibitors did not provide favorable pharmacokinetic properties for future

medical applications.
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Figure 1.2-4 Bacterial lectins LecA and LecB from P. Aeruginosa.

a Homotetramer of LecA (left panel, PDB: 10KO, ligand not shown) and its monomer bound to
D-galactose (right panel, orange) with two ca” ions (green spheres) in the carbohydrate-
binding site. b Homotetramer of LecB (PDB: 10XC, ligand not shown). The monomer contains
two Ca** ions (green spheres) in the carbohydrate-binding site for binding to L-fucose (orange).
¢ Shown are the structures and binding affinities (K,) of natural ligands of LecA (D-galactose)
and LecB (L-fucose). pNPGal and GalAG2 are mono- and multivalent inhibitors of LecA,
whereas the glycog)egtide is a multivalent inhibitor of LecB. The Ky values and the structures
were taken from 2%,

1.2.6. BambL from Burkholderia ambifaria

This Gram-negative bacterium pathogen B. ambifaria belongs to a group of closely
related bacterial strains, the Burkholderia cepacia complex. These bacterial strains
can cause chronic infections in CF patients as well as sporadic outbreaks, but its
epidemiology remains largely elusive.'""* Interestingly, bacteria are suspected to use
fucose-binding lectins for the adhesion to the lung tissue of CF patients.”*"*° B
ambifaria expresses a B-propeller lectin called BambL (Figure 1.2-5a), which has a
strong affinity for a-L-fucosylated monosaccharides (methyl-a-L-fucopyranoside
(MeFuc), Ks=1 uM) and complex carbohydrates (e.g. H type 2 tetrasaccharide, K4=7.5
UM, Figure 1.2-5b). The crystal structure of BambL showed that the 6-bladed B-
propeller consists of two similar domains and trimerizes forming a donut shape with six
fucose-binding sites on one face of the protein.""*? Interestingly, several studies
point to an underestimated role of BambL in affecting host cellular processes, which
go beyond an adhesion to the human lung epithelium."3'%®

Compounds able to inhibit the BambL-carbohydrate interaction may have therapeutic
potential as antiadhesives. Similar to LecA, the design of inhibitors has been focused

on using carbohydrates as a starting point."*" Indeed, this approach has yielded potent
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BambL inhibitors with 4 to 6 fucose or monovalent aryl-a-O-fucoside analogues that
improved the selectivity and the affinity towards BambL with Ky ranging between 10 to
80 nM (Figure 1.2-5b)."*'" However, the molecular size of such complex
carbohydrate-based inhibitors remained being a limitation for BambL inhibitors as well.
Consequently, discovering small, orally bioavailable drug-like molecules targeting

BambL is still an unexplored research area.
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Figure 1.2-5 Bacterial lectin BambL from B. ambifaria.

a Homohexamer structure of BambL (PDB: 3ZZV) with six carbohydrate-binding sites for
binding to a-L-fucopyranosides (orange), whereas one carbohydrate-binding site is within the
monomer and the second one is between two monomers. b Structures and binding affinities of
mono- and multivalent ligands of BambL. The structure of the hexavalent cyclopeptide was
adopted from " and modified.

1.2.7. Mammalian C-type lectins

Our innate immune system has evolved to identify pathogens using pattern recognition
receptors (PRRs) such as toll-like receptors (TLRs), sialic acid-binding
immunoglobulin-like lectins (Siglecs) and C-type lectins (CLRs). CLRs are members of
the largest mammalian lectin family and many are expressed on the surface of
antigen-presenting cells (APCs), where they help APCs to recognize and endocytose
the pathogens for processing and later presentation to the immune system. CLRs
recognize the carbohydrates on the pathogens in a Ca®’-dependent manner.'®
Interestingly, some pathogens learned to escape the endocytic pathway and thus,
exploit CLRs to invade the host. Therefore, targeting CLR-carbohydrate interactions is
a promising approach for antiviral therapy'*® or vaccine delivery.

Langerin (CD207) and the dendritic cell specific ICAM-3 grabbing non-integrin (DC-
SIGN, CD209) are well-known examples of CLRs, which are expressed on
Langerhans cells and immature dendritic cells (iDCs)/macrophages, respectively.'®''%
Originally, DC-SIGN was identified as a receptor mediating T cell clustering in DC-
154-155

dependent manner through binding to ICAM-3 that initiates contact with APCs.

Later reports demonstrated the role of Langerin and DC-SIGN in the recognition and
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uptake of bacteria (Mycobacterium tuberculosis'®)

15", Ebola™®, SARS-CoV'® and SARS-CoV-2'°'®") which may use CLRs for the

immune escape.

and various viruses (e.g. HIV type-

Reports of the crystal structures of Langerin and DC-SIGN in combination with binding
studies suggest that both CLRs recognize high-mannose oligosaccharides on the
pathogens (Figures 1.2-6a-c)."®"®® In particular, CLRs consist of four structural
subunits: 1) an intracellular signaling domain, 2) a transmembrane domain, 3) a neck
domain and 4) the carbohydrate-recognition domain (CRD). Central to its function, the
carbohydrate-CLR interactions require a Ca*-cofactor, e.g. Langerin shows a high
affinity for Ca®* (Ks=130 puM'®). However, the CRD mediates the carbohydrate
specificity by binding to the 3- and 4-OH groups of D-mannose with a low affinity (DC-
SIGN: K3=3.5 mM, Langerin Ks=6.1 mM,'® Figure 1.2-6d)."° However, the multivalent
presentation of D-mannose in high-mannose structures improves the avidity of DC-
SIGN to the carbohydrates, e.g. HIV gp120 (Ks=1 nM)."®® Additionally, DC-SIGN binds
to the fucosylated oligosaccharides as parts of the Lewis-type epitopes, e.g, Lewis*
(LeX)."® Later reports implied that DC-SIGN could recognize pathogens by interaction
with the carbohydrate antigen Le*, which are found on the human pathogens, such as
Helicobacter pylori, Leishmania mexicana, and Schistosoma.'®”'®® Notably, several
carbohydrate-based inhibitors (glycomimetics) against Langerin'®' and DC-SIGN'%%"7°
are available (Figure 1.2-6d), but only a few drug-like inhibitors have been discovered
(Figure 1.2-6e)."""'” Finally, drug-like inhibitors targeting the carbohydrate-binding
site by coordinating the Ca?" ion are highly desired, but have not been reported.
Cumulatively, DC-SIGN and Langerin are uptake receptors for viral and bacterial
pathogens. Consequently, both CLRs are promising targets for the development of

‘entry’ inhibitors against viral and bacterial pathogens.
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Figure 1.2-6 C-type lectin receptors Langerin and DC-SIGN.

a Schematic representation of domains in CLRs. b Shown is a homotrimer of Langerin (PDB:
3KQG) with one Ca” ion (green sphere) and D-mannose (orange) in the carbohydrate-binding
domain (CRD, PDB: 3P5D). ¢ Carbohydrate-binding domain of DC-SIGN with three Ca*" ions
(PDB: 1SL4). d Shown are the structures of D-mannose and carbohydrate-based monovalent
glycomimetics of DC-SIGN and Langerin. e Shown are the structures a non-natural antagonist
and a noncarbohydrate-based glycomimetic of DC-SIGN.
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3. Aim of the thesis

Drug-like inhibitors for lectins are desired in academia as tools to learn more about the
carbohydrate-protein interactions, as well as in healthcare industry for antibacterial
therapy and vaccines. However, its design has been challenging and is currently
limited to the carbohydrate-based inhibitors. Employing FBDD for targeting orthosteric
and allosteric pockets has proven promising for approaching the difficult targets such
as lectins. However, the shallow binding sites and weak affinities of fragment-lectin
interactions complicate the inhibitor design. Cumulatively, discovery of new
chemotypes and establishing sensitive methods are important for development of
drug-like lectin inhibitors.

In this work, the aim was to establish broadly applicable protein- and ligand-observed
F NMR methods, which can improve our understanding of the carbohydrate-lectin
interactions and accelerate the discovery of new drug-like molecules for lectins. First,
protein-observed '°F (PrOF) NMR was established and investigated for discovery of
the drug-like molecules targeting the carbohydrate-binding site of LecA from P.
aeruginosa (Chapter 1). Next, the goal was to expand the set of ligand-observed '°F
NMR methods for lectins. For this, complex fluorinated carbohydrates (hereafter, F-
glycans) were shown as highly valuable reporter molecules, which became more
affordable owing to advances in automated glycan-assembly (AGA). In this study, five
lectins were employed to demonstrate that the carbohydrate-lectin interactions could
be screened in a high-throughput manner, used to derive binding affinities and to
characterize enzymatic reactions by '’F NMR (Chapter 2). Finally, both methods as
well as other computational, biophysical (X-ray, SPR) and biochemical techniques
were employed to discover drug-like molecules for targeting the carbohydrate-binding
and allosteric sites of lectins. In particular, a bacterial B-propeller lectin BambL from
the pathogen Burkholderia ambifaria was investigated in fragment screening for the
druggable secondary sites and the allostery, which will support the future work aiming
to design drug-like allosteric inhibitors for bacterial and fungal lectins (Chapter 3).
Moreover, the discovery of metal binding pharmacophores (MBPs) interacting with the
carbohydrate-binding site provides a good starting point for the development of the
drug-like inhibitors for mammalian and bacterial metal (Ca®*)-dependent lectins
(Chapter 4).
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Abstract

The carbohydrate-binding protein LecA (PA-IL) from Pseudomonas aeruginosa plays an important
role in the formation of biofilms in chronic infections. Development of inhibitors to disrupt LecA-
mediated biofilms is desired but it is limited to carbohydrate-based ligands. Moreover, discovery
of drug-like ligands for LecA is challenging because of its weak affinities. Therefore, we established
a protein-observed 19F (PrOF) nuclear magnetic resonance (NMR) to probe ligand binding to LecA.
LecA was labeled with 5-fluoroindole to incorporate 5-fluorotryptophanes and the resonances were
assigned by site-directed mutagenesis. This incorporation did not disrupt LecA preference for
natural ligands, Ca2* and p-galactose (D-Gal). Following NMR perturbation of W42, which is located
in the carbohydrate-binding region of LecA, allowed to monitor binding of low-affinity ligands such
as N-acetyl D-galactosamine (D-GalNAc, Ky = 780 + 97 uM). Moreover, PrOF NMR titration with
glycomimetic of LecA p-nitrophenyl g-bp-galactoside (pNPGal, Ky = 54 & 6 yM) demonstrated a
6-fold improved binding of b-Gal proving this approach to be valuable for ligand design in future
drug discovery campaigns that aim to generate inhibitors of LecA.

Key words: drug discovery, LecA, lectin, NMR
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Introduction monosaccharide ligand, p-galactose (D-Gal) (Cioci et al. 2003).

Many opportunistic pathogens, such as the Gram-negative bacterium
Pseudomonas aeruginosa, use glycan-binding proteins (lectins) to
infect the host and to establish a protective antibiotic-resistant
biofilm environment in the lungs of immunocompromised patients
(Singh et al. 2000). LecA plays a key role in this process and has
become a promising target to prevent biofilm formation and conse-
quently disease progression (Diggle et al. 2006; Wagner et al. 2016).

LecA forms a protein homotetramer (Fig. 1A) and requires
a calcium (II) ion (Ca’*) to coordinate binding to its natural

© The Author(s) 2020. Published by Oxford University Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http:/creativecommons.org/licenses/by/4.0/),

Notably, each monomer has four tryptophan residues (Fig. 1B),
where W42 and W33 reside in close proximity to the b-Gal-
binding region and near the hinge connecting the two domains,
respectively (Fig. 1C). In the physiological context of a biofilm,
the low micromolar affinity of LecA for p-Gal (Kq = 88 pM,
(Kadam et al. 2011)) is compensated with high avidity of ligands
that can crosslink the neighboring carbohydrate-binding sites, such
as GalAxG3 (Kg = 2.5 nM, (Bergmann et al. 2016; Cecioni et al.
2015)); however, drug-like molecules do not benefit from such
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Fig. 1. Structure of LecA. Cartoon representation of tetramer LecA (PDB: 4CP9). Shown is an expansion of a LecA monomer with D-Gal (shown as sticks), Ca?*
ion (shown as sphere) and positions of four tryptophanes (W2, W33, W42, W84). W2 and W84 are in the protein core. Top view shows W42 and W33 being

located near the carbohydrate-binding site of LecA.

multivalency. Successful approaches to find low-molecular-weight
inhibitors have capitalized on the B-linked galactosides with aromatic
aglycon (Garber et al. 1992), such as p-nitrophenyl B-p-galactoside
(pPNPGal) or GalAGO with K; = 14.1 pM and K; = 4.2 pM,
respectively (Kadam et al. 2011; Kadam et al. 2013; Rodrigue et al.
2013). This improvement in binding affinity is due to the additional
CH-7 interaction between the aromatic ring of the binding ligand
and HS0 at the binding pocket. Cumulatively, development of
inhibitors for LecA consists of B-linked carbohydrate-based ligands
(glycomimetics, (Wagner et al. 2017)) and, therefore, having drug-
like ligands for LecA is crucial in future research, but discovery of
such weak binders is challenging. Therefore, new methods to detect
binding of weak ligands to LecA are required.

Biophysical methods are suitable to identify low-molecular-
weight and low-affinity ligands (Renaud et al. 2016). 19F nuclear
magnetic resonance (NMR) has proven to be valuable in the study
of protein-ligand interactions for several reasons. The isotope 19F
1) has the spin 1/2 nucleus and a natural abundance of 100%, 2)
is very stable and 3) nearly absent in biological systems delivering
a background-free NMR spectrum (Luck and Falke 1991). In the
case of 19F-labeled proteins used in protein-observed 19F (PrOF)
NMR, the size of protein is not a limitation and the protein side
chains are detected as broad resonances at low (25 pM) to mid-
micromolar (200 pM) protein concentrations (Kitevski-LeBlanc and
Prosser 20125 Liu et al. 2012). This method has benefited from
the commercial availability of many fluorinated aromatic amino
acids, such as S-fluorotryptophan (SFW), 3-fluorotyrosine and 4-
fluorophenylalanine. Unfortunately, these fluorine-labeled amino
acids are expensive. In contrast, fluorine-labeled precursors of amino
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acids, such as S-fluoroindole (SFI), can be employed to incorporate
fluorine-labeled amino acids in proteins, resulting in reduced costs
(Gee et al. 2016). Moreover, incorporation of fluorinated amino
acids does not lead to major structural and functional perturbations
(Arntson and Pomerantz 2016; Kitevski-LeBlanc and Prosser 2012;
Sharaf and Gronenborn 2015). In this context, SFW has been shown
to have only a minor impact on protein structure and dynamics in
bacterial lectin from Ralstonia solanacearum lectin (RSL) (Tobola
etal. 2018).

Here, we explored PrOF NMR using LecA labeled with SFW
(SFW LecA) to detect binding of ligands with moderate as well as
low affinities. To assign SFW resonances, we produced its wild-
type (WT) and four tryptophan-to-phenylalanine mutants (W2F,
‘W33F, W42F and W84F). In the binding studies, we determined the
dissociation constants of SFW LecA with its natural ligands Ca®*, -
Gal and p-GalNAc. We compared the affinity data of LecA and SFW
LecA with other orthogonal biophysical methods, such as isothermal
titration calorimetry (ITC) or competitive binding by fluorescence-
polarization (FP) detection. Finally, we verified the suitability of
SFW LecA PrOF NMR for a ligand design using glycomimetics
pNPGal and phenyl-g-p-galactopyranoside (Ph-g-p-Gal, (Imberty
et al. 2004)).

Results and discussion

Protein expression and characterization

For the stable incorporation of SFW in LecA we followed the
workflow shown in Fig. 2A. Escherichia coli BL21 (DE3) cells were
grown in presence of SFI and the protein was characterized for
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Fig. 2. PrOF NMR of 5FW LecA. (A) General workflow for PrOF NMR with 5SFW LecA. (B) Chromatogram of the LC-ESI-MS analysis of 5FW LecA. (C) ESI-MS*
spectrum of the main peak at 7.3 min [M + H]* Ca = 12826.23 Da [M + H]* found = 12831.34 Da corresponds to 5FW LecA. (D) PrOF NMR assignment of 5FW
LecA WT and the mutants W84F, W42F, W33F and W2F. The tryptophanes being mutated are indicated with asterisk. All spectra were normalized and referenced
to TFA. (E) PrOF NMR of 5FW LecA WT in Ca?*-free (apo, bottom) and -bound (holo, central) forms. The W42 resonance (black arrow) shifted in presence of

Ca?* and 0.5 mM p-Gal binding verifying that protein is active.

fluorine incorporation via mass spectrometry (Fig. 2B and C). In the
mass spectrum SFW LecA had a dominant mass of 12831.34 Da
corresponding to full incorporation of four tryptophan residues being
replaced with SFW. Protein yields as high as 45-50 mg L' using non-
auxotrophic E. coli BL21 (DE3) cells were achieved. This compares
very well to protein expression yields under non-labeling conditions
(30-35mg L71).

Establishing 5FW LecA in PrOF NMR

To optimize PrOF NMR for SFW LecA, we varied temperature
(Supplementary Fig. S1), protein concentration (Supplementary Fig. 52)
and buffer (Supplementary Fig. S3). Fluorine resonances of SFW
LecA resulted in a well-resolved PrOF NMR spectrum using 100-
200 pM SFW LecA at 310 K on a 700 MHz NMR machine equipped
with a cryogenic probe (Supplementary Table SI).
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Next, we assigned the fluorine resonances in PrOF NMR to four
tryptophanes of LecA using site-directed mutagenesis (Fig. 2D). The
disappearance of fluorine resonances in LecA mutants being replaced
with phenylalanine gave indication for the assignment. As result, two
peaks at —120.47 and —123.24 p.p.m. could be reliably identified
as W42 and W84, respectively. Two resonances at —121.43 and
—121.72 p.p.m. overlapped slightly indicating that both reside in a
similar chemical environment in LecA, but could be assigned as W2
and W33, respectively.

Incorporation of 5FW into LecA does not abrogate
protein activity

Because in some cases the affinity of proteins to the carbohydrates
might be changed due to SFW incorporation, as it has been shown
for a stronger affinity of SFW to g-p-Gal (Hudson et al. 2015), we
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compared with the K; obtained from PrOF NMR confirming that p-
GalNAc is much weaker ligand compared with Ca>* or b-Gal. More-
over, our affinity data in the FP assay for ligands, in particular p-Gal,
were in a close range 1230 + 200 pM and 1991 pM for both unla-
beled LecA and SFW LecA, respectively (Supplementary Table SIV).
Cumulatively, this result suggests that the affinities for p-GalNAc
derived from the FP assay for LecA and SFW LecA diverged from
PrOF NMR because of higher sensitivity of 19F NMR to spot weak
binders and thus, thereby shows the advantages of PrOF NMR in
discovery of weak interactions.

5FW LecA PrOF NMR is sensitive to probe
glycomimetics

PrOF NMR with SFW can be useful for discovery and design of
ligands for LecA. For this, we performed PrOF NMR titrations of
two glycomimetics: phenyl-Ph-8-p-Gal (Supplementary Fig S6) and
pNPGal (Fig. 4) to SFW LecA resulting in K of 166 &+ 42 pM and
54 + 6 uM, respectively. Moreover, p-nitrophenyl group improved
binding affinity of p-Gal 6-fold, which is in agreement with previous
reports (Rodrigue et al. 2013). This shows that SFW in LecA can serve
as sensitive probes to follow the affinity gain to design glycomimet-
ics using structure-activity relationship approach (Divakaran et al.
2019).

Conclusions

We have shown that 5-fluoroindole can be used as a precursor of
SFW to label LecA for PrOF NMR studies. In our binding studies
with Ca?*, p-Gal and D-GalNAc, PrOF NMR has proven to detect
and determine the affinity of moderate as well as weak ligands. In
contrast to ligand-observed NMR techniques (e.g. STD NMR; Mayer
and Meyer 2001) providing information on the epitope of ligand
binding, PrOF NMR provides information on the ligand-binding site
in the protein.

Further studies using ITC and FP assays have demonstrated that
SFW LecA preserved its activity and the ligand preference similarly
to LecA. Notably, PrOF NMR has proven more sensitive for iden-
tification of weak ligands like D-GalNAc due to chance to observe
the formation of a protein-ligand complex in NMR at earlier time
point compared with the FP assay. Accordingly, these results represent
the first studies demonstrating the potential of SFW LecA PrOF
NMR to assess binding of weak ligands. As tryptophan is by far the
most frequently found amino acid in carbohydrate binding sites of
various lectins (Taroni et al. 2000), this method could prove to be a
valuable tool to assess binding of fragment- and drug-like molecules
targeting the carbohydrate binding site of various lectins. Together,
this approach will support the future drug-discovery campaigns that
aim to develop drug-like inhibitors for lectins such as LecA.

Materials and methods

Fluorinated protein expression and purification

Recombinant SFW LecA (WT and mutants) was expressed and
purified as follows: E. coli BL21 (DE3) cells were transformed
with pET25pall plasmid and grown in LB medium (100 pg mL~"
ampicillin) at 37°C with agitation (120 rpm) until ODgg reached
0.6. 1 L of culture was harvested by centrifugation at 2500 x g,
10 min and resuspended in modified minimal M9 medium
(Supplementary Table SIIT). It was shaken at 37°C for 60 min as
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a recovery time for bacteria followed by addition of 250 pL of
S-fluoroindole (Santa Cruz, USA; 240 mg/mL in dimethyl sulfoxide
[DMSO]). Protein production was induced with 250 uM IPTG
at 30°C and harvested in 4 h. Cell pellets were resuspended in
buffer A (20 mM Tris-HCI pH 7.4, 137 mM NacCl, 2.6 mM KCl,
25 mM CaCly) supplemented with 1 mM PMSF and DNasel
(Applichem, Darmstadt, Germany). The cells were lysed by cell
disruption (Branson Digital Sonifier) at 50% power 10 s on and
40 s off pulses following removal of cell debris by centrifugation
(10,000 x g, 30 min, 4°C). The supernatant was loaded onto a 2 mL
Pierce™ D-Gal agarose column (Thermo Fisher Scientific) that was
equilibrated with 3-fold column volume of buffer A. Bound LecA
was eluted with buffer B (20 mM Tris-HCI pH 7.4, 137 mM NaCl,
2.6 mM KCl, 25 mM CaCl,, 100 mM D-Gal). Protein was dialyzed
in MilliQ water and TBS buffer (20 mM Tris-HCI pH 7.8, 100 mM
NaCl) or MES buffer (25 mM MES pH 6, 40 mM NaCl) three times
for 4 h and once overnight at 4°C, respectively. The protein solution
was flash frozen and stored at —80°C.

Protein-observed fluorine (PrOF) NMR of 5FW LecA

All experiments were conducted on Bruker Ascend™700 (Avancelll
HD) spectrometer equipped with a 5 mm TCI700 CryoProbe™ in
3 mm tubes (Norell S-3-800-7) with following parameters: time
domain of 1972, relaxation delay 1 s, acquisition time of 0.15 s,
spectral width of 10 p.p.m. and 1024 scans resulting in measurement
time of 20 minutes.

For optimization, PrOF NMR with 50, 100 or 200 pM holo
SFW LecA was recorded in TBS pH 7.8 or MES pH 6 with 10%
D,0, 2 mM CaCl, and 100 pM TFA at 285, 298 or 310 K. We
considered only changes in CSP of peaks being 2-fold greater than
standard deviation of fluorine resonance upon addition of 10 mM
CaCly or 1 mM p-Gal. All data analysis, plotting and curve fitting
were performed with MestReNova 11.0.0 (Mestrelab Research SL,
Santiago de Compostela, Spain). All spectra were referenced and
normalized to trifluoroacetic acid (TFA) as internal reference at
—75.6 p.p.m. after applying the Exponential function (30 Hz) and
baseline correction.

The PrOF NMR titrations of p-Gal, b-GalNAc, Ph—g-p-Gal and
pNPGal were performed with 100 pM SFW LecA in TBS pH 7.8 at
310 K. For Ca?* titration, SFW LecA was dialyzed against Chelex®-
100 in MES pH 6 buffer at 4°C overnight.

The decreasing intensity of the unbound W42 in SFW LecA was
followed to determine K values of ligands. Here, we used these
values to normalize the changes in W42 peak intensities (I, malized)
following the equation (1) resulting in values plotted on Y-axis.

homateg = 2 sl (1
0

where Iy was unbound W42 in the reference spectrum of protein

only, I oacured Was unbound W42 peak of protein with a ligand. The

K values were calculated according to the one-site-binding model

in GraphPad Prism 8 (GraphPad Software Inc., San Diego, CA) from

three independent titrations.

Isothermal titration calorimetry

ITC was performed on a Microcal ITC200 (General Electric) at 25°C.
Calcium ions were removed by extensive dialysis against 1 mM EDTA
pH 7.4 (x4) followed by 150 mM NaCl (x4) and distilled water.
The protein solution was lyophilized and the solid protein stored at
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Fig. 4. PrOF NMR titration of a carbohydrate-based glycomimetic pNPGal to holo 5FW LecA. (A) The structure of pNPGal. (B) The PrOF NMR spectra of holo 5FW
LecA (bottom) and titration of pNPGal (upper). The peak intensity of W42 resonance (arrow) decreased upon pNPGal addition. The change in signal intensity
of free W42 peak can be followed to determine Ky. (C) Binding isotherm for pNPGal generated by plotting the normalized change in peak intensity of 5FW free
W42 resonance as a function of ligand concentration. Data of three independent titrations were fitted to one-site-binding model to obtain K4 of 54 + 6 pM.

—20°C. A solution of calcium chloride in TBS (20 mM Tris, 137 mM
NaCl, 2.6 mM KCl at pH 7.4) was titrated into a calcium-free LecA
solution in the same buffer. The data were analyzed according to the
one-site-binding model using Microcal Origin software. Four inde-
pendent titrations were performed using CaCl, and LecA between 2
and 3 mM and 170 and 200 pM, respectively.

Competitive binding fluorescence polarization assay

The competitive binding assay was performed as reported previously
(Joachim et al. 2016). In total, 10 pL of LecA (40 pM) and meta-
linked fluorescein-conjugate of phenyl-galactopyranoside (20 nM)
in TBS pH 7.4 supplemented with 1 mM CaCl, (TBS/Ca**) and
10 pL of compound-dilution series (8 mM to 62 pM, 8% DMSO)
in TBS/Ca** buffer were mixed in a 384-well plate (Greiner Bio-
One, Germany) in three technical replicates. The sealed plate was
centrifuged at 300 g for 1 min and incubated at room temperature
with shaking. Fluorescence intensity was measured on a PheraStar
FS microplate reader (BMG Labtech GmbH, Germany; ex. 485, em.
535 nm) after 1 and 16 h. Polarization was calculated and the data
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were analyzed according to the four-parameter variable slope model
(MARS Data Analysis Software, BMG Labtech GmbH, Germany),
the top and bottom plateaus were determined from the control Me-
a-D-Gal and data were reanalyzed with these values fixed.

Supplementary data

Supplementary data are available at Glycobiology online.
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Automated Glycan Assembly of “F-labeled Glycan Probes Enables
High-Throughput NMR Studies of Protein—Glycan Interactions

Giulio Fittolani*, Elena Shanina*, Ménica Guberman, Peter H. Seeberger,

Christoph Rademacher,* and Martina Delbianco*

Abstract: Protein-glycan interactions mediate important bio-
logical processes, including pathogen host invasion and
cellular communication. Herein, we showcase an expedite
approach that integrates automated glycan assembly (AGA) of
"F-labeled probes and high-throughput NMR methods, en-
abling the study of protein—glycan interactions. Synthetic Lewis
type 2 antigens were screened against seven glycan binding
proteins (GBPs), including DC-SIGN and BambL, respec-
tively involved in HIV-1 and lung infections in immunocom-
promised patients, confirming the preference for fucosylated
glycans (Le*, Htype?2, Le*). Previously unknown glycan—
lectin weak interactions were detected, and thermodynamic
data were obtained. Enzymatic reactions were monitored in
real-time, delivering kinetic parameters. These results demon-
strate the utility of AGA combined with ""F NMR for the
discovery and characterization of glycan—protein interactions,
opening up new perspectives for "’F-labeled complex glycans.

Introduction

Glycans are a highly diverse class of biomolecules
involved in several processes such as cellular communication
and recognition and play important structural and modula-
tory roles!! Pathogens invade the host by mimicking or
exploiting host glycans present on endothelial cells. This
process is often mediated by lectins, a class of glycan-binding
proteins (GBPs) expressed by both pathogens and hosts.
Typically, mammalian glycans have low affinity for mamma-
lian receptors, while showing higher affinity for bacterial
lectins.””! Profiling glycan—lectin interactions is a crucial step

towards the understanding of the biological functions of
glycans. Still, the extreme complexity and diversity of glycans
pose a severe bottleneck to the characterization of these
generally weak and promiscuous interactions.

Synthetic glycans are valuable probes to dissect glycan—
protein interactions. However, lengthy synthetic protocols
hampered their systematic and widespread use in glycobiol-
ogy. Automated glycan assembly (AGA) enables fast access
to complex and well-defined glycans.** With AGA, glycans
are typically assembled in an overnight run, permitting the
production of broad collections of glycans for systematic
screenings.”!

An additional challenge to the study of glycan—protein
interactions is the need for highly sensitive methods able to
detect the often inherently low affinities. Several analytical
techniques have been developed to quantitatively describe
these interactions at the molecular level and in a high-
throughput manner.*® Most of these strategies rely on
immobilized glycans (e.g. microarray technology)®'” or
require large amounts of samples and analysis time (ITC,"!
SPR," or X-ray crystallography!™®)). In contrast, NMR allows
for the detection of protein—glycan interactions in solution in
a fast and reliable manner, providing information on the
binding mode in a homogeneous assay format in absence of
immobilization protocols.!'*!*]

NMR active labels are commonly introduced to simplify
NMR analysis.">'”" Among all, the '°F nucleus stands out due
to its unique properties such as: i) high sensitivity to local
chemical environment, ii) short acquisition times, iii) simple
spectra, iv) broad chemical shift range, and v) absence in
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biological systems (no background signal)."*!*) Even though
F NMR has enabled the description of peptide (mis)folding,
real-time in vivo events,"*??! protein-ligand interactions, and
high-throughput ligand screening,*?* the use of fluorinated
glycans to investigate protein binding®® and enzymatic
reactions®? is just at the beginning. The labor-intensive
multistep synthesis of “F-labeled glycans represents the main
bottleneck and has limited these studies to small collections of
short and relatively simple glycans.'“*32 Still, ’F-labeled
glycans have the potential to dissect protein-glycan inter-
actions.*

Herein, we present a high-throughput NMR-based ap-
proach for the screening and characterization of protein—
glycan interactions using '’F-labeled glycans. AGA enabled
quick access to a collection of 'F-labeled Lewis type 2
complex glycans. Lewis type 2 antigens are involved in several
physiological and pathological processes, including cancer,
where they act as cell adhesion or recognition mediators.®*!
Subtle differences in the fucosylation pattern strongly impact
their interaction with proteins and ultimately can lead to host
immune system elusion.’”*) The "F-labeled glycan probes
(hereafter F-glycans) were screened against mammalian and
bacterial lectins as well as enzymes. Among mammalian
lectins, we selected Langerin*! and the dendritic cell specific
ICAM-3 grabbing non-integrin (DC-SIGN)“*! both of which
are known to bind high-mannose N-glycans. DC-SIGN also
selectively recognizes specific fucosylated glycans,**! playing
a crucial role in the biology of viral pathogens (e.g. HIV). In
addition, we screened soluble lectins produced by some
opportunistic pathogens responsible for lung infections, such
as Pseudomonas (LecA and LecB)*! and Burkholderia

B0 08BN
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0-P-0Bu
FmocO <98
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(BambL)*! species. Finally, we selected two different sialyl-
transferases and screened their interactions with Lewis
antigens, given the importance and widespread occurrence
of terminal sialylation in Lewis antigens.***”) The labeled
glycan probes in combination with '’F NMR proved to be
valuable for detecting binding events in real-time, identifying
new weak protein—glycan interactions, and determining
affinities (K,) as well as kinetics of enzymatic reactions.

Results and Discussion
Automated Synthesis of F-Glycans

Recently, an elegant procedure to access a collection of
Lewis type 2 antigens by AGA was reported.”*) We envi-
sioned a similar approach to produce a set of “F-labeled
analogs to screen protein binding in a simple '’F NMR assay.
Since the position of the “F reporter is thought to be crucial
to obtain valuable information, F-glycans (F-Lac, F-nLac,, F-
Le*, F-H type2, and F-Le') were designed with the
“Freporter in the lactose inner core subunit (Figure 1A).
This position is distal from the binding site (i.e. non reducing
end) to minimize the effect of the fluorine atom during the
binding event.***) We hypothesize that labeling of the inner
core glucose unit should maintain sensitivity to the binding
event due to overall changes in the correlation time of the
glycan in the bound state, reporting changes in the '’F NMR
signal 2!

1F-labeled analogs of Lewis type 2 antigens were assem-
bled on a solid support (functionalized Merrifield resin, L1)

°F NMR screening

(9} STol B 3
m/'@?fo - ; 2= pbesion “erotein
-LeY i i
i 5 F-Lo F-Lac  Langerin = o e
o s AT LecA Q :
o W o
F ] g LecB 7] :
F-nLac, '4£MR' BambL s
<M m _—proteln
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Q F-H type 2 JOL@E 1 No binding
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Figure 1. Integrated approach for the preparation of °F-labeled Lewis type 2 glycans by AGA and screening against lectins and enzymes. A) BBs
1-5, including BB 1 bearing the '°F reporter, were employed for the AGA of a collection *F-labeled Lewis type 2 antigen analogs represented
following the Symbol Nomenclature For Glycans (SNFG)." B) The F-glycans were screened against proteins, including mammalian and bacterial
lectins, as well as enzymes. The enzymes were screened in the absence of donor (i.e. CMP-Neu5Ac) to probe binding to the substrate. The
binding strength was defined depending on the changes observed in the NMR after addition of the protein (right panel). Strong binding (blue) is
defined as a decrease in peak intensity higher than —25% or a chemical shift perturbation (CSP) bigger than 0.01 ppm in the '°F NMR. Weak/
medium binding (light blue) is defined as a decrease in peak intensity higher than —25% in the CPMG-filtered '°F NMR. No binding (white) is
defined as a decrease in peak intensity lower than —25% in CPMG-filtered '°F NMR.

Angew. Chem. Int. Ed. 2021, 60, 13302-13309  © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH www.angewandte.org

28

An dte
Internati Chemie

13303



4. RESULTS

GDCh
g

13304

using building blocks (BBs) 1-5 (Figure 1 A). The BBs are
equipped with a thioether or a dibutylphosphate reactive
leaving group. Orthogonal cleavage of the 9-fluorenylme-
thoxycarbonyl (Fmoc) and levulinoyl (Lev) temporary pro-
tecting groups permits regioselective chain elongation. Ben-
zyl (Bn), benzoyl (Bz), and N-trichloroacetyl (TCA) groups
protect the remaining functionalities. 3-Stereoselectivity dur-
ing glycosylation with BBs 1-4 is ensured by anchimeric
assistance of the protecting groups at C-2, while a-stereose-
lectivity with BB 5 was verified in previous studies."! BB 1 is
labeled with the “F reporter at the C-3 position.”!! Each
oligosaccharide was assembled in an overnight run following
previously reported conditions for unlabeled analogs (see
SI).l Post-AGA manipulations included solid-phase meth-
anolysis,*"! photocleavage® from the solid support, and
hydrogenolysis (see SI). A single final purification step
afforded the target F-glycans in overall yields of 5% to
16 % over 7 to 15 steps.

F NMR Screening of F-Glycan Library

A Fand CPMG NMR screening was performed to probe
the interactions of five F-glycans (F-Lac, F-n-Lac,, F-Le*, F-H
type 2, and F-Le*) with mammalian (Langerin, DC-SIGN)
and bacterial (LecA, LecB, BambL) lectins and enzymes
(a(2,3)-sialyltransferase ~ from  Pasteurella  multocida
(Pma23ST)P and a(2,6)-sialyltransferase from Photobacte-
rium damsela (Pda26ST)*¥) (Figure 1B). Upon protein
binding, the molecular tumbling rate of the glycan is
drastically affected resulting in a decrease of the °F signal
intensity.”! Monitoring '°F chemical shift perturbation (CSP)
or change in peak intensity upon addition of protein allowed
us to qualitatively evaluate the strength of the interaction. A
decrease in peak intensity or a CSP in "F NMR indicates
strong binding. Application of a CPMG-based spin echo filter
allows us to detect weak binders. As a result, bacterial (LecA,
LecB, and BambL) and mammalian (DC-SIGN ECD) lectins
preferred fucosylated glycans (Figures S2A, S2B, S2C, and
S2E). No binding to F-glycans was observed in presence of
Langerin ECD (Figure S2D), in agreement with previous
reports.”” In contrast, the enzymes showed much weaker
interactions and a slight preference for shorter non-branched
glycans (Figure S3).

Reporter Position on F-Glycans Does Not Affect Binding to
Mammalian and Bacterial Lectins

DC-SIGN recognizes cellular ligands and pathogens that
express Lewis antigens In particular, Le* and Le* present on
Schistosoma mamom °l and Helicobacter pylori* or endo-
thelial cells,®” respectively, are known binding partners for
DC-SIGN.F* The strong preference of DC-SIGN for fucosy-
lated ligands has also been elucidated with the crystal
structure of the carbohydrate-binding site of DC-SIGN
bound to Le*" The qualitative CPMG NMR screening of
mammalian lectins confirmed the interaction of DC-SIGN
with fucosylated glycans F-Le*, F-H type 2, and F-Le* (Fig-
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Figure 2. Mammalian lectin (DC-SIGN) binding to F-glycans and study
on the reporter position. A) CPMG NMR screening of F-glycans alone
(gray) and in presence of DC-SIGN ECD (blue). DC-SIGN ECD binds
to F-Le*, F-H type 2, and F-Le’ as shown by a decrease in peak intensity
in presence of protein (orange lines, left panel). CPMG NMR spectra
of CF;-H type 2 alone (gray) and in presence of DC-SIGN ECD (blue;
right panel). B) Cartoon of assigned domains of DC-SIGN CRD
(unassigned resonances in dashed line) and CSP plot of assigned
resonances in presence of F-Le* and Le* showing that F-Le*-perturbed
resonances similarly to unlabeled Le*.

ure 2 A), as indicated by changes in the NMR peak intensity
of the reporter molecule. This effect is maximized with
a protein-to-ligand ratio of 2:1 (Figure S4A).

First, we explored the role of the "°F reporter in F-glycan
binding to DC-SIGN. We performed protein-observed
"N HSQC NMR and recorded an HSQC NMR spectrum of
DC-SIGN CRD in the presence of F-Le* and Le* Both
ligands promoted similar changes in the backbone of DC-
SIGN CRD (Figure 2B and S4B). Next, we investigated the
effect of the reporter’s position on the ability to reveal
binding events. We conjugated a CF; moiety to the remote
end of the aminopentyl linker on H type 2 (CF;-H type 2), far
from the carbohydrate-binding site, and tested the new ligand
in ”F and CPMG NMR. Remarkably, its binding was
observed with both mammalian (DC-SIGN, Figure 2A) and
bacterial lectins (BambL, Figure S5). These results indicate
that the positioning of the 'F reporter on the Glc unit does
not affect the binding of F-glycans with proteins. Further-
more, the "’F reporter can be remote to the glycan binding site
to avoid any interference with the binding event, while
preserving excellent sensitivity. However, the functionaliza-
tion of the amino linker with a CF; moiety prevents any
further conjugation of the glycan (e.g. to protein, surface,
liposome).

We further investigated the interactions of DC-SIGN
CRD with F-Le' and F-H type 2 in "N HSQC NMR (Fig-
ure 3A and S6A). Even though Le' is known for its
interaction with DC-SIGN, structural data are lacking.™”
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Figure 3. Mammalian lectin (DC-SIGN) binding to F-Le".

