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Summary

Summary

Some infectious diseases can be still challenging for the entire population because sometimes
no specific medication is available. One opportunity is addressing new target modalities to
inhibit viral and bacterial proteins. Important approaches in this regard are protein-nucleic acid
interactions, on which many pathogenic processes rely. Intervening in and inhibiting these
interactions can be particularly challenging, as the targets as well as the interactions are often

not sufficiently understood.

The latency-associated nuclear antigen (LANA) is the major factor in the latent persistence of
the Kaposi's sarcoma-associated herpesvirus (KSHV). In this thesis, a simple method to express
a LANA mutant is described. In addition, a functional fluorescence polarization assay was
established to test inhibitors generated from a fragment-based approach for LANA-DNA
interaction inhibition. Another target is the RNA-binding, post-transcriptional carbon storage
regulator A (CsrA), which is highly conserved in many bacterial species. Using a self-designed
peptide library, a cloning method and a phage display specialized for CsrA were successfully
developed. This led to a first hit, a disulfide-cyclized heptapeptide as a highly potent CsrA-
RNA inhibitor. Using fluorescence polarization assay, structure-activity relationships of this hit
were further explored. Also, redox-stable triazole-bridged disulfide peptide mimetics, which

can inhibit the CsrA-RNA interaction from various bacterial species, were generated.

VI



Zusammenfassung

Zusammenfassung

Einige Infektionskrankheiten stellen nach wie vor eine grofle Herausforderung fiir die gesamte
Bevolkerung dar, weil oft keine gezielte Medikation verfiigbar ist. Eine Chance besteht in der
Adressierung neuer Targetmodalititen zur Hemmung viraler und bakterieller Proteine.
Wichtige Ansétze hierfiir sind Protein-Nukleinsdure-Interaktionen, auf welchen zahlreichen
krankmachende Prozessen beruhen. Besonders herausfordernd ist es, in diese Interaktionen
einzugreifen und diese zu hemmen, da die Targets als auch die Interaktionen hédufig nicht

hinreichend erforscht sind.

Das latenz-assoziierte nukledre Antigen (LANA) ist der Hauptfaktor fiir die latente Persistenz
des Kaposi’s Sarkom-assoziierten Herpesvirus (KSHV). In dieser Arbeit wird eine einfache
Methode beschrieben, wie ein LANA-Mutant exprimiert werden kann. Auflerdem wurde ein
funktionaler Fluoreszenzpolarisations-Assay etabliert, mit welchem Inhibitoren, die aus einem
Fragment-basierten Ansatz entstanden sind, auf LANA-DNA-Interaktions-Hemmung gepriift
wurden. Ein weiteres Target ist der RNA-bindende, post-transkriptionelle carbon storage
regulator A (CsrA), welcher hochkonserviert in vielen Bakterienspezies vorkommt. Mittels
einer selbst designten Peptidbibliothek konnte erfolgreich eine Klonierungsmethode und ein
auf CsrA spezialisiertes Phagen-Display entwickelt werden. Dies fiihrte zu einem ersten Hit,
einem disulfidzylisierten Heptapeptid als hochpotenter CsrA-RNA-Inhibitor. Mittels
Fluoreszenzpolarisations-Assay wurden Struktur-Aktivititsbeziehungen dieses Hits weiter
vertieft. Auch redoxstabile Triazol-verbriickte Disulfid-Peptid-Mimetika, welche die CsrA-

RNA-Interaktion verschiedener Bakterienspezies hemmen, wurden generiert.
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Introduction

1 Introduction

1.1 Protein-Nucleic Acid Interactions and their Inhibition

Protein-nucleic acid interactions belong to biological macromolecule-macromolecule
interactions.! Especially in physiological and pathological processes, biomacromolecules and
their interactions are necessary and involved in biological processes throughout the
organism.>> A function of most cellular proteins is only given in complex with other
macromolecules.* This complexation regulates e.g. substance transport, molecular switches,
molecular pumps, catalysts, growth factors, and signal transduction receptors.’ More concrete
examples include the interaction of ribosomes with RNA,® tRNAs (transfer RNA) with
aminoacyl-tRNA synthase during translation,” RNA with ribonucleoprotein particles in post-

transcriptional regulation® and also antibodies with antigens.’