A) HSQC NMR (left) shows the interaction of F-Le” with "*N-labeled
DC-SIGN CRD and the perturbed residues were mapped on a structure
of DC-SIGN CRD (blue). Surface diagram of the crystal structure of
DC-SIGN CRD (PDB: 1sl4; right). F-Le’ targets the carbohydrate-
binding site of DC-SIGN CRD based on changes in resonances (e.g.
321Leu, 365Asn and 368Lys, gray). B) Cartoon of assigned domains of
DC-SIGN CRD (unassigned resonances in dashed line) and CSP plot
showing that F-Le’-perturbed resonances similarly to b-mannose (red,
positive control). The magnitude of F-Le’-promoted CSPs is higher
compared to p-mannose. CSPs exceeding the threshold (dashed line
at 0.005 ppm) and intensities decreasing by more than 50% were used
for mapping the binding site of F-Le’ on a structure of DC-SIGN CRD.

Both ligands promoted CSPs of the residues located in the
carbohydrate-binding and remote sites of DC-SIGN CRD.
Binding to F-Le* promoted larger changes in DC-SIGN CRD
than F-H type 2 or the monosaccharide positive control p-
mannose (Figure 3B and S6B). This result proved that the
avidity effect plays a crucial role in the interactions between
DC-SIGN and Lewis type 2 antigens, as similarly noted for
high-mannose structures.[”’ The CSPs observed in remote
parts of the protein suggest allosteric binding, a known
mechanism for C-type lectins such as DC-SIGN.”"*) Cumu-
latively, we believe these probes are valuable tools for the
description of the interaction mechanisms between DC-SIGN
and fucosylated blood antigens.

Binding Affinity of F-Glycans to Bacterial Lectins

Bacterial lectins show a remarkably high affinity for
fucosylated blood group antigens.**! The interaction of
BambL from Burkholderia ambifaria with H type 2 has been
thoroughly investigated and two binding sites were identified
in a crystal structure of the complex (Figure 4 A).*! We set on
to verify this interaction for F-glycans in “F and protein-
observed NMR.

First, we performed ""FNMR screening and titration
experiments with fucosylated F-glycans. "F NMR experi-
ments allowed us to confirm the interaction and obtain

affinity constants for F-H type 2 (K;=9+2 pm, Figure 4B
and 3C) and F-Le' (K, =14 +£2 pm, Figure S7A). Given that
BambL has two binding sites available for glycan binding, we
applied one- and two-binding site models to derive the
affinities for both sites. Both models resulted in matching K
values, in agreement with values reported by ITC.*! Even
though we did not observe a difference in the affinities
between the two sites in ’F NMR, we showed that ’F NMR
can be applied reliably to derive affinities while considerably
reducing the amount of ligand needed for ITC.

We verified the interaction of F-H type 2 (Figure 4 D) and
F-Le¥ (Figure S7B) with "“N-labeled BambL in protein-
observed "N TROSY NMR. Changes in protein backbone
similar to the one obtained with a-Me-L-fucose indicate that
the a-L-fucose branch was mainly responsible for the binding
(Figures S7C and 4D). To derive affinities, we titrated both
ligands and followed the changes in peak intensities and CSPs
for the peaks in slow (F-H type 2: K, =12+ 8 pm, Figure 4F
and F-Le: K, =17 +3 pM, Figure S7D), and fast (F-H type 2:
Ky=94+33 um, Figure4G and F-Le': K =245+29 uMm,
Figure STE) exchange regimes, respectively. However, pro-
tein-observed NMR is not well suitable for the determination
of K, for ligands with high affinities and thus, it hampered the
accurate derivation of the K. This underscores the
advantage of the '’F NMR ligand-observed approach.

In addition to the known strong interactions of LecB and
BambL with fucosylated glycans,®® CPMG NMR screening
revealed weak interactions between LecA and fucosylated F-
glycans. To confirm this observation, we performed "F R,-
filtered, protein-observed ’F (PrOF) and "N TROSY NMR
experiments. F-H type 2 showed a faster relaxation in
presence of protein, indicating a weak interaction with LecA
(Figure S8B). Protein-observed NMR experiments with 5-
fluorotryptophan (SFW, Figure S8C) and "N-labeled LecA
(Figure S8D and S8E) confirmed that this interaction takes
place in the canonical carbohydrate-binding site of LecA, as
indicated by perturbation of W42 and CSPs promoted in
a similar manner to D-galactose, respectively. To the best of
our knowledge this is the first report of such weak binding
detected using a biophysical method.”** These results
demonstrate that F-glycans serve as probes for the affinity
determination and discovery of new interactions using low
amounts of protein and ligand.

Enzyme Binding and Real-Time Kinetics with F-Glycans

The "”F NMR assay allowed us to monitor the binding of
F-glycans (F-Lac and F-nLac,) to enzymes. Two sialyltrans-
ferases (Pma23ST™! and Pda26STF*) were screened in the
absence of donor (i.e. CMP-Neu5Ac) and revealed weak
binding to the glycan substrate (Figure 1B and S3). This is
particularly relevant because binding sites of transferases
usually have a very low affinity for the acceptors, making
these interactions difficult to detect. Shorter non-branched
glycans (F-Lac and F-nLac,) showed stronger binding than
longer branched ones. F-Le* did not show any binding with
Pma23ST or Pda26ST, matching its known poor reactivity as
acceptor (Figure $3).1) In contrast, Pda26ST showed weak
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Figure 4. Bacterial lectin (BambL) binding to F-glycans. A) Surface diagram of the crystal structure of BambL

in complex with H-F type 2 (PDB: 3zzv). Sites 1 and 2 correspond to the carbohydrate-binding sites within

a monomer and between two monomers, respectively. B) '°F NMR screening of F-glycans alone (gray) and in
presence of BambL (blue). BambL binds F-Le*, F-Le’, and F-H type 2 strongly as shown by CSP in presence of
protein (orange line). The '°F NMR titration spectra shows F-H type 2 undergoing slow exchange on the
chemical shift timescale upon increase of BambL concentration. C) The K, of F-H type 2 was calculated from
the changes in peak intensity and fitted to one- and two-site models resulting in a Ky of 942 pum.

D) TROSY NMR verified F-H type 2 binding to "*N-labeled BambL. Given that BambL has two binding sites,
peaks showing a slow (30, 7, and 33), intermediate and fast exchange (5, 17, and 62) on the chemical shift
timescale have been observed upon titration of F-H type 2. One-site model for slow (E) and fast exchange (F)
peaks was applied to derive the K, values of 12+8 um and 94 +33 um, respectively. G) CSP plot showing the

resonances perturbed in presence of a-Me-L-fucose and F-H type 2.

binding to F-H type 2, in agreement with previously reported
enzymatic activity (Figure $3).5 This simple assay could be
envisioned as screening platform to identify acceptor sub-
strates for known enzymes and for the discovery of new
glycosyltransferases. """

The high sensitivity of the “F reporter to subtle modifi-
cations in its chemical environment offers a valuable tool for
real-time monitoring of enzymatic reactions. The possibility
to place the °F reporter on a carbohydrate unit in proximity
to the functionalization site is crucial for detecting a chemical
shift perturbation. We selected two enzymes (f-galactosi-
dase!™ and Pma23STF?) and we monitored their activity on
a model substrate, F-Lac. Glycosidic bond cleavage, mediated
by B-galactosidase, was followed by '’F NMR. Cleavage of the
terminal B-galactose induced a chemical shift perturbation
and real-time ’F NMR tracking allowed for derivation of the
Ky of the enzymatic reaction (Figure 5A). Next, glycosidic
bond formation promoted by Pma23STF was monitored in
real-time. N-Acetyl-neuraminic acid (Neu5Ac) is transferred
from an activated cytidine monophosphate donor (CMP-
Neu5Ac) to the C-3 OH of the terminal galactose unit of F-
Lac to yield F-sLac. The electron-withdrawing nature of

AGA enabled the fast
assembly of "F-labeled
Lewis type 2 antigens for
the high-throughput
screening of protein bind-
ing. Mammalian and bac-
terial lectins as well as
enzymes were analyzed.
FNMR screening of F-
glycans permitted a quick
qualitative evaluation as
well as a reliable quantifi-
cation of lectin binding (K,). The assay does not require
labeled proteins or complex 2D NMR experiments. All NMR
experiments can be performed in an extremely small scale
(few nmol of glycan and protein per experiment). Enzymatic
reactions, including sialylation, were monitored in real-time,
demonstrating that "’F-labeled glycans hold a great potential
as molecular probes to uncover enzymatic processes and for
high-throughput screening.”” Protocols for the selective 'F-
labeling of monosaccharides are available;” the imple-
mentation of these novel BBs in AGA will fuel the production
of new classes of glycan probes. Given the high dispersion of
F NMR signals, libraries of F-glycans with diverse chemical
shifts can be designed to increase the high throughput of this
approach.”® The ability of ’F glycan probes to reveal binding
or enzymatic transformation in solution and in real-time
could open the way to in cell NMR applications, often
hampered by high background signals."*™! Overall, these
probes are valuable tools for a better molecular understand-
ing of the interactions of complex glycans with protein
receptors.
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Figure 5. Real-time enzyme kinetics by °F NMR using F-glycans. A) °F NMR of F-Lac incubated with -galactosidase. '°F NMR real-time tracking
of product formation (black arrows) upon incubation of F-Lac with 3-galactosidase (right). Kinetic data were derived plotting the product
formation rate as a function of the substrate concentration. The best fit of the experimental data provides a Ky, value of 86.5410.5 um according
to the Henry-Michaelis—Menten equation (left). B) '°F NMR of F-Lac incubated with Pma23ST in presence of CMP-Neu5Ac. The formation of F-
sLac (black arrows) can be followed by "°F NMR in real-time. Product formation was confirmed by HPLC (Figure S9).
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4. RESULTS

4.3.1. Introduction

Bacterial infections, especially those involving biofilm formation, are becoming
increasingly difficult to treat as antibiotic resistance is rising worldwide. Therefore,
identifying new protein targets and designing anti-adhesives is a promising approach
for future treatment of bacterial infections. Given that carbohydrate-binding proteins
(lectins) are found in many pathogenic microorganisms and are involved in recognition
of host, adhesion, and biofilm formation, targeting lectins from pathogens is an
attractive alternative strategy to treat bacterial and fungal infections."! In contrast to
lectins from plants, lectins from pathogens often display a high affinity for mammalian
carbohydrates, likely deriving from co-evolution.” Thus, bacteria take advantage of
these interactions to adhere and infect the host. A well-known example is the -
propeller lectin BambL from the Gram-negative bacterium Burkholderia ambifaria.®
This opportunistic pathogen belongs to a group of closely related bacterial strains, the
Burkholderia cepacia complex, causing chronic infections and exhibiting multidrug
antibiotic resistance. B. ambifaria affects immunocompromised patients as well as
those suffering from cystic fibrosis (CF) and can cause pneumonia, respiratory failure
and bacteremia.! Moreover, B. ambifaria can cause sporadic outbreaks, but its
epidemiology remains elusive.” Several studies point to an underestimated role of
BambL in affecting host cellular processes, which go beyond an adhesion to the
human lung epithelium.”® Therefore, blocking BambL-carbohydrate interactions is a
potential avenue to treat chronic infections, but strategies for design of inhibitors are
required.

The crystal structure of BambL revealed that the protein consists of two similar
domains and trimerizes to form a 6-bladed B-propeller with 6 fucose-binding sites.?!
Bacterial and fungal B-propeller is an efficient carbohydrate-binding fold, presenting all
binding sites on one face of the donut shape.!”? In recent years, several inhibitors for
BambL have been reported. Given the strong affinity of BambL to a-L-fucosylated
monosaccharides (methyl a-L-fucopyranoside (MeFuc), dissociation constant Ky=1
MM) and complex carbohydrates (H type 2 tetrasaccharide, K4=7.5 uM), the design of
inhibitors has been focused using carbohydrates as a starting point.”! Indeed, this
approach has yielded potent BambL monovalent aryl-a-O-fucoside inhibitors with an
affinity comparable to MeFuc.®®! Moreover, multivalent compounds with 4 to 6 fucose or
aryl-a-O-fucosyl analogues improved selectivity and affinity towards BambL with Kj
ranging between 10 to 80 nM.®* ® However, the main limitation of such complex
carbohydrate-based inhibitors is their molecular size. This limits their oral
bioavailability and thus, complicates the future clinical approach. Consequently,

discovering small, orally bioavailable drug-like molecules targeting bacterial lectins is
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highly desired, but it has not been reported. Lectins have been associated with a low
druggability due to their hydrophilic and solvent-exposed carbohydrate-binding sites.!"”!
To overcome these limitations, we have previously explored the concept of allosteric
modulators for mammalian lectins.""'? Allosteric modulators do not bind to the
orthosteric (carbohydrate)-binding site, but target an alternative (allosteric) pocket that
affects the orthosteric site and vice versa. Several druggable, allosteric pockets have
been discovered for the mammalian lectins such as DC-SIGN (CD209).!"® Notably, an
intra-domain allosteric network that modulates Ca** affinity of Langerin (CD207) has
been described. This has been followed by the discovery of drug-like allosteric
inhibitors for Langerin supporting the allosteric communication in mammalian
lectins.!'"" Altogether, these discoveries paved the way for further search of potential
allosteric pockets in lectins.

Motivated by these previous reports, we assessed the druggability of a B-propeller
bacterial lectin BambL using 350 fluorinated ('°F) fragments. Competitive '°F and T,-
filtered (CPMG) NMR allowed us to distinguish drug-like fragments binding to lectins in
the carbohydrate-binding region or the secondary sites. To narrow the number of hits,
compounds were counter-screened by surface plasmon resonance spectroscopy
(SPR) and protein-observed 'H-""N HSQC/TROSY NMR (hereafter, TROSY NMR).
The affinity potential modulatory properties of the most promising hits were derived in
three orthogonal NMR experiments (TROSY NMR, PrOF and '°F R,-filtered NMR).
Computational analysis was applied to predict potential druggable binding sites in
BambL and validated experimentally by site-directed mutagenesis and NMR. Finally,
we assessed the presence of secondary druggable sites in other B-propeller bacterial

and fungal lectins.
4.3.2. Results and Discussion

Fragment screening reveals druggability of a bacterial B-propeller lectin BambL

Ligand-observed '°F NMR is a highly sensitive method to screen for weak fragment-
protein interaction. This is owned by the changing molecular tumbling rate of a '°F
fragment in solution upon its binding to the protein.!" Therefore, '*F NMR screening of
fragment mixtures is frequently used in drug discovery to estimate the druggability of
protein targets. Previously, we successfully applied our diversity-oriented fragment
library and "°F NMR to discover drug-like molecules for mammalian lectins.!'% 1" 13161

Encouraged by this discovery, we applied this approach to assess the druggability of
B-propeller lectins. For this, BambL was screened against 350 fluorinated fragments

with MW<300 Da to assess its druggability. Herein, we carefully monitored
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perturbations of the chemical shifts or changes in peak intensities of the '“F resonance
in presence of BambL using '°F and T.-filtered (CPMG) NMR, respectively. As a
consequence of the high sensitivity, we observed an unusually high hit rate of 48% for
BambL, as shown for fragment 24 as an example (Figure 4.3-1b). Compared to
mammalian C-type lectins, the same library has given rise to 10-15% in previous
screenings.['® To further narrow down the number of potential hits, we subsequently
defined the fragments targeting the orthosteric site by competition with MeFuc.
Surprisingly, only 2 fragments (<1%) were competitive with MeFuc in '°F and 'F

CPMG NMR, indicating the presence of secondary druggable sites in BambL.[""!

Identification of druggable binding sites in BambL

Given the large number of "F NMR hits, we followed up 111 hits with the strongest
effects in "F and "F CPMG NMR experiments (Figure 4.3-S1a). Thereby, 13
compounds were removed due to their poor solubility resulting in 98 hits subjected to
the orthogonal screening using SPR and protein-observed TROSY NMR. Briefly, we
confirmed binding of 78 out of 91 compounds in SPR (Figures 4.3-1c-1d and 4.3-
S1b). Therefore, a ‘golden standard’ for hit validation TROSY NMR was applied to
narrow number of hits.'"® For this, we chose 39 compounds with the strongest effects
in "F NMR and SPR resulting, subsequently, in 10 hits being positive in "F NMR,
SPR and TROSY NMR (Figure 4.3-S1c).

To rank further the 10 hits, we performed titration experiments in TROSY NMR.
Compounds 10, 12 and 24 promoted the strongest dose-dependent chemical shift
perturbations in °N BambL (Figures 4.3-S2a-S2c). Therefore, we derived their
affinities (Ky) and ligand efficiency (LE)'"® allowing us to estimate whether these
compounds serve as good starting points for lead development. As result, fragment 24
showed a two-fold stronger affinity (K;=0.4+£0.2 mM) than 10 and 12 (both K4=0.810.1
mM, Figure 4.3-S2d), and a better LE value of 0.29 kcal mol” HA™ due to its smaller
molecular weight (Figure 4.3-1e). Given a better binding affinity of 24, the interaction
between BambL and 24 was verified in an orthogonal ligand-observed '°F R.-filtered
NMR assay (Figures 4.3-1f-1g and 4.3-S3), which revealed that the affinity of 24 was
in the similar range to that obtained by protein-observed TROSY NMR (Ky=0.310.1
mM, LE=0.3 kcal mol" HA™", Figure 4.3-1h).

To reveal the potential binding sites of fragment 24, we applied computational pocket
prediction algorithm using SiteMap®” on the crystal structures of BambL in complex
with a-L-fucose (PDB ID: 3ZW0) and H-type 2 tetrasaccharide (PDB ID: 3ZZV).”!
SiteMap identified one secondary site per monomer (Figures 4.3-2a and 4.3-S4a) that

could potentially host the drug-like molecules. On the whole lectin, three such
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symmetry-related predicted sites are located at the interface between the monomers,
close to the C-terminus, and form narrow channels involving residues T18, N20, K23,
T25, G67, T69, G86 and L87 (Figure 4.3-S5b). The binding sites are surrounded by
hydrophilic residues, which make them suitable to accommodate ligands with polar
groups. K23 (in three sites) and L87 (in one site) illustrate differences in side chain
orientation, which slightly changes the shape and the size of the predicted sites.
Nonetheless, these sites were top ranked by SiteMap for their propensities to bind
drug-like molecules. Although the three sites present slight differences in the crystal
structure 3ZWO0 selected for docking, this is only due to differences in side chain
orientation in the crystal structure and they are identical in solution. We selected only
one of them for the rest of the docking study. Docking of compounds 24, 10 and 12
could be performed successfully with the program Glide (version 7.8) and resulted
binding in the predicted site (Figures 4.3-2b, 4.3-S5 and 4.3-S6). The results from the
docking show that the residues T18, K23, T25, G67, Y84 and L87 play key role in
ligand binding. Compound 24 binds with almost identical pose and indicates only a
minor difference in orientation of morpholine ring in multiple binding poses. Likewise,
compounds 12 and 10 were also accommodated in the site showing H-bond
interactions with the identified key residues.

To support this prediction experimentally, we quantified the chemical shift
perturbations in TROSY NMR spectra of '°N BambL in presence of fragments 10, 12
and 24. Despite the lack of protein backbone assignment, we observed that 10, 12 and
24 perturbed the same resonances in '°N BambL, suggesting that fragments target the
same binding site in BambL, which supports our computational and docking data
(Figures 4.3-2c—-2e).

Next, we confirmed that 24 targets a secondary pocket distinct from the fucose-binding
site. For this, we employed a competitive ligand-observed '°F CPMG NMR, using 2-
deoxy-2-fluoro-L-fucose (2FF), which was reported to bind to BambL with Ky of 18
M. Here, we used 24 as a reporter molecule to test if it could compete with 2FF.
Indeed, 2FF bound to BambL in a dose-dependent manner (Figure 4.3-2f) allowing us
to derive the ICs value of 0.18+0.02 mM for 2FF (Figure 4.3-2g). However, 2FF did
not fully compete 24 for its binding site confirming that fragment bound BambL in the
secondary pocket.

To analyze the impact of 24 on the carbohydrate-binding region of BambL, we
employed protein-observed '°F (PrOF) NMR spectroscopy. Previously, this method
proved to be valuable for identification of small molecules targeting the carbohydrate-
binding site of a bacterial lectin LecA.” Given that BambL monomer contains six

tryptophan residues, we sought to apply PrOF NMR to verify the impact of 24 binding
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Figure 4.3-1 Druggability assessment of a bacterial lectin BambL.

Cartoon representations of a bacterial lectin crystal structure BambL in complex with L-fucose
(orange, PDB ID: 3ZZV). A zoom-in shows six tryptophan residues in the carbohydrate-
binding site. b Shown are “F CPMG NMR spectra of a mixture from diversity-oriented general
fragment library. Screening was performed to estimate the druggability of BambL resulting in
hit rates of 48% as shown on example of 0.05 mM 24, which showed a strong line broadening
effect in presence of 20 yM BambL. Competitive YF NMR using 10 mM MeFuc identified
compounds targeting the orthogonal carbohydrate-binding site in BambL. ¢ Hit validation by
SPR verified binding of 78 fragments as shown on example of 24 SPR sensorgram binding to
BambL at two doses (d). e Structures of YF NMR screening hits for BambL confirmed in SPR
and TROSY NMR. f The interaction between 24 and 0.1 mM BambL was quantified by the
relaxation rate R, s Using the CPMG pulse sequence in '°F NMR. g Representative decay
curves for BambL are shown. h One-site fitting model revealed Ky value of 0.3£0.1 mM for
BambL. Ry qs Values were determined in duplicates.

on the carbohydrate-binding site. For this, we engineered BambL by substituting Trp
residues by 5-fluorotryptophanes (5FW) and assigned the resonances by site-directed
mutagenesis (Figure 4.3-S7a). Next, we confirmed protein activity with MeFuc and

2FF, where all six 5FW resonances showed a slow exchange on the NMR time scale
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(Figure 4.3-S7b). This demonstrated that both MeFuc and 2FF ligands are strong
binders. However, we noticed that 5FW BambL PrOF NMR was not well suitable to
determine Ky values for high-affinity ligands such as 2FF and thus, it hampered the
accurate derivation of the Ky (K4=46+10.7 uM compared to reported Ky;=18.8+2.3
UM, Figures 4.3-S7¢-S7d). This is not surprising, given that similar limitations were
reported for protein-observed 'H-">N HSQC NMR.*!

Following this, we employed 5FW BambL PrOF NMR to verify the impact of fragment
(10, 12 and 24) binding on the carbohydrate-binding site. Interestingly, 10, 12 and 24
perturbed W79/W34, W51 and W72 demonstrating that fragment binding influenced
the carbohydrate-binding region of BambL (Figure 4.3-2h, Table 4.3-S1).
Interestingly, titration of 24 to 5FW BambL did not only affect 5FW resonances in a
dose-dependent manner, but also resulted in Ky of 0.31+£0.07 mM in agreement with
our previous results (Figures 4.3-2i and 4.3-S8). To test if fragments (10, 12 and 24)
could inhibit 5FW BambL interaction with carbohydrates, we performed a PrOF NMR
titration with 2FF in presence of the fragments. Notably, the fragments remained
bound to 5FW BambL in presence of 2FF as shown for 24 (Figure 4.3-S7e). However,
we did not observe inhibition of 2FF-5FW BambL interaction resulting in a similar Ky
value of 52+3 uM in presence of 24 (Figures 4.3-S7f-S7g). This is not surprising
given the low affinity of fragments.

Taken together, computational and experimental analyses confirmed the presence of
druggable secondary sites in BambL. Despite the lack of inhibitory properties, binding
of fragments 10, 12 and 24 to the secondary site perturbed an effect on the
carbohydrate-binding site in BambL, which strongly suggests the presence of a
communication between the orthosteric and the predicted secondary site. Given this,

fragment 24 was subjected to further studies.

Structure activity relationship study of 24

In our initial SAR study, we aimed to improve the activity landscape of 24 using
commercially available analogues (Table 4.3-S2, Figures 4.3-3a and 4.3-S9a). For
this, we employed computational and experimental TROSY NMR analyses.

Briefly, the experimental TROSY NMR analysis of 16 compounds derived from 24
revealed the importance of the morpholine group in 24 given a fully and partially
abrogated binding upon its replacement with piperidine (84), morpholine-3-one (91)
and tetrahydro-2H-pyran-4-ol (92) groups, respectively (Figure 4.3-S9b). Notably,
further modification on the amine group to 4-(2-aminoethyl)-morpholine (90) was
tolerated compared to a more hydrophobic and bulky change as 5-bromopyrimidine

(89, Figure 4.3-S9c). Moreover, we observed that replacement (95) or lack (96) of CF;
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and changing the position of the benzyl group from 1 (96) to 2 (87) did not abrogate
BambL binding either (data not shown). Therefore, we explored the role of the benzyl
group by changing it to 1,3-dichlorobenzene (86), 3-methylpyrazole (88), methyl
acetate (98), 2-bromo- (85) or thiophene (94) without promoting a large effect on the
interaction as estimated by the total number of chemical shift perturbations (Figure
4.3-S9d). However, replacing the benzyl group to N-formylpiperidine (97) and tetrazole
(83) abrogated and improved BambL binding, respectively (Figures 4.3-S9e and 4.3-
3b). Altogether, we successfully unraveled and improved the initial scaffold 24 to a
slightly more potent binder 83 as shown in a competitive '°F CPMG NMR experiment
with 24 (Figure 4.3-3c). Evidently, 10 uM 24 was fully competed by 10 yM 83 proving
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Figure 4.3-3 Structure activity relationship studies of 24.

a Shown are 16 out of 22 commercial analogues of 24. TROSY NMR was used to rank the
derivatives of 24. b Example TROSY NMR (left panel) spectrum of >N BambL shows an
improved binding of fragment 83 (orange) compared to 24 (violet). CSP plots (right panel) show
83 improved the magnitude of CSPs compared to 24 and partially similarly to methyl-a-L-fucose
(MeFuc), which perturbed 88% of resonances. Dashed line indicates CSPs > 0.01 ppm. ¢ Total
% of CSPs derived in TROSY NMR shows 83 (31%) and 99 (33%) promoted more CSPs in "°N
BambL 31% and 33% CSPs, respectively, compared to initial hit 24 (27%). Dashed line was set
at 27%. d 'F CPMG NMR experiment with 0.1 mM 24 showed competition by 0.1 mM 83
indicating the superior binding of 83 and that both fragments bind the same pocket. e PrOF
NMR with 0.1 mM 5FW BambL supported improved binding of 1 mM 83 compared 1 mM 24.
Moreover, 83 showed CSPs of W51 and W34/W79 demonstrating the effect of both fragments
on the carbohydrate-binding site.
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that 83 serves as a better affinity ligand and both fragments target the same pocket in
BambL (Figure 3d). Next, we validated five commercially available analogues of 83 in
TROSY NMR (99-104, Table 4.3-S2).

Compounds 100 and 104 proved the importance of the tetrazole and morpholine
groups for binding of 83 to the secondary site, as we did not observe binding in
TROSY NMR. Similar to 90, the presence of a substituent (tert-butyl formate, 99) on a
nitrogen atom of morpholine group was tolerated well and thus, this position could
serve for future fragment growing (Figure 4.3-S10).

Computational docking analysis of four structural derivatives of compounds 24 (83, 84,
87, 90 and 94) was performed to check if the predicted pocket could accommodate
these compounds (Figure 4.3-S11). Hereby, we chose these fragments to check the
importance of morpholine and benzyl groups. As result, all compounds could be
accommodated in the site, whereas 84 did not form electrostatic interactions. These
observations were in agreement with our experimental data showing the importance of
the morpholine group in 24 as shown for 87, whereas other parts of the compound are
rather interchangeable (e.g. 83 and 94).

Finally, we used 83 in PrOF NMR to confirm our observation with the initial hit 24
promoting changes in the carbohydrate-binding site of 5SFW BambL (Figure 4.3-3e).
Indeed, 83 perturbed W79/W34, W51 and W72 similar to the initial hit 24 causing even
larger NMR chemical shift perturbations of 5FW resonances. Together, both fragments

with a similar scaffold promoted an effect on the carbohydrate-binding site in BambL.

Communication between the carbohydrate and remote sites in BambL

To further prove allosteric communication between the unknown secondary site and
the carbohydrate site, we proposed that mutations in the carbohydrate and secondary
sites of BambL should introduce perturbations that propagate through the network and
result in similar chemical shift changes. For this, we used four (W8F, W51F, W72F and
W74F) and three (T18S, T25S and L87R) mutants for the orthosteric and the predicted
remote sites, respectively (Figure 4.3-4a). All mutants were folded and active as
observed by TROSY NMR (Figure 4.3-S12).

Next, we quantified and compared the NMR chemical shift perturbations (CSPs)
induced by mutations in their apo forms with respect to the wild type (WT).
Interestingly, perturbations were not restricted to residues in the close periphery, but
also affected remote residues, as shown for W51F and T18S mutants. Here, we
clearly identified a chemical shift perturbation of W72 in both WT and T18S mutants
moving along the same vector (Figure 4.3-4b). Quantification of NMR chemical shift
perturbations of the apo WT to other apo mutant forms (W8F, W72F, W74F, L87R and
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T18S) revealed the conformational changes through the same paths in >N BambL,
which is typical for allosteric proteins (Figure 4.3-4c).*"

To assess if mutations in the predicted pocket alter the affinity of proteins to the
natural carbohydrates, we titrated 2FF and a complex carbohydrate (F-H type 2) to
BambL WT and T18S (Figures 4.3-4d and 4.3-S13a). Compared to BambL WT, T18S
preserved its affinity for monosaccharide 2FF (Figure 4.3-4e, WT: K3=7.9£0.2 pM,
T18S: Ky=8.2+0.2 uyM). However, BambL T18S showed nearly two—fold decrease in
affinity for a complex carbohydrate, F-H type 2 (Figure 4.3-S13b, K;=16.7+2.5 uM)
compared to BambL WT (Ks=9+2 uM™}). To verify the binding epitope of F-H type 2,
we applied TROSY NMR using "N BambL T18S and compared it to WT (Figure 4.3-
S13c). Overall, T18S mutation reduced the magnitude of CSPs in '°N BambL
suggesting a negative modulatory role of the pocket on the carbohydrate-binding site
in recognizing complex carbohydrates (Figure 4.3-S13d). Interestingly, a discrepancy
between two carbohydrate-binding sites in binding to complex carbohydrates, but not
MeFuc has been reported for BambL recently.®” Given the lack in affinity change with
2FF, we propose that inhibition of secondary site could potentially down-regulate the
affinity of BambL by tuning the orthosteric site between monomers, but not within a
monomer. However, this hypothesis requires further investigations.

Finally, we investigated the impact of the pocket mutations on binding of most potent
fragments 24 and 83 by '°F CPMG and TROSY NMR. Notably, pocket mutations
reduced 24 binding two-fold in 'F CPMG (Figure 4.3-4f) and TROSY NMR
experiments (Figures 4.3-S14a-b) allowing us to conclude that the mutations blocked
the entrance into the predicted pocket only partially. Similarly, we observed this effect
with the fragment 83 (Figures 4.3-S14c-d), which is in agreement with the
computational docking analysis suggesting the presence of two orientations for 83 and
its derivative 99 (Figure 4.3-S15). Interestingly, mutation in the carbohydrate-binding
site (W51F) reduced 83 binding similarly to '°N BambL T18S and other pocket mutants
(Figures 4.3-4g and 4.3-S14e), which confirms the ‘end-to—end’ communication of
both sites.

Taken together, these data reveal the existence of a druggable allosteric site in
BambL. The NMR chemical shift perturbations of backbone resonances of '®N BambL
pocket mutants are located in sites distal from the actual pocket and the
communication extends to the carbohydrate recognition site, suggesting a propagation

of conformational changes in BambL upon changes in the allosteric pocket.
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Figure 4.3-4 Characterization of secondary site in BambL.

a Top and bottom views on the surface of a crystal structure BambL in complex with L-fucose

(orange, PDB ID: 3ZZV) show the orthosteric (red) and potential allosteric site (blue),

respectively. Single-point mutations in the carbohydrate-binding and seconda?/ site have been

proposed to check the communication between the two sites. b Overlay of N TROSY NMR

spectra of WT, W51F and T18S as example showing conformational changes introduced by

both site-directed mutations. Notably, W51F and T18S mutations promoted identical changes

on other resonances in the orthosteric (W72) and secondary site (L87R) in BambL. ¢ CSP

studies of mutant apo forms compared to BambL WT show a preserved CSP pattern in both

tryptophan and allosteric pocket mutants. d YF NMR spectra of 2FF in presence of BambL

WT and T18S. e Determination of 2FF Ky values for BambL T18S revealed a preserved

affinity compared to BambL WT. f 'F CPMG NMR of 24 with BambL WT, T18S and L87R to

verify its binding site. g Binding of 83 to W51F and T18S promoted less CSPs compared to

WT supporting the existence of communication between orthosteric and remote sites.

primary cell walls of higher plants (xyloglucans) causing lethal wilt in many agricultural
crops worldwide.??2?71 Blocking these lectins without inducing antimicrobial resistance
is highly desired environmentally and in health care.!™

Other B-propeller lectins contain secondary druggable sites

To assess if our discovery of druggable secondary sites could be applied to other -
propeller lectins, we included a bacterial (RSL) and a fungal (AFL) lectins from
bacterium R. solanacearum and fungus A. fumigatus, respectively. These lectins have
sequence and structure similarities with BambL (RSL: 76% sequence identity,
RMSD=0.56A, AFL: 39% sequence identity, RMSD=1.84A), albeit with different
oligomerization for AFL, and both have a low micromolar affinity for terminal a-L-
fucose on animal and plant carbohydrates (AFL: K4=76.4 uM and RSL: K4=0.64 uM,
Figure 4.3-5a).%°
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Similar to BambL, AFL specifically recognize a-L-fucosyl residues on lung tissue
promoting lung failure in the immunocompromised and CF patients. RSL from R.
solanacearum attaches to fucosylated carbohydrates of the primary cell walls of higher
plants (xyloglucans) causing lethal wilt in many agricultural crops worldwide.®*2"!
Blocking these lectins without inducing antimicrobial resistance is highly desired
environmentally and in health care.[™

First, we screened our diversity-oriented fragment library against both B-propeller
lectins (Figure 4.3-5b). Interestingly, '°F NMR screening revealed a comparable total
hit rate for both RSL and AFL of 33 and 48%, respectively. Competitive 'F NMR
screening resulted in 17% and 5% of fully or partially competed fragments for AFL and
RSL, respectively. A similar hit rate for the orthosteric site of RSL and BambL can be
explained by their structural similarity, whereas the structure of AFL differs slightly
from the bacterial lectins.

Similar as before, we applied computational pocket prediction algorithms using
SiteMap tool on the apo and holo forms of RSL and AFL.?Y Interestingly, SiteMap
calculations identified three secondary pockets in RSL trimer (apo and holo) equivalent
to the newly identified pockets in BambL (Figure 4.3-S5a). However, shape and size
of the predicted sites were slightly different due to differences in residues in the
binding sites (Figure 4.3-S16). Finally, SiteMap identified a completely different, but
also druggable region in the fungal lectin AFL, which is structurally more distant from
both bacterial lectins (Figure 4.3-S17).

Taken together, a high number of hits for the secondary sites in °F NMR and our
computational pocket prediction analysis strongly suggest the availability of druggable
sites in other bacterial B-propeller lectins, as well as fungal lectins as shown for RSL

and AFL, respectively.

4.3.3. Conclusions

We report the presence of druggable pockets in a bacterial lectin BambL, which could
be used to design allosteric inhibitors. We showed binding of fragments to BambL in a
"F NMR screening and validated hits using orthogonal methods: SPR and TROSY
NMR. Computational pocket prediction analysis SiteMap identified three potential
druggable pockets in BambL trimer. We also showed that the potential secondary
binding sites could accommodate drug-like molecules (24, 10 and 12). Initial SAR
study of 24 (Ky=0.3+0.1 mM, LE=0.3) proved the pocket identity by confirming the
predicted part of 24 scaffold responsible for its binding to the pocket in our docking
study. Notably, fragment binding to the secondary site induced conformational
changes in the carbohydrate-binding site of 5FW BambL in PrOF NMR. This
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Figure 4.3-5 Other B—propeller lectins contain secondary druggable sites.

a Shown are secondary pockets (dotted spheres) in BambL (PDB ID: 3ZW0), RSL (PDB ID:
3Z18 apo) and AFL (PDB ID: 4AGI) identified using SiteMap. b “F NMR screening was
performed to estimate the druggability of RSL and AFL resulting in hit rates of 33% and 48% as
shown on example of 0.05 mM fragments 79 and 80, respectively. Compounds showed a
strong line broadening effect in presence of 40 uM RSL and 20 yM AFL. Competitive YF NMR
experiment identified hits being competed with 10 mM MeFuc.

observation allowed us to propose the presence of a communication between two
spatially distant binding sites in BambL. Employing site-directed mutagenesis within
the predicted site and the carbohydrate pocket, we observed conformational changes
of N BambL backbone resonances in TROSY NMR in distal regions from the
mutation sites. Such behavior is typical for allosteric proteins. Given a fungal AFL and
bacterial RSL lectins show similarities in structure and druggability hit rates to BambL,
we believe the allostery could also be present in other B-propeller lectins. These
observations will support future drug-discovery campaigns that aim to develop drug-

like allosteric inhibitors for bacterial and fungal lectins.
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4.4.1. Introduction

All cells are covered in a complex matrix of carbohydrates with established roles in
health and disease."” Mammalian immune system employs carbohydrate-binding
proteins (GBPs) called lectins for various processes such as embryonic development,
pathogen and tumor recognition.>* In particular, the family of Ca*-binding C-type
lectins (CLRs) is well known for its roles in immune homeostasis, cell signaling, self- or
pathogen recognition and antigen presentation.” However, many pathogens (e.g.
Pseudomonas aeruginosa®, influenza’ and SARS-CoV-2°) and tumors® exploit these
mechanisms to escape or suppress immune cell responses. Consequently, lectins
evolved as novel therapeutic targets for design of anti-adhesives and drug delivery
systems to combat antimicrobial and autoimmune diseases.'”'" In particular, two
neuraminidase inhibitors Zanamivir (Relenza®) and Oseltamivir (Tamiflu®) are
currently on the market for the treatment of influenza virus infections.'® This example
demonstrates the utility of inhibitors targeting the carbohydrate-protein interactions in
antiviral therapy. Moreover, lectins can be used for the selective drug-delivery
systems. This approach has been successful for Givosiran targeting the hepatocytes
through the asialoglycoprotein receptor (ASGPR)™ and the development of dendritic
cell based vaccines as in the case of Dec-205 (CD205)." Cumulatively, such
examples increased the therapeutic interest in other clinically relevant lectins.

In recent years, CLRs have emerged as therapeutic targets due to their cell-specific
expression on immune cells, endocytic and immunomodulatory properties.” In
particular, a cell-specific ICAM-3 grabbing non-integrin (DC-SIGN, CD209) and
Langerin (CD207) have been well studied. DC-SIGN is responsible for the uptake and
processing of various antigens in dendritic cells (DCs) or macrophages, whereas
Langerin has similar functions in a subset of antigen presenting cells in skin called
Langerhans cells.""" In particular, pathogens such as Mycobacterium tuberculosis
or viruses (e.g. HIV type-1," Ebola,®® SARS-CoV?' and SARS-CoV-2%) use their
surface carbohydrates to attach to DC-SIGN and Langerin even promoting an immune
escape in some cases. As for the majority of the CLRs, these cellular mechanisms
require a Ca**-cofactor, e.g. Langerin shows a high affinity for Ca** (Ks=130 uM?®).
However, both CLRs show rather a low affinity for D-mannose (DC-SIGN: Ky=3.5 mM,
Langerin: Ks=6.1 mM*)) and a high avidity for high-mannose carbohydrates on
pathogens, e.g. HIV gp120 (Ks=1 nM).**?" Reports showing the role of DC-SIGN in
promoting HIV trans-infection of T cells have drawn a lot of attention to it as a potential
target for the antiviral therapy.?® Aside from the pathogen recognition, Langerin is an
efficient endocytic recycling receptor with established roles in immunity and

tolerance.?® Thus, Langerin evolved as an attractive target for the design of anti-
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infectives, as well as for development of new skin vaccines to modulate the immune
system.*

Besides mammalian CLRs, bacterial lectins have also been proposed as viable targets
for drug development. To establish protective antibiotic-resistant biofilms in the lungs
of immunocompromised patients, opportunistic bacteria Pseudomonas aeruginosa and
Burkholderia ambifaria employ the lectins PA-IL (LecA)/PA-IIL (LecB) and BambL,
respectively.31 As compared to mammalian lectins, bacterial lectins show a remarkably
high affinity for multivalent carbohydrates on mammalian cells, which is frequently
Ca?*-dependent as well.*? For instance, LecA and LecB bind to D-galactose (K,=88
uM*) and L-fucose (K4=0.41 uM**) branched carbohydrates, respectively.** Given the
key roles LecA and LecB play in biofilm formation, both emerged as promising
therapeutic targets to prevent biofilm formation and disease progression.35

In conclusion, therapeutics interfering with carbohydrate-lectins interactions potentially
serve as interventions against bacterial®® and viral®’ infections, as well as cancer® and
autoimmune diseases.* However, inhibitors of the orthosteric site of lectins have been
a bottleneck for drug discovery.®® This is not surprising given the hydrophilic nature of
carbohydrate-lectin interactions, whose specificity and affinity are achieved through H-
bonds, van-der-Waals contacts and hydrophobic binding of aromatic acid residues.”’
Moreover, some lectins carry metal ions in the carbohydrate-binding site as central
coordinating element. The flexibility, dynamics and electronic structure of metal-
centered complexes further complicate shaping metal-fragment interactions in
‘classical’ drug design.*? This overall leads to a low druggability of lectins compared to
other protein targets and thus, renders this target class challenging.”’ Altogether,
these difficulties have contributed to the vast underrepresentation of inhibitors for
lectins in the drug space.*?

Recent developments of lectin inhibitors focus on mimicking the carbohydrates
(glycomimetics).*® Several carbohydrate-based glycomimetics against Langerin®* and
DC-SIGN* are available, but only a few drug-like small molecules have been

reported.*5#®

Similar to the mammalian CLRs, various carbohydrate-based
glycomimetics have been designed for LecA and LecB, but drug-like inhibitors are
lacking.** To discover new drug-like molecules for lectins, fragment-based drug
discovery (FBDD) has emerged as a promising strategy for the identification of high
affinity inhibitors for challenging targets.®® At the foundation of its success lies the
design of the library. Many libraries are selected based on the ‘rule of three’,”" allowing
further fragment evolution e.g. using ligand efficiency (LE) as a measure, which relates
the affinity to the number of non-hydrogen atoms.*? Thus, FBDD serves as good

starting point for lead development. Notably, compounds likely to interfere with protein
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activity assay (PAINS) are excluded from general FBDD libraries. PAINS are small
aggregation-prone and insoluble molecules, reactive covalent modifiers, redox active
species and metal chelators that can bind protein nonspecifically.53 Metal chelators are
classified as PAINS based on the empirical experience, e.g. these are commonly
contaminated with metal ions, which may introduce transition or heavy metal ions into
a biological assay and thus, should be used carefully at high concentrations.*
Cumulatively, these factors led to the exclusion of metal-binding pharmacophores
(MBPs) from FBDD libraries as its presence can partially or fully contradict the
screen.” However, excluding all metal coordinating fragments as PAINS is inaccurate
given the numerous protein targets that bind to metals. Therefore, a concept of target-
directed FBDD campaigns using MBPs has been proposed previously.*® The MBP-
FBDD campaigns have been successful for identification of inhibitors for
metalloenzymes leading to several drugs on the market.”” Certainly, captoprile58 and
suberanilohydroxamic acid (SAHA or Zolinza)* demonstrate the power of MBP-FBDD
campaign in discovery drugs with a positive impact on human health. Despite the
importance of metal ions in maintaining the activity and stability of a vast majority of
proteins in the genome, MBPs have not been reported for other clinically relevant
protein targets as metal-binding lectins.

Here, we aim to show that metal-dependent lectins are more druggable as previously
anticipated. To address this, we screen four fragment libraries identifying metal-
binding pharmacophores (MBPs) as novel scaffolds. To demonstrate the potential of
MBPs in inhibition of carbohydrate-protein interactions, we study their effect on
clinically relevant Ca?*-binding mammalian lectins DC-SIGN and Langerin and three
bacterial lectins, namely LecA and LecB, whereas a non-metal-dependent lectin
BambL serves as a control. Employing NMR,* surface plasmon resonance (SPR), X-
ray crystallography, biochemical competitive binding fluorescence polarization (FP®")
and a cell-based fragment assay (CellFy®®), we explore the structure-activity

relationships of several MBPs to further improve lectin binding and selectivity.
4.4.2. Results and Discussion

Druggability Assessment of Ca**-Dependent Bacterial Lectins

To show that metal-dependent lectins are more druggable as previously anticipated,
we employed fragments from virtual and three physical libraries: 3F Fsp®-rich, a
diversity-oriented general and MBP. The libraries were screened for binding to Ca®-
dependent bacterial lectins (LecA and LecB), mammalian CLRs (Langerin and DC-

SIGN) and compared to a non-metal-binding lectin BambL (Figure 4.4-1a).
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In previous reports, low computational druggability scores were shown for metal-
dependent mammalian CLRs identifying it challenging or even undruggable.®®
However, the druggability of bacterial lectins has not been assessed before. Aiming to
identify drug-like molecules for the metal-dependent bacterial lectins, virtual screening
was performed for LecA and LecB as described in Supporting Information. Briefly, a
low hit rate (<1%) was predicted for both target proteins, which was confirmed
experimentally in SPR and protein-observed ’N TROSY NMR (Figure 4.4-S1). These
results indicated that the active site of metal-dependent lectins might tolerate a limited
class of chemical scaffolds.

As result of low hit rates in the virtual screening, we screened three physical libraries
using NMR. The 3F library of 115 Fsp®-rich, natural-product-like fragments with diverse
shapes, was screened against the bacterial lectins using '°F and T,-filtered NMR.%* A
moderate hit rate (9%) of 3F library was reported for DC-SIGN previously, but the
binding sites of hits were not identified. To probe whether fragments from 3F Fsp>-rich
library target the Ca?*-binding sites of bacterial lectins, 3F library was screened in the
presence of lectin targets (LecA, LecB or BambL) and 5 mM EDTA. Next, competition
with the metal cofactor was achieved by adding 10 mM CaCl, during the next
screening round. No hits from the 3F fragment library bound to bacterial lectins
(Figure 4.4-1b).

Next, we screened a diversity-oriented general library® of 350 fluorinated fragments
against LecA and LecB using "°F and T,-filtered NMR, whereas 650 non-fluorinated
fragments were screened for LecA additionally in protein-observed >N TROSY NMR.
Previously, we showed a moderate to high druggability of CLRs namely Langerin
(15.7%) and DC-SIGN (13.5%) and non-metal-dependent -propeller bacterial lectins
such as BambL (48%),%*%® given that hit rates from fragment screening for druggable
targets are between 5-15%.%° Interestingly, we observed similar hit rates for the Ca®-
dependent bacterial lectins (LecA: 15%, LecB: 14%), where most hits for LecA and
LecB were metal-coordinating fragments (Figures 4.4-S2a and 4.4-S3a). Moreover,
these compounds were perturbed in 'F NMR in presence of 10 mM CaCl, suggesting
metal chelation (Figures 4.4-1c and 4.4-S3b). Moreover, these compounds were
perturbed in 'F NMR in presence of 10 mM CaCl, suggesting metal chelation
(Figures 1c and 4.4-S3b). Next, we evaluated hits for LecA and LecB in "°N TROSY
NMR. For LecB, out of 24 fragments 3a was the most potent scaffold from our general
library as it perturbed resonances similarly to the positive control methyl-a-L-fucose
(hereafter, MeFuc; Figures 4.4-S3c-d). For LecA, we confirmed two non- (1 and 2d)
and two fluorinated (1e-1f) hits, whereas hydroxamate 1 perturbed 40% of the same

®N resonances in '°N LecA as the positive control methyl-a-D-galactose (hereafter,
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MeGal) suggesting a similar binding site (Figures 4.4-S2b-d). Moreover, a dose-
dependent binding of 1 to LecA was confirmed in SPR as well (Figure 4.4-S2e).
Interestingly, we observed a preference of 1 binding to LecA, but not LecB
demonstrating early target selectivity of the hit (Figure 4.4-S3d).

Altogether, our results demonstrated the druggability of metal-dependent lectins
despite the limitations of in silico approaches. Moreover, our work highlights the

importance of chemical fragment diversity in NMR screening and indicates that metal-
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Figure 4.4-1 Fragment screening.

a Cartoon representation of monomer crystal structures showing the carbohydrate recognition
domain (CRD) bound to the monosaccharides (orange sticks) in a Ca”*-dependent manner
(green spheres): PA-IL (LecA, PDB: 4CP9), Langerrn (PDB: 3P5D), DC-SIGN (PDB: 1SL4),
LecB (PDB: 5A70). BambL does not require Ca*" for carbohydrate binding (PDB: 3Z2zV). All
targets were screened using four libraries: b virtual and 3F Fsp®, as well as ¢ general and d
MBP. Shown are examples of "F T,-filtered NMR spectra of a fragment mixture in presence of
5 mM EDTA alone or with 20 yM LecA followed by competition with 30 mM CaCl,. General and
MBP-FBDD libraries revealed fragments undergoing a chemical shift perturbatlon (CSP) above
0.01 ppm (violet arrow) in presence of LecA and CacCl,, indicating Ca”*-dependent fragment
binding. f Shown are the percentage values (%) of total hit rates of four libraries screened
against five lectins. Compared to other libraries, MBPs improved the hit rates for ca® -binding
lectins (37-50%).importance of chemical fragment diversity in NMR screening and
indicates that metal-coordinating fragments are the most prominent drug-like
molecules of the Ca**-dependent lectins.
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coordinating fragments are the most prominent drug-like molecules of the Ca®'-

dependent lectins.

Metal-Binding Pharmacophores Target Ca**-Dependent Lectins

To demonstrate the potential of metal-coordinating fragments in targeting the
carbohydrate-protein interactions, we designed MBP library as described in
Supporting Information. To this end, we subjected 142 commercial fragments for
binding studies with one non- (BambL) and four metal-dependent lectins (LecA, LecB,
Langerin and DC-SIGN). As expected, many MBPs showed a direct Ca®* binding in
F NMR in absence of protein (Figure 4.4-1d, compounds 4a-d). However, MBPs
bound to metal-dependent lectins stronger in presence of protein and CaCl, as shown
exemplarily for LecA (Figure 4.4-1d). This demonstrated MBPs target metal-
dependent lectins in a Ca?*-dependent manner.

Next, we derived hit rates from the fragment screening for the Ca**-dependent lectins
and BambL to assess the success of our MBP-FBDD campaign (Figure 4.4-1e). Hit
rates of 54.2% and 62.8% were observed for lectins with one Ca®* ion in the
carbohydrate-binding site, LecA and Langerin, respectively. Comparable hit rates were
observed for lectins with two and three Ca®" ions, LecB (42.8%) and DC-SIGN
(42.5%). Notably, we observed a low binding of MBPs to a non-metal-dependent lectin
BambL (7.7%) compared to the general library. Given that MBPs offer not only the
metal complexation ability, a lower hit rate for BambL was expected. Next, we
validated F NMR hits for binding to '°N-labeled LecA, LecB and DC-SIGN
carbohydrate recognition domain (CRD) in "H-">N HSQC/TROSY NMR experiments,
identifying a malonate (58) as a potent scaffold for targeting LecA, LecB and DC-
SIGN.

Taken together, fragment screening of four libraries demonstrated that MBP-FBDD
campaign is a promising approach for targeting the carbohydrate-binding sites of Ca*-
dependent lectins. As prominent hits for future development, we identified
hydroxamates (1) and malonates (58) in screening of the general and MBP libraries,
respectively. Further, both scaffolds were subjected to explorative structure-activity
relationship (SAR) studies aiming to demonstrate the Ca®*-dependency and selectivity

of the scaffolds for metal-dependent lectins.

Hydroxamates as Ca**-dependent Inhibitors of LecA

Aiming to characterize hydroxamate 1-LecA interaction and enhance its potency as
well as LE, we employed five biophysical assays. A full discussion on the SAR study of
1 can be found in the Supporting Information. Briefly, we ranked commercial and ‘in-

house’ synthesized derivatives of hydroxamate 1 by N TROSY NMR. For this, we
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quantified the changes in chemical shift perturbations (CSPs) of N LecA in presence
of 49 analogues using MeGal as a positive control (Figure 4.4-S4a). As result,
hydroxamate derivatives promoted CSPs in "°N LecA similar to 1 and MeGal as shown
exemplarily with 35 (Figure 4.4-2b), suggesting that hydroxamates bound to the
carbohydrate-binding site of LecA. Moreover, none of the marketed metalloproteinase
inhibitors (47, 49, 50) bound to N LecA (Figures 4.4-S4b-c), which indicates the
presence of functional groups in marketed drugs that sterically prevent a beneficial
coordination of Ca?* in the carbohydrate-binding site of LecA. Taken together, we
identified 18 analogues of hydroxamate 1 for targeting the carbohydrate-binding site of
LecA with potentially higher affinities.

In parallel, we validated our initial "N TROSY NMR results using SPR, competitive '°F
NMR, fluorescence polarization (FP) and protein-observed '°F (PrOF) NMR. Given a
weak affinity of hydroxamates towards LecA, SPR did not allow ranking of
hydroxamate derivatives (Figure 4.4-S6). Therefore, we designed a competitive T,-
filtered "F NMR using the hydroxamate derivative (5) as a '°F reporter. To prove the
utility of this assay, we evaluated the Ca?-dependency and selectivity of the
hydroxamate-LecA interaction and compared it to other metal-dependent lectins, i.e.
LecB, DC-SIGN and Langerin (Figure 4.4-2c). To test the Ca®*-dependency of the 5
interactions with lectins, a To-filtered '°F NMR spectrum of 5 was recorded with 2 mM
EDTA, 10 mM CaCl, alone and with 10 uM lectins. Both Langerin and DC-SIGN
showed a Ca**-independent binding to 5 (see Supporting Information), whereas only
5-LecA interactions required Ca?*, demonstrating the Ca®*-dependency and early
selectivity of hydroxamate-LecA interaction. Consequently, we used this assay to rank
the hydroxamate derivatives as discussed in Supporting Information. Briefly, we
observed a higher competition of 35 over the reporter 5 and other analogues in a
competitive '°F NMR, suggesting 35 as the most potent hydroxamate derivative in this
assay (Figure 4.4-S7).

Next, we investigated the inhibitory properties and derived the affinities (Kj) of
hydroxamates, which were active in NMR. In the FP assay the strongest inhibition
compared to natural ligands of LecA, MeGal and GalNAc, was observed with linear
(35) and cyclic (20) compounds (Table S1, Figure 4.4-2d).?" To determine the binding
site and to derive the affinities of hydroxamates, PrOF NMR using LecA labeled with 5-
fluorotryptophanes (5FW) was employed. Since the residue W42 is located in the
carbohydrate-binding site of LecA, the binding and affinities of weak ligands could be
determined.®”! As result, the perturbation of W42 in presence of hydroxamates
confirmed its binding to the orthosteric site of LecA (Figure 4.4-S8a). Moreover,

changes in W42 were used to estimate the affinities (Kj) and the ligand efficiencies
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(LE) of hydroxamates for LecA, as shown on example of 35 and 36 (K4(35)=4.6+0.9
mM, Table S1, Figures 2e and 4.4-S8b-c). Even though analogues showed a similar
affinity to 35, but many had a lower LE. Therefore, we selected only fragments with
high affinity, LE and the % of inhibition values resulting in compounds (35 and 36,
Figure 4.4-2f). Taken together, our SAR study on 1 demonstrated that hydroxamates
target the carbohydrate-binding site of LecA. Furthermore, two series of scaffolds:
linear (2, 6 and 35) and cyclic (20 and 21) were identified as suitable starting points for
future fragment growing strategies.

Crystal structure of LecA in complex with 35 at 1.8 A resolution in space group P2,2,2;
provides the first evidence for the interaction between a hydroxamates and a non-
enzyme metal-binding protein. The electron density for 35 was detected in at the
carbohydrate binding sites of LecA (Figures 4.4-2g and 4.4-S9). Comparing the
structures of LecA-35 and LecA-galactose complexes illustrated galactose-mimicking
properties of 35 (Figure 4.4-2h). In the LecA-35 complex, two oxygen atoms in the
hydroxamic acid functional group coordinate the Ca®" ion via bidentate chelation,
which is also typical for interactions between hydroxamate-based inhibitors and metal
ions in metalloenzymes.®” The two oxygen atoms form hydrogen bonds with N107 and
D100, mimicking OH3 and OH4 of galactose. A water molecule (WAT2) was in contact
with the nitrogen atom in the hydroxamic acid via a hydrogen bond. WAT2 mimics the
role of galactose OH6 by forming hydrogen bonds with the side chains of H50, Q53,
the main chain oxygen atom of P51 and water WAT1. Notably, the terminal benzyl ring
forms CH-T1 interactions with P38, an interaction not observed for other LecA-targeting
glycomimetics. To the best of our knowledge, this is the first report of a hydroxamate in
complex with a non-metalloenzyme.

Taken together, we report the first evidence of hydroxamates targeting the
carbohydrate-protein interactions. Moreover, we conducted several experiments
highlighting the selectivity of hydroxamates towards LecA over mammalian Ca®'-
dependent lectins (Langerin/DC-SIGN). Therefore, we believe hydroxamates are
promising molecules to design drug-like inhibitors against bacterial infections with a

low probability of off-target effects.

Malonates Target Lectins With Multiple Ca** lons

In the MBP-FBDD campaign, we discovered malonate 58 showing a potent binding to
metal-dependent lectins namely LecA, LecB and DC-SIGN. To prove the utility of a
target-oriented MBP-FBDD approach, we aimed to unravel its interactions with lectins
having one, two and three Ca?* ions in or close to the carbohydrate-binding site. Here,

BambL served as control for a non-metal-dependent lectin expected not to interact
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Figure 4.4-2 Hydroxamates as drug-like inhibitors of PA-IL (LecA).

a "°N TROSY NMR spectra of "°N LecA (black) in presence of 3 mM hydroxamates 1 (violet),
35 (blue) or 1 mM methyl-a-D-galactose (MeGal, gray). Hydroxamates perturbed the residues
similarly to MeGal as shownfor resonances 16, 33, 68 and 75. b Quantitative analysis of the
chemical shift perturbations (CSPs) promoted by 1, 35 and MeGal. The resonances 16, 33, 68
and 75 are highlighted (green). ¢ Shown is a Ca**-dependent binding of 0.01 mM LecA to 5
(violet) in the competitive °F T,-filtered NMR, as evident b¥+a decrease and recovery of the

reporter 5 with (10 mM CacCl,) or without (2 mM EDTA) Ca“™’,

respectively. Moreover, 5-LecA

interaction showed a higher selectivity over other non- and metal-dependent lectins. d
Competitive binding assay based on fluorescence polarization with MeGal and GalNAc (top) as
positive controls for a strong and weak ligands, respectively. The hydroxamates 6, 20, 35, 36
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and 39 (bottom) demonstrated LecA-dependent inhibitory properties. e Shown is PrOF NMR of
0.15 mM 5FW LecA with 3 mM 35 (upper panel) binding to the carbohydrate pocket as evident
by a CSP of W42. One-site binding model of 35 (boftom panel) used to derive the affinity (Kq)
by following CSPs of W42 (n=3). f Initial SAR study of 1 hydroxamate scaffold (blue). The
affinities and ICsy values were estimated by PrOF NMR and FP assay respectively. The Ky
values were used to calculate LE. g Crystal structure shows the interaction between LecA and
35. Electron density for 35 is displayed at 10 in green mesh. h Interaction between LecA and
galactose (PDB: 10KO).

with MBPs such as malonates. For this, the malonate 58 was subjected for docking
and an initial SAR study using commercial analogues (Figures 4.4-3a-b, Table 4.4-
S83). The results of both studies are discussed detailed in Supporting Information.
Briefly, docking simulation proposed that the malonate 58 could coordinate multiple
Ca?" ions in DC-SIGN, LecA and LecB. Therefore, we investigated the Ca®'-
dependency and selectivity of malonate-lectin interactions.

To rule out the off-target effect, we added a competitor (LecA: 10 mM MeGal,
LecB/BambL: 10 mM MeFuc, and DC-SIGN/Langerin: 30 mM D-mannose) expecting
the "°F peaks to recover if malonates target the carbohydrate-binding sites of lectins.
Indeed, competitors displaced 61 efficiently, showing malonates targeted the
carbohydrate-binding pocket of LecA, LecB and DC-SIGN. The details of Langerin and
BambL interactions with 61 are discussed in Supporting Information. Cumulatively,
our results proposed that malonates interact with metal-dependent lectins LecA, LecB
and DC-SIGN in a Ca**-dependent manner.

Next, we aimed to confirm our observations for LecA and LecB and investigated
whether the number of Ca?* ions in the carbohydrate-binding site plays a role for the
malonate binding. For LecA, PrOF NMR with 5FW-labeled lectin was used to gain
information on the binding site of 58 analogues. Similar to hydroxamates, 58 perturbed
W42 in PrOF NMR demonstrating its binding to the carbohydrate-binding site of 5FW
LecA (Figure 4.4-3d). Next, we aimed to rank the impact of 13 analogues of 58 on
W42 in order to prioritize scaffolds for future fragment evolution. As result, the scaffold
61 promoted the strongest perturbation of W42 (Figures 4.4-S10b-c). Altogether,
malonates (58 and 61) interact with the carbohydrate-binding site of LecA bearing one
Ca?" ion, similar to hydroxamates.

For LecB as a lectin with two Ca®* ions, a similar tendency in malonate binding to the
carbohydrate-binding site was observed in N TROSY NMR (Figure 4.4-3e). Here,
we observed similar changes in residues of °N LecB resonances with 58 compared to
the positive control MeFuc (Figure 4.4-3f). Therefore, we determined the affinities (Ky)
and LE of 58 analogues using '°N TROSY NMR, which were in a low mM range
(K4(58)=1.2+0.4 mM, Figure 4.4-3g). Interestingly, all structural derivatives of 58
showed comparable affinities for LecB (Figures 4.4-3b and 4.4-S13). Notably, only 64
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Figure 4.4-3 Malonates target lectins with one or multiple calcium ions.

a Docking poses of 58 with one and multiple Ca®" in or near the carbohydrate-binding site of
LecA, LecB and DC-SIGN (PDB: 4CP9, 10XC and 2XR5). In LecA, the residues proposed to
interact with lectins were highlighted (violet). b Initial SAR study of 58 malonate scaffold
(orange), whereas its affinities for LecB were estimated in '°N TROSY NMR. The Kj values
were used to calculate LE c To assess Ca’ *-dependency and selectivity of the malonate-lectin
interaction, 61-observed '°F T-filtered NMR was used. 61 bound to 10 mM CaCl, given a
perturbation of fluorine resonance. All lectins interacted with 61 in a ca’ *-dependent manner.
The presence of competitors: 10 mM MeGal (LecA), 10 mM MeFuc (LecB/BambL) and 30 mM
D-mannose (DC-SIGN/Langerin), displaced 61 in LecA, LecB and DC-SIGN ECD verifying that
malonates target the carbohydrate-binding site. d Shown is PrOF NMR of 0.15 mM 5FW LecA
bound to 2 mM 58 or 61 as evident by CSPs of W42 and W33 (arrow). DMSO and MeGal
served as negative and positive controls, respectively. e Protein fingerprint of N LecB in "N
TROSY NMR alone (black) and with 2 mM 58 (orange) or MeFuc (gray). 58 perturbed the
resonances 85, 46, 29 and 79 similarly to MeFuc. f Shown are CSP plots of "N resonances in
presence of 2 mM 58, 64 and 1 mM MeFuc. 58 promoted lager CSPs in N LecB compared to
64 supporting the docking pose 1. g and h One-site binding models of 58 and 64 derived by
following CSPs of the resonances perturbed similar to MeFuc.
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had a decrease in affinity (K;(64)=2.6+0.6 mM) indicating the role of an
electronegative group in binding to LecB (Figure 4.4-3h). This observation supported
our docking study, where CF, group of 58 was predicted to interact with the protein
surface through T98 (Figures 4.4-S11a-b). However, due to the lack of "N LecB
protein assignment, co-crystallization studies are on going to support it.

Taken together, malonates interacted with lectins with one (LecA) and two (LecB) Ca**
ions in the orthosteric site unlike hydroxamates. Moreover, our SAR study with LecA
and LecB suggested that the selectivity of malonates is tunable as 61 had a stronger
tendency to bind LecA, whereas 58 showed the preference for LecB. Finally,
malonates have a higher tendency to bind to secondary sites in allosteric lectins, such
as Langerin and BambL. Cumulatively, malonates offer a potential scaffold for design

of orthosteric and allosteric inhibitors.

Malonates to Design Inhibitors of DC-SIGN (CD209)

Aiming to investigate the ability of malonates to bind lectins with three Ca** ions, we
investigated malonate—DC-SIGN interaction using protein-observed >N HSQC NMR
and a cell-based assay (cellFy).? Briefly, malonate 58 perturbed the resonances in
the EPN motif coordinating Ca,** and D367, whereas L321 and E324 near Ca,*" and
Cas®>* showed weaker effects (Figures 4.4-4a-b). Quantitative analyses of the
chemical shift perturbations (CSPs) caused by 58 revealed similar CSPs compared to
the positive control D-mannose, suggesting that 58 mimics the carbohydrate-binding to
DC-SIGN (Figures 4.4-4c-d). In particular, the interaction of 58 with the Ca**-binding
site of DC-SIGN occurred through N365, N344 and F313 being in agreement with our
docking results. Next, we derived the affinities (Ky) and LE values of 58 analogues for
DC-SIGN CRD using N HSQC NMR. The analogues of 58 showed a similar affinity
(K4(58)=1.2+0.5 mM, Figure 4.4-4e) and thus, three scaffold groups were defined as
interchangeable (58, 62 and 69, Figures 4.4-4f and 4.4-S16). Similar to LecB, the
compounds with an electronegative group on the ring (58, 62, 63 and 67) were
predominant and  thus, in agreement  with  the predicted F313
interaction of DC-SIGN with CF, group in 58. Compared to LecA and LecB, a methyl
group in 59 was well tolerated in DC-SIGN CRD (Figure 4.4-4g). Therefore, this
position is potentially suitable for future fragment growing to gain malonates specificity
towards DC-SIGN. A full discussion on the SAR study of 58 and DC-SIGN can be
found in the Supporting Information. Together, both computational and experimental
data demonstrated that malonates could target the Ca;** binding site of DC-SIGN

similarly to D-mannose.
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Figure 4.4-4 Malonates as inhibitors of DC-SIGN (CD209).

a Protein fingerprint of "°N DC-SIGN CRD in °N HSQC NMR alone (black) and with 2 mM 58
(orange) or 30 mM D-mannose (gray). Similar to D-mannose, 58 perturbed the resonances
D367, G346 and L321, but not E324 being in the Ca;** and Ca,’*/Cas*"-binding sites,
respectively. These residues are highlighted in b, which shows a docked 58 in the Ca;”" site of
DC-SIGN CRD (PDB: 2XR5). ¢ Quantitative analysis of chemical shift perturbation (CSP) of
N DC-SIGN CRD in presence of 58 and D-mannose. Resonances D367, G346, L321 and
E324 are highlighted (violet). A schematic representation of DC-SIGN CRD is shown on top.
Malonates perturbed resonances similarlby to D-mannose, i.e. in the long loop locating the EPN
motif (violet). d The CSPs promoted in >N DC-SIGN CRD by 58 were transferred to DC-SIGN
CRD (PDB: 2XR5). e One-site binding model of 58 to DC-SIGN CRD derived by following
CSPs of the resonances perturbed in the Iongr; loop and B4 sheet. f The affinities of 58
analogues for DC-SIGN CRD were estimated in 'H-""N HSQC NMR. The Ky values were used
to calculate LE. g Heat map shows the 1:0 hit rate of 58 analogues for LecA, LecB and DC-
SIGN and normalized to the effect of MeGal, MeFuc and D-mannose, respectively. h Shown
are histograms of DC-SIGN™ and Langerin” Raji cells bound to FITC-dextran in presence of 58
in a cell-based (cellFy) assay. DMSO and D-mannose used as a negative and positive controls,
respectively. 58 inhibited FITC-dextran binding to DC-SIGN similarly to D-mannose, but not to
Langerin.
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To assess the activity of 58 in a physiologically more relevant cellular environment, we
explored the ability of malonates to inhibit the carbohydrate binding in a cell-based
system (cellFy).®? For this, we assessed the binding of 58 to DC-SIGN* and Langerin®
Raji cells by flow cytometry (Figure 4.4-4h). Indeed, we observed dose- and DC-
SIGN-dependent binding of 58 to DC-SIGN" cells as well as negligible cytotoxicity at
low concentrations. Most importantly, malonate 58 specifically bound to DC-SIGN*
cells and not to Langerin-expressing cells, although both lectins share a common EPN
motif. Together, our cellFy data demonstrated that malonates specifically inhibit DC-
SIGN-carbohydrate interactions in the cellular context similar to D-mannose.

Together, our SAR study demonstrated that the selectivity of malonates is tunable.
Moreover, the malonate scaffolds can serve for design of lectin inhibitors with one, two
and three Ca*" ions, as shown exemplarily for DC-SIGN, LecA and LecB, respectively.
Thereby, 61 had a stronger tendency to interact with LecA, whereas LecB and DC-
SIGN preferred 58 and 62 scaffolds, whereas the observation with 59 is valuable to

gain malonates specificity towards DC-SIGN.

4.4.3. Conclusions

Identifying a suitable starting point for inhibitor development for the orthosteric site of
lectins is challenging. Applying fragment screening, we approached this challenge
focusing on metal-dependent lectins. As result, we identified metal-binding
pharmacophores (MBPs) as novel scaffolds for targeting Ca?*-dependent
carbohydrate-protein interactions.

Recently, we reported the molecular basis of a catechol binding to LecA, where, two
hydroxyls coordinated a Ca®* ion in the carbohydrate-binding site of LecA and
Langerin.®® Here, we identified hydroxamic acids as additional potential drug-like
molecules to target the Ca?* ions in the carbohydrate-binding site of LecA. As
hydroxamates are the most widely used inhibitors of various metalloproteins, to the
best of our knowledge this is the first report demonstrating their interaction with non-
metalloenzymes, namely Ca®*-dependent lectins. The SAR studies with 49 analogs of
1 including marketed and commercial hydroxamates, revealed a sterically optimal
presentation of a hydroxamic acid group. This knowledge will contribute to design
specific hydroxamate-based inhibitors for LecA. Such inhibitors have the potential to
interfere with P. aeruginosa biofilm integrity and increase susceptibility to antibiotic
treatment of patients with cystic fibrosis.

The improved druggability rates for the orthosteric site of the Ca®*-dependent lectins
with catechols and hydroxamates encouraged us to initiate a target-oriented MBP-

FBDD campaign. Employing target-oriented MBP-FBDD library, as we have shown a
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4-fold improved hit rate for metal-dependent lectins having one (LecA and Langerin)
and multiple Ca®" ions (DC-SIGN and LecB). Notably, MBPs are likely to interact
stronger with the proteins than with free ions in solution, as demonstrated in
competitive '°F NMR screening with CaCl,. Among the non-fluorinated fragments, a
malonate scaffold was identified as a potent drug-like ligand for Ca®*-dependent lectins
with one or multiple Ca®*-ions. Notably, this malonate showed a low cytotoxicity (up to
10 mM) and selectivity for DC-SIGN", but not Langerin® Raiji cells in vitro using cell-
based assay (cellFy). Employing commercially available analogs of malonate 58, we
demonstrated that tuning the specificity of malonates towards lectins with one to
multiple Ca?* ions is possible. In particular, aside from the Ca**-dependent binding of a
common malonic acid group, we discovered an additional interaction of the 58
electronegative CF, group with the protein surfaces of DC-SIGN (F313) and LecB by
®N HSQC/TROSY NMR. This secondary interaction was not observed for LecA, which
demonstrated a preference for a malonate with a different scaffold (61). We believe
our discovery of malonate-based inhibitors will assist drug discovery campaigns
aiming to target Ca**-dependent lectins.

Taken together, the potencies of both compound series to lectins are certainly lower
than those observed for metalloenzymes, and still have to be improved. Nevertheless,
hydroxamates and malonates already offer a promising selectivity towards LecA over
other Ca®*-dependent lectins. Meanwhile, selectivity of malonates is tunable towards
the lectin of interest, as shown for DC-SIGN compared to LecA and LecB. Since the
most potent hydroxamate (35) and malonate (58) scaffolds are still small with 179.2
and 208 Da, respectively, both serve as suitable starting points for developing the first
drug-like inhibitors for the orthosteric sites of mammalian and bacterial Ca*-

dependent lectins.
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5. Final conclusions and perspectives

Carbohydrate-lectin interactions mediate important biological processes including
pathogenic infections and cellular communication. In case of pathogen recognition,
bacteria and viruses developed strategies to invade the host by mimicking or exploiting
the host carbohydrates (glycans)."”* Therefore, lectins emerged as auspicious targets
to design inhibitors to combat viral and bacterial pathogens.""” '*® However, drug-like
inhibitors of lectins are still limited. Moreover, the interaction of lectins with drug-like
fragments often demonstrates inherently low affinities, which requires highly sensitive
methods for its detection. Since the work of Fesik et al. using 'H-"°N HSQC NMR,”
NMR methods became prevalent for small molecule discovery efforts in industry and

h.” In particular, 'F NMR offers the necessary

academic biomedical researc
‘sensitivity’ to detect weak binding events. However, 'F NMR-based techniques
employing carbohydrates and lectins are still sparse.'”® Consequently, broadening the
set of available methods for lectins would improve our understanding of carbohydrate-
lectins interactions as well as accelerate the discovery of drug-like inhibitors for lectins.
Cumulatively, this thesis focused on two aims: 1) establishing two broadly applicable
protein- and ligand-observed '°F NMR methods for characterization of carbohydrate-
or fragment-lectin interaction, as well as 2) identifying novel chemotypes for
mammalian and bacterial lectins using the fragment-based drug design (FBDD)
approach.

In the first chapter, protein-observed '°F (PrOF) NMR was demonstrated as a suitable
method for assessing structural information and the binding affinities of small
molecules to lectins. For this, PrOF NMR was explored for a bacterial lectin from
Pseudomonas aeruginosa called PA-IL (LecA), which plays an important role in the
formation of biofilms in chronic infections."'* Therefore, development of inhibitors to
disrupt LecA-mediated biofilms is desired, but discovery of drug-like molecules is
difficult due to its weak affinities. Using this case study, it was demonstrated that
tryptophanes in LecA could be "°F-labeled using 5-fluoroindole (5F1) as a precursor of
5-fluorotryptophan (5FW). Unlike ligand-observed NMR techniques (e.g. STD NMR"""),
PrOF NMR showed an advantage by providing structural information on the binding
site and affinities (Ky) of various ligands such as Ca®, D-galactose and D-GalNAc.
Furthermore, ITC and competitive fluorescence polarization (FP) assay supported
PrOF NMR data showing that 5FW LecA preserved its activity and the ligand
preference similarly to LecA. In contrast to FP assay, PrOF NMR with 5FW LecA
demonstrated a remarkable sensitivity for the identification of weak small molecule

ligands as shown on example of D-GalNAc. Cumulatively, PrOF NMR could be applied

74



5. FINAL CONCLUSIONS AND PERSPECTIVES

to LecA in order to assess the structural and binding information. Since tryptophan is
by far the most frequently found amino acid in the carbohydrate-binding site of various
lectins, this method can be employed on other lectins.'”® Moreover, PrOF NMR is fast
in data acquisition and analysis unlike other protein-observed NMR methods such as
HSQC NMR. Finally, PrOF NMR proved to be valuable for discovery of fragment-lectin
interactions (Chapters 4.3 and 4.4), this method will support the future drug-discovery
campaigns that aim to develop drug-like inhibitors for lectins.

The next aim was to expand the set of ligand-observed '"F NMR methods for
carbohydrate-lectin interactions. Therefore, '°F NMR was employed in the second
chapter to screen a small library of fluorinated glycans (F-glycans), i.e. Lewis type 2
antigens, which could serve as potential “F reporter molecules to discover new
fragment-protein interactions. For this study, F-glycans were rapidly available using
automated glycan assembly (AGA) and followed by its evaluation in 'F NMR binding
studies using mammalian and bacterial lectins as well as enzymes. The screening was
performed in a high-throughput manner. Given that many reports have shown how to

'“F_label monosaccharides selectively,'”

new classes of F-glycans can be easily
produced in AGA. Since 'F NMR signals show the high dispersion, libraries of F-
glycans with various chemical shifts can be designed to increase the throughput of this
approach.'® Furthermore, F-glycans can be used to derive its binding affinities (Kj) in
"F NMR, as well as could serve as reporter molecules for competitive '°F NMR.5%"°’
Finally, F-glycans serve allowed to monitor the enzymatic reactions in real time
allowing a fast check of the enzyme activity by NMR and the characterization of
enzymatic processes.'®' Cumulatively, F-glycans are valuable probes for the discovery
of the carbohydrate-lectin interactions and a potential application as “F reporters in
drug discovery campaigns.

Both "F NMR methods were employed to discover drug-like molecules for targeting
the allosteric and carbohydrate-binding sites of lectins. In the third chapter, a bacterial
lectin BambL from the pathogen Burkholderia ambifaria was investigated for the
druggable pockets. For this, ®F NMR screening of a fluorinated fragment library was
performed against BambL. As result of a high hit rate, the presence of druggable
secondary sites in BambL was suggested. Notably, fragment screening has been
reported previously as a successful approach for the identification of secondary sites
in various proteins including a C-type lectin receptors namely DC-SIGN.'%"'82
Interestingly, the fragment binding in PrOF NMR using 5FW BambL induced the
perturbation of 5FW resonances in the carbohydrate-binding site region. Therefore,
site-directed mutagenesis was used to introduce changes within the predicted site and

the carbohydrate pocket to test the communication between the secondary and
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orthosteric sites. Indeed, the perturbations of '®N BambL backbone resonances in
distal regions from the mutation sites were observed in TROSY NMR. This observation
allowed us to assume the presence of a communication pathway between two
spatially distant binding sites in BambL as such behavior is typical for allosteric
proteins.'®'®* Finally, °F NMR revealed similar hit rates in other fungal and bacterial
B-propeller lectins namely AFL and RSL from A. fumigatus and R. solanacearum,
respectively. Given these lectins show similarities in structure and druggability hit rates
to BambL, am allostery could also be present in other B-propeller lectins. Taken
together, our findings demonstrated the druggability of B-propeller lectins suggesting
that the secondary sites could be used to design allosteric inhibitors for bacterial and
fungal B-propeller lectins.

In the forth chapter, the goal was to identify novel chemotypes for targeting the
carbohydrate-binding site of the clinically relevant Ca®*-dependent bacterial (LecA,
LecB) and mammalian lectins (DC-SIGN, Langerin). Previously, identifying a suitable
starting point for inhibitor development for the orthosteric site of lectins has been
challenging. Therefore, many lectin inhibitors are based on carbohydrate scaffolds.
Here, the NMR screening of three fragment libraries was applied to discover drug-like
molecules for targeting the carbohydrate-binding site of Ca®*-dependent lectins. As a
result, metal-binding pharmacophores (MBP) were identified. Recently, A. Titz and
coauthors reported the molecular basis of an MBP namely catechol binding to LecA,
where it coordinated a Ca? ion in the carbohydrate-binding site of LecA and
Langerin.'® This discovery was encouraging to initiate a target-oriented MBP-FBDD
campaign.