Biological macromolecules include proteins such as enzymes or antibodies and nucleic acids
such as DNA or RNA, but also polysaccharides such as starch or cellulose belong to it.!® A
common characteristic of these macromolecules is a composition of individual building blocks

0

such as amino acids, nucleotides or monosaccharides.! The molecular mass of

biomacromolecules may well be above 10 kda.!!

In the context of this work, we will focus on interactions of proteins with the nucleic acids DNA
and RNA, which have been increasingly studied for more than 30 years.'? In the process of

t13

molecular recognition, these interactions are (mostly) non-covalent.”” Main interactions are

elicited through hydrogen bonds, which can also be mediated by water molecules, and non-

polar Van der Waals forces, both through base and backbone contacts.'*!°

As far as protein-DNA interactions are concerned, it is known on the basis of calculations, that
5 to 33 % of the protein surface is available for DNA binding.'® The 33 % usually referring to
proteins that form this bond as a dimer or higher oligomer. Involved are one to two hydrogen
bonds per 100 A2, while protein dimers often have a larger gap between protein and DNA
compared to monomers.'® The major groove on the DNA is usually considered as the binding

site for nucleic acid binding proteins.'*

Computational chemistry analyses have also been published for protein-RNA complexes.'> The
number of often encountered hydrogen bonds is similar to that of protein-DNA complexes.

However, an RNA is less polar than DNA and only half as many water molecules contribute to
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the water-mediated hydrogen bonds. Due to possible more complex secondary structures of

RNA, the gap between protein and RNA is larger on average. '’

Of course, there are also unwanted processes of such interactions, which are responsible for
diseases, especially by the introduction of foreign proteins into the body by pathogens such as
viruses or bacteria.!””!® A central component of medicinal chemistry is the displacement of
nucleic acids from the protein by other molecules (e.g. small molecules, fragments, peptides,
antibodies) that have a higher affinity for the protein than the nucleic acid itself.!” An example
of such DNA/RNA binding proteins that are undesirable in the host is the viral latency-
associated nuclear antigen (LANA), which is able to bind DNA. Furthermore, the bacterial
carbon storage regulator (CsrA), which is able to bind RNA, is a key virulence modulator in
Gram-negative bacteria. Both proteins and their interaction with nucleic acid are described in

more detail below.

1.2 The Latency-Associated Nuclear Antigen

The latency-associated nuclear antigen (LANA) is the most prominent virulence factor of
Kaposi's sarcoma-associated herpesvirus (KSHV), formerly called human herpesvirus-8
(HHV-8).2° KSHV is one of nine known human herpesviruses.?! %2 Like all herpesviruses, these
cause a latent infection in the host organism and remain there for life after infection.?* To date,
there is still no way to eliminate these viruses from the host.?*?> Up to now, only antiviral drugs

for symptomatic treatment of Kaposi's sarcoma (KS) exist.?

Following human transmission of KSHV, which usually occurs via saliva or other body fluids,
mainly B lymphocytes, endothelial and primary mesenchymal stem cells become infected.?’ >
The appearance of this disease is called Kaposi's sarcoma (KS), which is a type of cancer and
named after Moritz K. Kaposi (1872).2°C Initially, it is an angioproliferative dysfunction
affecting the skin and in advanced stages, mucous membranes, lymph nodes, lungs, and
gastrointestinal tract can be involved.>'? However, KSHV is not pathogenic for healthy
individuals with intact immune systems. Outbreaks may occur in severely immunosuppressed
patients with existing acquired immunodefiency syndrome (AIDS) or transplant

recipients.>3 34

The latent persistence of infected cells is caused by a specific region on the KSHV episome

(140 kb), the so-called latency-associated region, which is also shown in Figure 1. MicroRNAs
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(miRNAs), kaposins and the open reading frames (ORFs) 71-73 (v-FLIP, v-cyclin and LANA)
form a latent gene cluster there.?’*33¢ As already mentioned, LANA, as the most prominent
viral protein in this context, plays a crucial role in persistence and will therefore be examined

in more detail.

y
internal repeat

viral genome C-Terminus

TR region

KSHV

episome viL6

LANA

Capsid

v-Cyclin proteins

Kaposins RTA

miRNAs VIRF

Tegument
proteins

Figure 1: LANA captures latent persistence. LANA dimers bind with the C-terminus to the viral DNA of the TR region at
LBS1, 2 and 3 and connect via the N-terminus to the host DNA. The TR is located on the KSHV episome, which is also the
site of the latency-associated region that among others encodes for LANA.