Experimental NMR-based screening of 142 commercial MBPs revealed several
promising scaffolds for selective targeting of mammalian and bacterial lectins with one
(LecA and Langerin) and multiple Ca®*+ ions (DC-SIGN and LecB). In this thesis, a
hydroxamic and malonic acids were identified as additional potential drug-like
molecules to target Ca®* ions in the carbohydrate-binding site of LecA. Since
hydroxamates are the most widely used inhibitors of matrix metalloproteinases,'®® the
SAR studies with synthesized, marketed and commercial hydroxamates, revealed a
sterically optimal presentation of a hydroxamic acid group, which could contribute to
design specific hydroxamate-based inhibitors for LecA. Such inhibitors have the
potential to interfere with P. aeruginosa biofilm integrity and increase susceptibility to
antibiotic treatment of patients with cystic fibrosis. Additionally, a malonate scaffold 58
was identified as a potent drug-like ligand for Ca?*-dependent lectins such as LecA,
LecB and DC-SIGN. Notably, malonates showed a low cytotoxicity (up to 10 mM) and

selectivity for DC-SIGN*, but not Langerin® Raji cells in vitro using cell-based assay
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(cellFy). Aside from the Ca?-dependent binding of a common malonic acid group,
additional interactions of the 58 electronegative CF, group with DC-SIGN (F313) and
LecB were discovered by 'H-""N TROSY/HSQC NMR. Such a secondary interaction
was not observed for LecA, which demonstrated a preference for a malonate with a
different scaffold (61). Certainly, the potencies and selectivity of both compound series
to lectins are still lower than those observed for metalloenzymes, and still have to be
improved. Nevertheless, MBPs provide suitable starting points for developing the first
drug-like inhibitors for the orthosteric sites of mammalian and bacterial Ca*-
dependent lectins.

Taken together, °F NMR has continued to prove its versatility in several areas of
chemical biology including carbohydrate-lectin interactions. Advances in the methods
for °F labeling of proteins, as well as the synthesis of fluorinated monosaccharides
and complex oligosaccharides have been the driver for the development of '°F NMR
methods for lectins reported in this thesis. Undoubtedly, PrOF NMR has proven its
utility for discovery of fragment binding to the carbohydrate-binding site of lectins,
whereas the combination of AGA with '°F NMR is likely to amplify the application of F-
glycans in the future. Notably, '°F and TROSY NMR methods allowed us to assess the
druggability of bacterial and fungal lectins identifying several druggable sites, which
could be used for design of potential allosteric inhibitors. Combining NMR with other
methods (X-ray, SPR and FP), metal-binding pharmacophores were identified as the
first drug-like fragments targeting the orthosteric site of mammalian and bacterial Ca®-
dependent lectins. These discoveries will assist many drug discovery campaigns

aiming to develop lectin inhibitors in the future.
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Supplementary materials and methods

Materials

All chemicals and buffers used within this work were purchased from Sigma Aldrich (St.

Louis, MO, USA) or Carl Roth (Karlsruhe, Germany) unless otherwise indicated.

The LecA-encoding gene from P. aeruginosa PAO1 cloned into pET25(b+) vector resulted in
pET25pa1l plasmid and LecA was produced recombinantly as reported previously

(Blanchard, et al. 2008).

Site-directed mutagenesis

To distinguish fluorine resonances, we mutated tryptophan (W) against phenylalanine (F)
using Quick—-Change Lightning Mutagenesis Kit (Agilent, Santa Clara, USA). We used
primers shown in (Table SlI) following the manufacturer’s protocol to generate mutants
W33F, W42F and W84F. The plasmids were sequenced to confirm the mutagenesis using
primers for T7 promoter. The plasmid for W2F mutant was obtained from GenScript Biotech

(USA).

Liquid chromatography—-mass spectrometry (LC-MS)

LC-MS analysis of LecA was performed using an ESI Waters Xevo G2-XS mass
spectrometer coupled to an Acquity H-class UPLC system. LC separation was done on an
Acquity UPLC Protein BEH C4 column (21 x 50 mm, 1.7 ym) using a gradient from 10 to
70% of acetonitrile in water with 0.5% formic acid in 12 min. The MS analysis was performed
in positive mode using a 1.5 kV capillary voltage. The data were analyzed using MassLynx

4.2 and Biopharmalynx 1.3 software.
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Supplementary tables

Table SI. Line width values of four tryptophan residues measured in PrOF NMR upon

variation of buffer, temperature and protein concentration (ND = line width could not be

determined due to low signal-to-noise quality of spectra).

Line width [Hz]
Buffer Temperature Protein concentration
Peak

TBS MES

pH 7.8 bH 6.0 285 K 298 K 310K 50 uM 100 uM 200 pM
W42 180 148 ND ND 153 ND 170 178
W2 172 172 ND 161 125 ND 152 159
W33 161 144 ND 150 145 ND 167 165
W85 115 113 ND 127 116 ND 109 109

Table SlI. Primer sequences used for single-point mutagenesis (F = forward, R = reverse).

Primer Sequence

LecA W33F F CGTAACTGGCGAAACCGGCGGCGACGA
LecA W33F R TCGTCGCCGCCGGTTTCGCCAGTTACGGA
LecA W42F F CCTGCGGCCCGAATTTCTGGGTAGGTCCGTA
LecA W42F R TACGGACCTACCCAGAAATTCGGGCCGCAGG
LecA W84F F ATTGGGTGCAACGAAACGGAACAACC

LecA W84F R GGTTGTTCCGTTTCGTTGCACCCAAT

T7 PROMOTOR

T7 TERMINATOR

TAATACGACTCACTATATAGG

GCTAGTTATTGCTCAGCGG

98



7. SUPPORTING INFORMATION

Table SlIl. List of components used to prepare minimal medium (M9) supplemented with an

amino acid cocktail and 5-fluoroindole (5FI).

Component

Amount per 1 L expression

Autoclaved MiliQ water
5x Amino acid cocktail
10x M9 salts

20% D-glucose

100x Trace elements
100 mg mL™" Ampicillin
1 mg mL™" Vitamins

1 M CaCl,

1 M MgSO,

Prepare 5-fluoroindole (60mg) in 250 yL DMSO

500 mL
250 mL
100 mL
20 mL
10 mL
1mL
1mL
300 pL
4 mL

Amino acids cocktail (5x)

* For 1 L of stock solution, dissolve one by one in 50 mL of distilled MiliQ water and combine

in following order:

Component
Alanine

Arginine
Asparagine Monohydrate
Aspartic acid
Cysteine-HCI-H,0
Glutamine
Glutamic acid
Glycine

Histidine
Isoleucine
Leucine
Lysine-HCI
Methionine
Phenylalanine
Proline

Serine

Threonine
Tyrosine

Valine

Sodium acetate
Succinic acid
Potassium phosphate (dibasic)
Adenine
Guanosine
Thymine

Uracil

Cytosine

99

500 mg
400 mg
400 mg
400 mg
50 mg
400 mg
650 mg
550 mg
100 mg
230 mg
230 mg
420 mg
250 mg
130 mg
100 mg
219
230 mg
170 mg
230 mg
159
159
1059
500 mg
650 mg
200 mg
500 mg
200 mg
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M9 salt solution (10x)

* For 1 L stock solution, dissolve in 800 mL, adjust the pH to 7.2 with NaOH, autoclave for 15
min at 121°C. Use non-"°N labeled NH,CI.

Na,HPO4-2H,0 7524
KH,PO, 309
NaCl 59
NH,CI 59

Trace elements (10x)

* For 1 L stock solution, sterilize the solution over a 0.22 um filter. Store in dark.

EDTA 59

In 800 mL MQ, adjust pH to 7.5 with NaOH

FeCl; (anhydrous) 498 mg
ZnCl, 84 mg
0.1 M CuCl,-2H,0 765 pL
0.2 M CoCl,-2H,0 210 pL
0.1 M HzBO; 1.6 mL
1 M MnClx-4H,0 8.1 uL

Vitamin stock (1000x)

* For 50 mL stock solution, sterilize the solution over a 0.22 um filter. Prepare 1 mL aliquots
and store at -20°C.

Biotin 50 mg
Thiamin-HCI 50 mg
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Table SIV. PrOF NMR and FP assay affinity values. Competitive binding assay of
Me-a-D—-Gal, b—GalNAc and D—Gal with LecA and 5FW LecA based on fluorescence
polarization are shown. IC5; values are given as averages of three independent (LecA) or
three technical replicates (5FW LecA) and is a relative affinity value depending on the
concentration of ligand (8 mM) used in this assay, which was required to reduce binding of
Me-a-D-Gal to half of the uninhibited value. K,values for Me—-a-D-Gal, b—GalNAc, D—-Gal,
Ph—B-D-Gal and pNPGal are defined as half of binding sites of 100 uM 5FW LecA being

bound and are given as average of three independent replicates (ND = not determined).

Competitive binding assay PrOF NMR
LecA 5FW LecA 5FW LecA
ICs0 [UM] ICs0 [UM] Kq [uM]
Me-a-D-Gal 140 + 30 195 ND
D-Gal 33040 317 360 + 50
D-GalNAc 1230 + 200 1991 780 + 97
Ph-B-b-Gal ND ND 166 + 42
pNPGal ND ND 54+6
7
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Supplementary figures
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Fig. S1. Temperature optimization for 5SFW LecA PrOF NMR. Shown is PrOF NMR spectrum
of 200 uM holo 5FW LecA in TBS pH 7.8 at temperatures 285 K, 298 K and 310 K. Peak line
widths of tryptophan resonances were measured in MestReNova using Line Fitting function
for manual fitting of peaks (red line). The line width values for W42 and W84 at different
temperatures are shown in Table SlI, PrOF NMR spectrum of 5FW LecA at 298 K and 310 K
resulted in similarly well-resolved spectra. The line width values of W2 and W33 deviated
between measurements due to the overlap of both signals. As result, we used 310 K for

PrOF NMR experiments with 5FW LecA.
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Fig. S2. Optimization of 5FW LecA concentration for PrOF NMR. Shown are PrOF NMR
spectra of 50 M (bottom), 100 uM (middle) and 200 uM (top) holo 5FW LecA in TBS pH 7.8
buffer at 310 K. Peak line widths of tryptophan resonances were measured in MestReNova
x64 using Line Fitting function for manual fitting of peaks (red line). The line width values for
W42 and W84 at concentrations 100 pM and 200 uM of 5FW LecA are shown in Table SI.
Since PrOF NMR spectrum containing 50 yM 5FW LecA resulted in a low signal-to-noise
spectrum, we did not measure line widths of tryptophan resonances. As result, 100 — 200 uM

5FW LecA concentrations can be used in future experiments.
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Fig. S3. Buffer optimization of 5FW LecA PrOF NMR. Shown is PrOF NMR spectrum of 100
UM holo 5FW LecA in a buffer with low (MES pH 6.0, bottom) vs medium salt (TBS pH 7.8,
top) concentration. Both buffer systems show a comparable result on resolution of fluorine
resonances. Peak line width values of tryptophan resonances were measured in
MestReNova x64 using Line Fitting function for manual fitting of peaks (red line). The line
width values for W42 and W84 are shown in Table Sl, whereas line widths of W2 and W33

deviated between measurements due to the overlap of both signals.
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Fig. S4. PrOF NMR titration of Ca®* to apo 5FW LecA. A. PrOF NMR titration of Ca*" to

Ca*"-free (apo) 5FW LecA in MES pH 6 at 310 K. The W42 resonance undergoes a slow

exchange on the chemical shift timescale and the signal intensity of Ca®'~free W42 peak

(arrow) can be followed to determine K,. B. Shown is normalized change in unbound W42

peak intensity upon addition of Ca

. For this, the change in W42 peak intensity in presence

of the Ca®" compared to the reference was dived by W42 peak intensity of the reference

spectrum delivering the normalized change in peak intensity values plotted on Y-axis.

Titration data was fitted to one-site—binding model to obtain Ky value of 47+8 uM. The error

bars represent the standard deviation of three independent titrations.
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Fig. S5. PrOF NMR titration of D-Gal to holo 5FW LecA. A. The structure of b-Gal. B. PrOF

NMR titration of D-Galto holo 5FW LecA in TBS pH 7.8 at 310 K. The W42 resonance from
free protein appeared with decreasing intensity (arrow) upon D-Gal addition and can be
followed to determine K. C. Shown is normalized change in W42 peak intensity upon
addition of D-Gal. For this, the change in W42 peak intensity in presence of the D-Gal was
dived by W42 peak intensity of the reference spectrum delivering the normalized change in
peak intensity values plotted on Y-axis. Titration data was fitted to one-site—binding model to
obtain K, value of 360 + 47 uM. The error bars represent the standard deviation of three

independent titrations.
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Fig. 6. ITC titration of Ca* to apo LecA. One representative graph of an isothermal titration
microcalorimetry (ITC) of unlabeled LecA with Ca®'is depicted. The Ky of 60+20 uM was

determined from a minimum of three independent titrations.
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Fig. S7. Competitive binding assay based on fluorescence polarization with LecA and 5FW
LecA. One representative titration of Me—a—D—Gal (positive control), D—-GalNAc and b—-Gal to
A. LecA and B. 5FW LecA is depicted. IC5q values are given in Table | as average of three

independent (LecA) or three technical replicates (5FW LecA).
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Fig. S8. PrOF NMR titration of Ph—B-D—-Gal to holo 5FW LecA. A. The structure of
Ph-B-D-Gal. B. The PrOF NMR titration of Ph—B-D-Gal to holo 5FW LecA in TBS pH 7.8 at
310 K. The W42 resonance from free protein appeared with decreasing intensity (arrow)
upon Ph—B-D-Gal addition. The change in signal intensity of free W42 peak can be followed
to determine K, of 5FW LecA for Ph——-D—-Gal. B. Shown is normalized change in W42 peak
intensity upon addition of Ph—B-D-Gal. For this, peak intensity in presence of Ph—3-D-Gal
was dived by W42 peak intensity of the reference spectrum delivering the normalized change
in peak intensity values plotted on Y-axis. Titration data was fitted to one—site—binding model
to obtain K, value of 166+42 uM. The error bars represent the standard deviation of three

independent titrations.
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A. General materials and methods

All chemicals used were reagent grade and used as supplied unless otherwise noted. The
automated syntheses were performed on a home-built synthesizer developed at the Max
Planck Institute of Colloids and Interfaces. Analytical thin-layer chromatography (TLC) was
performed on Merck silica gel 60 F254 plates (0.25 mm). Compounds were visualized by UV
irradiation or dipping the plate in a staining solution (sugar stain: 10% H2SO4 in EtOH; CAM:
48 g/L ammonium molybdate, 60 g/L ceric ammonium molybdate in 6% H2SO. aqueous
solution). Flash column chromatography was carried out by using forced flow of the
indicated solvent on Fluka Kieselgel 60 M (0.04 — 0.063 mm). Analysis and purification by
normal and reverse phase HPLC was performed by using an Agilent 1200 series. Products
were lyophilized using a Christ Alpha 2-4 LD plus freeze dryer. 'H, *C and HSQC NMR
spectra were recorded on a Varian 400-MR (400 MHz), Varian 600-MR (600 MHz), or
Bruker Biospin AVANCE700 (700 MHz) spectrometer. Spectra were recorded in CDCIs by
using the solvent residual peak chemical shift as the internal standard (CDCls: 7.26 ppm 'H,
77.0 ppm BC) or in D20 using the solvent as the internal standard in 'H NMR (D20: 4.79
ppm 'H). High resolution mass spectra were obtained using a 6210 ESI-TOF mass
spectrometer (Agilent) and a MALDI-TOF autoflex™ (Bruker). MALDI and ESI mass spectra
were run on lonSpec Ultima instruments. IR spectra were recorded on a Perkin-Elmer 1600
FTIR spectrometer. Optical rotations were measured by using a Perkin-Elmer 241 and

Unipol L1000 polarimeter.
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B. Building blocks

OBn BnO OBn OBn
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/\/\/\
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Fmoco ~O—POBu o
OBu BnO O2N
4 5 L1

O = Merrifield resin

Building blocks 1 and 4 were synthesized according to previous literature procedures.’? Building
blocks 2, 3, and 5 were purchased from GlycoUniverse (Germany, product codes
Gal32.11140202, GIcN30.15131402, Fuc32.020202 respectively). Merrifield resin equipped with
a photocleavable linker (L1, loading 0.30 mmol/g) was prepared according to previous

literature.®
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C. Automated glycan assembly
General materials and method

The automated syntheses were performed on a home-built synthesizer developed at the
Max Planck Institute of Colloids and Interfaces. All solvents used were HPLC-grade. The
solvents used for the building block, activator, TMSOTf and capping solutions were taken
from an anhydrous solvent system (J.C. Meyer) and further dried with molecular sieves (4 A)
for moisture-sensitive solutions. The building blocks were co-evaporated three times with
toluene and dried for 1 h on high vacuum before use. Oven-heated, argon-flushed flasks
were used to prepare all moisture-sensitive solutions. Activator, capping, deprotection,
acidic wash and building block solutions were freshly prepared and kept under argon during
the automation run. All yields of products obtained by AGA were calculated on the basis of

resin loading. Resin loading was determined following previously established procedures.*
Preparation of stock solutions

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

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

o Fmoc deprotection solution: A solution of 20% piperidine in DMF (v/v) was prepared.

e Lev deprotection solution: Hydrazine acetate (650 mg, 5.97 mmol) was dissolved in
pyridine/AcOH/H20 (40mL, v/v, 32:8:2) and sonicated for 10 min.

e TMSOTf solution: TMSOTTf (0.45 mL, 2.49 mmol) was added to DCM (40 mL).

e Capping solution: A solution of 10% acetic anhydride and 2% methanesulfunic acid in

DCM (v/v) was prepared.

Modules for automated synthesis

Module A: Resin preparation for synthesis (20 min)

All automated syntheses were performed on 0.0135 mmol scale. Resin (L1, 45 mg) was placed
in the reaction vessel and swollen in DCM for 20 min at room temperature prior to synthesis.
During this time, all reagent lines needed for the synthesis were washed and primed. After the
swelling, the resin was washed with DMF, THF, and DCM (three times each with 2 mL for 25 s).
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Module B: Acidic wash with TMSOTf solution (20 min)

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

Action Cycles Solution Amount T (°C) '“C:'il:;m"
Cooling - - - -20 (15 min)*
Deliver 1 DCM 2mL -20 -
Deliver 1 TMSOTTf solution 1mL -20 3 min
Wash 1 DCM 2mL -20 25 sec

*Time required to reach the desired temperature.

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

The building block solution (0.10 mmol of BB in 1 mL of DCM per glycosylation) was delivered
to the reaction vessel. After the set temperature was reached, the reaction was started by
dropwise addition of the NIS/TfOH activator solution (1.0 mL, excess). The glycosylation
conditions (T4, T2, t1, and t2) are building block dependent and are reported in a table below.
After completion of the reaction, the solution was drained and the resin was washed with DCM,
DCM:dioxane (1:2, 3 mL for 20 s) and DCM (two times, each with 2 mL for 25 s). The

temperature of the reaction vessel was increased to 25 °C for the next module.

Action Cycles Solution Amount T (°C) Inc;:itr:;la(:lon
Cooling - - - T4 -
Deliver 1 BB solution 1 mL T4 -
Deliver 1 NIS/TfOH _activator 1mL T, )

solution
Reaction time 1 T4 t4
(BB dependent) to T2 t2
Wash 1 DCM 2 mL T2 5 sec
Wash 1 DCM(:1F)2|§>xane 2mL T2 20 sec
Heating - - - 25 -
Wash 2 DCM 2mL >0 25 sec

The AGA glycosylation conditions employed for thioglycoside BBs were previously reported.?

116



7. SUPPORTING INFORMATION

BB Equiv. ti(min) T;(°C) t2(min) T2(°C)

1 8 5 -20 20 0
2 8 5 -20 20 0
3 8 5 -20 40 0
5 8 5 -40 20 -20

Module C2: Glycosyl phosphate glycosylation (45 min)

The building block solution (0.06 mmol of BB in 1 mL of DCM per glycosylation) was delivered
to the reaction vessel. After the set temperature was reached, the reaction was started by drop
wise addition of the TMSOTTf solution (1.0 mL, stoichiometric). After completion of the reaction,
the solution was drained and the resin washed with DCM (six times, each with 2 mL for 25 s).

The temperature of the reaction vessel was increased to 25 °C for the next module.

Action Cycles Solution Amount T (°C) |"°:'it::;i°"
Cooling - - - -35 -
Deliver 1 BB solution 1mL -35 -
Deliver 1 TMSOT( solution 1mL -35 -
Reaction time ] -35 5 min
(BB dependent) to-15 30 min
Wash 1 DCM 2mL -15 5 sec
Heating - - - 25 -
Wash 6 DCM 2mL >0 25 sec

The AGA glycosylation conditions employed for the glycosyl phosphate BB were previously
reported.?

BB Equiv. ti(min) T;(°C) t2(min) T2(°C)
4 5 5 -35 30 -15

Module D: Capping (30 min)

The resin was washed with DMF (two times with 2 mL for 25 s) and the temperature of the
reaction vessel was adjusted to 25 °C. 2 mL of Pyridine solution (10% in DMF) was delivered
into the reaction vessel. After 1 min, the reaction solution was drained and the resin washed

with DCM (three times with 3 mL for 25 s). 4 mL of capping solution was delivered into the
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reaction vessel. After 20 min, the reaction solution was drained and the resin washed with DCM

(three times with 3 mL for 25 s).

Action Cycles Solution Amount T (°C) Inc:nil:na:on
Heating - - - 25 (5 min)*
Wash 2 DMF 2mL 25 25 sec
. 10% Pyridine in .

Deliver 1 DME 2mL 25 1 min
Wash 3 DCM 2mL 25 25 sec
Deliver 1 Capping Solution 4 mL 25 20 min
Wash 3 DCM 2mL 25 25 sec

*Time required to reach the desired temperature.

Module E1: Fmoc deprotection (9 min)

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

for 25 s). The temperature of the reaction vessel was decreased to -20 °C for the next module.

Action Cycles Solution Amount T (°C) Inc;]it:;ion
Wash 3 DMF 2mL 25 25 sec
Deliver 1 Fmoc depr. solution 2mL 25 5 min
Wash 1 DMF 2mL
Cooling - - - -20 -
Wash 3 DMF 2mL <25 25 sec
Wash 5 DCM 2mL <25 25 sec

Module E2: Lev deprotection (65 min)

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

Action Cycles Solution Amount T (°C) Incubation

118



7. SUPPORTING INFORMATION

time

Wash 3 DMF 2mL 25 25 sec
Deliver 2 Lev depr. solution 2mL 25 30 min
Wash 1 DMF 2mL

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

Note:

With the current setup the automated synthesizer has four BB lines. Therefore, for AGA
syntheses requiring the use of five BBs (i.e. AGA of F-Le*, F-H type 2, and F-LeY) a first cycle
with BB 1 was performed and, upon completion, BB 1 was replaced by BB 5 solution to continue
the AGA.

Post-synthesizer manipulations (Post-AGA)

Module F: On-resin methanolysis

The resin was suspended THF (4 mL). 0.4 mL of NaOMe in MeOH (0.5 M) was added and the
suspension was gently shaken at room temperature. After micro-cleavage (see Module G1)
indicated the complete removal of benzoyl groups, the resin was repeatedly washed with MeOH
(2mL x 3) and DCM (2mL x 3).

Module G: Cleavage from solid support
The oligosaccharides were cleaved from the solid support using a continuous-flow photoreactor

as described previously.®

Module G1: Micro-cleavage from solid support

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

Module H1: Hydrogenolysis
The crude compound obtained from Module G was dissolved in 2 mL of EA:tBuOH:H20 (2:1:1).
100% by weight Pd-C (10%) was added and the reaction was stirred in H2 bomb with 60 psi

pressure. The reaction progress was monitored to avoid undesired side products formation.
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Upon completion, the reaction was filtered and washed with EA, tBuOH and H.O. The filtrates

were concentrated in vacuo.

Module H2: Hydrogenolysis at ambient pressure

The crude compound obtained from Module G was dissolved in 2 mL of EA:tBuOH:H20 (2:1:1).
100% by weight Pd-C (10%) was added and the reaction was stirred in a flask equipped with a
H2 balloon. The reaction progress was monitored to avoid undesired side products formation.
Upon completion, the reaction was filtered and washed with EA, tBuOH and H.O. The filtrates

were concentrated in vacuo.

Module I: Purification

The purification of the crudes was conducted using a Css silica column or reverse phase HPLC
(Agilent 1200 Series, Method B and Method C). The pure compound was analyzed using
analytical HPLC (Agilent 1200 Series, Method A).

e Method A: (Hypercarb column, 150 x 4.6 mm, 3 ym) flow rate of 0.7 mL/min with H20
(0.1% formic acid) as eluents [isocratic (5 min), linear gradient to 30% ACN (30 min),
linear gradient to 100% ACN (5 min)].

e Method B: (Hypercarb column, 150 x 10 mm, 5 pm), flow rate of 3 mL /min with H20
(0.1% formic acid) as eluents [isocratic (5 min), linear gradient to 30% ACN (30 min),
linear gradient to 100% ACN (5 min)].

e Method C: (Manual reverse phase Css silica gel column chromatography): H20 (0.1%
formic acid, 10 mL), 3% MeOH (10 mL), 6% MeOH (10 mL), 9% MeOH (10 mL), 15%
MeOH (10 mL).

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

plus freeze dryer prior to characterization.
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Oligosaccharides synthesis
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Synthesis of F-Lac
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Post-AGA l

Ho OH OH
HO%& /Oﬁ/o/\/\/\wz
Y
F-Lac
Step BB Modules Notes
A L1 swelling
AGA 1 B, C1,D, E1 C1: (1, -20°C for 5 min, 0°C for 20 min)
2 B, C1,D, E1 C1: (2, -20°C for 5 min, 0°C for 20 min)
F: (16 h)
Post-AGA F, G, H2, 1 H2: (3 h)

I: (Method B, tr = 19.6 min)

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

Analytical data for F-Lac:

"H NMR (600 MHz, Deuterium Oxide) & 4.67 — 4.55 (m, 1H, H-1 Glc, H-3 Glc), 4.54 (d, J = 8.1
Hz, 1H, H-1 Gal), 4.50 (d, J = 7.9 Hz, 1H), 4.05 — 3.92 (m, 4H), 3.87 (dd, J = 12.3, 5.1 Hz, 1H),
3.81 (dd, J=11.8, 7.7 Hz, 1H), 3.78 — 3.65 (m, 4H), 3.64 — 3.53 (m, 3H), 3.01 (t, J = 7.5 Hz, 2H,
CH2-NH3* linker), 1.70 (h, J = 7.4, 6.8 Hz, 4H, 2x CH: linker), 1.47 (p, J = 7.7 Hz, 2H, CH:
linker). ®*C NMR (151 MHz, Deuterium Oxide) & 102.81 (s, C-1 Gal), 101.11 (d, J = 12.1 Hz, C-1
Glc), 94.77 (d, J = 183.6 Hz, C-3 Glc), 75.46 (d, J = 16.9 Hz), 75.18, 73.80 (d, J = 8.1 Hz),
72.57,71.72 (d, J = 18.1 Hz), 70.92, 70.17 (s, CH2-O linker), 68.43, 60.79, 59.77, 39.31 (s, CHz-

11
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NHs* linker), 28.07 (s, CH: linker), 26.49 (s, CH: linker), 22.01 (s, CH: linker). '°F NMR (564
MHz, Deuterium Oxide) & -192.23 (dt, J = 52.1, 14.0 Hz). (ESI-HRMS) m/z 430.208 [M+H]*
(C17H33FNO+o requires 430.208).

RP-HPLC of F-Lac (ELSD trace, Method A, tr = 21.4 min)

T
5 10 15 20 2% 0 £ 40 min

12
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'H NMR of F-Lac (600 MHz, D,0)

)0 95 90 85 80 75 70 65 60 55 45 40 35 30 25 20 15 10 05 O

5.0
f1 (ppm)

3C NMR of F-Lac (151 MHz, D-0)

230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
f1 (ppm)
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°F NMR of F-Lac (564 MHz, D.0)
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15

COSY NMR of F-Lac (D.0)
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Synthesis of F-nLacs

2) Post-AGA l

Ho ,OH OH  Ho OH OH
o} o) O /éow AN
Ho&y&ﬁwo&% 0 N,
OH OH

NHAC OH
F-nLac,
Step BB Modules Notes
A L1 swelling

B, C1,D, E1 C1: (1, -20°C for 5 min, 0°C for 20 min)
B, C1, D, E1 C1: (2, -20°C for 5 min, 0°C for 20 min)

AGA
B, C1,D, E1 C1: (3, -20°C for 5 min, 0°C for 40 min)
B, C2, D, E1,
4 E2 C2: (4, -35°C for 5 min, -15°C for 30 min)
F: (3d)
Post-AGA F, G, H1,1 H1: (3d)
I: (Method C)

Automated synthesis, global deprotection, and purification afforded F-nLacs as white solid (1.64

mg, 16% overall yield).

Analytical data for F-nLaca:

16
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"H NMR (700 MHz, Deuterium oxide) 4.71 (d, J = 8.4 Hz, 1H, H-1), 4.59 (dt, J = 52.0, 7.8 Hz,
1H, H-3 Glc), 4.53 (d, J = 8.0 Hz, 1H, H-1), 4.48 (t, J = 8.8 Hz, 2H, 2x H-1), 4.16 (s, 1H), 4.07 -
3.89 (m, 5H), 3.89 — 3.65 (m, 14H), 3.64 — 3.50 (m, 5H), 3.00 (t, J = 7.7 Hz, 2H, CH>-NH3z*
linker), 2.04 (s, 3H, CH; NHAc), 1.73 — 1.64 (m, 4H, 2x CH. linker), 1.53 — 1.43 (m, 2H, CH-
linker). *C NMR (151 MHz, Deuterium oxide) & 174.84, 102.83 (s, C-1), 102.80 (s, C-1), 102.66
(s, C-1), 101.13 (s, C-1) 94.72 (d, J = 184.3 Hz, C-3 Glc), 82.13, 78.14, 75.57, 75.29, 74.72,
74.50, 73.81, 72.44, 72.12, 71.66, 70.90, 70.15 (s, CH2-O linker), 69.92, 68.48, 68.18, 60.96,
60.72, 59.78, 55.14, 39.28 (s, CH; linker), 28.06 (s, CH: linker), 26.33 (s, CH linker), 22.11 (s,
CHs NHAc), 21.99 (s, CH; linker). "F NMR (564 MHz, Deuterium oxide) & -192.16 (dt, J = 52.1,
14.0 Hz). (ESI-HRMS) m/z 795.344 [M+H]" (Ca1Hs6FN2O2 requires 795.341).

RP-HPLC of F-nLacs (ELSD trace, Method A, tr = 28.1 min)

0 10 20 k) 40 50 min

17
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'H NMR of F-nLac, (700 MHz, D;0)

i |

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0
f1 (ppm)

3C NMR of F-nLacs (151 MHz, D,0)

230 220 210 200 19 180 170 160 150 140 130 120 110 100 9 8 70 60 50 40 30 20 10 0 -10

f1 (ppm)
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9F NMR of F-nLacs (376 MHz, D-0)
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COSY NMR of F-nLacs (D20)
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Synthesis of F-Le*

HO™ ™>">"NcCbz

1) AGA: FmocO

O,N

2) Post-AGA l

Ho ,OH OH  Ho OH OH
2 S Ao
HO&/O@O v OF ~ 9] NH,

OH NHAC O
)
HoOH o
F-Le*
Step BB Modules Notes
A L1 swelling
1 B, C1,D, E1 C1: (1, -20°C for 5 min, 0°C for 20 min)
— 2 B, C1,D, E1 C1: (2, -20°C for 5 min, 0°C for 20 min)
3 B, C1,D, E2 C1: (3, -20°C for 5 min, 0°C for 40 min)
5 B, C1,D, E1 C1: (5, -40°C for 5 min, -20°C for 20 min)
4 B,C2,D, E1 C2: (4, -35°C for 5 min, -15°C for 30 min)
F: (3d)
Post-AGA F,G,H1,1 H1: (3d)
I: (Method C)

Automated synthesis, global deprotection, and purification afforded F-Le* as a white solid (1.1

mg, 8% overall yield).
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Analytical data for F-Le*:

"H NMR (700 MHz, Deuterium Oxide) d 5.14 (s, 1H, H-1 Fuc a-1,3), 4.89 — 4.83 (m, 1H, H-5
Fuc a-1,3), 4.72 (d, J = 8.4 Hz, 1H, H-1), 4.67 — 4.51 (m, 2H, H-3 Glc, H-1), 4.50 — 4.44 (m, 2H,
2x H-1), 4.21 — 4.13 (m, 1H), 4.06 — 3.82 (m, 11H), 3.82 — 3.64 (m, 10H), 3.59 (ddt, J = 17.3,
10.2, 3.8 Hz, 5H), 3.51 (t, J = 8.9 Hz, 1H), 3.00 (t, J = 7.6 Hz, 2H, CH2>-NHs" linker), 2.03 (s, 3H,
CHs NHAc), 1.68 (p, J = 7.8, 7.1 Hz, 4H, 2x CH; linker), 1.46 (p, J = 7.5 Hz, 2H, CH. linker),
1.18 (d, J = 6.7 Hz, 3H, CH; Fuc). *C NMR (151 MHz, Deuterium oxide) & 170.97 (s, C=0
NHAc), 102.82 (s, C-1), 102.46 (s, C-1), 101.71 (s, C-1), 101.13 (s, C-1), 98.54 (s, C-1 Fuc a-
1,3), 94.73 (d, J = 178.3 Hz, C-3 Glc), 82.16, 75.07, 74.85, 74.71, 73.81, 73.01, 72.42, 71.85,
70.99, 70.15 (s, CH»>-O linker), 69.92, 69.14, 68.29, 68.16, 67.65, 66.63 (s, C-5 Fuc a-1,3),
61.44, 60.73, 59.58, 39.29 (s, CH2>-NH3" linker), 28.06 (s, CH: linker), 26.35 (s, CHz linker),
22.19 (s, CHs NHAc), 21.99 (s, CH; linker), 15.24 (s, CHs Fuc). "®F NMR (564 MHz, Deuterium
oxide) & -192.15 (dt, J = 52.2, 14.0 Hz). (ESI-HRMS) m/z 941.403 [M+H]* (Cs7HssFN2024
requires 941.398).

RP-HPLC of F-Le* (ELSD trace, Method A, tr = 24.3 min)
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H NMR of F-Le* (700 MHz, D.0)

ly

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0
f1 (ppm)

3C NMR of F-Le* (151 MHz, D.0)
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f1 (ppm)
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°F NMR of F-Le* (376 MHz, D0)
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25

COSY NMR of F-Le* (D20)
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Synthesis of F-H type 2

NHTCA

SToI

2) Post-AGA

Ho OH
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O/\ Bno (O8N
\/ FmocO O- P OBU

O

NHAc

pd
OH
OH

HO
F-H type 2
Step BB Modules Notes
A L1 swelling
1 B, C1,D, E1 C1: (1, -20°C for 5 min, 0°C for 20 min)
2 B,C1,D, E1 C1: (2, -20°C for 5 min, 0°C for 20 min)
AGA 3 B, C1,D, E1 C1: (3, -20°C for 5 min, 0°C for 40 min)
4 B, C2,D, E1 C2: (4, -35°C for 5 min, -15°C for 30 min)
5 B, C1,D, E2 C1: (5, -40°C for 5 min, -20°C for 20 min)
F: (24d)
Post-AGA F,G,H1,1 H1: (3d)
I: (Method C)
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Automated synthesis, global deprotection, and purification afforded F-H type 2 as a white solid
(1.3 mg, 10% overall yield).

Analytical data for F-H type 2:

"H NMR (700 MHz, Deuterium Oxide) & 5.32 (s, 1H, H-1 Fuc a-1,2), 4.71 (d, J = 8.5 Hz, 1H, H-
1), 4.68 — 4.44 (m, 4H, 4x H-1, H-3 Glc), 4.23 (q, J = 6.5 Hz, 1H, H-5 Fuc a-1,2), 4.20 — 3.64 (m,
25H), 3.64 — 3.50 (m, 2H), 3.47 (m, 1H), 3.01 (t, J = 7.6 Hz, 2H, CH>-NHs;" linker), 2.05 (s, 3H,
CH; NHACc), 1.80 — 1.62 (m, 4H, 2x CH; linker), 1.46 (p, J = 8.0 Hz, 2H, CH: linker), 1.27 — 1.20
(d, J = 6.1 Hz, 3H, CH;3 Fuc). *C NMR (151 MHz, Deuterium oxide) & 170.79 (s, C=O NHAc),
102.82 (s, C-1), 102.68 (s, C-1), 101.13 (s, C-1), 100.19 (s, C-1), 99.35 (s, C-1 Fuc a-1,2),
94.75 (d, J = 196.3 Hz, C-3 Glc), 82.07, 76.39, 75.85, 75.58, 75.19, 75.04, 74.70, 73.76, 73.46,
72.00, 71.61, 70.15 (s, CH2-O linker), 69.94, 69.55, 69.05, 68.14, 66.87 (s, C-5 Fuc a-1,2),
61.05, 60.68, 59.78, 55.33, 39.28 (s, CH2-NHs" linker), 28.06 (s, CH2 linker), 26.33 (s, CH2
linker), 22.13 (s, CHs NHAc), 21.99 (s, CH: linker), 15.24 (s, CHs Fuc). "*F NMR (564 MHz,
Deuterium oxide) & -192.17 (dt, J = 52.1, 14.1 Hz). (ESI-HRMS) m/z 941.404 [M+H]*
(Cs7HesFN2O24 requires 941.398).

RP-HPLC of F-H type 2 (ELSD trace, Method A, tr = 27.4 min)
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H NMR of F-H type 2 (700 MHz, D.0)
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13C NMR of F-H type 2 (151 MHz, D,0)
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19E NMR of F-H type 2 (564 MHz, D,0)
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30

COSY NMR of F-H type 2 (D.0)
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Synthesis of F-LeY

HO™ >">"""NCbz

O,N
L1

FmocOF B0 OBn
Ko
FmocO STol
OBz
1) AGA: FmocO
LevO
Wsm
OBn
Bno ,OBN BnoO8"
BnO
Fmoc O STol
2) Post-AGA l
Ho ,OH OH  Ho OH OH
Hoé&/oﬁo&oﬁowm
(o] NHAC OH OH
e
OH
HooH o7 o
F-Le¥
HoOH €
Step BB Modules Notes
A L1 swelling
1 B, C1,D, E1 C1: (1, -20°C for 5 min, 0°C for 20 min)
2 B, C1,D, E1 C1: (2, -20°C for 5 min, 0°C for 20 min)
AGA 3 B, C1,D, E2 C1: (3, -20°C for 5 min, 0°C for 40 min)
5 B, C1,D, E1 C1: (5, -40°C for 5 min, -20°C for 20 min)
4 B,C2,D, E1 C2: (4, -35°C for 5 min, -15°C for 30 min)
5 B,C1,D C1: (5, -40°C for 5 min, -20°C for 20 min)
F: (3d)
Post-AGA F, G, H1,1
H1: (3d)
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I: (Method B, tr = 22.0 min)

Automated synthesis, global deprotection, and purification afforded F-LeY as a white solid (0.8

mg, 5% overall yield).

Analytical data for F-LeY:

"H NMR (700 MHz, Deuterium Oxide) & 5.28 (d, J = 3.6 Hz, 1H, H-1 Fuc a-1,2), 5.12 (d, J= 4.0
Hz, 1H, H-1 Fuc a-1,3), 4.89 (q, J = 6.8 Hz, 1H, H-5 Fuc a-1,3), 4.73 (d, J = 8.4 Hz, 1H, H-1),
4.59 (dt, J = 52.3, 8.8 Hz, 1H, H-3 GlIc), 4.54 — 4.50 (m, 2H, 2x H-1), 4.48 (d, J = 7.9 Hz, 1H, H-
1), 4.26 (q, J = 6.6 Hz, 1H, H-5 Fuc a-1,2), 4.16 — 4.13 (m, 1H), 4.05 — 3.90 (m, 7H), 3.90 — 3.64
(m, 17H), 3.63 — 3.55 (m, 5H), 3.46 (ddd, J = 10.1, 5.2, 2.4 Hz, 1H), 3.05 — 2.99 (m, 2H, CH»>-
NHs* linker), 2.03 (s, 3H, CHs NHAc), 1.69 (dp, J = 13.8, 7.1 Hz, 4H, 2x CH_: linker), 1.47 (qd, J
= 9.6, 8.9, 6.5 Hz, 2H, CH: linker), 1.27 (d, J = 6.6 Hz, 3H, CHs Fuc), 1.24 (d, J = 6.6 Hz, 3H,
CHj3 Fuc). ®C NMR (176 MHz, Deuterium oxide) & 170.92 (s, C=O NHAc), 102.88 (s, C-1),
101.20 (s, C-1), 101.13 (s, C-1), 100.22 (s, C-1), 99.44 (s, C-1 Fuc a-1,2), 98.60 (s, C-1 Fuc a-
1,3), 94.83 (d, J = 182.8 Hz, C-3 Glc), 82.16, 76.40, 75.63, 75.39, 74.87, 74.76, 73.88, 73.83,
73.56, 73.09, 71.95, 71.85, 71.72, 70.22 (s, CH2-O linker), 70.02, 69.74, 69.19, 68.75, 68.29,
68.22, 67.72, 66.92 (s, C-5 Fuc 0-1,2), 66.80 (s, C-5 Fuc a-1,3), 61.48, 60.75, 59.86, 59.80,
56.15, 39.35 (s, CH2-NH3* linker), 28.13 (s, CH2 linker), 26.40 (s, CH: linker), 22.28 (s, CH3
NHAc), 22.06 (s, CH: linker), 15.46 (s, CHs Fuc), 15,44 (s, CHs Fuc). "F NMR (564 MHz,
Deuterium oxide) & -192.16 (dt, J = 52.4, 14.1 Hz). (ESI-HRMS) m/z 1087.462 [M+H]*
(CasH76FN202s requires 1087.456).

RP-HPLC of F-LeY (ELSD trace, Method A, tr = 23.0 min)

T
10 20 30 40 min
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H NMR of F-LeY (700 MHz, D.0)
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3C NMR of F-Le¥ (151 MHz, D.0)
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°F NMR of F-LeY (564 MHz, D0)
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35

COSY NMR of F-LeY (D20)
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Synthesis of CF3-H type 2

Ho OH OH  Ho OH OH
0 0
é&o Q é&o O 0™ NH
HO HO o HO ?
o NHAc OH OH
0

ﬁOH\iOH s1

OH

o
NEts
Et0” °CF; | DMSO

Ho OH OH  Ho OH OH o
0 0
&@/o Q gyo 2 OWN*CH
HO Ho 0 HO H
o NHAc OH OH
?QZ/
OH
OH

OH
CF3-H antigen (ll)

S1 was prepared by automated synthesis according to previously established protocols.?

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

Analytical data for CF3-H type 2:

"H NMR (600 MHz, Deuterium Oxide) 8 5.32 (d, J = 3.1 Hz, 1H, H-1 Fuc a-1,2), 4.72 (d, J= 8.4
Hz, 1H, H-1), 4.56 (d, J = 7.7 Hz, 1H, H-1), 4.49 (d, J = 8.0 Hz, 1H, H-1), 4.46 (d, J = 7.9 Hz,
1H, H-1), 4.23 (q, J = 6.6 Hz, 1H, H-5 Fuc a-1,2), 4.16 (d, J = 3.4 Hz, 1H), 4.02 — 3.87 (m, 5H),
3.87 —3.57 (m, 22H), 3.51 — 3.45 (m, 1H), 3.35 (t, J = 7.0 Hz, 2H, CH>-NH3" linker), 3.33 — 3.29
(m, 1H), 2.06 (s, 3H, CHs NHAc), 1.70 — 1.59 (m, 4H, 2x CH: linker), 1.42 (p, J = 7.7 Hz, 2H,
CH: linker), 1.24 (d, J = 6.6 Hz, 3H, CHj3 Fuc). "*F NMR (564 MHz, Deuterium oxide) & -75.92.
(ESI-HRMS) m/z 1057.372 [M+Na]* (CssHesF3N202sNa required1057.367).
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37

RP-HPLC of the crude reaction mixture (ELSD trace, Method A)
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38

19F NMR of CF3-H type 2 (564 MHz, D0)
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* The peak at -122.29 ppm is a fluoride impurity
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D. NMR studies of glycan-protein interactions
General materials and methods

Chemicals
All commercial carbohydrates and building blocks were purchased from Carbosynth (UK) or TCI

(Germany).

Recombinant proteins

The non-labelled or '*N-labeled LecA®, LecB’ and BambL® were purified in soluble form as
reported previously. LecA labelled with 5-fluorotryptophan (5FW) was expressed and purified as
described previously.® Human Langerin ECD, DC-SIGN CRD and ECD constructs were

expressed in inclusion bodies and prepared as described previously.®!

F NMR

F NMR was used to screen F-glycans for bacterial (LecA, LecB, BambL), mammalian lectins
(Langerin, DC-SIGN), and sialyltransferases (a(2,3)-sialyltransferase from Pasteurella multocida
(Pma23ST) and a(2,6)-sialyltransferase from Photobacterium damsela (Pda26ST)). The
enzymes q(2,3)-sialyltransferase from Pasteurella multocida (Pma23ST, E. coli EC no.
2.4.99.4), and a(2,6)-sialyltransferase from Photobacterium damsela (Pda26ST, E. coli EC no.
2.4.99.1) were purchased from Sigma Aldrich. All experiments were performed on a Bruker
Ascend™700 (Avancelll HD) spectrometer equipped with a 5 mm TCI700 CryoProbe™ in 3 mm
tubes (Norell S-3-800-7) at 298 K. The proteins were screened at 10 yM (or 67 mU/mL for
enzymes) against F-glycans: F-Lac, F-nLacs, F-Le*, F-H type 2 and F-LeY in 25 mM Tris-HCI
pH 7.8, 150 mM NaCl, 10% D20, 25 yM TFA and 5 mM CaCl, at 298 K. For this, proteins were
mixed at 1:1 in volume ratio with the F-glycans resulting in the concentrations of 10 yM (or 67
mU/mL for enzymes) and 50 uM, respectively. The enzymes were screened in the absence of
donor (i.e. CMP-Neu5Ac). '°F spectra were recorded with 512 scans, a spectral width of 10
ppm, a transmitter offset at -190 ppm, acquisition time of 2 s and 1 s relaxation time. T2-filtered
spectra were recorded using a CPMG pulse sequence with a 180° pulse repetition rate of 0.38 s
using same acquisition and relaxation times.'?'® 1°F Ro-filtered experiments for 0.6 mM F-H
type 2 and 0.15 mM LecA were performed with a CPMG pulse sequence with a 180° pulse
repetition rate of 0, 0.24, 0.48, 0.72, 0.96 and 1.2 s using the same buffer and acquisition
conditions as described above. '°F and CPMG NMR spectra of 50 uyM CF3-H type 2 were
recorded in presence of 10 uM DC-SIGN ECD and 5 yM BambL with 16 scans, a spectral width

of 10 ppm, a transmitter offset at -75 ppm, acquisition time of 2 s and 1 s relaxation time. Data
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were recorded without proton decoupling. All spectra were analyzed in MestReNova 11.0.0
(Mestrelab Research SL). The binding strength (Figure 1B) was defined depending on the
changes observed in the NMR after addition of the protein. A decrease in peak intensity higher
than -25% or a CSP higher than 0.01 ppm in the normal "®F NMR was interpreted as strong
binding (blue), a decrease in peak intensity higher than -25% in the CPMG filtered '°F NMR as
weak/medium binding (light blue), and a decrease in peak lower than -25% in normal or CPMG
filtered "°F NMR as no binding (white).

Ka determination with F-glycans in '°F NMR

To derive the affinities of BambL to F-H type 2 and F-LeY, we recorded '°F NMR of 50 uM
compound alone and in presence of BambL (6.25 uM to 100 uM) in 25 mM Tris-HCI pH 7.8, 150
mM NaCl (TBS) with 25 yM TFA and 10% DO at 298 K. '°F spectra were recorded with 512
scans, a spectral width of 5 ppm, a transmitter offset at -191 ppm, acquisition time of 2s and 1 s
relaxation time. All spectra were normalized to internal reference trifluoroacetic acid (TFA) at -
75.6 ppm and analyzed for the changes in the peak intensities. The decreasing intensity of F-
glycan peak in the free state was followed to determine the Ky values of F-H type 2 and F-LeV.
Next, we normalized the changes in the fluorine peak intensities (/rormaiizes) following the equation

(1) resulting in values plotted on Y-axis.

— Io—Imeasured
Inormatizea = Io (1 ),

where lp was F-glycan in the reference spectrum without protein, Imeasued Was F-glycan with
protein. The Ky values were calculated according to the one- and two-site binding models in
Origin(Pro) 2020b (OriginLab Corp., USA) from three independent titrations.

'H-">N HSQC and TROSY NMR

To validate binding F-glycans to DC-SIGN CRD and BambL, we "®N-labeled proteins for 'H-"*N
HSQC and TROSY NMR, respectively. All 'H-"]N HSQC and TROSY experiments were
measured on a Bruker Ascend™700 (Avancelll HD) spectrometer equipped with a 5 mm
TCI700 CryoProbe™ in 3 mm tubes (Norell S-3-800-7) at 298 K and 310 K, respectively.

Briefly, ®N DC-SIGN HSQC and "N BambL TROSY experiments were recorded with 100 uM
protein in 20 mM HEPES pH 7.4, 150 mM NaCl with 5 mM CaClz, 10% D20 and 100 uM 4,4-
dimethyl-4-silapentane-1-sulfonic acid (DSS) as internal reference. A 'H-SN HSQC pulse
sequence hsqcf3gpph19 with 128 increments and 8 scans per increment was applied for "N
DC-SIGN CRD. A 'H-"*N TROSY pulse sequence trosyf3gpphsi19 with 128 increments and 32
scans per increment was applied for >N BambL. We recorded ®"N HSQC NMR of DC-SIGN
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CRD in presence of 1 mM F-H type 2 and 250 uM F-LeY or F-Le*. "®*N TROSY NMR titration
experiments of >N BambL were recorded with 30 to 600 uM F-H type 2 or 90 to 880 uM F-LeV.
Data were processed with NMRpipe' and further analyzed with CcpNmr analysis.'s

"H-®N HSQC DC-SIGN CRD resonances were assigned as reported previously." 'H-'SN
TROSY BambL resonances were indexed with IDs from 1 to 72 due to a lack of the protein
backbone resonance assignment. Next, resonance IDs from BambL and DC-SIGN CRD spectra
were transferred to the spectra obtained in the presence of F-glycan for a comparison of the
changes in the peak intensities and chemical shift perturbations (CSPs) indicating a slow and
fast exchange regimes on the chemical shift timescale, respectively. The changes in peak
intensities upon addition of F-glycans were calculated in CcpNmr analysis followed by
normalization according to Equation (1). The Ky values were calculated according to the
one-site binding model in Origin(Pro) 2020b (OriginLab Corp., USA).

The changes in chemical shift perturbations (CSPs) were calculated according to Equation (2):

AS = E[A&,?, + (@dy)?] (2)

in which § is the difference in chemical shift (in ppm) and a is an empirical weighting factor of
0.14 for all amino acid backbone resonances.' The threshold value was set based on three
independent measurements of reference spectra to 0.01 ppm and 0.005 ppm for LecA, BambL
and DC-SIGN CRD, respectively.

Protein-observed '°F (PrOF) NMR

To validate binding of F-H type 2 to LecA, we recorded protein-observed '°F (PrOF) NMR with
recombinant 5SFW LecA as reported previously.® Briefly, 150 uM 5FW LecA was recorded alone
and in presence of 1 mM F-H type 2 in 25 mM Tris-HCI pH 7.8, 150 mM NaCl, 5 mM CaCl, with
10% D20 and 50 pM TFA as internal reference at 310 K. Data analysis was performed in
MestReNova 11.0.0 (Mestrelab Research SL) after applying the exponential function (30 Hz)

and baseline correction.

Real-time "°F NMR kinetic measurement

The enzymes B-galactosidase (E. coli, CAS: 9031-11-2), and a(2,3)-sialyltransferase from
Pasteurella multocida (Pma23ST, E. coli EC no. 2.4.99.4) were purchased from Sigma Aldrich.
The enzymatic reactions with B-galactosidase (0.15 pM), and Pma23ST (100 mU/mL) were
performed at 310 K in 25 mM Tris-HCI pH 7.8, 150 mM NaCl with 2 mM MgCl,, 100 uM TFA
and 10% D20. The concentration of F-Lac was 250 uM. The reactions with B-galactosidase

were monitored every 149 s. All data were recorded without proton decoupling with 32 scans,
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acquisition time of 2 s and relaxation delay of 1 s. All spectra were referenced to TFA at -75.6
ppm. To derive the kinetics we used the peak integral of product at -194.8 ppm to derive its
concentration. Data were analyzed with nonlinear least-squares methods in the GraphPad
Prism 8 software. The best fit of the experimental data provides the value of Ku the
Henri-Michaelis—Menten equation. To monitor the sialylation of 250 uM F-Lac and F-nLacs with
Pma23ST, we used the buffer conditions reported above with 275 yM CMP-Neu5Ac and
recorded data at time points: 0 min, 13 min, 32 min, and 246 min. All data were recorded
without proton decoupling with 128 scans, acquisition time of 2 s and relaxation delay of 1 s. All
spectra were referenced to TFA at -75.6 ppm. To determine the yield of this reaction, we used

the ratio of peak integrals of substrate and product at -192.1 ppm and -192.3 ppm, respectively.
Note to the '°F NMR experiments

All the experiments described in this study were performed without "H-"°F decoupling due to the
lack of the specific hardware component in the spectrometer used. The '°F NMR analysis would

benefit in sensitivity and resolution when recording "°F{'H } NMR spectra.
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Figure S2 Binding of F-glycans to mammalian and bacterial lectins. '°F and CPMG NMR
spectra of F-glycans alone (gray) and in presence of DC-SIGN ECD (blue). A chemical shift
perturbation of fucosylated Lewis antigens in presence of BambL (C, upper panel) in "°F
NMR is shown (dashed line). Decrease in peak intensity (dashed line) in CPMG NMR
indicates binding of fucosylated Lewis antigens to bacterial: LecA (A), LecB (B) and BambL
(C, lower panel) and mammalian: Langerin ECD (D) DC-SIGN ECD (E) lectins. No binding

to F-glycans has been observed in presence of Langerin ECD.

Differences in signal-to-noise ratio were observed for the spectra acquired with different

quality of shimming.
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TFA  F-Lac F-nLac, F-Le* F-Htype2 F-Le¥

_ . F-glycan
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Figure S3 Binding of sialyltransferases to F-glycans. CPMG NMR of F-glycans alone and in
presence of Pma23ST or Pda26ST in the absence of CMP-Neu5Ac donor. F-glycan binding to

both enzymes is shown as a reduction in peak intensity in presence of enzymes (orange).
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Figure S4 Interaction of F-Le* and Le* with a mammalian lectin DC-SIGN. A HSQC NMR of
*N-labeled DC-SIGN CRD binding to Le*. B HSQC NMR of "*N-labeled DC-SIGN CRD binding
to F-Le*. C CPMG NMR spectra of 25 yM F-Le* alone (gray) and in presence of increasing
concentration of DC-SIGN ECD: 2.5, 5, 10, 25 and 50 uM (blue). The largest difference in a
bound vs free state was observed at 50 uM DC-SIGN ECD.
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CF3-H type 2
+ BambL

CF3-H type 2

736 -744 756 -76.8 -77.6
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Figure S5 Binding of CFs-H type 2 to BambL in "°F NMR. '°F NMR spectrum of CF3-H type 2
alone and in presence of BambL (6 uM). Given that CFs-H type 2 undergoes a slow exchange
in presence of BambL a new peak for the bound ligand arises (arrow). This proves that the CF3
reporter does not have to be near the carbohydrate-binding site of a lectin and can be placed
even in remote position (i.e. aminopentyl linker attached to the reducing end) of the glycan in
order to be detected in '°F NMR.
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Figure S6 Weak interaction of F-H type 2 with DC-SIGN CRD. A HSQC NMR of "*N-labeled
DC-SIGN CRD in complex with F-H type 2. F-H type 2 promoted CSPs in the carbohydrate-
binding site of DC-SIGN CRD (321Leu and Lys368) and remote parts of DC-SIGN CRD (not
shown) similarly to D-mannose. B The magnitude of F-H type 2 interaction with DC-SIGN CRD
was comparable to D-mannose showing a weaker interaction of F-H type 2 compared to F-Le*

or F-LeY.
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Figure S7 Interaction of F-Le¥ with a bacterial lectin BambL. A '°F and CPMG NMR screening

of F-glycan (25 pM) alone and in presence of BambL (10 uM). DC-SIGN interacts with F-LeY as

(g}

CSP [ppm]

shown in "°F NMR titration spectra (left panel) and one-site-binding model fit used to derive the
dissociation constant (Kg) of F-LeY to BambL (right panel). The apparent K4 was calculated
using changes in peak intensity (arrow) and estimated to be at P:L ratio of 1:0.38 which
(referenced to the concentration of 25 uM F-LeY in this assay) corresponds to Kq of 9.2 + 1.5
puM. B TROSY NMR verified F-LeY binding to '*N-labeled BambL. Given that BambL has two
binding sites, peaks showing a slow (60, 7 and 30), intermediate and fast exchange (5, 17 and
25) on the chemical shift timescale have been observed upon titration of F-LeY. C CSP plot
showing the resonances perturbed in presence of a-Me-L-fucose and F-LeY. This verifies that F-
LeY targets the carbohydrate-binding site of BambL. Notably, the magnitude of F-Le¥ promoted

effects is similarly to L-fucose suggesting that the avidity effect does not contribute to F-LeY
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interaction with BambL, but is rather due to binding of L-fucose alone. One-site model for slow

(D) and fast exchange (E) peaks was applied to derive the K4 values of 17+3 uM and 245129

MM, respectively.
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Figure S8 F-H type 2 binding to a bacterial lectin LecA. A A ribbon diagram of the crystal
structure of a LecA monomer (PDB: 10KO) bound to galactose (orange) in a Ca%*-dependent
manner (green sphere). The four tryptophanes (blue) are labelled with 5-fluorotryptophanes for
PrOF NMR. B "°F Ro-filtered NMR assay performed on F-H type 2 and the decay curves of 0.6
mM F-H type 2 alone (grey) and in presence of 0.15 mM LecA (blue). C PrOF NMR spectrum of
5-fluorotryptophan labelled (5FW) LecA alone (grey) and in presence of F-H type 2 (blue). F-H
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type 2 binds weakly the carbohydrate-binding site of 5FW LecA as shown by CSP and peak
intensity decrease of W42 and W33 resonances, respectively. D Shown is a TROSY NMR
spectrum of "*N-labeled LecA bound to F-H type 2, which perturbs resonances similarly to a-
Me-D-galactose (e.g. 68, 15 and 75). D The magnitude of F-H type 2 promoted perturbations is
lower compared to a-Me-D-galactose as shown in a CSP plot.
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Table S1 List of residue IDs in a CSP plot indicating an assigned resonance in '°*N-labeled DC-
SIGN CRD (n.a. = not assigned)

Residue ID Assigned resonance

1 241Leu

242Val

3 n.a.

4 n.a.

5 n.a.

6 n.a.

7 n.a.

8 n.a.

9 n.a.
10 n.a.
11 n.a.
12 n.a.
13 n.a.
14 n.a.
15 n.a.
16 n.a.
17 n.a.
18 n.a.
19 n.a.
20 260Trp
21 261Thr
22 262Phe
23 263Phe
24 264GIn
25 n.a.
26 266Asn
27 267Cys
28 268Tyr
29 269Phe
30 270Met
31 271Ser
32 n.a.
33 273Ser
34 274GIn
35 275Arg
36 276Asn
37 277Trp
38 278His
39 279Asp
40 280Ser
41 281lle
42 282Thr
43 283Ala
44 284Cys
45 285Lys
46 286Glu
47 287Val
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53

288Gly
289Ala
290GIn
291Leu
292Val
293Val
n.a.
295Lys
296Ser
n.a.
298Glu
299Glu
300GIn
301Asn
302Phe
n.a.
304GIn
305Leu
306GIn
307Ser
308Ser
n.a.
310Ser
311Asn
312Arg
313Phe
n.a.
315Trp
316Met
317Gly
318Leu
319Ser
320Asp
321Leu
322Asn
323GIn
324Glu
n.a.
326Thr
327Trp
328GIn
329Trp
330val
331Asp
332Gly
333Ser
n.a.
335LeuH
336LeuH
n.a.
n.a.
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339Phe
340Lys
341GIn
342Tyr
343Trp
344Asn
n.a.
346Gly
347Glu
n.a.
n.a.
n.a.
n.a.
352Gly
n.a.
n.a.
n.a.
356Cys
357Ala
358Glu
n.a.
360Ser
361Gly
n.a.
363Gly
364Trp
365Asn
366Asp
367Asp
368Lys
369Cys
370Asn
371Leu
372Ala
373Lys
374Phe
375Trp
376lle
377Cys
378Lys
379Lys
380Ser
381Ala
382Ala
383Ser
n.a.
n.a.
386Arg
n.a.
388Glu
n.a.
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390GIn
n.a.
392Leu
393Ser
n.a.
n.a.
n.a.
397Ala
398Thr
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Figure S9 Enzymatic sialylation of F-Lac with Pma23ST confirmed by HPLC. RP-HPLC trace

(ELSD trace, Method A) shows consumption of the starting material (F-Lac, tr = 21.4 min, top)
and formation of a new peak in the crude reaction mixture after 246 min (F-sLac, tr = 28.1 min,

bottom). HPLC retention times match previously reported data.'”
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Figure S10 Enzymatic sialylation of F-nLac with Pma23ST. A Real-time '°F NMR monitoring of
F-nLacs incubated with Pma23ST in the presence of CMP-Neu5Ac. No chemical shift
perturbation was observed after 6 h incubation time. B RP-HPLC trace (ELSD trace, Method A)
shows incomplete consumption of the starting material (F-nLacs, tr = 28.1 min, fop) and
formation of the sialylated product (F-snLacs, tr = 33.3 min, bottom) in the crude reaction

mixture.
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7.3. Supporting Information for Subchapter 4.3.
7.3.1. Materials and Methods

Chemicals

The carbohydrates methyl-a-L-fucose (MeFuc, CAS: 14687-15-1) and 2-deoxy-2-
fluoro-L-fucose (2FF, CAS: 70763-62-1) were purchased from Biosynth-Carbosynth
(UK) or TCI (Germany). F-H type 2 was synthesized using AGA at MPICI Potsdam
as reported previously. "

Recombinant proteins

Non-labeled proteins BambL"®, RSL™ and AFL¥ were purified in soluble form as
reported previously. Recombinant ®*N-labeled BambL WT used pET15b, whereas
mutants (T18S, L87R, T25S, W51F, W8F, W72F and W74F) used pProEx as
expression plasmids. Mutagenesis was performed following QuikChange Il site-
directed mutagenesis method (Agilent). The plasmids were individually transformed
into E. coli BL21 (DE3). The transformed cells were grown in M9 medium (100 ug
mL" ampicillin) at 37°C with agitation (120 rpm) until ODggo reached 0.6. Protein
production was induced with 200 uM IPTG at 20°C and harvested in 4 h.

For production of recombinant 5-fluorotryptophan (5FW)-labeled BambL WT and
the carbohydrate-binding site mutants (W51F, W8F, W72F and W74F), we
transformed E. coli with the plasmids and grew it in LB medium (100 pg mL"
ampicillin) at 37°C with agitation (120 rpm) until ODgoo reached 0.6. 1 L of culture
was harvested by centrifugation at 1000 g, 10 min and resuspended in modified
minimal M9 medium prepared as reported previously.”! It was shaken at 37°C for
60 min as a recovery time for bacteria and followed by addition of 250 pL of
5-fluoroindole (Santa Cruz, USA; 240 mg/mL in DMSO). Protein production was
induced with 200 uM IPTG at 20°C and harvested in 4 h.

Cell pellets containing either 5FW- or N-labeled BambL were resuspended in
buffer A (20 mM Tris-HCI pH 7.4, 137 mM NaCl, 2.6 mM KCI) supplemented with 1
mM PMSF and DNasel (Applichem, Darmstadt, Germany). The cells were lysed by
cell disruption (Branson Digital Sonifier) at 50% power 10 s on and 40 s off pulses
following removal of cell debris by centrifugation (10 000 g, 30 min, 4°C). The
supernatant was loaded onto a 2 mL D-mannose agarose column (Sigma-Aldrich,
Germany) that was equilibrated with 3—fold column volume of buffer A. Bound
BambL was eluted with buffer B (20 mM Tris-HCI pH 7.4, 137 mM NaCl, 2.6 mM
KCI, 50 mM D-mannose). Protein was dialyzed in MilliQ water and TBS buffer (20
mM Tris-HCI pH 7.8, 100 mM NacCl) or HBS buffer (20 mM HEPES pH 7.4, 100
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mM NaCl) for 5FW- and N-labaled BambL three times for 4 h and once overnight

at 4°C, respectively. The protein solution was flash frozen and stored at -80°C.

F NMR screening

Fluorinated (1°F) fragment library was prepared as reported previously.[®! Briefly,
20 yM BambL, 20 yM AFL and 40 uM RSL were screened against 350 fluorinated
fragments in mixtures at 50 uM each using '°F NMR and '°F T-filtered (CPMG)
spectra on a Bruker Ascend™700 (Avancelll HD) spectrometer equipped with a 5 mm
TCI700 CryoProbe™ in 3 mm tubes (Norell S-3-800-7) at 298 K.

F NMR screening was performed in the presence and absence of protein,
subsequently adding methyl-a-L-fucose (MeFuc) to a final concentration of 10 mM.
Two separate '°F spectra were recorded for CF3 and CF groups with 32 and 64 scans,
a spectral width of 100 ppm, a transmitter offset at -50 and -150 ppm, acquisition time
of 2 s and 1 s relaxation time, respectively. T,-filtered spectra were recorded using a
CPMG pulse sequence with a 180° pulse repetition rate of 384 ms using same
acquisition and relaxation times with 64 and 256 scans for CF; and CF compounds,
respectively. Data was recorded without proton decoupling.

All spectra were analyzed in MestReNova 11.0.0 (Mestrelab Research SL) for the
changes in peak intensity and a chemical shift. Compounds binding in presence of
protein were used to derive a total hit rate, whereas compounds competed with
MeFuc were defined as targeting the carbohydrate-binding site. Intensity changes

in the To-filtered spectra of 20-50% or more than 50% change were defined as
‘high’ and ‘low’ confidence hits, respectively. For '°F spectra, chemical shift
changes of 0.01 ppm or intensity changes between 25-50% were defined as ‘high’
and ‘low’ confidence hits, respectively. Afterwards, only compounds fulfilling three
criteria: 1) '°F only, 2) "°F and CPMG and 3) ‘high confidence’ CPMG only, were
followed up in the counter-screening.

'H->"N TROSY NMR

To validate fragment binding to BambL, we used '°N-labeled BambL in TROSY
NMR. All TROSY NMR experiments were measured on the machine described
above in 3 mm tubes at 298 K or 310 K for fragment-binding validation or recording
spectra of BambL mutants, respectively.

Briefly, "®N BambL TROSY experiments were recorded with 70-100 uM protein in
20 mM HEPES pH 7.4, 150 mM NaCl, 10% D,O and 100 uM 4,4-dimethyl-4-
silapentane-1-sulfonic acid (DSS) as internal reference. A TROSY pulse sequence
trosyf3gpphsi19 with 128 increments and 20 scans per increment was applied. For
fragment-binding validation experiments, '°N TROSY spectra of '°N BambL were

recorded with DMSO as reference, 75-1000 yM MeFuc or 2 mM fragments.
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Titration experiments with fragments were recorded by stepwise addition of
fragments to "°N BambL (0.25, 0.5, 0.75, 1 and 2 mM) at 298 K. Binding of the
compound 24 and its SAR to >N BambL were validated at 2 mM at 298 K. To
improve the resolution of TROSY spectra for mutants, spectra were recorded at
310 K without (W8F, W51F, W72F, W74F, T18S, L87R and T25S) and with 1 mM
24 and 83 (W51F, T18S, L87R and T25S). Data were processed with NMRpipe!”
and further analyzed with CcpNmr analysis.®

BambL resonances were indexed with IDs from 1 to 75 due to a lack of protein
backbone resonance assignment. Next, resonance IDs from BambL WT spectra
were transferred to the spectra of mutants and in the presence of 24 and 83 in
order to compare the changes in chemical shift perturbations (CSPs) for
intermediate and fast exchange peaks. The CSPs were calculated according to

Equation (1):

26 = [H[6% + (@882 (1)

in which § is the difference in chemical shift (in ppm) and a is an empirical
weighting factor of 0.14 for all amino acid backbone resonances.””! The threshold
value was set based on three independent measurements of reference spectra to
0.01 ppm.
"*F R,-filtered NMR
To derive the affinity of 24 for BambL, experiments using 0.1 mM BambL were
performed in 25 mM Tris-HCI pH 7.8, 150 mM NaCl (TBS) with 50 yM TFA and
10% D,0O at 298 K. All spectra were referenced to internal reference trifluoroacetic
acid (TFA) at -75.6 ppm and analyzed for changes in peak intensity. For each
spectrum 64 scans were recorded in 3 mm tubes at sample volume of 150 pL.
Relaxation rates R, s were determined with the CPMG pulse sequence by fitting
Equation (2) to the integrals of the '°F resonance of 24.1"" T is the relaxation time
and lpis the integral at T = 0 s. The relaxation delay and acquisition time were set to
2 s and 1 s, respectively.

I = Iye RzonsT (2)
The Ky and Ry, value of 24 were derived from Equation (3) by detection of '°F
relaxation rates Ry ops. R2p is the relaxation rate of the reporter in the protein bound
form, whereas py,is the bound fraction of the ligand with the concentrations of ligand
and protein [L]r and [P]r, respectively. The relaxation rate of the free ligand R, was
measured at 0.035 mM and 0.1 mM 24 in absence of BambL. The K, values were
fitted in a two parameter fit Origin(Pro) 2020b (OriginLab Corp., USA) from two

independent titrations.
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Ryops = Ry + (Ryp — Rz,f)Pb (3)
with

[Plr + [L]r + K4 — \/([P]T + [Ll7 + K4)? — 4[P]7[L]7
2[L]y

pr = ( )

SPR

All experiments were performed on a BIACORE X100 instrument (GE Healthcare)
at 25 °C BamBL was immobilized onto a CM7 chip (BIACORE) following standard
amine coupling procedures using phosphate buffer saline as a running buffer (10
mM phosphate buffer pH 7.4, 2.7 mM KCI, 137 mM NacCl, 0.05% Tween 20): the
CM7 chip was activated by three injections of a NHS/EDC mixture with a contact
time of 540 s at a flow rate of 10 yL/min until the response exceeded 800 RU,
followed by multiple injections of BamBL dissolved in 10 mM sodium acetate pH 4.5
(100 ug/mL) onto channel 2 (contact time of 540 s at a flow rate of 10 yL-min™). A
minimum of 7,000 RU of BamBL was captured onto the chip. Binding experiments
were performed with the injections of 0.2 and 1 mM of each compound diluted in
phosphate buffer saline supplemented with 5% DMSO (10 mM phosphate buffer pH
7.4, 2.7 mM KCI, 137 mM NacCl, 0.05% Tween 20, 5% DMSO). Each compound
was analyzed using the following parameters: the association 30 s, dissociation 60
s, 30 uL-min flow rate. Compounds eliciting dose-response behaviors (more than
twice binding response at equilibrium) are identified as binders. All data evaluation
was performed using BIACORE X100 evaluation software (version 2.0).

In silico prediction of binding sites

The crystal structures of BambL in complex with a-L-fucose (PDB ID: 3ZW0) and H-
type 2 tetrasaccharide (PDB ID: 3ZZV) were used for prediction of the possible

I tool. This tool creates a grid of points on

secondary binding sites using SiteMap
the protein surface based on depth, size, van der Waals interaction energy,
hydrophilicity, hydrophobicity and assign a single scoring function (SiteScore) to the
potential druggable regions. The score helps to assess a site's propensity for ligand
binding and prioritize the pharmaceutically relevant regions in the target protein. For
BamblL, the calculations identified three regions at the interface in the trimer as
potential druggable sites. The same approach was applied to the crystal structure
of RSL in complex with L-fucose (PDB ID: 3Z18) and Lewis x trisaccharide (PDB ID:
5AJB), which identified three pockets structurally similar to BambL. The studies
further extended to the crystal structure of AFL in complex with fucoside (PDB ID:
4AGI) also indicated the presence of a secondary binding site.

Docking of fragments into binding site

Preparation of protein model for docking
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All the calculations were performed using the Schrédinger Suite through Maestro
(version 2018-1) graphical interface.!'? Atomic coordinates from the high resolution
crystal structure of BambL (PDB ID: 3ZW0) was taken from the Protein Data Bank.!"!
The asymmetric unit contains three peptide chains and a carbohydrate ligand (a-
methyl-L-fucoside), around a 3-fold pseudo axis of symmetry. The water molecules
were removed and hydrogen atoms were added. pKa was predicted for protein
residues using the PROPKA!* method at pH 7.4. Protonation state (3-nitrogen
protonated) was assigned to the histidine (His58) residue. Finally, the complex was
subjected to restrained minimization with convergence of heavy atoms to an RMSD of
0.3 A using the OPLS3 force field.!""!

Preparation of ligand models for docking

The ligands were prepared for docking using the LigPrep!® tool and generated
tautomers, stereoisomers and protonation states at pH 7.4. The calculations yield 25
structures.

Models for docking study

For docking grid generation, the centroids of residues from chain B (Gly67, Thr69,
Gly86, Leu87) and chain C (Thr18, Asn20, Lys23, Thr25) were selected to define a
cubic grid box with dimensions 32x32x32 A. The grid was used for docking studies
using extra precision (XP) and standard precision (SP) scoring functions. All the

calculations were accomplished by Glide (version 7.8)!""!

using the flexible docking
approach.

Competition "°F T,-filtered NMR using 24 as a reporter

Competition “F T,filtered NMR experiments with 2FF and 24 as a reporter
molecule were performed in 25 mM Tris-HCI pH 7.8, 150 mM NaCl (TBS) with 50
MM TFA and 10% D,0 at 298 K using 1 mM 24 and 0.1 mM BambL in presence of
eight 2FF concentrations. '*F T-filtered spectra were recorded with 64 scans, a
spectral width of 50 ppm, a transmitter offset at -75 ppm, acquisition time of 0.8 s
and 1 s relaxation time. T,-filtered spectra were recorded using a CPMG pulse
sequence with a 180° pulse repetition rate of d2g=3 ms and L,=128. All data was
recorded without proton decoupling. The integrals of 24 in presence of BambL were
followed to fit and to derive the ICsy value in Origin(Pro) 2020b (OriginLab Corp.,
USA). Next, we normalized the changes of the fluorine integrals (/normaiizeq) fOllowing

the Equation (4) resulting in values plotted on Y-axis.

_ lo—Imeasured
Inormalized - Io (4)7

where Iy is the integral 24 in the reference spectrum without protein, /neasureq is 24

with protein.
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One-point binding '°F T.-filtered NMR experiments with 0.01 mM 24 were
performed with 25 yM BambL WT, T18S or L87R in 25 mM Tris-HCI pH 7.8, 150
mM NaCl (TBS) with 50 yM TFA and 10% D,O at 298 K. To check for a better
derivative of the compound 24, we added 0.01 mM 83. '°F T,-filtered spectra were
recorded with 512 scans, a spectral width of 50 ppm, a transmitter offset at -75
ppm, acquisition time of 0.8 s, 2 s relaxation time and CPMG filter of 384 ms.

Ky determination in "°F T-filtered NMR

To derive the affinities of BambL to 2FF and F-H type 2, we recorded '*F NMR
spectra of 50 yM 2FF or F-H type 2 alone and in presence of BambL (2.5 pM to 50-
100 pM) in 25 mM Tris-HCI pH 7.8, 150 mM NacCl (TBS) with 25 uM TFA and 10%
D,O at 298 K. 'F spectra were recorded with 512 scans, a spectral width of 10
ppm, a transmitter offset at -205 ppm, acquisition time of 0.8 s and 2 s relaxation
time. For F-H type 2, the transmitter offset (tof) was set at -191 ppm. All spectra
were analyzed in MestReNova 11.0.0 (Mestrelab Research SL) and referenced to
the internal reference ftrifluoroacetic acid (TFA) at -75.6 ppm and analyzed for
changes in peak intensity. The decreasing intensity of 2FF or F-H type in the free
state was followed to determine Ky values. Next, we normalized the changes in the
fluorine peak intensities Peak(l,omaizeq) fOllowing the equation (5) resulting in values
plotted on Y-axis. The Ky values were calculated according to the one-site—binding
model in Origin(Pro) 2020b (OriginLab Corp., USA) from three independent

titrations.

Peak(lp)—Peak(Imeasured)
Peak(ly) (5)’

Peak(I)normatizeda =

where Peak(ly) is the peak intensity of 2FF/F-H type 2 in the reference spectrum
without protein, Peak(Ineasurea ) is 2FF/F-H type 2 with protein.

Protein-observed fluorine (PrOF) NVIR

All experiments were conducted on Bruker Ascend™700 (Avancelll HD)
spectrometer equipped with a 5 mm TCI700 CryoProbeT"’I cpmg1d sequence in 3
mm tubes (Norell S-3-800-7) with following parameters: time domain of 3946,
relaxation delay 1 s, acquisition time of 0.3 s, tof of -124 ppm, dyo0f 1 ms, spectral
width of 10 ppm and 1024 scans.

PrOF NMR of 100 yM 5FW BambL was recorded in TBS pH 7.8 with 10% D,0O and
100 uM TFA at 310 K. Single-point PrOF NMR titration experiments used 1 mM 24,
1 mM 83, 0.5 mM Me-a-L-fucose (MeFuc). For 5FW resonance assignment, we
recorded spectra using 5FW BambL WT and mutants (W8F, W51F, W72F and
W74F) were measured at 100 uM alone and in presence of 500 uM 2FF. Titration
experiments were performed at 0.1 mM 5FW BambL WT with 1) 2FF: 0.05, 0.1,
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0.25, 0.5 and 1 mM, 2) 24: 0.25, 0.5, 1, 1.5 mM following changes in chemical shift

perturbations (CSPs) of 5FW resonances.

The data analysis was performed with MestReNova 11.0.0 (Mestrelab Research

SL, Santiago de Compostela, Spain). All spectra were referenced to trifluoroacetic

acid (TFA) as internal reference at -75.6 ppm after applying the Exponential

function (30 Hz) and baseline correction.

7.3.2. Supplementary figures
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Figure 4.3-S1 Validation of '°F NMR hits by SPR and 'H-'°’N TROSY NMR.

a The chart overview of validated '°F NMR screening hits shows numbers of compounds
validated in SPR and TROSY NMR. TROSY NMR titration data was used to rank compounds
resulting in 24, 10 and 12 hits. b Dose-response SPR sensograms of screening hits. C Total
% of perturbed resonances in '°N BambL WT in presence of 1 mM fragments identified in '°F
NMR screening. We followed up only fragments above average of 9% in 'H-"N TROSY

NMR, whereas structures of the best hits are shown in b.
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Figure 4.3-S2 Titration 'H-'°N TROSY NMR experiments with 10, 12 and 24.

a Fingerprint of 0.05 mM >N BambL in presence of the compound 12 at the concentrations
0.25 to 2 mM (dark to light blue). b Fingerprint of 0.05 mM >N BambL in presence of 0.25 to 2
mM 10 (dark to light blue). ¢ Fingerprint of 0.05 mM >N BambL in presence of 0.25 to 2 mM 24
(dark to light blue). d One-site binding model was applied to derive the binding affinities (Kj) of
compound 10, 12 and 24.
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Figure 4.3-S3 Supporting information for the “F R,filtered NMR assay with 24.