In solution, LANA forms dimers and consists of 1162 amino acids with a molecular weight of
222-234 kDa.*”*° Such a LANA dimer has a sequence-specific DNA-binding domain (DBD)
at the C-terminal domain, which is highly ordered and binds to the viral DNA within the viral
terminal repeat (TR). In total, the TR consists of 78 bp and has three so-called LANA binding
sites (LBS1,2,3). Each of these LBS can bind a LANA dimer with different affinity. LBS1 has
the highest affinity for LANA, while LBS3 has a 100-fold lower affinity.** The nucleotide
sequences differ slightly and have a length of 20 bp (Figure 2).*’ In contrast, the N-terminal

domain is highly disordered and links the viral DNA to the human host nucleosome via the
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internal repeat.*'~*? This linkage is illustrated in Figure 1. Thus, transferring the viral episome
into the dividing daughter cells and linking the two genomes are major functions of LANA for
ensuring latent persistence.**** To survive in the host cell, other functions include targeting
tumor suppressors, chromatin modification and the transcriptional control, and latent viral

replication.’”*

5 ggggacgccgccggggecctgceggcegccjftcccgcccgggcatggggcclgcgcglcgectcagggcccggcecgecggecgge 3
| L 1 ! 1 ! | L 1 ' L 1 | 1 Loeae
T T T T T 1 T T 1 1 1 1 T
3 (;ccctgcggcggccccggacgccgcggagggcgggcccgtaccccggcgcgcgcggagtcccgqgc:gcgccggccg 5
616 — 539

Figure 2: Localization of the three LBS on the TR region.*’ Primary DNA recognition sites are highlighted in grey.

In addition to LANA, there are existing other viral DNA-binding proteins that have a very
similar structure and function. These include Epstein-Barr nuclear antigen 1 (EBNA1) of

Epstein-Barr virus (EBV) and the E2 protein of human papillomavirus (HPV).*6-47

Since LANA is responsible for latent persistence in the host and there are no drugs available

yet to defeat this persistence, it is an interesting drug target.

1.3 The Carbon Storage Regulator A

In 1995 Liu et al. found the carbon storage regulator (Csr) as a global, post-transcriptional
regulatory system.*® It can control for example the carbon metabolism in E. coli.* The carbon
storage regulator A (CsrA), alternatively named regulator of secondary metabolites A (RsmA)
in Pseudomonas, is a bacterial protein, which is a prominent virulence factor in many bacterial

species.>® These proteins can be seen as the key players of the Csr/Rsm system. '

CsrA consists of 61 amino acids and forms a symmetrical homodimer.’'? As an RNA-binding
effector protein, both identical binding surfaces are able to bind an mRNA strand each.>® Each
monomer consists of five B-strands and one a-helix (Figure 4).>* In vitro, the Argd4 residue
located at the N-terminus of the a-helix on CsrA seems to be important for RNA binding
(Figure 4).>* These facts have been confirmed by X-ray crystallography and nuclear magnetic
resonance (NMR) solution studies.> The mRNA which will be recognized by CsrA must have

the characteristic and highly conserved GGA core binding motif in its sequence, which is

4
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usually present in a hair pin loop.®> A model of a CsrA homodimer in complex with RNA and

the specific GGA motif is shown in Figure 3.

Figure 3: CsrA dimer (white and green represents a monomer each) in combination with two RNA molecules (black/green)
and zoomed-in view of the essential GGA motif, based on X-ray and NMR structure of, among Pseudomonas fluorescens,
RsmA from Yersinia enterocolitica."®

CsrA/RsmA shows similar sequences in several bacterial species. While there is a lack in
eukaryotes, CsrA is widespread among Gram-negative bacteria and also highly conserved
there.*>7 There is a remarkable homology in several human pathogens. For example E. coli,
Yersinia species, Helicobacter pylori and Pseudomonas aeruginosa are producing nearly
identical variants of CsrA/RsmA.**>° An amino acid sequence comparison of these four

important bacterial pathogen species is illustrated in Figure 4.

p1 p2 p3 p4 5 ¢
AN
E.coli: MLILTRRVGETLMIGDEVTVTVLGVKGNQVRIGVNAPKEVSV EIYQRIQAEKSQQSS
Y.enterocolitica: MLILTRRVGETLMIGDEVTVTVLGVKGNQVRIGVNAPKEVSV EIYQRIQAEKSQPTT
P.aeruginosa: MLILTRRVGETLMVGDDVTVTVLGVKGNQVRIGVNAPKEVAV ETYQRIQKEKDQEPN
H.pylori: MLILSRKVNEGIVIDDNIHIKVISIDRGSVRLGFEAPESTLILRAELKEAIVSENQKASV