The decay curve at 0.1 mM 24 in absence of BambL to determine Ry free.

Figure 4.3-S4 The computational analysis of potential druggable binding sites
in BambL.

a Three binding pockets (red) were identified in PDB structures 3ZZV (left) and 3ZWO0
(right) using the SiteMap tool. b Superimposition of the predicted three binding sites at
the interface of chains A, B (A) A, C (B) and B, C (C) in the crystal structures of BambL
(PDB 3ZWO0, gray and 3ZVV, cyan). Lys23 (in all the sites) and Leu87 (in one site) show
significant difference in the side chain orientation, which slightly changes the shape and
size of the predicted sites.
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Figure 4.3-S5 Docking poses of 24, 12 and 10.

Binding poses of the ligands 24 (A), 12 (B) and 10 (C) predicted by docking SP studies. The

key residues identified in the binding site are shown in the binding pose of 24.

Figure 4.3-S6 Interaction maps of 24, 12 and 10.

Key residues involved in the interaction with the molecules 24 (A), 12 (B) and 10 (C)
predicted by a XP and b SP docking.
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Figure 4.3-S7 PrOF NMR with 5FW BambL.
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a Assignment of 5FW BambL resonances in PrOF NMR: * - indicates a missing 5FW

resonance, which corresponds to a mutation. Additionally, PrOF NMR of all four mutants has

been recorded in presence of 2FF to ensure the protein activity. b PrOF NMR spectra of 5FW

BambL WT alone and in presence of methyl-a-L-fucose (MeFuc). Chemical shift resonance

perturbations of all six 5FW show all resonances undergo a slow/intermediate exchange on

NMR time scale. ¢ Titration PrOF NMR spectra of 5FW BambL WT in presence of 2FF to

derive the binding affinity. The single 5FW resonances were better resolved in presence of
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2FF compared to MeFuc. Therefore, we used 2FF as a positive control for binding in this
assay. d One-site binding model was applied to derive the affinity of 5SFW BambL for 2FF.
Hereby, the changes in peak intensities of indicated 5FW resonances were fitted to one-site
binding model to derive the binding affinity. In this assay, fitting to two-site model did not
deliver reliable results due to a large deviation in Ky (not shown). e PrOF NMR spectra of 5SFW
BambL with 1 mM 2FF without (boftom) or with 1 mM 24 (fop). Dashed lines show chemical
shift perturbations of 5FW resonances that remained perturbed in presence of 24 (arrow). W,
and W5 correspond to W79/W34 mutants, which were not assigned. f Titration PrOF NMR
spectra of 5FW BambL WT in presence of 1 mM 24, 12 or 10 and upon addition of 2FF at
various concentrations. g One-site binding model to derive the binding affinity of 2FF to 5SFW

BambL in presence of 1 mM 24.

TFA

A
L
L
N
L

A

75-76 423 124 125 126 127 -128 -129
"F [ppm]

M 1 mM

[

i

0.5mM

A 0.28 mM

0.14 mM

0.07 mM

SN

DMSO

Figure 4.3-S8 Titration PrOF NMR spectra of 5FW BambL WT with 24.

Shown are PrOF NMR spectra of 5FW BambL WT in presence of the negative control DMSO
or increasing concentration of the compound 24. Dashed lines are shown to visualize the

chemical shift perturbations of 5FW resonances upon addition of the compound 24.
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Figure 4.3-S9 Validation of the analogues of the hit 24.

a The 1:0 plot shows the conformational perturbations in >N BambL resonances in presence
of 24 derivatives: 1 is CSP>0.01 ppm, whereas 0 is CSP<0.01 ppm. MeFuc was used as a
positive control. b-e show the 'H-"°N TROSY NMR spectra of '°N BambL alone (gray) and in

presence of 1 mM fragments.
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Figure 4.3-S10 Validation of the derivatives of the compound 83.

Shown are 'H-"°N TROSY NMR spectra of '°N BambL in presence of derivatives of the
compound 83. The compound 99 improved binding to >N BambL compared to 83. The
compound 101 bound N BambL better compared to 100, 102, 103 and 104.
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Figure 4.3-S11 The computational analysis of the derivatives of the compound 24.

a and b show the docking poses of four structural derivatives of the compound 24 (84, 87,
90 and 94) and its interaction maps with the predicted binding pocket, respectively. No
electrostatic interactions have been observed for 84, whereas modifications on the amino
group (90) and a change of benzyl group (94) can be tolerated. Moreover, change of the
benzyl group position (87) can be tolerated as well.
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Figure 4.3-S12 "H-"°N TROSY NMR of '°’N BambL mutants.

Shown are "H-'""N TROSY NMR spectra of '°N BambL mutants: 1) carbohydrate binding site
region (W72F, W51F, W74F and W8F) and 2) in the predicted pocket (T18S, L87R and
T25S). All ®N BambL mutants were folded and active.
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Figure 4.3-S13 F-H type 2 interaction with BambL WT and T18S.

a Shown are "°F NMR spectra of 0.1 mM F-H type 2 alone and in presence of various protein
BambL T18S concentrations. The changes in the peak intensities were used to derive the
affinity of F-H type 2 for BambL T18S (n=3). b One-site binding model was applied to
determine the Ky value of F-H type 2 for BambL T18S. BambL T18S revealed a two-fold
affinity decrease compared to BambL WT, which was reported previously."! ¢ 'H-"°N TROSY
NMR analysis of F-H type 2 interaction with >N BambL WT (feft) and T18S mutant (right). d
Quantitative analysis of NMR chemical shift perturbations (CSPs) in >N BambL WT vs T18S
upon F-H type 2 binding. Overall, T18S mutation reduced the magnitude of CSPs in N

BambL suggesting a negative modulatory role of the pocket on the carbohydrate-binding site.
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Figure 4.3-S14 Characterization of the interactions between >N BambL mutants and
the compounds 24 and 83 in 'H-"°’N TROSY NMR.

a Shown are 'H-"°N TROSY NMR spectra of '°N BambL mutants (T25S, L87R and T18S)
alone (gray) and in complex with 1 mM 24 (orange). b The plots show chemicals shift
perturbations (CSPs) of the backbone resonances in presence of 24. Compared to BambL
WT, we observed a reduced magnitude of CSPs in presence of 24 in all three mutants. This
suggests that the predicted pocket was partially closed for 24 binding. ¢ 'H-'"N TROSY NMR
spectra of '°N BambL pocket mutants: L87R and T25S (gray) in complex with 1 mM 83 (blue).
d The CSP plots show the changes in the backbone resonances in presence of 83
demonstrating a reduced binding of 83 to "°N BambL mutants (T25S, L87R and T18S) similar
to 24. e 'H-"°N TROSY NMR spectra of "N BambL the predicted site (T18S) and the
carbohydrate-binding (W51F) mutants with 1 mM 83 (blue and orange). As shown in d the
carbohydrate-binding site mutant W51F demonstrated a reduced binding to 83 compared to
N BambL WT similar to the predicted site mutants. This supports the existence of a

communication between both sites.
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Figure 4.3-S15 Computational docking analysis of the compound 83.

Shown are docking pose orientations 1 (a) and 2 (b) of the compound 83, whereas ¢ and

d are both docking poses of its derivative 99.

Figure 4.3-S16 Computational analysis of RSL.

Computational analysis of potential druggable binding sites in apo (A, B) and holo (C, D)
forms of RSL. Three binding pockets comparable to BambL were identified in PDB
structures 3Z8I (apo) and 5AJB (holo) using SiteMap tool. Show is the superimposition (B,
D) of one of the predicted binding sites at the interface of chains B, C of apo (B) and holo
(D) forms of BambL (gray) and RSL (orange). This demonstrates the partial similarity of
the binding site residues. However, terminal residues in the flexible loop region have

significant differences.
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AFL (PDB 4AGlI) top view

AFL (PDB 4AGlI) side view

Figure 4.3-S17 Computational analysis of AFL.

Computational analysis of potential druggable binding sites in AFL reveals one druggable

site (dots) as shown in the top (left) and side (right) views.

7.3.3. Supplementary tables

Table 4.3-S1 List of chemical shift perturbations (CSP) of 5FW resonances derived in

PrOF NMR.
5FW CSP [ppm]
DMSO* 24 12 10 83
W74 0.01 0 0.01 0.01 0.01
W34/W79 0.01 0.04 0.03 0.03 0.08
W72 0.01 0.02 0.02 0.02 0.03
W8 0.01 0 0 0.01 0.04
W34/W79 0.01 0.03 0.01 0 0.08
W51 0 0.02 0.03 0.02 0.05

* Average value of 3 independent measurements

Table 4.3-S2 Commercial analogues of the compound 24.

Comly:;)ound MW [Da] Structure
F
F oo
24 321.26 [0 o "
(0]
N
H
H HN
83 191.62 N;NVQ;*C'
N—N
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7.4. Supporting Information for Subchapter 4.4.

7.4.1. Supplementary Results and Discussion

Virtual screening and evaluation of LecA hits

For the virtual screening, we used the Bioinfo Database (http://bicinfo-pharma.u-
strasbg.fr/bioinfo/), a curated database of drug-like compounds, filtered for molecules
with at least two potential hydrogen bond donors and acceptors to match the polar
nature of the carbohydrates. Approximately 3 million molecules were docked into the
crystallographic structure of LecA. We carefully inspected all the available
crystallographic LecA structures (Table 4.4-S5) complexed with small molecules to
see if there was considerable side-chain variation that could impact the virtual
screening process. The carbohydrate-binding site showed to be conserved through all
structures. The key aspect of post-processing of docking poses was based on the
interaction similarity pattern between the docked compounds and the available ligands
co-crystallized with LecA. The similarity was calculated using GRIM, a knowledge-
based approach to convert protein-ligand complexes in interaction pattern graphs and
score docking solutions by similarity of predicted interaction patterns to the already
visited in the PDB. The similarity was quantified using the GRIM score (GrSc). Since
most of the co-crystallized ligands were carbohydrate-like, we expected to have drug-
like hits with similar interactions with the carbohydrate-binding site residues. Other
additional filters were used to ensure the elimination of the carbohydrate-like
molecules, but still maintaining the correct interaction pattern, such as presence of
interaction with the Ca?* ion. In addition, the molecules with the tetrahydrofuran or
tetrahydropyran scaffolds and number of polar interactions with binding site residues
superior to 3 were discarded. The remaining ligands were clustered by the maximum
common substructure (MCS) to select a chemically diverse set of compounds and
after visual inspection for the presence of key hydrogen bonds shared by galactose
and the binding site residues, a total of 46 hits were selected as hits and 37 were
purchased for testing.

Virtual screening and evaluation of LecB hits

A similar protocol was followed for the virtual screening of LecB. The available crystal
structures were analyzed (Table 4.4-S6), but no significant variation was found for the
fucose binding site residues. We screened the same database in our virtual screening
protocol, the commercially available drug-like compounds from Bioinfo and the same
filtering was applied for LecB. Post-processing of docking poses followed the same
principle applied for LecA, which mainly focused on comparing the interaction patterns

between the docked compounds and the available co-crystallized ligands with LecB
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using GRIM. Pose filtering followed the same criteria described for LecA and an
additional filter was added for LecB, in which shape similarity with fucose was
considered to improve the hit number. After selecting a diverse set through clustering
and visually inspecting the molecules for the presence of key hydrogen bonds, a total
of 42 molecules were selected as hits.

Evaluation of virtual screening hits for LecA

To evaluate the 37 commercial fragments identified in virtual screening, we performed
experimental analysis using SPR and '"H-"°N TROSY NMR. First, we tested compound
binding in SPR, where 19 compounds demonstrated a dose-dependent response.
However, compounds perturbed the resonances in '°N-labeled LecA in a similar
manner to methyl-a-D-galactose (hereafter, MeGal) in 'H-"N TROSY NMR only
slightly resulting in 8 compounds (Figures 4.4-S1c-S1e). Altogether, we identified two
hits being confirmed in both SPR and TROSY NMR (Figure 4.4-S1f), whereas the
compound 5¢ demonstrating the strongest effect in TROSY NMR was not confirmed in
SPR (Figure 4.4-S1e). Therefore, we performed a biochemical study based on
fluorescence polarization, which did not confirm competitive properties of VS hits (data
not shown). This suggests that hits observed in TROSY and SPR NMR were very
weak ligands of LecA. Cumulatively, virtual screening identified 37 compounds that
could bind to the carbohydrate-binding site of LecA, but the experimental validation did
not deliver hits for future fragment evaluation studies.

Evaluation of virtual screening hits for LecB

In virtual screening against LecB, we identified 42 commercially available fragments.
To validate these compounds, we performed 'H-"°N TROSY NMR and FP assay only.
Due to the low hit rates for LecB, we combined fragments in mixtures of 10
compounds and validated its binding to LecB in 'H-">N TROSY NMR. The changes in
spectra in presence of compounds were compared to the positive control methyl-a-L-
fucose (hereafter, MeFuc) delivering no hits for the carbohydrate-binding site of LecB
(not shown). Finally, the analysis of compounds in a fluorescence polarization assay
did not confirm hits from virtual screening (not shown). Taken together, virtual
screening identified 42 compounds that could potentially bind to the carbohydrate-
binding site of LecB, but these were not confirmed experimentally.

Chemical derivatization of the hydroxamic acid hit 1

The expansion of the hydroxamic acid library was guided by an SAR study by TROSY-
NMR experiments and later extended after receiving the first co-crystal structure of the
hydroxamic acid 35 with LecA (see below). The initial derivatization focused on the
core structure of hit 1. The hydroxamic acid functional group was methylated on either

the oxygen or the nitrogen atoms, starting from 2-phenylacetyl chloride (S2) and
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performing an amidation with methoxyamine or N-methylhydroxylamine, respectively,
resulting in 7 and 8 (Scheme 4.4-1A). Removing the hydroxy or the amine group of 1
led to commercial compounds 3 and 7 (Scheme 4.4-2). Next, we modified the linker
between the hydroxamic acid moiety and the phenyl ring by either removing the ring
(18) or varying its length 35, 43 and 44. The synthesis was performed with
hydroxylamine and the corresponding acyl chlorides after synthesis from their acids
using oxalyl chloride (Scheme 4.4-1B). Additionally, the phenyl ring was replaced with
a cyclohexyl ring in the compound 6. To cover a broad spectrum of hydroxamic acids,
compounds with a substituted phenyl ring (9, 10, 15 and 11), cyclic linkers such as a
thiazole 27, furane 34, and 1-hydroxypyridin-2(1H)-ones were purchased. Later,
derivatives of 35 were synthesized using the corresponding acid and oxalyl chloride,
followed by the reaction with hydroxylamine. Linker and hydroxamic acid functional
group were kept unchanged and electron donating/ withdrawing substituents 36, 40,
41 and 39 were introduced on the phenyl ring, the ring itself was replaced by a
thiophen residue 37, and compound 42 containing a double bond as a spacer was
designed to increase rigidity.

'H-">’N TROSY NMR of hydroxamate derivatives

Protein-observed NMR technique is a valuable method in detection of weak protein-
ligand interaction in initial FBDD campaigns.” Therefore, we used the previously
established 'H-°N TROSY NMR with 'N-labeled LecA to rank binding of
hydroxamates to LecA. Hereby, we derived the total number of promoted chemical
shift perturbations (CSPs) in "N LecA and compared it to the positive control MeGal
(Figure 4.4-S4a). Notably, compounds with a terminal benzyl elucidated a better
binding compared to 1, but worse than MeGal. Briefly, we observed that the changes
on the hydroxamic acid group (3, 7 and 8) are not tolerated. To demonstrate the
importance of the benzyl group, we replaced it with a methylcyclohexane group (6),
which preserved binding to LecA compared to a free hydroxamic acid (18). Moreover,
the linker connecting both groups cannot be too flexible (47) or rigid (42, 43) resulting
in two compounds (2, 35) preserving the binding (Figures 4.4-S4b-c). Modifications
on the linker position 2 (29) and benzyl group (5, 36) are suitable for further fragment
expansion. Interestingly, the structural rescaffolding of hydroxamic acid to a cyclic form
(20, 21) preserves LecA binding, which has not been reported for metalloenzymes
previously.? This is not surprising given the shallow binding site of LecA compared to
rather deep active site pockets in metalloenzymes, which on the other hand require
long and linear scaffolds as shown on example of marketed drugs for MMPs (Table
4.4-S1, Group 4).

SPR analysis of hydroxamate derivatives
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In order to establish structure-activity relationship (SAR) study of the hydroxamic acid
derivatives by SPR, we assessed LecA binding capability of 27 commercial and 7 in-
house synthetic hydroxamic acid derivatives by surface plasmon resonance (SPR).
Binding responses of each compound were recorded at 0.2 and 1 mM to establish
dose-dependent responses. The binding responses were normalized as binding
efficiency (%) to account for the molecular weight differences of the compounds and
the amount of active immobilized LecA during the analyses (see Supplementary
Materials and Methods for normalization calculation). In agreement with 'H-"*N
TROSY NMR data, no binding response was observed when hydroxamic acid was
replaced by amide (3), confirming that the binding to LecA was dependent on the
presence of hydroxamic acid functional group.

Notably, compounds with a single terminal benzyl are predominant in our screen and
elicit good dose-response and normalized binding responses. None of the in-house
synthetic compounds showed positive dose-dependent binding responses,
contradictory to the findings from NMR analyses (Figure 4.4-S6a-b), whereas 8 of the
commercial hydroxamic acid compounds (4, 9, 11, 15, 26, 27, 29, 35) exhibited more
than twice dose responses with the normalized binding responses greater than 10%
(Figure 4.4-S6c¢). This discrepancy emphasizes the importance of performing several
orthogonal assays in the analysis of protein-fragment interaction. Especially,
commercial compounds may contain impurities, such as metals, causing false-positive
responses in SPR, which were taken care of in our in-house synthesized compounds.*
* Moreover, a rather weak affinity of hydroxamate derivatives was a limiting factor for
employing SPR and thus, explaining the discrepancy with 'H-">N TROSY NMR results.
Taken together, we concluded that SPR was not reliable to prioritize the hydroxamate
derivatives and thus, other orthogonal methods were employed.

Competitive binding assay of hydroxamate derivatives with LecA

The hydroxamic acid derivatives were tested in a competitive binding assay (Table
4.4-S1). The parent compound N-hydroxy-2-phenylacetamide (2) showed a low
millimolar binding affinity to LecA (Ky=6.1+£0.9 mM). We observed that the hydroxamic
acid scaffold was essential for binding the carbohydrate-binding site of LecA. The
compounds, with methylated 3 or amide 7 lost their binding and inhibitory effect. A
modification at the nitrogen atom was tolerated but did not improve the binding affinity
as shown by the methylated compound 8 (inh.=19.9+2.7%) compared to 2
(inh.=18.3£1.2%, K4=6.1£0.9 mM). An interaction of the hydroxamic acid functional
group alone, without the phenyl ring 18, and LecA could not be detected in any assay.
None of the tested modifications on the phenyl ring of N-hydroxy-2-phenylacetamide
led to improved potencies 9, 10, 15, 11, inh.=14—-16%). On the other hand, substitution
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of the phenyl ring with a cyclohexyl ring slightly improved the affinity (6,
inh.=21.4+0.6%, K4 =4.4+0.6 mM). The optimal linker length between the phenyl ring
and the hydroxamic acid moiety consist of 3 methylene groups (35, inh.=26+0.7%,
K4=4.6+0.9 mM). Longer spacers led to a binding decrease (43, inh.=7.6+£3.0% and
44, inh.=16.7+2.4%), similarly, diminished activity was observed for the rigid olefin (42,
inh.=12.7+2.7%). Finally, substituted N-hydroxy-4-phenylbutanamide revealed that
electron donating substituents in para position increases binding affinity (-Me 36, -OMe
40, -OH 41, inh.=27-39%), and the electron withdrawing groups dramatically decrease
the potency (-NO; 39 inh.=4.1+2.0) hinting that a CH-n-stacking arises with LecA and
the phenyl ring. Interestingly, the 1-hydroxypyridin-2(1H)-one derivatives were as
potent as the best N-hydroxy-4-phenylbutanamides (19 inh.=37.2+1.8 and 20
inh.=37.2+0.7%), possibly due to the difference in predicted pKa values for the linear
(35 pKa=9.41£0.20) and cyclic hydroxamic acids with lower pKas (19 pKa=6.0£0.1)
leading to the stronger chelating effects on the calcium ion and hence increased
affinity.

Competitive "°F T,-filtered NMR with hydroxamate derivative 5

We evaluated the selectivity and Ca®'-dependency of the hydroxamate-LecA
interaction and compared it to other Ca*-dependent lectins LecB, DC-SIGN and
Langerin. For this, we used a hydroxamate derivative of 1 (5) as a fluorinated reporter
molecule in a competitive '°F NMR. Here, we tested 100 pM 5 binding in absence (5
mM EDTA) and presence of 10 mM CacCl, alone and with 10 uyM lectins. Both Langerin
and DC-SIGN demonstrated Ca?*-independent binding to 5. For Langerin, the
interaction persisted with and without CaCl,, demonstrating 5 targeting a secondary
site. Notably, this interaction was weak, as it did not bind to "N Langerin CRD in 'H-
®N HSQC NMR (Figures 4.4-S5b-c). For DC-SIGN, we observed a partial recovery of
the fluorine peak 5 in the presence of CaCl,. Such behavior in "*F NMR has been
previously observed for fragments hits identified in '"°F NMR targeting the secondary
sites in DC-SIGN.>® Therefore, we validated 5 binding to DC-SIGN in 'H-"°N HSQC
and STD NMR. Both assays revealed a very weak binding of 5 being partially
competed with 30 mM D-mannose in STD NMR and fully competed with 5 mM EDTA,
suggesting 5 bound to multiple sites in DC-SIGN (Figures 4.4-S5a-d). This is not
surprising given the presence of an aryl ring in 5 besides the hydroxamic acid group,
which has potentially interacted with a secondary site of DC-SIGN. To rank the
hydroxamate derivatives, we expected a stronger binding ligand to compete the
reporter molecule from the orthosteric site (Figure 4.4-S7). In this study, the reporter
molecule 5 interacted with LecA as shown by a decrease of the fluorine peak intensity.

Notably, 5 recovered upon addition of 35 and 2, whereas the initial hit 1 did not, as
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well as the negative control 3. Given other 7 compounds show rather a comparable
competition, we concluded that 35 was the best binder in this assay.

Docking study of malonate 58 with lectins

PA-IL (LecA)

Docking simulation of compound 58 with LecA (PDB: 4CP9) revealed that both
carboxylates of the malonic acid fit in the binding-pocket of the lectin (Figure 4.4-S8a-
b). Moreover, the data suggested that only one carboxylate interacts with the calcium
ion, whereas the other carboxylate can form a hydrogen bond with the water molecule
buried in the pocket. This is in line with the SAR study using PrOF NMR, where
compounds with only one carboxylate (63, 70) failed to bind to the protein. Taken
together, this indicated that the carbohydrate-binding site of LecA can accommodate
two adjacent carboxylates (58) and that both of them are required: one to interact with
calcium ion, and one with the water molecule.

PA-IIL (LecB)

The compound 58 was docked with LecB (PDB: 10XC) and two binding poses gained
our attention. The highest-ranking showed the pose where one carboxylate interacted
with both calcium ions, whereas the other carboxylate interacted with the protein
surface namely S22 and S23. Additionally, it revealed a potential interaction of the
CF,-group on the cyclopentyl group and T98 (Figure 4.4-3a and 4.4-S11b). The
second docking pose displayed both carboxylates interacting with the calcium atoms,
as well as G97 and S22 (Figure 4.4-11a-b). Together, both poses indicated that both
carboxylates are required for binding, what is also in line with data from the SAR
study, where compounds with one carboxylate moiety (63, 70) failed to bind to the
protein.

DC-SIGN CRD (CD209)

The compound 58 was docked with DC-SIGN (PDB: 2XR5). The data showed that in
the carbohydrate binding-site, 58 was able to interact with the calcium with one
carboxylate, while the other carboxylate made an H-bond with N344. Interestingly, a
hydrogen atom of the cyclopentyl ring, alpha to the CF,, is able to form a CH-m
interaction with the aromatic ring of F313.

It is interesting to note that 58 appeared to favor binding to the carbohydrate-binding
site rather than in the secondary binding site, although the latter bears two calcium
atoms, indicating that the interaction of 58 with the protein was not driven by sheer
electrostatic forces alone. Indeed the secondary binding site, which is more solvent
exposed, probably offers to the fragment less possibilities for the interactions with DC-
SIGN. Therefore, this further indicated that the malonate moiety alone could not

explain the selectivity in fragment binding. On the other hand, interactions with the
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amino acids neighboring the calcium ions can drive selective binding for malonate-
containing fragments.

Competitive "°F T,-filtered NMR with malonate derivative 61

To investigate the Ca?*-dependency and selectivity of the malonates-lectin interaction,
we subjected metal-dependent lectins to binding studies in '°F T-filtered NMR, where
BambL was expected not to interaction with MBPs such as malonates. As result, 61
bound to CaCl, alone as indicated by a chemical shift perturbation (CSP) of the
fluorine peak in presence of 20 mM CacCl,, but not in its absence (56 mM EDTA). In
presence of CaCl, and 10 uyM LecA, the fluorine peak decreased in the peak intensity
demonstrating that this interaction was Ca®*-dependent. We observed a similar pattern
for LecB and DC-SIGN. For LecB, the competition experiment with 5 mM MeFuc
showed a full recovery of the fluorine peak demonstrating that 58 targeted the
carbohydrate-binding site of LecB. Moreover, °N TROSY NMR revealed that 58 was
fully displaced from its binding site upon addition of 5 mM EDTA supporting our '°F
NMR data. However, in the competition experiment with 30 mM D-mannose and DC-
SIGN, the fluorine peak of 61 recovered only partially in presence of the competitor.
This observation was likely due to a weak affinity of 30 mM D-mannose for DC-SIGN
(Kg=3 mM compared to 61 (Ky = 1.9 mM) given 58 was displaced from DC-SIGN CRD
upon addition of 10 mM EDTA in '"H-">N HSQC NMR (Figure 4.4-S17b). Further, the
off-target effect of 58 to Langerin was observed as the fluorine peak decreased in the
peak intensity in presence of 5 mM EDTA suggesting that interaction was Ca?®'-
independent. However, the 61 peak showed a stronger decrease in presence of CaCl,
and binding to BambL. Given the presence of the secondary sites in both lectins,”” we
aimed to confirm that 61 targeted the secondary sites in both lectins. For this, we
added a competitor (30 mM D-mannose and 10 mM MeFuc) expecting both '°F peaks
to remain unchanged. Indeed, competitors did not influence interactions with 61,

verifying its binding to a remote site in BambL and Langerin.

SAR study of malonate 58 with LecA

PrOF NMR with 5FW-labeled lectin was used to gain information on the binding site of
derivatives of the malonate 58. Similar to hydroxamates, 58 and its analogues (61-63,
66-69) perturbed W42 (Figure 4.4-8c). To rank the impact of 13 analogues of 58 on
W42 to prioritize scaffolds for future fragment evolution, we quantified the magnitude
of W42 chemical shift perturbations (Table 4.4-S4, Figure 4.4-S8d). Interestingly, the
scaffold 61 had the largest effect on W42, whereas an effect also on W33, but not any
of the other tryptophanes, was observed (Figure 4.4-S8). The compounds with an

acetic acid group (63 and 70) did not bind to LecA, which supports our docking result
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proposing the different interactions of both carboxylates with the LecA surface.
Altogether, this discovery demonstrates that malonates bind to the carbohydrate-

binding site of LecA bearing one Ca** ion, similar to hydroxamates.

SAR study of malonate 58 with LecB

Docking analysis predicted that 58 targeted the carbohydrate-binding site of LecB.
Therefore, we investigated the derivatives of 58 for binding to >N LecB by °N TROSY
NMR (Figures 4.4-S11b and 4.4-S12). We observed some resonances being
perturbed in "°N LecB with 2 mM 58 and its analogues (59, 62, 64, 66 and 67) similar
to 1 mM MeFuc (Figures 4.4-3e, 4.4-S12a and 4.4-S13). Next, we determined the
affinities (Ky) and LE values of the malonic acid derivatives using 'H-'>°N TROSY NMR
(Figure 4.4-S14). Interestingly, all structural derivatives showed comparable affinities
and LE values for "°N LecB. Notably, the compounds 58, 62 and 67 showed higher
affinities than 64, indicating the role of an electronegative group in binding to LecB.
This supports the docking pose 1 of the compound 58, where LecB was predicted to
interact with the CF; group of 58 through T98. Moreover, the methyl group introduced
in 59 decreased its Ky and LE compared to 58, suggesting that malonic moiety directly
interacted with the protein surface and thus, a substituent in this position can disrupt
this interaction. Therefore, this position is not suitable for fragment evolution. Notably,
three compounds with a different scaffold (66, 67 and 69) showed Ky values in a
similar range. Their lower molecular weight and thus, better LE compared to 58, could
render them superior starting points for fragment growing. Thus, two main scaffold
series have been identified for LecB: 1) 58, 62 and 67, and 2) 66, 67 and 69. Given the
lack of "°N LecB protein assignment, co-crystallization studies are currently ongoing to

define the most potent scaffold for future fragment evolution.

SAR study of malonate 58 with DC-SIGN
Similar to LecA and LecB, acetylated compounds (63, 65 and 70) did not bind "°N DC-
SIGN CRD (Figure 4.4-S14). However, malonates 58, 62 and 67 perturbed the

+

resonances in the EPN motif coordinating Ca;?* and D367 the strongest, whereas
L321 and E324 near Ca,?" and Cas®" showed weaker effects. Quantitative analyses of
the conformational changes caused by 58 and D-mannose revealed similar CSPs
(Figure 4.4-S14a). Encouraged by these results, we derived the affinities of 58
analogues in 'H-°N HSQC NMR (Figure 4.4-S16). Interestingly, all compounds
showed a similar affinity and thus, three scaffold groups were defined as
interchangeable (58, 62 and 69). Similar to LecB, the compounds with an

electronegative group on the ring being (58, 62, 63 and 67) were predominant and
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thus, in agreement with the predicted F313 interaction of CF, group in 58. In contrast
to LecB, a methyl group in 59 was well tolerated in DC-SIGN CRD. Since 59 did not
interact with LecA either, this position is potentially suitable for future fragment growing
to gain malonates specificity towards DC-SIGN. Together, both computational and
experimental data demonstrated malonates’ ability to target the Cas?* binding site of

DC-SIGN similarly to bD-mannose.

7.4.2. Supplementary Materials and Methods

Chemicals

The carbohydrates D-mannose (CAS: 3458-28-4) and methyl-a-D-Galactose (MeGal,
CAS: 3396-99-4) were purchased from Sigma-Aldrich Chemie GmbH, whereas
methyl-a-L-Fucose (MeFuc, CAS: 14687-15-1) was from Biosynth-Carbosynth (UK).
Commercial analogues (Tables S$1, 3-5, 9-35, 46-50) of hydroxamic and malonic acids
(Table S3) were purchased from Life Chemicals Europe Gmbh (Germany), Otava
Chemicals (Lithuania), KeyOrganics (UK).

Recombinant proteins

The non-labeled or "®N-labeled LecA®, LecB® and BambL'® were purified in soluble
form as reported previously. Human '®N-labeled Langerin CRD and non-labeled ECD
or DC-SIGN CRD and non-labeled ECD constructs were expressed in inclusion bodies
and prepared as described before.>"

Virtual screening of drug-like molecules targeting LecA

Virtual screening (VS) for commercially available drug-like compounds was performed
using the Bioinfo database (http://bioinfo-pharma.u-strasbg.fr/bioinfo/), v.18.1, applying
the following filters: hydrogen bond acceptors (HBA) >=2 and hydrogen bond donors
(HBD) =>=2. Filter (OpenEye) was used to remove compounds with poor
pharmacokinetic profile and undesirable functional groups. Approximately 3 million
molecules composed the VS library. LecA protein structure was retrieved from the
Protein Data Bank (PDB): ID 1oko. One water molecule was conserved and kept on
the active site. Other water molecules and heteroatoms were stripped from the
structure leaving only the Ca** metal. Hydrogen atoms were added using PROTOSS."
Ligands were prepared for docking using Surflex" v. 3066, following the pgeom
protocol (pose accuracy parameter set), 20 poses were generated for each ligand. All
docked poses were rescored using the GRIM method™, a knowledge based approach
to score docking solutions by similarity of prediction interaction patterns to that already
visited in the PDB. The similarity was quantified using a score (GRIM score or GrSc)
set to 0.7 or higher. The interaction patterns found on the virtual screening were

compared to selected complexes available for the co-crystallized molecules with LecA
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(IDs:10ko, 2vxj, 2wyf, 3zyb, 3zyf, 3zyh, 4a6s, 4ljh, 41k6, 41k7, 4yw6, 5d21, 5mih, 4al9,
4cp9). The following additional filters were used: presence of metal interactions;
absence of “carbohydrate-like scaffolds”, in this case the tetrahydrofuran or
tetrahydropyran cores; Surflex score >= 5; number of polar interactions (with binding
site residues) >=3; number of rings >0. The remaining ligands were clustered based
on the maximum common  substructure @ (MCS) using Chemaxon
(https://www.chemaxon.com) available at Pipeline Pilot' with a cutoff set to 8. Later,
46 chemically diverse molecules were selected as hits and 37 were purchased for
testing.

Virtual screening of drug-like molecules targeting LecB

Virtual screening (VS) for commercially available drug-like compounds was performed
with an updated version of Bioinfo database, v.18.2, following the same filtering criteria
as described for LecA. Ligands were prepared as described in the above section.
LecB protein structure was retrieved from the Protein Data Bank (PDB): ID 1gzt. In
addition to the two conserved Ca®" ions, a conserved water molecule, bridging
interactions between a-L-fucose O1 and O2 atoms and residues Thr98 and Asp99,
was preserved for docking calculations. In addition to 1gzt, 13 PDB structures were
selected for calculation of the similarity interaction patterns using GRIM: 1gzt, 1ovp,
1Tovs, 2boj, 2bp6, 2vuc, 2vud, 3dcq, 3zdv, 5a6x, Smay, Smaz, 5mb. All the co-
crystallized ligands and other heteroatoms, with exception of Ca®* and the conserved
water were striped from the protein structures. Hydrogens were added using
PROTOSS. Docking was performed using Surflex, with the same parameters
described for LecA. The post-processing of the docked poses followed a workflow
similar to the carbohydrate-binding site of LecA, with GrSc cutoff set to >=0.7, and
clustering by MCS with same parameters described above. Other filters used
included: number of polar interactions >=3; SurflexScore >=5; number of rings >0;
number of rotatable bonds <=10; number of aromatic rings <5. We additionally used
ROCS (DOI: 10.1021/jm0603365), with a Tanimoto shape-similarity cutoff of 0.6 in
respect to fucose co-crystallized with LecB. A total of 42 molecules were selected as
hits.

Preparation of fragment libraries

Here, we prepared three FBDD libraries (3F Fsp>-rich, general and MBP) composed of
fluorinated ("°F) and non-fluorinated fragments. The 3F Fsp’-rich and general '°F
FBDD libraries were prepared as reported previously.'®"" In addition to "°F fragments,
we used the non-fluorinated fragments from general library of 650 non-fluorinated
fragments, which were prepared in mixtures of 10 fragments at 1 mM for screening.

Following, we designed an MBP library, which is composed of 142 commercially
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available fragments purchased from Otava Chemicals (Lithuania). For this, fragments
were chosen from the ‘Chelator Fragment Library’ based on the presence of a fluorine
atom and various chelating groups represented by picolinic acids, pyrimidines,
hydroxypyrones, hydroxypyridinones, salicylic acids, hydroxamic acids, sulfonamides
and beta-diketones. All compounds were subjected to a quality control for solubility
and purity in 'H and "°F NMR, yielding 98 fluorinated and 9 non-fluorinated fragments.
Following, we combined '°F MBP fragments in mixtures of 32 fragments at 100 uM in
a two-fold concentrated TBS buffer (25 mM in Tris-HCI pH 7.8, 150 mM NaCl) with 100
MM TFA and 20% D,0) and stored at -20°C upon use.

'H-""N HSQC and TROSY NMR

To validate a fragment binding to Langerin CRD, DC-SIGN CRD, LecA and LecB, we
®*N-labeled proteins for 'H-""N HSQC and TROSY NMR. Both experiments deliver
information on the binding site of compounds, whereas HSQC sequence was applied
for Langerin CRD and DC-SIGN CRD. 'H-""N TROSY NMR sequence was used for
N LecA and LecB. Briefly, 'H-"’N HSQC and TROSY NMR experiments were
measured on a Bruker Ascend™700 (Avancelll HD) spectrometer equipped with a
5 mm TCI700 CryoProbe™ in 3 mm tubes (Norell S-3-800-7) at 298 K and 310 K,
respectively. A "H-"°N HSQC pulse sequence hsqcf3gpph19 with 128 increments and
8 scans per increment was applied for >N DC-SIGN/Langerin CRD. A 'H-"*N TROSY
pulse sequence trosyf3gpphsi19 with 128 increments and 32 scans per increment was
applied for >N LecA/LecB. For "H-">N HSQC NMR, "N-labeled Langerin CRD and
DC-SIGN CRD were prepared at 0.1 mM in HBS buffer (20 mM HEPES pH 7.4, 150
mM NaCl) with 10 mM CaCl,, 10% D,O and 100 pM sodium
trimethylsilylpropanesulfonate (DSS) as internal standard. Similarly, 'H-"°N TROSY
NMR spectra of "N-labeled LecA and LecB were acquired at 0.15 and 0.07 mM,
respectively. For the titration experiments, we increased the concentration of CaCl; to
30 mM. To validate the fragment binding to proteins, we recorded 'H-"°N HSQC and
TROSY NMR of proteins in presence of DMSO as negative control and 2-4 mM
fragments. Natural ligands were added to lectins as positive controls at 1 mM MeGal,
MeFuc and 30 mM D-mannose to LecA/LecB and DC-SIGN CRD/Langerin CRD,
respectively.

All data were processed with NMRpipe'® and analyzed with CcpNmr analysis." For
data analysis, the protein fingerprint of >N DC-SIGN and Langerin CRD was assigned
as reported previously (Table 4.4-S7).° The "H-">N TROSY resonances of "°N LecA
and "N LecB were indexed with IDs due to a lack of protein backbone resonance
assignment (Tables 4.4-S8-S9). Next, resonance IDs from protein spectra were

transferred to the spectra obtained in the presence of compounds in order to compare
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the changes in chemical shift perturbations for fast exchange peaks. Titration
experiments with "®N-labeled DC-SIGN CRD and LecB were recorded with 0.25 to 4-8
mM malonic acid derivatives. The Ky values were calculated according to the
one-site—binding model in Origin(Pro) 2020b (OriginLab Corp., USA).

The changes in chemical shift perturbations (CSPs) were calculated according to

Equation (1):

26 = [H[6% + (@887 (1)

in which ¢ is the difference in chemical shift (in ppm) and « is an empirical weighting
factor of 0.14 for all amino acid backbone resonances.?’ The threshold value was set
based on three independent measurements of reference spectra to 0.01 ppm for LecA,
LecB, DC-SIGN CRD and Langerin CRD.

Experimental fragment screening

Binding of fluorinated and non-fluorinated fragments was performed in '°F NMR and
'H-""N HSQC/TROSY NMR, respectively. For 'F NMR, we prepared two samples
containing a fragment mixture alone and with 10 uyM protein in TBS buffer. To detect
the fragment binding to lectins in a Ca®*-dependent manner, we recorded two samples
in the presence of 5 mM EDTA subsequently adding 10 mM CaCl,. The samples were
recorded using '"F NMR and "°F T,-filtered (CPMG) sequences on a Bruker
Ascend™700 (Avancelll HD) spectrometer equipped with a 5mm TCI700
CryoProbe™ in 3 mm tubes (Norell S-3-800-7) at 298 K. Two separate '°F spectra
were recorded for CF3; and CF groups with 32 and 64 scans, a spectral width of 100
ppm, a transmitter offset at -50 and -150 ppm, acquisition time of 2 s and 1 s
relaxation time, respectively. T,-filtered spectra were recorded using a CPMG pulse
sequence with a 180° pulse repetition rate of 384 ms using same acquisition and
relaxation times with 64 and 256 scans for CF3; and CF compounds, respectively. Data
was acquired without proton decoupling. These parameters were applied for all three
FBDD libraries (3F Fsp®-rich, general and MBP). All °F NMR spectra were referenced
to the internal standard trifluoroacetic acid (TFA) at -75.6 ppm and analyzed in
MestReNova 11.0.0 (Mestrelab Research SL) for changes in peak intensity and
chemical shift perturbations. Fragments binding in presence of protein and 10 mM
CaCl, were used to derive a total hit rate. For '°F spectra, chemical shift changes of
0.01 ppm or intensity changes between 25-50% were defined as ‘high’ and ‘low’
confidence hits, respectively. Intensity changes in the T,-filtered spectra of 20-50% or
more than 50% change were defined as ‘high’ and ‘low’ confidence hits, respectively.

Afterwards, the fragments competed with the carbohydrates: 1 mM MeGal (LecA), 1
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mM MeFuc (LecB/BambL) and 30 mM D-mannose (DC-SIGN/Langerin) were defined
as targeting the carbohydrate-binding site and were followed up.

To screen the general and MBP-FBDD libraries of 650 and 9 non-fluorinated
fragments, we performed 'H-""N HSQC or TROSY NMR. For screening of general
FBDD library against LecA, a mix of 10 compounds at 1 mM each was combined with
0.15 mM "N LecA in HBS buffer with 10 mM CaCl,, 10% D,O and 100 yM DSS,
whereas the fragments with the MBP scaffolds were validated separately at 1 mM.
Similarly, 9 non-fluorinated fragments from the MBP-FBDD library were screened
against "°N-labeled DC-SIGN, LecA and LecB.

"*F NMR with reporters 5 and 61

To derive the Ca*-dependency and selectivity of hydroxamates and malonates, we
used the analogues of 1 (5) and 58 (61) as fluorinated reporter molecules. For '°F T,-
filtered NMR, we prepared two samples containing 0.1 mM 5 or 61 alone and in
presence of a 10 uyM protein in TBS buffer with 50 yM TFA and 10% D,O. To
demonstrate the Ca2+-dependency of the protein—reporter interactions, we recorded
the "°F spectra in presence of 5 mM EDTA followed by addition of 10 mM CaCl,. For
the competitive '"F T-fitered NMR, we added the carbohydrates: 1 mM MeGal
(LecA), 1 mM MeFuc (LecB/BambL) and 30 mM D-mannose (DC-SIGN/Langerin) to
compete the reporter molecules from the lectin orthosteric-binding site. Similarly, we
used 0.1 mM 5 to prioritize hydroxamate derivatives. Here, we added 3 mM analogues
of 1 in presence of 10 mM CaCl, instead of the carbohydrates.

Briefly, the '°F T.-filtered spectra were recorded with 64 scans, a spectral width of 5
ppm, a transmitter offset at -155.5 ppm (5) and -155.5 ppm (61), acquisition time of 0.8
s, 2 s relaxation time and a To-filter of 384 ms. All spectra were recorded at 298 K,
referenced to TFA and analyzed in MestReNova 11.0.0 (Mestrelab Research SL). We
considered reporter molecule binding to protein or competed if reduced signal intensity
or a chemical shift change of 0.01 ppm in '°F or T,-filtered spectrum has been
observed in presence of protein.

SPR

All experiments were performed on a BIACORE X100 instrument (GE Healthcare) at
25°C in phosphate-buffered saline (10 mM phosphate buffer pH 7.4, 2.7 mM KCI, 137
mM NacCl, 0.05% Tween 20, 100 uM CaCl,, 5% DMSO). LecA was immobilized onto a
CM7 chip (BIACORE) following standard amine coupling procedures: the CM7 chip
was activated by three injections of a NHS/EDC mixture with a contact time of 540 s at
a flow rate of 10 puL min™" until the response exceeded 800 RU, followed by multiple
injections of LecA dissolved in 10 mM sodium acetate pH 4.5 (100 pg/mL) onto

channel 2 (contact time of 540 s at a flow rate of 10 uL min™"). A minimum of 10 000
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RU of LecA was captured onto the chip. Initial binding screens were performed with
the injections of 0.2 and 1 mM of each hydroxamate (association 30 s, dissociation 60
s, 30 pyL min" flow rate), to identify the initial binders eliciting dose-response
behaviors. Injection of the positive control (0.1 mM 4-nitrophenyl-3-D-galactoside) was
included after every forth injection cycle to monitor the activity of immobilized LecA
throughout the binding screen experiments. All data evaluation was performed using
BIACORE X100 evaluation software (version 2.0).

Competitive binding fluorescence polarization (FP) assay

The FP assay was performed in a black 384-well plate (Greiner Bio-One, Germany,
781900) with the final volume of 20 pL as described previously.?' Briefly, 10 uL of a
sample solution series (10-0.078 mM) in TBS buffer containing 10 mM Ca*
(TBS/Ca**-buffer) and 20% DMSO were added in technical triplicates to 10 yL LecA
(40 uM) pre-incubated with a galactose-based Cy5 conjugate? (20 nM) in TBS/Ca?*-
buffer. Two positive controls were included: MeGal, 1C5=140+30 uM and GalNAc,
IC50=1230+200%, and two negative control: TBS/Ca®*-buffer containing 10% DMSO
and LecA (20 uM) with the Cy5 dye (10 nM) in TBS/Ca?*-buffer. The plate was sealed
(EASYseal, Greiner Bio-One, 676001), centrifuged (1 min, 1500 rpm, 25°C) and
incubated in a wet chamber for 16 h. The fluorescence was measured with an
excitation 590 nm and emission 675 nm filter”? on a PheraStar FS plate reader (BMG
Labtech GmbH, Germany). The signal of TBS/Ca®*-buffer containing 10% DMSO was
subtracted and the compounds were analyzed with the MARS Data Analysis Software
(BMG Labtech GmbH Germany) using the four-parameter variable slope model. The
top and bottom plateaus were defined according to the positive controls. The graphs
were visualized using Graphpad Prism 5. The percentage (%) of inhibition was
calculated at the highest concentration compared to 10 mM MeGal. The pKa values
were derived using Advanced Chemistry Development (ACD/Labs) Software V11.02
(© 1994-2021 ACD/Labs), 2005.

Protein-observed "°F (PrOF) NMR

To validate binding of hydroxamic and malonic acids to the orthosteric site of LecA, we
used protein-observed '°F (PrOF) NMR with recombinant 5-fluorotryptophane (5FW)-
labeled LecA as reported previously.24 Briefly, 150 yM 5FW LecA was recorded alone
and in presence of 2-4 mM compounds in TBS/Ca?* buffer with 10% D,O and 50 yM
TFA as internal reference at 310 K. All experiments were conducted on Bruker
Ascend™700 (Avancelll HD) spectrometer equipped with a 5 mm TCI700
CryoProbe™ in 3 mm tubes (Norell S-3-800-7) with following parameters: time
domain of 1972, relaxation delay 1 s, acquisition time of 0.15 s, spectral width of 10

ppm and 1024 scans resulting in measurement time of 20 minutes pro spectrum. Data
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analysis was performed in MestReNova 11.0.0 (Mestrelab Research SL) after applying
the exponential function (50 Hz) and baseline correction.

The difference in chemical shift perturbations of W42 in 5FW LecA free vs compound-
bound forms was followed to determine Ky values of compounds. The Ky values were
calculated according to the one-site—binding model in Origin(Pro) 2020b (OriginLab
Corp., USA) from two or three independent titrations.

Crystallography study

Lyophilized powder of recombinant LecA was dissolved in MilliQ water containing 1
mM CaCl, to the final protein concentration of 11.7 mg mL™". 100 mM hydroxamate 1
stock solution in DMSO was diluted in the LecA solution to the final concentration of 20
mM and incubated at 25°C to allow hydroxamate 1 to interact with LecA. 1.2 uL of the
protein solution containing hydroxamate 1 was then mixed with 0.3 yL of LecA seed
solution containing LecA microcrystals. 1.5 pL of reservoir solution (20% PEG6K, 1 M
LiCl, 0.1 M sodium acetate pH 4) was added to the mixture. The entire mixture (total
volume of 3 pL) was deposited on a siliconized glass slide. Crystallization was
performed by the hanging drop vapor diffusion method on a 24-well plate with sealant
(Hampton Research) at 19 °C. Crystals were cryo-protected in 30% PEG6000, 1 M
LiCl, 100 mM sodium acetate pH 4, supplemented with 10 mM hydroxamate 1 and
flash cooled in liquid nitrogen. X-ray diffraction data were collected at SOLEIL-
PROXIMAZ2 (Saint Aubin, France) using ADSC Quantum 315r CCD detector. The
recorded data were indexed, integrated, and scaled using XDS? and merged using
AIMLESS?®. The structures were solved by molecular replacement using 10KO as a
searching template in PHASER?, followed by further iterations of manual rebuilding in
COOT?® and restrained refinement in REFMAC5%. Hydroxamic acid ligand was
manually built in ACEDRG® in CCP4i2 suite®’. The final model was validated with
MOLPROBITY?*, PDB-redo (https://PDB-redo.eu/) and wwPDB validation service
(http://validate-rcsb-1.wwPDB.org/) prior to submission to the Protein Data Bank. All
structural figures were prepared using CCP4MG®. Data processing, refinement
statistics and PDB ID of the deposited structure are provided in the Supporting
Information (Table 4.4-S2).

CellFy

The cellFy experiments using Langerin® and DC-SIGN" Raji cell lines were performed
as described before.®* Briefly, 50k cells were plated in a 96-well plate (clear, round
bottom; Greiner Bio-One and mixed with varying concentrations of malonates 58, D-
mannose and 0.025 mg mL™" FITC-conjugated dextran (500 kDa, Sigma Aldrich) in a
final volume of 50 pl following incubation for 30 min on ice. After centrifugation at 500

g for 3 min at 4°C, supernatant was discarded. After washing cells were treated with
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50 upl 4% paraformaldehyde (Roti-Histofix, Carl Roth) for 20 min on ice and
resuspended in 100 pl fresh culture medium. Fluorescence of cells was measured by
flow cytometry (MACSQuant Analyzer 16). Data was analyzed in FlowJo.

Docking of malonic acid derivatives

Docking poses were obtained by docking compound 58 in MOE (Molecular Operating
Environment (MOE), 2019.01; Chemical Computing Group ULC, 1010 Sherbooke St.
West, Suite #910, Montreal, QC, Canada, H3A 2R7, 2021) using the Triangle Matcher
and the Rigid Receptor as placement and refinement methods, respectively. For LecA
and DC-SIGN CRD, only the highest-ranking pose was taken into account, whereas
for LecB the best two ones were considered. Interaction maps were also retrieved
from MOE.

Chemical synthesis of hydroxamate derivatives

All reactions were performed under inert gas (N,) by using the Schlenk technique. The
chemicals and solvents were bought from TCI, Merck or Roth and used without further
purifications. The reactions were followed by either TLC (aluminum plates coated with
silica gel 60, Merck KGaA, Damstadt, Germany) by using molybdenum-stain (0.02 M
solution of Ce(NH4)4(S04)4:2H,0 and (NH4)sM0;024-4H,0 in aqueous 10% H,SO,) or
by HPLC-MS (Thermo Dionex Ultimate 3000 HPLC coupled to a Bruker amaZon SL
mass spectrometer, with UV detection at 254 nm, using a C18 column (100/2
Nucleoshell RP18plus, 2.7 uM from Macherey-Nagel, Germany). The crude products
were purified by MPLC (Teledyne Isco Combiflash Rf200) by using self-packed silica
gel 60 columns (60A, 400 mesh particle size, Fluka) as a stationary phase or by HPLC
(Waters 2545 Binary Gradient Module with Waters 2489 UV/Visible detector) using
RP-18 column (250/21 Nucleodur C18 Gravity SB, 5 uM from Macherey-Nagel,
Germany). The synthesized compounds were analyzed by NMR spectroscopy (Bruker
Avance Il 500 ultra shield spectrometer) at 500 MHz (*H) or 126 MHz (**C) using
deuterated solvents (Eurisotop, Saarbricken, Germany) and analyzed with
MestReNova (Version 12.0.2). Chemical shifts are given in parts per million compared
to an internal solvent peak (MeOH-d, = 3.31, 49.00 ppm, DMSO-ds = 2.50, 39.52
ppm)* and the multiplicities as s (singlet), d (doublet), t (triplet), q (quartet) and m
(multiplet).

N, 3-dihydroxy-3-(3-methoxyphenyl)propenamide (31)

The previously reported procedure of N,3-dihydroxy-3-(3-methoxyphenyl)-
propenamide (31) was slightly modified and optimized.*® A: Zinc was activated by
washing in a 1N HCI bath for 30 min, then filtrated washed with H,O, EtOH, Et,O and

dried on high vacuum for 20 min. B: The activated zinc powder (653.8 mg, 10 mmol,
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2.0 eq.) was dissolved in dry THF (8 mL) and refluxed for 5 min. The heating was
stopped and a solution of ethyl bromoacetate (1 g, 6 mmol, 1.2 eq.) and m-
anisaldehyde (680.75 mg, 5 mmol, 1.0 eq.) in dry THF (5 mL) was carefully added
over 30 min (syringe pump). Then, the mixture was refluxed for 16 h. The reaction was
stopped by adding NH,4Cl (20 mL) and stirred for additional 15 min. The phases were
separated and the aqg. phase extracted with EtOAc (3x). The combined org. phase was
dried over Na,SQO., concentrated, purified by flash chromatography (PE:EtOAc - 8:2)
and re-purified with Tol:EtOAc - 9:1. The ester intermediate was obtained as an clear
oil (660 mg, 2.94 mmol, 59%, R; = 0.35, PE: EtOAc — 8:2). C: Hydroxylamine
hydrochloride (216.65 mg, 1.66 eq) was dissolved in MeOH (2.76 mL) and a NaOMe
solution (5.66 M, 0.98 mL, 3.33 eq.) was added. The milky mixture was stirred for 15
min and the previously synthesized ester (421.2 mg, 1.878 mmol, 1.0 eq) in MeOH (1
mL, cinal = 0.5M) was added carefully. After 5 h, the reaction was stopped by adjusting
the pH to 7 with 1 M HCI (ca. 20 drops) and H,O was added. The mixture was diluted
with H,O and the aq. phase was extracted with EtOAc (3x). The combined org. phases
were dried over Na,SO, and the product was purified by flash chromatography (PE:
EE, Ry = 0.4 pure EtOAc). The product was obtained as a clear oil which solidifies on
high vacuum (128.1 mg, 0.50 mmol, 30%, Keto E/Z = 89:10). '"H NMR (500 MHz,
DMSO-ds) & 10.33 (s, 1H, Keto-E OH), 9.86 (s, OH, Keto-Z OH), 9.07 (s, OH, Keto-Z
NH), 8.73 (s, 1H, Keto-E NH), 7.22 (t, J = 8.0 Hz, 1H, ArH), 6.92 — 6.86 (m, 2H), ArH
2x), 6.79 (ddd, J = 8.2, 2.6, 1.0 Hz, 1H, ArH), 5.37 (d, J = 4.6 Hz, 1H, CHOH), 4.91 (dt,
J = 8.6, 4.4 Hz, 1H, CHOH), 3.74 (s, 3H, OCHs), 2.33 — 2.20 (m, 2H, CH,). *C NMR
(126 MHz, DMSO) & 166.85 (C=0), 159.13 (ArC), 147.07 (ArC), 129.12 (ArCH),
117.91 (ArCH), 112.29 (ArCH), 111.21 (ArCH), 69.29 (CH), 54.93 (OCH;), 42.76
(CH3). LR-MS calcd [C1oH14sNO4]™: 212.09, found 212.17. The spectroscopic data

differing slightly from the literature.®

2-Cyclohexyl-N-hydroxyacetamide (6)

The synthesis of 2-cyclohexyl-N-hydroxyacetamide (6) was performed as described
before by Ohtsuka et al.*” Solutions of H,NOH-HCI (444.74 mg, 6.4 mmol) in dry
MeOH (3.2 mL, ¢ =2 M) and KOH (71.82 mg, 0.4 eq.) in MeOH (3.2 mL, c = 0.4) were
prepared. Both solutions were cooled to 0 °C, then, the alkali solution was added to
the stirred hydroxylamine and the resulting suspension was left without stirring for 5
min. The white precipitate (KCl) was removed by suction filtration and the clear filtrate
was added to methyl cyclohexylacetate (500 mg, 3.20 mmol). KOH (2 pellets) was
added until pH = 10 was reached and the mixture was stirred overnight. The solvent

was removed and the crude was diluted in H,O leading to white precipitate. The
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solution was acidified pH < 4 and the product was filtrated, resulting in a white solid
(144 mg, 0.917 mmol, 29%, E/Z = 88:8, CH,Cl,/ MeOH — 19:1, R; = 0.57). '"H NMR
(500 MHz, DMSO-ds) & 10.30 (br s, 1H, Keto-E OH), 9.72 (s, OH, Keto-Z OH), 8.96 (s,
OH, Keto-Z NH) 8.65 (d, J = 1.7 Hz, 1H, Keto-E NH), 1.81 (d, J = 6.8 Hz, 2H, CH,),
1.72 — 1.54 (m, 6H, CH, 2.5x, CH), 1.26 — 1.04 (m, 3H, CH, 1.5x), 0.95 — 0.82 (m, 2H,
CH,). *C NMR (126 MHz, DMSO) & 168.19 (C=0), 39.78 (CH,), 34.45 (CH), 32.47
(CH; 2x), 25.83 (CHy), 25.57 (CH, 2x). HR-MS calcd [CgH16NO2]": 158.1176, found

158.1174. The spectroscopic data matching the literature.*

N-methoxy-2-phenylacetamide (7)

N-methoxy-2-phenylacetamide (7) was synthesized according to the previously
reported procedure by Kawase.*® Methoxyamine hydrochloride (445.7 mg, 5.3 mmol,
1.1 eq.) and Na,CO3; (1028 mg, 9.7 mmol, 2.0 eq.) were dissolved in a mixture of
toluene and H,O (1:1, ¢ = 0.25 M) and cooled to 0 °C. Phenylacetyl chloride (641 L,
4.8 mmol, 1.0 eq.) was added and the reaction was stirred for 20 h. The reaction was
taken up in EtOAc, separated, and the org. phase was washed with brine and dried
over Na,SO,. The crude product was purified by flash chromatography (PE:EE — 1:2,
R; = 0.3, KMnO,) and the compound 7 was obtained as a white solid (487 mg, 2.95
mmol, 61%). '"H NMR (500 MHz, DMSO-ds) & 11.25 (s, 1H, NH), 7.34 — 7.27 (m, 2H,
ArH 2x), 7.27 — 7.20 (m, 3H, ArH 3x), 3.57 (s, 3H, OCHjs), 3.28 (s, 2H, CH,). *C NMR
(126 MHz, DMSO) & 166.91 (C=0), 135.52 (ArC), 128.93 (ArCH 2x), 128.30 (ArCH
2x), 126.56 (ArCH), 63.20 (OCH3), 39.25 (CH,). HR-MS calcd [CoH1,NO,]*: 166.0863,

found 166.0860. The spectroscopic data are in accordance with the literature.*

N-hydroxy-N-methyl-2-phenylacetamide (8)

N-hydroxy-N-methyl-2-phenylacetamide (8) was synthesized by following the produce
of Clark et al.*' N-Methylhydroxylamine hydrochloride (500 mg, 5.98 mmol, 1.0 eq.)
was dissolved in CH,Cl, (¢ = 0.5 M) and cooled to 0 °C. Et;N (1.66 mL, 2.0 eq.) was
added and the mixture was stirred for 10 min, followed by phenylacetyl chloride drop-
wise (= 797 pL, 5.98 mmol, 1.0 eq.). The mixture was stirred at room temperature for
16 h, then washed with 1 N HCI and brine. The org. phase was dried over Na,SO,,
concentrated under vaccum and the vyellow crude was purified by flash
chromatography (PE: EtOAc — 1:2, R; = 0.43, Mo-stain). The product was obtained as
a colorless oil (314.7 mg, 1.90 mmol, 32%). '"H NMR (500 MHz, DMSO-ds) d 9.98 (s,
1H, NH), 7.34 — 7.25 (m, 2H, ArH 2x), 7.25 — 7.18 (m, 3H, ArH 3x), 3.69 (s, 2H CH,),
3.10 (s, 3H, CHs). ®C NMR (126 MHz, DMSO) & 170.77 (C=0), 135.92 (ArC), 129.43
(ArCH 2x), 128.11 (ArCH 2x), 126.24 (ArCH), 38.32 (CH,), 35.80 (CH3). HR-MS calcd
[CO9H12NO2]+: 166.0863, found 166.0861.
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General procedure for 35 to 44

The different hydroxamic acids 35 to 44 were synthesized according to a modified
procedure of Trabulsi et al. starting from an acid moiety.*> The corresponding acid
(1eq.) was dissolved in dry CH,CI, (¢ = 0.25 M) and cooled to 0 °C. Oxalyl chloride
(1.75 eq.) was added dropwise and the mixture was allowed to warm to room
temperature and stirred for 16 h (yellowish). The solvent was removed und reduced
pressure and an equimolar solution of hydroxyl amine (7 eq.) and NaOH (7 eq.) in H,O
(c =2.5 M) was added. The mixture was left without stirring for 15 min (until the formed
fog vanished) and the mixture was diluted with EtOAc, separated and the aq. phase
was extracted with EtOAc (3x). The combined org. phases were dried over Na,SO,,
concentrated under reduced pressure and purified by flash chromatography (CH.CI,

MeOH — 19:1) resulting in white solids.

N-hydroxy-4-phenylbut-3-enamide (42)

N-hydroxy-4-phenylbut-3-enamide (42) was synthesized according to the general
procedure starting from trans-styrylacetic acid (200 mg, 1.23 mmol, 1.0 eq.). A white
solid was obtained (80 mg, 0.49 mmol, 40%, CH,Cl,/ MeOH — 19:1, Ry= 0.49, Keto-
E/Z: 89:11). 'H NMR (500 MHz, DMSO-ds) 3 10.51 (s, 1H, Keto-E OH), 9.94 (s, OH,
Keto-Z OH), 9.19 (s, OH, Keto-Z NH), 8.79 (s, 1H, Keto-E NH), 7.43 — 7.37 (m, 2H,
ArCH 2x), 7.32 (dd, J = 8.5, 6.9 Hz, 2H, ArCH 2x), 7.26 — 7.20 (m, 1H, ArCH), 6.51 —
6.43 (m, 1H, CHCHCH,), 6.29 (dt, J = 15.9, 7.1 Hz, 1H, CHCHCH,), 2.92 (dd, J = 7.1,
1.5 Hz, 2H, CHCHCH,). *C NMR (126 MHz, DMSO) & 166.93 (C=0), 136.77 (ArC),
132.09 (CHCHCH,;), 128.62 (ArCH 2x), 127.33 (ArCH), 125.98 (ArCH 2x), 124.07
(CHCHCH,), 36.84 (CHCHCH,). HR-MS calcd [C1oH12NO,]™: 178.0863, found
178.0860.

N-hydroxy-2-phenethoxyacetamide (43)

The product was obtained from 2-phenethoxyacetic acid (100 mg, 0.55 mmol, 1.0 eq.)
as a white solid (38.7 mg, 0.198 mmol, 36%, CH.Cl,/MeOH — 19:1, Rs= 0.575, Keto-
E/Z = 92:7). "H NMR (500 MHz, DMSO-ds) & 10.48 (s, 1H, Keto-E OH), 9.96 (s, OH,
Keto-Z OH), 9.00 (s, OH, Keto-Z NH), 8.83 (s, 1H, Keto-E NH), 7.32 — 7.22 (m, 4H,
ArH 4x), 7.22 — 7.17 (m, 1H, ArH), 3.84 (s, 2H, CH,), 3.62 (t, J = 7.0 Hz, PhCH,CH,0),
2.83 (t, J = 7.0 Hz, 1H, PhCH,CH,0). *C NMR (126 MHz, DMSO) & 165.59 (C=0),
138.77 (ArC), 128.86 (ArCH 2x), 128.25 (ArCH 2x), 126.09 (ArCH), 71.73
(PhCH,CH,0), 68.68 (CH,), 35.24 (PhCH,CH,0). HR-MS calcd [C1oH1sNO3]":
196.0968, found 196.0967.
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Nhydroxy-2-(3-phenylpropoxy)acetamide (44)

The desired compound was obtained from 2-(3-phenylpropoxy)acetic acid (100 mg,
0.51 mmol, 1.0 eq.) as a white solid (35 mg, 0.18 mmol, 35%, CH,Cl,/ MeOH - 19:1, R;
= 0.85, Keto-E/Z = 93:9). "H NMR (500 MHz, DMSO-ds) 5 10.50 (s, 1H, Keto-E OH),
9.95 (s, OH, Keto-Z OH), 9.00 (s, OH, Keto-Z NH), 8.82 (s, 1H, Keto-E NH), 7.27 (t, J =
7.5 Hz, 2H, ArCH), 7.24 — 7.14 (m, 3H, ArCH), 3.81 (s, 2H, CH,), 3.41 (t, J = 6.4 Hz,
2H, PhCH,CH,CH,0), 2.69 — 2.57 (m, 2H, PhCH,CH,CH,0), 1.89 — 1.76 (m, 2H,
PhCH,CH,CH.0). *C NMR (126 MHz, DMSO) & 165.65 (C=0), 141.79 (ArC), 128.33
(ArCH 2x), 128.29 (ArCH 2x), 125.72 (ArCH), 70.12 (PhCH,CH,CH,0), 68.77 (CHy),
31.56 (PhCH,CH,CH,0), 30.80 (PhCH,CH,CH,0). HR-MS calcd [C11H1gNO3]™
210.1125, found 210.1121.

N-hydroxy-4-phenylbutanamide (35)

This product was obtained from 4-phenylbutric acid (200 mg, 1.22 mmol) as a white
solid (131 mg, 0.73 mmol, 60%, CH,Cl,/MeOH — 19:1, R; = 0.45, Keto-E/Z 85:14). 'H
NMR (500 MHz, DMSO-ds) & 10.35 (s, 1H, NHOH), 9.76 (s, OH, Keto-Z OH, 8.99 (s,
OH, Keto-Z NH) 8.68 (s, 1H, NHOH), 7.28 (dd, J = 8.2, 6.9 Hz, 2H, ArH (3x)), 7.23 —
7.15 (m, 3H, ArH (3x)), 2.54 (t, J = 7.7 Hz, 2H, PhCH,CH,CH,CO), 1.96 (t, J = 7.4 Hz,
2H, PhCH,CH,CH,CO), 1.82 — 1.73 (m, 2H, PhCH,CH,CH,CO). *C NMR (126 MHz,
DMSO) 5 168.86 (C=0), 141.66 (ArC), 128.31 (ArCH, 4x), 125.79 (ArCH 1x), 34.60
(PhCH,CH,CH,CO), 31.78 (PhCH,CH,CH,CO), 26.99 (PhCH,CH,CH,CO). HR-MS
calcd [C1oH14sNO,]": 180.1019, found 180.1017. The spectroscopic data are in

accordance with the literature.®®

N-hydroxy-4-(p-tolyl)butanamide (36)

The desired compound was obtained from 4-(p-tolyl)butanoic acid (200 mg, 1.12
mmol) after purification with CH,Cl,/MeOH — 19:1 (R; = 0.22) as a white solid (177.5
mg, 0.92 mmol, 82%, E/Z= 85:11). The compound was further purified by prep-HPLC
(CH3CN/H0) for biological tests. '"H NMR (500 MHz, DMSO-dg) 8 10.34 (s, 1H, Keto-
E OH), 9.75 (s, OH, Keto-Z-OH), 8.68 (s, 1H, Keto-E NH), 7.11 — 7.04 (m, 4H,
ArCH(4x)), 2.52 — 2.50 (m, 2H, PhCH,CH,CH,CO), 2.26 (s, 1H, PhCH,CH,CH,CO),
1.95 (t, J = 7.5 Hz, 2H), 1.79 — 1.70 (m, 2H, PhCH,CH,CH,CO). *C NMR (126 MHz,
DMSO) & 169.36 (C=0), 138.98 (ArC), 135.10 (ArC), 129.34 ArCH (2x)), 128.65
(ArCH (2x)), 34.64 (PhCH,CH,CH,CO), 32.23 (PhCH,CH,CH,CO), 27.53
(PhCH,CH,CH,CO), 21.09 (ArCHs3). HR-MS calcd [Cy1H1gNOJ]": 194.1176, found
194.1174.
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N-hydroxy-4-(thiophen-2-yl)butanamide (37)

This compound was obtained from 4-(thiophen-2-yl)butanoic acid (200 mg, 1.18 mmol)
after purification with CH,Cl,/MeOH — 19:1 (Rf = 0.50) as a slightly orange solid (62.2
mg, 0.33 mmol, 29%, E/Z = 84:16). '"H NMR (500 MHz, DMSO-ds) & 10.37 (s, 1H,
Keto-E OH), 9-79-(s, OH, Keto-Z OH), 9.01 (s, OH, Keto-Z NH), 8.69 (s, 1H, Keto-E
NH), 7.32 (d, J = 1.2 Hz, 1H, thiophene-H), 6.93 (d, J = 5.2 Hz, 1H, thiophene-H), 6.84
(d, J = 1.1 Hz, 1H, thiophene-H), 2.77 (s, 2H, thiopheneCH,CH,CH,CO), 2.00 (d, J =
7.4 Hz, 2H, thiopheneCH,CH,CH,CO), 1.82 (s, 2H, thiopheneCH,CH,CH,CO). *C
NMR (126 MHz, DMSO) & 169.13 (C=0), 144.65 (thiophene-C), 127.40 thiophene-CH,
125.01 thiophene-CH, 124.03 thiophene-CH, 32.00 (thiopheneCH,CH,CH,CO), 29.10
(thiopheneCH,CH,CH,CO), 27.83 (thiopheneCH,CH,CH,CO). HR-MS calcd
[CsH12NO,S]™: 186.0583, found 186.0580.

4-(4-bromophenyl)-N-hydroxybutanamide (38)

This compounds was obtained from 4-(4-bromophenyl)butanoic (200 mg, 0.82 mmaol)
after purification with CH,Clo/MeOH — 19:1 (R; = 0.19) as a white solid (100.8 mg, 0.39
mmol, 48%, E/Z= 87:13) and was further purified by prep-HPLC (CH3CN/H,O) for
biological tests. '"H NMR (500 MHz, DMSO-ds) 5 10.35 (s, 1H, Keto-E OH), 9.77 (s,
OH, Keto-Z OH), 8.98 (s, OH, Keto-Z NH), 8.69 (s, 1H, Keto-E NH), 7.57 — 7.29 (m, 2H
(ArCH (2x)), 7.29 — 6.90 (m, 2H, ArCH (2x)), 253 (d, J = 7.6 Hz, 2H,
PhCH,CH,CH,CO), 1.94 (t, J = 7.4 Hz, 2H, PhCH,CH,CH,CO), 1.86 — 1.53 (m, 2H,
PhCH,CH,CH,CO). *C NMR (126 MHz, DMSO) & 168.74 (C=0, 141.09 (ArC), 131.14
(ArCH), 130.63 (ArCH), 118.82 (ArC), 33.84 (PhCH,CH,CH,CO), 31.59
(PhCH,CH,CH,CO), 26.71 (PhCH,CH,CH,CO). HR-MS calcd [CyoH13BrNO,]":
258.0124, found 258.0119.

N-hydroxy-4-(4-nitrophenyl)butanamide (39)

The product was obtained from 4-(4-nitrophenyl)butanoic acid (200 mg, 0.96) after
purification with CH,CIl,/MeOH — 19:1 (R; = 0.19) as a white solid (166 mg, 0.74 mmol,
77%, E/Z= 87:13). This compound was further purified for biological tests by prep-
HPLC (CH5CN/ H,0). "H NMR (500 MHz, DMSO-ds) 5 10.55 — 10.18 (m, 1H, Keto-E
OH), 9.81 (s, OH, Keto-Z OH), 9.01 (s, OH, Keto-Z NH), 8.71 (s, 1H, Keto-E NH), 8.15
(d, J = 8.5 Hz, 2H, ArCH (2x)), 7.48 (d, J = 8.3 Hz, 2H, (ArCH (2x)), 2.70 (t, J = 7.7 Hz,
2H, PhCH,CH,CH,CO), 1.98 (t, J = 7.4 Hz, 2H, PhCH,CH,CH,CO), 1.83 (t, J = 7.3 Hz,
2H, PhCH,CH,CH,CO0). *C NMR (126 MHz, DMSO) & 168.61 (C=0), 150.18 (ArC),
145.89 (ArC), 129.65 (ArCH (2x)), 123.48 (ArCH (2x)), 34.29 (PhCH,CH,CH,CO),
31.55 (PhCH,CH,CH,CO), 26.39 (PhCH,CH,CH,CO). HR-MS calcd [C1oH13N2O4]":
225.0870, found 225.0865.
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N-hydroxy-4-(4-methoxyphenyl)butanamide (40)

The product was obtained from 4-(4-methoxyphenyl)butanoic (200 mg, 1.030 mmol)
as a white solid (81 mg, 0.387 mmol, 38%, E/Z= 83:17, R;= 0.50, CH,CIl,/MeOH —
19:1). "H NMR (500 MHz, DMSO-dg) 5 10.34 (s, 1H, Keto-E OH), 9.75 (s, OH Keto-Z
OH), 8.98 (s, OH, Keto-Z NH), 8.67 (s, 1H, Keto-E NH), 7.09 (d, J = 8.5 Hz, 2H, ArCH
(2x)), 6.84 (d, J = 8.6 Hz, 2H, ArCH (2x)), 3.71 (s, 3H, OCHs), 2.47 (d, J = 7.8 Hz, 2H,
PhCH,CH,CH,CO), 1.94 (t, J = 7.5 Hz, 2H, PhCH,CH,CH,CO), 1.86 — 1.61 (m, 2H,
PhCH,CH,CH,CO). *C NMR (126 MHz, DMSO) & 168.91 (C=0), 157.42 (ArC),
133.49 (ArC), 129.21 (ArCH (2x)), 113.71 (ArCH (2x)), 54.96 (OCHj), 33.70
(PhCH,CH,CH,CO), 31.73 (PhCH,CH,CH,CO), 27.23 (PhCH,CH,CH,CO). HR-MS
caled [C11H16NO3]": 210.1125, found 210.1121.

N-hydroxy-4-(4-hydroxyphenyl)butanamide (41)

The reaction was performed in analogy to a previously reported procedure.*® N-
hydroxy-4-(4-methoxyphenyl)butanamide (15.8 mg, 0.076 mmol, 1 eq.) was dissolved
in dry CH,CI, and cooled to -78 °C. BBr; (380 pL, 0.38 mmol, 5 eq.) was added and
the reaction was warmed to room temperature and stirred for 3 days (CH,Cl,/MeOH —
19:1 R¢= 0.28). The reaction was taken up in KHSO,4 and extracted with EtOAc (3x).
The combined org. phase was dried over Na,SO, and concentrated under reduced
pressure. The crude product was purified by prep-HPLC (CH3CN/ H,0) to obtain the
product as a white solid (3.2 mg, 0.016 mmol, 22%, E/Z= 84:16). "H NMR (500 MHz,
DMSO-ds) d 10.33 (s, 1H, Keto-E OH), 9.74 (s, OH, Keto-Z OH), 9.12 (s, 1H, ArOH),
8.97 (s, OH, Keto-Z-NH), 8.66 (s, 1H, Keto-E NH), 6.95 (d, J = 8.4 Hz, 2H, ArCH (2x)),
6.66 (d, J = 8.4 Hz, 2H, ArCH (2x)), 2.42 (t, J = 7.6 Hz, 2H, PhCH,CH,CH,CO), 1.93 (t,
J = 7.5 Hz, 2H, PhCH,CH,CH,CO0), 1.76 — 1.67 (m, 2H, PhCH,CH,CH,CO). *C NMR
(126 MHz, DMSO) & 168.97 (C=0), 155.35 (ArC), 131.67 (ArC), 129.12 (ArCH (2x)),
115.04 (ArCH (2x)), 33.78 (PhCH,CH,CH,CO), 31.77 (PhCH,CH,CH,CO), 27.31
(PhCH,CH,CH,CO). HR-MS calcd [C1oH14NO;3]": 196.0968, found 196.0965.
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Figure 4.4-S1 Virtual screening of fragment and drug-like libraries for PA-IL (LecA).

a Shown is the binding mode of compound 5¢ to the carbohydrate-binding pocket of LecA. b
Virtual screening hits were validated in 'H-""N TROSY NMR. The plot shows the total number
of chemical shift perturbations (CSPs) that were promoted in '°N LecA in presence of 2 mM
hits, whereas the structures of fragments, which exhibited binding similarly to MeGal above
the threshold (dashed line) are shown in ¢. d 'H-"°N TROSY NMR spectrum of 0.15 mM "°N
LecA in presence of 2 mM 5¢ shows only small changes in protein upon fragment addition. e
Overview of 36 LecA virtual screening hits, whereas 8 were tested positive in 'H-"°N TROSY
NMR, 19 in SPR and 2 in both assays. f SPR analysis of the most promising hits identified in
'H-"°"N TROSY NMR.
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Figure 4.4-S2 MBP-like fragments identified for LecA in general FBDD screening.

a Example structures of best hits identified for LecA in "°F (1a-1f, 4a-4d) and N TROSY
NMR (2a-2c) screenings of the general and MBP FBDD libraries. The metal-binding scaffold
is highlighted in blue. Hydroxamates (2a-2c) are the most potent binders compared to "9F hits
(1a-1f). b Shown is the fingerprint of N LecA in "H'N TROSY NMR in presence of a
hydroxamate 0.25-2 mM 1. ¢ Shown is a quantitative analysis of perturbed N LecA
resonances upon addition of 2 mM hydroxamates 1, 1d, 2a-2c and 1 mM MeGal in form of a
1:0 plot. The lack and presence of a chemical shift perturbation (CSP) or a change in peak
intensity are set to 1 and 0, respectively. 1 promoted the strongest effect on N LecA
perturbing resonances similarly to MeGal. d The plot shows a total % of CSPs normalized to
MeGal in "N LecA upon addition of hydroxamates, where 1 promoted 40% of CSPs in N
LecA similarly to MeGal. e Shown is a dose-dependent binding of 1 to LecA in SPR.
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Figure 4.4-S3 MBP-like fragments identified for LecB in general FBDD screening.

a Shown are example structures of 2 out of 24 hits identified for LecB in 'F NMR (3a-3b)
screening of the general FBDD library. The metal-binding scaffold is highlighted in orange. b
YF NMR spectra of a fragment mixture containing 0.05 mM 3a and EDTA, where 3a bound
LecB only in presence of 10 mM CaCl, given the chemical shift perturbation of '*F resonance
(orange). ¢ Fingerprint of "°N LecB in "H'°N TROSY NMR alone (blue) and in presence of 2
mM 3a. d Shown is a quantitative analysis of perturbed N LecB resonances upon addition of
2 mM 1, 3a, 3b and 1 mM MeFuc. The significant CSPs are above 0.01 ppm (dashed line) and
the decreased peak intensities were highlighted (gray). Notably, 3a perturbed some

resonances similarly to MeFuc. Notably, the hydroxamate 1 did not bind to "°N LecB.
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Figure 4.4-S4 Ranking of hydroxamate derivatives in '°’N TROSY NMR.

a The plot shows a total number of chemical shifts perturbed (CSPs) in '°N LecA upon

binding to 4 mM hydroxamate derivatives. To rank 1 analogues, we set the total number of

CSPs upon addition of MeGal as the upper limit. The initial hit 1 was set as the lower limit.