*kkk Kk Kk K * * *k ok Kok Arglhx % * %

Figure 4: Comparison of CsrA/RsmA sequences of different human pathogenic species.’® Identic sequence parts are marked
in blue. The sequences of E. coli, Y. enterocolitica and P. aeruginosa are strongly conserved, whereas H. pylori contains more
divergence. The assignment of the B-sheets and o-helix is provided. Arg44, which is putative for binding to RNA, is marked in
green.
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In mouse model studies with CsrA/RsmA deficient mutants of P. aeruginosa and H. pylori a
significantly lower virulence could be proven.®®¢! The protein acts via binding and regulating
mRNA and, thus exerting pleiotropic effects on the bacterial transcriptome.®? It can regulate
both positively (mostly while acute infection) and negatively (mostly after chronic infection).
To mention a few regulation examples, there can be recognized a repression of glycogen
biosynthesis, gluconeogenesis, peptide transport and biofilm formation and on the other hand

an activation of glycolysis, acetate metabolism, motility, host colonization and invasion.>%%3-66

In more detail, an example for positive regulation is the binding of CsrA to E. coli flhDC
(encodes for flagellum) mRNA®’, which leads to transcript stabilization and preventing RNase
degradation (Figure 5B). This results in activating the fThDC expression leading to increased

motility to escape from stressful microenvironments.5%-68

308
RNase E
o X X
IlgC &' '
9% I i mocSOT T I T

Figure 5: How CsrA impacts gene expression in E. coli.® (A) Negative regulation of glgC expression through repression of
translation. CsrA homodimer binds to GGA motif of hairpin loop and GGA of Shine Dalgarno (SD) sequence on ribosomal
binding site, preventing the 30S unit of the ribosome from binding to mRNA. (B) Positive regulation of fIADC expression by
mRNA transcript stabilization. CsrA homodimer binds to two GGA motifs in hairpin loops, preventing RNase E from mRNA
degradation (cleavage) and mRNA turnover.

In negative regulation a repression of translation is observed.’”® There, CsrA competes with the
ribosome, while binding to the ribosome binding site of the mRNA, which leads to a modulation
of bacterial virulence.!” Peptide uptake via carbon starvation gene cst4 (a permease encoding
hydrophobic polypeptide) by blocking ribosome access to the c¢st4 transcript can be mentioned
in this context.> In a similar way, CsrA is able to bind g/lgC mRNA (Figure 5A) which reduces
the energy of the cells.**’! This was shown by Romeo et al., where a 20-fold increase in

glycogen level was observed after inhibiting CsrA.%%7?

Due to the fact that CsrA strongly influences gene expression and is also present in numerous

human pathogenic bacterial species, it is an interesting drug target as well.

6
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1.4 Fluorescence Polarization Assay

When a fluorophore is irradiated with linear polarized light, molecules whose transition dipole
moment is oriented in parallel to the electric field of the irradiated light are excited. The emitted
light is then also polarized to a certain degree.” Perrin et al. first described fluorescence
polarization in 1926.7* In 1952, Laurence et al. studied the binding of fluorescein and bovine
serum albumin (BSA), establishing a method for monitoring the binding of small molecules to

proteins.”

An application of this principle is the fluorescence polarization assay (FP assay), which is an
important biochemical assay for the characterization of binding affinities of fluorophores to
macromolecules. Especially ligand-receptor,’® protein-protein,’’ protein-peptide’® and protein-
nucleic acid” interactions can be observed. In particular, it can be used for competition
experiments in which a ligand (e.g., nucleic acid) competes with another ligand (e.g., peptide)
for binding to a receptor (e.g., protein). In this process, a fluorescence-labeled ligand binds to
a receptor and competes with an unlabeled molecule.®® Fluoresceine is a commonly used

fluorescence label .®!