Further, compounds that demonstrated binding in this range were subjected to FP assay and
PrOF NMR. b Shown are 'H-"°N TROSY NMR spectra of N LecA in presence of 4 mM 36
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and 47. The compound 36 is a derivative of 35 demonstrated a slightly improved binding to
N LecA compared to 35. Notably, no binding of the marketed drugs such as 47 has been
observed. ¢ Quantitative analysis of chemical shifts perturbed upon addition of the positive
control 1 mM MeGal, 4 mM analogues of 1 or 1 mM marketed hydroxamates (47-50). A lower
concentration of the marketed drugs has been used due to its high MW and thus, poor
solubility at the concentrations above 1 mM. Notably, 35 and its derivatives (36-40) promoted
the largest changes compared to the initial hit 1, whereas the marketed hydroxamates did not

interact with >N LecA.
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Figure 4.4-S5 Investigation of interactions between 35 and DC-SIGN or Langerin.

a and b are 'H-"N HSQC NMR spectra of DC-SIGN CRD and Langerin CRD (gray),
respectively. Next, are shown °N fingerprints of both lectins with 3 mM 35 (blue) and 5 mM D-
mannose. ¢ Quantitative analysis of CSPs in presence of both ligands. The small CSPs above
0.01 ppm were observed only for DC-SIGN CRD. d 'H and STD NMR spectra of 0.5 mM 35
(gray) shown on top and bottom, respectively. The STD NMR spectrum of 35 with 0.02 mM
DC-SIGN ECD demonstrated 35 binding given the recovery of 'H resonances in the STD
spectrum. Following addition of 100 mM D-mannose a partial competition of the ligand has
been observed. This supports hydroxamate binding to DC-SIGN ECD to a secondary binding
site rather than a Ca”—binding site. The addition of 10 mM EDTA almost displaced 35,
verifying its binding to DC-SIGN ECD.

219



7. SUPPORTING INFORMATION

a b :
_. 60 Commercial analogues of 1 . 604 Synthesized
= J==02mm . . =] | analogues of 1
T 50 z 50
— -— 1 MM —
© o 40
& 40 3
c c 301
o 30 o
Q 2 20
8 20 2
5 - 5 107
£ 10" £ 0
el el
£ 0 £
o [ia)
¢ 14 é16 51114153516 3 2722232628293047484950 316 7 8424344
Compound ID 3 4 Compound ID 5

0.2mM 20 30 1 20

— 1w |
10 y 20 [~ 10
‘ 0 =T 10 1 | ‘ 0 M"{\L—«f
50| 100 150 200 A
0 S e~ -10 o t e 5) 100 560
10 50 100 150 ' 200 o 50 | 100 156" “300 -10 ‘

i 'ig 10 20 28 7 14

AN

10 ~J 20 5
. 1 0 i [~ : g
0 -‘quw\} J et f
J - s0 | 100—1s6~™abo 0 "vjo | 5 50 109»»“1_5;1,%3»0

v
50 100~ ‘r‘so:q'l -10

ZI‘N
, 16 .
* 20 - 23
20
10 -
10 9
0 MWL s
T .
= =) . 100 -~..vu2,00 150 200 50 | 100 150 200
o 100 155300 10 10

20
27 29
20 80 60
05 0 10 4 ,J\ 40 M
20 r"’"l 40 = ‘\ 77 N Al
10 - | | 20 ‘ 0 o] 20
0 S S 0 - W~ R, 4 50 | 100 150 200 0 =
110 0 50 | 100 150 200 g 50 ' 100 150 200 -10 20 50 100 150 200
20 - -40 20 -
20 30 47 2 48 100 50
) 10 5
= 5 \N 10 ‘ W 50 fJ
0 50 | 100 150 200 0 . w ‘
0 1 R 4 0 L S A
=0 -5 j 50 W 2@0 50 100 150" 200 0 50 100 150 200
-20 10 =l0cs 50
10 6 204 7 10 10 31
5 - 10 0 i : 0
0 Womgupamn [(} e—— wolmtp 0 50 p 50 qo 150 200
D 50 fgofiso 200 50 [(100 150 200 10 . -10 Mot
25 % -10 M
Lshs 20 o |
5 42 43 44
X 20
10 4
3 10 20 54
S 00 50| 100_150-ma00 0850 |200— 150200 o By v -
o i 204 5 50 100 150 290
2 .10 B ‘ -10 4 S
12 |
Time [s] >

Figure 4.4-S6 SPR analysis of hydroxamate derivatives.

a and b The plots show a binding response of commercial and synthesized hydroxamate
derivatives of 1 determined in SPR at 0.2 mM and 1 mM, respectively. The ‘in-house’
synthesized analogues of 1 did not show a dose-dependent binding in SPR. ¢ SPR
sensogramms show a dose-dependent binding of hydroxamate 1, commercial (3-5, 9-11,
14-16, 22, 23, 26-30), marketed (47, 48, 50) and ‘in-house’ synthesized (6-8, 31, 42-44)
compounds at 0.2 (gray) and 1 mM (black).
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Figure 4.4-S7 Competitive '°F T,-filtered NMR study using hydroxamate derivative 5

as a reporter.

Shown is the "°F T,-filtered NMR spectrum of 0.1 mM 5 reporter alone and in presence of
0.02 mM LecA and 10 mM CaCl,. The reduction in peak intensity indicates binding of 5 to
LecA. The addition of 3 mM 35 displaced 5 compared to other compounds, which showed a
weak competition. In particular, the initial hit 1 and the marketed hydroxamate derivative
(SAHA, 47) did not displace 5.
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Figure 4.4-S8 PrOF NMR of 1 hydroxamate derivatives.

a Shown are PrOF NMR spectra of 0.15 mM 5FW LecA, where the addition of 2 mM
hydroxamate derivatives promoted a chemical shift perturbation (CSP) of W42. b Changes in
chemical shift of W42 were used to derive the affinities (Ky) of hydroxamates in PrOF NMR,
as shown on example of 36. ¢ Titration data using CSPs of W42 was fitted to the one-site

binding model to derive Ky values.
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Figure 4.4-S9 Crystal structure of LecA in complex with 35.

Overall structure of LecA tetramer is shown in ribbon. Compound 35 is shown in sphere.

Compound ID

N ™
N
==

W84
W2

CSP [ppm]

BNENEENNE

5FW LecA

-120 -122 -124 -126 -128

3("°F) [ppm]

Figure 4.4-S10 Interactions of 58 malonate derivatives with LecA.

a Docking pose of 58 with LecA. The residues of the binding site interacting with 58 are

highlighted (violet). b Interaction map of LecA calcium binding site with malonic acid 58. ¢

One-point-titration experiments in PrOF NMR using 0.15 mM 5FW LecA and 2 mM malonic
acid derivatives showing the malonates, which perturbed W42 and W33. DMSO and MeGal

served as negative and positive controls, respectively. d Heat map shows the magnitude of

CSP on 5FW resonances in presence of 58 analogues. Malonates perturbed W42, whereas

compounds with an acetic group influenced only W33 suggesting a Caz+—dependent binding

of malonates only.
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Figure 4.4-S11 Interactions 58 analogues with LecB.

a Docking pose 2 of 58 to LecB, where Ca®" is shown in green and the interacting residues in
violet. b Interaction maps of poses 1 and 2 of 58 and LecB. Pose 1 demonstrates a potential
interaction of CF,-group with T98. ¢ CSP plots of 0.07 mM N LecB resonances in 'H-"°N
TROSY NMR in presence of 2 mM malonic acid derivatives of 58 and MeFuc. MeFuc is a
positive control verifying the protein is active. Compounds harboring a malonate group 58, 59,
62, 64, 66, 67 and 69 perturbed the most resonances in N LecB. Notably, some of
resonances were perturbed similar to MeFuc suggesting these compounds target the
carbohydrate-binding site of N LecB. Compared to 64, 58 and 59 showed a larger
magnitude of CSPs in N LecB suggesting a role of an electronegative group in the

interaction with >N LecB as it has been proposed in docking analysis (pose 1).

224



7. SUPPORTING INFORMATION

105 70 . 105- 59 ' 105 60 '
L} L]
110 s, 110 S 110 VoL
115 ' )e . 15 ) cai Y * 115 ' o "N '
. 'y o, ' a A
j ? i N ) Yeov . . V0 [ A
1204 ', \ 120- . ' 120 | i 6 "
. an T . , - T ‘.,
o Y .; .‘l, . LG v.;." K -'.‘l ] '.I' '|‘ K ,.,‘.
1250 g 1251 yih % 1251wy
1304 i 1301 o e ! 1304 ¢ g
135 , 135 135
105, 61 ' 105 62 ' 105 63 '
L} ] L}
110 U vt 1104 U © 1104 v
154 w N R T . wo ' 1154 ' w '
ar T ’ w ' ' o
1 ' "u', Y ’ i N ,n'u. 0 ‘' ] N .-.n‘ ' ’
120 v gt 0 120 Cept .' 120 Y O 0,
T e i “o Tol ‘e *» 30 L
125+ NI 125 gl 125 g
1304 o 130 o & 1304 g
. 0 o ! o 0
135 135 135 '
105 64 ' 1051 65 1051 66 ’
110 & C W o110 y L 10
! ' ' o ¢
115 ' .o o . 115- ve | - 1154 . oy .l
'y o, ) ¢ % @ 'L o, '
1200 B e 1201 ‘ . : " 1201
' “. I)'. "-'u' ¢ "
125 | L e 125- S 125
1304 ' 1304 ¢ ) 1304 °
A oo ’ ;
135 ' 135+ : 135+
105 67 ' 105 68 ' 105 69 '
U
110 e R £ ) h 110 :
T 15{ . T ns{ ) . 154 . cee
a §* ] < L <
= 120 e 120- oty 120 '
& 125 oo . 1251 ¢ i 1251
130 " N 130{ ' 120 "
135 , : 1354 135
10 9 8 7 10 9 8 7 10 9 8 7
5("H) [ppm] e

Figure 4.4-S12 Supplementary figure for Figure S11.

Shown are "N LecB fingerprints (gray) in presence of 2 mM malonic acid (58) derivatives
(blue and orange) in 'H-"N TROSY NMR. Additionally, 59 (blue) was overlaid with 58
(orange) for a comparison demonstrating a similarity in the binding mode of both compounds

as both compounds perturbed similar '°N resonances.
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Figure 4.4-S13 Titration 'H-"°N TROSY NMR studies of 58 derivatives and LecB.

a Titration data using chemical shift perturbations (CSPs) of resonances perturbed in
presence of malonic acid derivatives were fitted to the one-site binding model to derive Ky
values. B Shown are N LecB fingerprints (gray) in presence of various concentrations of
malonic acid derivatives of 58 in 'H-"°N TROSY NMR.
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Figure 4.4-S14 "H-"°N HSQC NMR of 58 derivatives with '°N DC-SIGN CRD.

a Shown are chemical shift perturbation (CSP) plots of 0.1 mM N DC-SIGN CRD
resonances in '"H-">N HSQC NMR in presence of 2 mM malonic acid derivatives of 58 or D-
mannose as a positive control. Compounds harboring a malonate group 58, 59, 62 and 67
perturbed the most resonances in >N DC-SIGN. Notably, malonates promoted the CSPs in a
similar manner to D-mannose suggesting these compounds target the carbohydrate-binding
site of N DC-SIGN CRD. b Shown are '°N DC-SIGN CRD fingerprints (gray) in 'H-"°N
HSQC NMR in presence of malonates (orange). ¢ To derive the affinities of 58 derivatives to
DC-SIGN-CRD, titration experiments were performed in 'H-"°N HSQC NMR. Shown are "N
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DC-SIGN CRD fingerprints (gray) in presence of various concentrations of malonic acid

derivatives of 58.

(e

33
N

Figure 4.4-S15 Interaction map of 58 with DC-SIGN CRD.
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Figure 4.4-S16 Titration study by 'H-'°N HSQC NMR to derive affinities of malonates
for DC-SIGN CRD.

Titration data using chemical shift perturbations (CSPs) of resonances perturbed in presence of

malonic acid derivatives in Figure S14c were fitted to the one-site binding model to derive Ky

values.

228



7. SUPPORTING INFORMATION

a
L)
X
.
0 0p
[ [
[] ot
o
Yo
L]
G0
‘ 0
L I
0
HPeml 405 100 95 9.0
15N [ppm)
110
115
120
125
130 b
135
105 10.0 95 9.0

85 80

85 8.0 75

7.5

15N [ppm]

1056

0o 110

0 115

120

125

130

135

70 65

70 6.5
1H [ppm)

Figure 4.4-S17 Ca**-dependent binding of 58 to LecB and DC-SIGN CRD in 'H-"°N

HSQC/TROSY NMR.

a "H-"°N TROSY NMR of 0.07 mM "°N LecB in presence of 10 mM EDTA and DMSO (gray)
or 2 mM 58 (black). Malonate 58 did not bind "°N LecB in absence of Ca**. b The 'H-"°N
HSQC NMR spectra of 0.1 mM N DC-SIGN CRD in presence of 10 mM EDTA in

combination with 2 mM 58 (violet) or DMSO (blue) as negative control. Malonate 58 did not

bind "N DC-SIGN in absence of Ca*".
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7.4.4. Supplementary Tables

Table 4.4-S1 Commercial and synthesized hydroxamates.

Shown are the structures of hydroxamates and its affinities derived in PrOF NMR, [%]
inhibition in competitive fluorescence polarization (FP) assay and [%] efficiency in SPR
towards LecA. Groups: 1) commercial and synthesized derivatives of the hydroxamate 1, 2)
diversity oriented, 3) derivatives of the hydroxamate 35 and 4) marketed drugs for

metalloenzymes.

PA-IL (LecA)
ID Compound Ky in PrOF  LE [kcal Inhibition  Efficiency
NMR [mM] mol'HA") inFP[%] in SPR [%]
Group 1
O
1 §OH 4.4+07 0.24 6 * 11.6
NH, "
§
2 W “OH 6.1+0.9 0.29 18.3+ 1.2 n.d.
(0]
Q No dose
3 NH, n.d. n.d. No inhibition
NH, response
(0]
4 \-OH 94+25 0.22 10% 14.8
H
F O
5 \©\/U\N,OH n.d. n.d. n.d. 4.1
H
s
6 O/\g OH 44106 0.30 21.4+0.6 n.d.
s
7 m “OMe n.d. n.d. No inhibiton n.d.
\
8 mN\OH n.d. n.d. 19.9+27 n.d.
(0]
(0]
9 @va,OH n.d. n.d. 16.4 +2.4 12.8
H
(0]
10 or n.d. n.d. 13.6 + 4.1 7.7
H
Br. o
TR O n.d. n.d. 14.3 + 1.1 14

Iz
\
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12 " n.d. n.d. n.d. n.d.
(0]

13 / n.d. n.d. n.d. n.d.
14 ZmNDH n.d. n.d. n.d. 3.5
15 /OmN,OH n.d. n.d. 16+ 4 10.2
16 n.d. n.d. n.d. 6

17 n.d. n.d. n.d. 14.2
18 n.d. n.d. n.d. n.d.
19 n.d n.d 37.2+1.38 n.d.
20 45+0.2 0.26 32.7+0.1 n.d.
21 24+04 0.23 n.d. n.d.
22 CIQOW n.d. n.d. n.d. 5.2
23 n.d. n.d. n.d. 3.4
24 n.d. n.d. n.d. n.d.
25 n.d. n.d. n.d. 3.1



7. SUPPORTING INFORMATION

26 F . Precipitated n.d. n.d. 9.2
H
27 >w<o s 48+1.3 0.17 15.5 23.1
o] ot1. . . .
HN’QNMN,OH
H
28 il H: n.d. n.d. n.d. 4.9
MH Non
o
29 T on 3.1+0.9 0.20 n.d. 36.1
o
o = |
30 HO\HXH N n.d. n.d. n.d. 6.8
OH O
N,OH
31 WH n.d. n.d. 8.6+23 n.d.
O\
Cl
32 \©\/o ° n.d. n.d. 54+3.2 n.d.
W
HN\OH
Cl (0]
33 /@( OQLN o n.d. n.d. Precipitated n.d.
Cl
DY
34 o G n.d. n.d. Precipitated n.d.
Cl
Group 3
©\/\)OJ\
35 \-OH 46+0.9 0.25 26 +0.7 10.9
H
O
36 WQV\AN/OH 44+0.7 0.24 35.2+3.3 n.d.
H
S (0]
37 @\/\)J\N,OH n.d. n.d. 24.7 +3.3 n.d.
H
Br.
38 WNDH n.d. n.d. 252+1.3 n.d.
H
O,N
39 9% . n.d. n.d. 41102 n.d.
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/O o)
40 %N,OH n.d. n.d. 26.6 + 1 n.d.
H
HO
O
41 QAAL oH n.d. n.d. 39+£1.2 n.d.

N
H
H
X N.
42 m OH n.d. n.d. 127 +£2.7 n.d.
P
43 @mo - n.d. n.d. 76+0.3 n.d.
s o R o n.d. n.d. 16.7 + 2.4 n.d.
H
b O
45 NJ\H/OH n.d. n.d. No inhibiton n.d.
(o]
Cl o
46 \Q\WHJN/OH n.d. n.d. n.d. n.d.
H
(6]
Group 4
(o)
47 HOKHMHO n.d. n.d. n.d. 3.8
o]
o0
48 mN,OH Precipitated n.d. n.d. 9.0
H
[e] (o)

49 W v n.d. n.d. n.d. 27.7
N
|
50 ot () n.d. n.d. n.d. 75
o) g N

Inhibition [%] compared to MeGal at 10 mM (16 h).

* Measured at 4 mM (not enough material)

n.d. = not determined
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Table 4.4-S2 Statistics for data collection and refinement of LecA-35 complex.

Data collection

LecA-35

Beamline
Wavelength (A)
Detector
Resolution (A)
Space group

a, b, c(A)
a,B,v(°)

Total observations
Unique reflections
Multiplicity

Mean l/io(/)?

Completeness (%)?

PROXIMA1 (SOLEIL)
0.9788

Pilatus 6M
46.85-1.79 (1.83-1.79)
P24242;

48.98, 51.68, 160.53
90.0, 90.0, 90.0
332865

39017

8.5 (7.5)

14.2 (2.2)

99.4 (89.9)

Rmerge™" 0.073 (0.717)
CCy*° 0.999 (0.949)
Refinement

Reflections: working/free®
Ruork/Riree”

Ramachandran plot:
allowed/favoured/outliers (%)’
r.m.s bond deviations (A)
r.m.s angle deviations (°)

Mean B-factors: protein/ligand‘/water

(A?)

38945/2019
0.180/0.221

3/97/1
0.0113
1.556

35/39/38

® Values for the outer resolution shell are given in parentheses.
b Rmerge = th| Zi |||(hk|) - <|(hk|)>|/ th| ZJ,(hkl)
¢ CCy, is the correlation coefficient between symmetry-related intensities taken from random

halves of the dataset.

4 The data set was split into "working" and "free" sets consisting of 95 and 5% of the data,

respectively. The free set was not used for refinement.

° The R-factors Ry and Ry are calculated as follows: R = &5 (| Fops - Feaic |)/Y| Fobs |, Where

Fos and Fe,c are the observed and calculated structure factor amplitudes, respectively

"refers to ligands bound in the active site and potential surface binding sites
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Table 4.4-S3 Commercial derivatives of malonic acid 58.

Shown are the structures of malonates, its affinities and LE values for DC-SIGN CRD and
LecB derived in 'H-">N HSQC and TROSY NMR, respectively.

DC-SIGN CRD (CD209) PA-IIL (LecB)
ID Compound Ks[mM]in LE [kcal mol’' Ky;[mM]in LE [kcal
HSQC NMR HA™] TROSY NMR mol"'HA™|
O O
HO OH
58 1.2+0.5 0.28 1.2 + 04 0.29
F
F
O O
HO OH
59 Jj;L 12+0.4 0.31 27+0.6 0.28
O
O F O
60 Ho oHt n.d. n.d. n.d. n.d.
O F O
61 ”OD)H)LO“ 1.9+0.8 0.28 n.d. n.d.
o
62 FM%KH 1.5+0.7 0.26 1.5+0.2 0.27
F o
(6]
63 LN n.d. n.d. n.d. n.d.
o o
64 "o 1 oA 26+0.9 0.29 26+0.6 0.31
O
65 O\H%H n.d. n.d. n.d. n.d.
NH,
RN
66 Ho% 1.3+04 0.33 1.6+0.4 0.33
(6}
(0] (0]
67 Ho%ko“ 12+05 0.33 1.6+0.3 0.31
5 /
O OH
68 02;(1 n.d. n.d. n.d. n.d.
OH
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0

O\~ OH
69 HO% 1.0+0.6 0.37 1.7+0.6 0.36

0
70 O\/M n.d. n.d. n.d. n.d.
OH

n.d. = not determined

Table 4.4-S4 Quantitative analysis of 5FW resonances in PrOF NMR in presence of 2

mM fragments.

ID W42 [ppm] W33 [ppm] W2 [ppm] W84 [ppm]
DMSO 120.50 121.67 121.43 123.50
58 120.44 121.77 121.47 123.53
59 120.48 121.75 121.46 123.54
60 n.d n.d n.d n.d
61 120.32 121.73 121.46 123.52
62 n.d n.d n.d n.d
63 120.49 121.67 121.44 123.51
64 120.52 121.73 121.47 123.54
65 120.51 121.70 121.44 123.50
66 120.43 121.80 121.46 123.52
67 120.44 121.74 121.44 123.52
68 120.48 121.74 121.47 123.55
69 120.51 121.76 121.48 123.54
70 120.50 121.67 121.43 123.50

n.d = not measured
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Table 4.4-S5 List of LecA PDB structures and co-crystalized ligands analyzed for

virtual screening.

Ligand PDB ID Resolution (A)
Apo 1171 1.5
Apo 1u0j 2.4
B-D-galactose / a-D-galactose 10ko 1.6
aGal1-3BGal1-4Glc 2vxj 1.9
aGal1-2Gal-O-Met 2wyf 2.4
BGal+P-hydroxybenzoic acid 3zyb 2.29
1-O-[P-Nitrophenyl]-B-D-galactopyranose 3zyf 1.94
3-(B-D-galactopyranosylthio)propanoic acid 3zyh 1.5
Naphthalen-2-YL-Thio-3-D-galactopyranoside 4a6s 2.15
Melibiose (aGal1-6Glc) 4al9 1.75
B-D-galactose + (4S)-N-ethyl-4-{[N-methyl-3- 4cp9 1.65
(1-{2-[(4-

sulfanylbenzoyl)aminoethyl}-1H-1,2,3-triazol-4-
yl)-L-alanyllamino}-Lprolinamide

B-D-galactose + (4S)-N-ethyl-4-{[N-methyl-3- 4cpb 1.57
(1-{2-[(4-

sulfanylbenzoyl)aminoethyl}-1H-1,2,3-triazol-4-
yl)-L-alanyllamino}-Lprolinamide

B-D-galactose + 1-methyl-1H-indol-3-ol 4ljh 1.45

B-D-galactose + Chlorophenol Red (2-[(E)-(3- 4lk6 2.86
chloro-4hydroxyphenyl)(3-chloro-4

oxocyclohexa-2,5-dien-

1ylidene)methyl]lbenzenesulfonic acid
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B-D-galactose + resorufin (7-hydroxy-3H- 41k7
phenoxazin-3-one)

B-D-galactose +P-hydroxybenzoic acid 41kd
B-D-galactose +P-hydroxybenzoic acid 4lke
B-D-galactose +P-hydroxybenzoic acid 41kf
N-[(2S)-6-amino-1-oxo-1-(pyrrolidin-1- 4yw6

yl)hexan-2-yl]-4-(beta-
Dgalactopyranosyloxy)benzamide

(2R,3R,4S,5R,6R,2'R,3'R,4'S,5'R,6'R)-2,2'-  4yw7
([(2R,3R,4S,5S,6S)-3,4dihydroxy-6-
(hydroxymethyl)tetrahydro-2H-pyran-2,5-
diyl]bis{1H-
1,2,3-triazole-1,4-diyl[(2S,3R,4S,5S,6S)-3,4-
dihydroxy-6-
(hydroxymethyl)tetrahydro-2H-pyran-2,5-diyl]-
1H-1,2,3-triazole-1,4diylpropane-3,1-
diyloxy})bis[6-(hydroxymethyl)tetrahydro-2H-
pyran3,4,5-triol]
(2R,3R,4S,5R,6R,2'R,3'R,4'S,5'R,6'R)-2,2'-  4ywa
([(2R,3R,4S,5S,6S)-3,4dihydroxy-6-
(hydroxymethyl)tetrahydro-2H-pyran-2,5-
diyl]bis{1H-
1,2,3-triazole-1,4-diyl[(2S,3R,4S,5S,6S)-3,4-
dihydroxy-6-
(hydroxymethyl)tetrahydro-2H-pyran-2,5-diyl]-
1H-1,2,3-triazole-1,4diylmethanediyloxy})bis[6-
(hydroxymethyl)tetrahydro-2H-pyran3,4,5-triol]
Phenyl B-D-galactopyranoside 5d21

Phenyl 6,7-dideoxy-6,7-epoxy-beta-D-galacto- 5mih
heptopyranoside(6D)

1.76

2.31

1.65

1.64

1.82

1.19

1.9

1.8

Table 4.4-S6 List of LecB PDB structures and co-crystalized ligands analyzed for

virtual screening.

Ligand PDB-ID Resolution (A)
apo 1ous 1.2

apo Toux 2.0

apo 5abq 1.7

a-L-fucose 19zt 1.3
a-D-mannose Tour 1.42
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B-D-fructopyranose

a-D-mannose

Fucose (both)

a-L-fucose

a-L-fucose +B-D-glucose+B-D-galactose+N-
acetyl-D-glucosamine

a-L-fucose + (N-acetyl-D-glucosamine or
2acetylamino-2-deoxy-A-D-glucopyranose)+f3-
D-galactose /Lewis” trisaccharide

Methyl B-D-arabinopyranoside
a-L-galactopyranose OR GAL

a-L-fucose +N-acetyl-D-glucosamine + 2H-
1,2,3-

Triazol-4-YLmethanol

a-L-fucose +N-acetyl-D-glucosamine + methyl
2H-

1,2,3-triazole-4-carboxylate
a-L-methyl-fucose

O1-methyl-mannose

a-L-methyl-fucose

a-L-methyl-fucose

O1-methyl-mannose
[(3E)-3-(1-hydroxyethylidene)-2,3-
dihydroisoxazol-5yllmethyl 6-deoxy-alpha-L-
galactopyranoside
[1-(2-oxoethyl)-1H-1,2,3-triazol-5-ylJmethyl 6-
deoxyalpha-L-galactopyranoside
(2S)-1-[(2S)-6-amino-2-({[(2S,3S,4R,5S,6S)-
3,4,5trihydroxy-6-methyltetrahydro-2H-pyran-
2yllacetyl}amino)hexanoyl]-N-[(1S)-1-
carbamoyl-3methylbutyl]pyrrolidine-2-
carboxamide

O1-methyl-mannose + 2,4,6 - trimethyl-
benezenesulfonamide

a-L-fucose

O1-methyl-mannose + cinnamide
a-L-methyl-fucose
o-D-mannose + a-D-mannose

a-L-fucose +N-acetyl-D-glucosamine + 3-D-
galactose

+a-D-galactose

a-L-fucose +N-acetyl-D-glucosamine + 3-D-
galactose

+a-D-galactose
3,7-anhydro-2,8-dideoxy-L-glycero-D-gluco-
octonic acid
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Tovp
1ovs
Toxc
Tuzv
Tw8f

1w8h

2boj
2bp6
2jdh

2jdk

2jdm
2jdn
2jdp
2jdu
2jdy
2vuc

2vud

3dcq

3zdv

4ce8
5a30
5abx
5aby
5ab6z

5a70

5d2a

1.4
1.75
1.2
1.0
1.05

1.75

1.8
2.5
1.1

1.1

1.7
1.3
1.3
1.5
1.7
1.3

1.7

1.8

1.41

0.9
1.6
1.55
1.4
1.5

1.6

2.13
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(6S)-2,6-anhydro-1-deoxy-6-(2-{[(S)- 5hch 29
hydroxy(oxido)lambda~5~-

phosphanyl]oxy}ethyl)-D-galactitol +

Bound DNA-duplex

3,7-anhydro-2,8-dideoxy-L-glycero-D-gluco-  5i8m 213
octonic acid

3,7-anhydro-2,8-dideoxy-L-glycero-D-gluco-  5i8x 1.89
octonic acid

3,7-anhydro-2,8-dideoxy-L-glycero-D-gluco-  5nes 1.61
octonic acid

3,7-anhydro-2,8-dideoxy-L-glycero-D-gluco-  5ney 1.55
octonic acid

3,7-anhydro-2,8-dideoxy-L-glycero-D-gluco-  5nf0 1.27
octonic acid

3,7-anhydro-2,8-dideoxy-L-glycero-D-gluco-  5ngq 1.17
octonic acid

B-L-fucose + N-methyl-2-thiophenesulfonamide 5may 1.65
B-L-fucose + N,2,5-trimethyl-3- 5maz 1.45
thiophenesulfonamide

B-L-fucose + ~{N},2,4,6 - tetramethyl- 5mb1 1.65

benezenesulfonamide

Table 4.4-S7 List of assigned resonances in '°’N DC-SIGN CRD.

Assigned resonance ID  'H [ppm] >N [ppm]

241Leu 7.86 123.52
242Val 7.10 121.48
260Trp 8.43 120.81
261Thr 9.79 119.27
262Phe 9.13 129.22
263Phe 8.82 127.47
264GIn 8.76 127.15
266Asn 7.79 118.38
267Cys 9.40 116.79
268Tyr 9.91 121.05
269Phe 8.54 124.96
270Met 7.79 128.09
271Ser 7.77 120.49
273Ser 7.35 113.65
274GIn 8.32 116.32
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275Arg
276Asn
277Trp
278His
279Asp
280Ser
281lle
282Thr
283Ala
284Cys
285Lys
286Glu
287Val
288Gly
289Ala
290GiIn
291Leu
292Val
293Val
295Lys
296Ser
298Glu
299Glu
300Gin
301Asn
302Phe
304Gin
305Leu
306GiIn
307Ser
308Ser
310Ser
311Asn
312Arg
313Phe
315Trp

9.72
9.46
8.22
7.44
9.03
8.11
7.07
7.34
7.79
7.77
8.27
8.22
7.18
7.83
8.32
8.05
8.93
7.86
7.02
9.05
7.95
9.00
8.01
7.82
8.20
7.47
8.91
7.38
7.20
7.44
8.59
712
8.00
7.52
8.54
10.02

241

123.15
119.69
122.07
114.82
118.97
124.48
122.05
116.19
123.60
113.18
124.36
118.87
108.85
108.91
122.35
117.44
132.33
122.73
126.95
122.43
116.33
117.46
122.45
121.63
117.05
119.76
122.02
117.77
115.79
113.37
117.80
110.97
118.59
116.49
127.65
127.32
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316Met
317Gly
318Leu
319Ser
320Asp
321Leu
322Asn
323GiIn
324Glu
326Thr
327Trp
328GiIn
329Trp
330Val
331Asp
332Gly
333Ser
335Leu
336Leu
339Phe
340Lys
341GIn
342Tyr
343Trp
344Asn
346Gly
347Glu
352Gly
356Cys
357Ala
358Glu
360Ser
361Gly
363Gly
364Trp
365Asn

8.46
9.74
8.27
8.45
7.86
6.65
7.93
7.70
8.06
8.55
8.83
9.08
9.47
8.92
7.58
8.57
8.29
7.83
8.76
8.33
7.48
7.30
6.69
6.47
10.06
8.01
8.16
8.33
8.06
7.99
9.08
9.03
8.97
7.58
8.51
9.13

242

113.23
111.28
128.26
118.78
123.58
119.47
115.42
120.63
128.40
121.22
129.05
123.37
128.87
115.00
117.81
109.13
119.38
120.43
132.12
120.52
118.84
113.96
118.67
117.55
123.48
121.43
118.88
112.55
116.52
125.80
116.63
116.35
116.57
113.28
122.38
117.80
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366Asp
367Asp
368Lys
369Cys
370Asn
371Leu
372Ala
373Lys
374Phe
375Trp
376lle
377Cys
378Lys
379Lys
380Ser
381Ala
382Ala
383Ser
386Arg
388Glu
390Gin
392Leu
393Ser
397Ala
398Thr

9.08
9.91
9.61
8.46
7.87
8.07
8.26
8.55
7.27
8.91
6.57
9.03
9.27
9.07
8.77
7.66
9.03
7.74
8.43
8.28
8.15
8.02
8.20
8.38
8.11

121.51
125.47
120.43
119.89
111.75
124.17
122.78
123.68
117.80
117.05
116.99
121.38
123.66
125.34
117.67
123.70
124.56
112.53
121.81
120.03
119.85
123.43
118.01
124.45
115.71

Table 4.4-S8 List of resonance IDs in "°N LecB.

Resonance ID 'H [ppm] >N [ppm]
1 9.24 136.17
2 9.45 133.97
3 9.37 133.16
4 10.10 131.56
5 9.86 131.19
6 9.79 130.74
7 9.73 130.21
8 8.70 129.77
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10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

8.25
9.58
9.40
8.60
9.62
8.32
9.00
9.61
8.28
8.36
9.05
8.98
9.16
9.17
9.26
8.88
8.22
8.95
8.46
9.05
9.64
8.02
8.81
8.91
8.40
8.67
9.24
7.88
8.74
7.87
8.36
8.11
8.70
7.93
7.74
9.46

129.06
128.71
128.35
128.21
128.16
127.51
127.39
126.92
126.58
126.35
126.32
126.33
126.10
125.74
125.40
125.23
124.83
124.92
124.69
124.57
124.16
124.04
123.93
123.78
123.86
123.96
123.39
123.46
123.30
123.28
122.80
122.75
122.64
122.64
122.67
122.48
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45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80

8.97
7.63
9.02
8.63
8.59
8.10
7.81
8.18
8.51
7.79
8.58
9.01
8.01
9.32
8.05
8.11
8.41
7.60
8.87
9.50
8.57
8.28
7.66
6.85
7.28
7.78
7.72
7.93
8.65
7.82
8.61
8.48
7.28
8.53
8.47
8.32

122.65
122.26
122.05
122.00
121.67
121.66
121.50
121.40
121.09
121.22
121.10
120.79
120.72
120.58
120.19
120.14
119.94
119.64
119.09
118.90
118.68
118.72
118.72
118.31
118.18
117.66
117.28
117.01
116.74
116.60
116.45
116.31
115.18
114.96
115.13
115.13
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81 9.54 115.09
82 7.40 113.64
83 7.96 113.62
84 9.27 112.98
85 8.88 112.25
86 6.62 111.58
87 8.80 111.13
88 9.16 110.09
89 8.26 110.24
90 6.93 109.96
91 6.78 109.72
92 9.20 109.56
93 8.73 108.30
94 8.66 103.62
95 9.25 125.49

Table 4.4-S9 List of resonances in '°N LecA.

Resonance ID  'H [ppm] >N [ppm]

1 8.66 132.29
2 10.44 131.27
3 8.77 131.12
4 8.53 130.16
5 8.69 129.87
6 8.66 129.72
7 9.88 129.63
8 9.13 129.49
9 9.74 129.41
10 8.30 129.43
11 10.36 128.83
12 7.33 128.87
13 7.10 128.52
14 8.97 128.42
15 8.80 128.18
16 8.62 127.56
17 7.68 127.33
18 8.47 127.06
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19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

8.65
8.88
9.73
7.35
9.31
9.18
9.75
8.92
9.59
8.18
8.36
6.77
8.95
8.31
8.50
8.16
9.01
8.34
8.97
7.59
8.64
7.42
9.14
6.54
8.67
9.41
7.08
8.13
9.33
8.59
7.15
9.94
8.89
8.21
8.14
9.52

126.79
126.74
126.75
126.63
125.71
125.52
125.26
125.15
124.75
124.62
124.16
123.75
123.71
123.66
123.16
123.21
123.04
122.98
122.99
122.98
122.80
122.79
122.45
122.36
122.16
122.10
121.93
121.72
121.44
121.36
121.38
121.11
121.03
120.48
120.42
120.32
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55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90

7.40
9.28
7.82
7.77
7.24
9.05
8.48
8.03
8.75
7.39
8.24
8.05
7.89
9.18
8.84
7.48
8.34
6.97
7.73
8.90
9.12
8.84
9.18
7.15
8.42
8.07
9.28
9.04
6.96
8.09
8.43
6.87
7.30
9.42
6.73
6.88

120.06
119.84
119.77
119.58
119.30
119.14
118.90
118.54
118.52
117.89
117.74
117.72
117.71
117.54
117.49
117.42
117.31
116.86
116.60
116.54
116.20
115.56
115.39
115.03
114.46
114.36
113.86
113.55
112.87
112.85
112.77
112.58
113.51
112.48
112.54
112.39
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91
92
93
94
95
96
97
08
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115

7.30
6.78
7.47
7.19
6.72
7.28
6.62
8.30
8.54
7.55
6.96
8.76
8.21
8.97
8.94
9.01
8.45
7.79
8.50
8.16
6.91
8.38
7.71
6.74
6.78

112.24
112.25
112.00
111.28
111.38
111.04
110.91
110.95
110.59
110.45
110.48
110.05
109.95
109.13
108.67
108.20
107.41
106.90
106.77
104.95
104.43
120.11
122.25
105.68
113.52

4.4.5. Supplementary Schemes
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1. Oxalylchloride,
A o] CH.Cly, 16 h, r.t. o
L - L om
R” “NOH 2. HONH,*HCI, NaOH R™ N
) H,0, 30 min, r.t.
S1a- 6, 35-37, 39-44
R R R Yield R Yield
a = Ph(CHy)s- f = 4-MeOPh(CH,)s- a 35 (60%) f 40 (38%)
b = Ph(CH,),OCH,- g = 4-HOPh(CH,)3- b 43 (36%) g M (22%)
¢ = Ph(CH,)30CH,- h = 4-NO,Ph(CHy)3- c 44 (35%) h 39 (77%)
d = CyCH,- i = 2-Thionyl(CHy)3- d 6 (29%) i 37 (29%)
e = 4-MePh(CHy)3- j = PhCHCHCH,- e 36 (82%) i 42 (40%)
B
0 H,NOMe*HClI o CH3NHOH*HCI, Et;N @
Ph\)]\ _OMe Ph\)]\ Ph\)j\ _OH
N Na,CO3, Tol/H,0 1:1 cl CH,Cl,, 0-rt., 16 h |
7 (61%) S2 8 (32%)

Scheme 4.4-1: Synthetic modifications of acids/ acyl chlorides for generating a library

of hydroxamic acids: (A) Synthesis of hydroxamic acid derivatives. (B) Modifications

at the hydroxamic acid functional group

A o (0] o o B
o e A —

NH, NH,

CL
3 1 7 X= ~(CHp)s 35 N0

~(CHp),OCH,- 43 \

-(CH,);0CH,- 44 OH
| | | "’
o o o o
H H H

~Z
18 R= 4-MePh- 9 R'= 4-MePh- 36 N
2-MePh- 10 4-MeOPh- 40 20

4-BrPh- 11 4-HOPh- 41

4-MeOPh- 15 4-NO,Ph- 39

Cy- 6 2-Thionyl- 37

Scheme 4.4-2: Structures of the hydroxamic acid library (A) Optimization of the initial
hit 1 leading to the N-hydroxy-4-phenylbutanamide series. (B) Structures with cyclic

hydroxamic acid functional groups.
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