Measurements are taken in special plate readers. The light emitted from a monochromatic light
source passes through a vertical polarizer. The resulted vertically polarized excitation energy
passes through the sample. Only those fluorescence-labeled molecules, which are in the vertical
layer are able to absorb the vertically polarized excitation light. These molecules are now in the
excited state and emit light. The resulting emission energy is now depolarized to some degree.
For quantification, a rotatable polarizer is used to measure in the vertical and horizontal planes.
Thus, the proportion of the vertical (parallel, remaining polarized part) and horizontal
(perpendicular, depolarized part) emission can be detected.®? The decisive factor here is the

polarization value P, which is calculated from ratios of light intensities .53

P _ Iparallel_lperpendicular (1)83
Iparallel'”perpendicular

For a measurement at constant temperature and viscosity, the polarization is directly
proportional to the molecular volume.?* If a labeled ligand is excited with linearly polarized
light, it starts to rotate and the resulted emitted light is depolarized. If this labeled ligand is now

bound to a receptor, the molecular volume increases and the rotation speed is slowed down

7
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considerably, resulting in a higher polarization value.®* The polarization change is illustrated in

Figure 6.

If an inhibitor is active in competition experiments and polarization is plotted as a function of
the logarithmic concentration of the analyte, the result shows up as a sigmoidal curve.'® This
allows the determination of the half-maximal inhibitory concentration (ICso) value in its
inflection point, which can classify the activity of the analyte.®® This phenomenon is also shown

in Figure 6.

Target
) protein

[

je)

g

S O  Inhibitor
1

= Labeled

% nucleic
acid

log(Inhibitor conc.)

Figure 6: Sigmoidal inhibition curve for a competition experiment in which an inhibitor competes with a nucleic acid for
binding at the target. Polarization (millipolarization mP) is plotted against the logaritmic inhibitor concentration. (1) At low
inhibitor concentrations, the labeled nucleic acid remains on the target and the inhibitor is free. Upon irradiation of polarized
excitation light, slow rotation of the target-nucleic acid complex occurs, resulting in polarization retention of the emitted light
(high mP value). (2) 50 % of the nucleic acid is replaced by the inhibitor, resulting in the important medicinal chemistry
parameter, the ICso for determining binding affinity. (3) At high inhibitor concentration, the labeled nucleic acid is completely
displaced by the target. Due to the rapid rotation of the relatively small labeled nucleic acid, the emitted light is highly
depolarized (low mP value).

In addition to the determination of ICso values of individual compounds, it is possible to perform
high throughput screenings. In this case, numerous compounds can be tested at a specific
concentration on a target.®” Another point is the dissociation constant (K4 value) which can be

determined with a saturation experiment.®®
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1.5 Phage Display

There are several types of so-called “display” technologies existing, including mRNA,%
ribosome,”® and CIS displays.’! However, one of the most commonly used display strategies is
phage display.”” Here, a phage presents its appendage of choice to a target, usually an
immobilized protein. It is a method for selecting potential binders for such a protein. Binders
can be, for example, peptides’? or antibodies”. Accordingly, these phage displays are then
termed peptide display®* and antibody display®, respectively. The oligopeptide display method
was first described by George P. Smith in 1985.7% In 2018, George P. Smith and Sir Gregory P.
Winter received the Nobel Prize for the peptide and antibody display process, in which

genetically modified phages are used to generate new biopharmaceuticals.®’

Peptide
coding
gene
pVIl/
“ plIX
(oo
Peptide
pVI
pVIII Phagemid
Trypsin-sensitive site (pPHAL30)

Figure 7: Schematic representation of an M13 phage presenting a peptide (modified according to Kiigler ef al. 2013).%® This
consists of several capsid proteins (pIIl, pVI, pVIIL, pVII/pIX), whereby pVIII forms the actual envelope in which the phagemid
is enclosed, which codes for the peptide to be presented, as well as for plIll, to which the peptide is linked. Here we can also
see how genotype and phenotype are coupled: Coding gene and translated peptide are present on the phage at the same time.
To separate the genome-bearing phage from the target-binding peptide during panning, there is a trypsin cleavage site between
the peptide and plIII. This phage is not capable of replication on its own because the remaining surface proteins (capsid proteins)
are not encoded in the phagemid. These are supplied by an additional helper phage.

Different types of phages can be used for phage display, e.g. phage T7,%° phage lambda!® or

filamentous phages f1, fd, M13.%

Filamentous phages, in particular M13 phage will now be
examined in more detail and is schematically shown in Figure 7. M13 has different surface
proteins to which the appendage to be displayed can be bound. Possible are so-called capsid
proteins (pVII/pIX, pVII, pVI, pIll) which are located on the surface of an M13 phage. In our
case, the pllI protein was used for connection of the appendage to phage, which is also regularly

applied for the binding of peptides or antibodies.'*' %2
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The principle of phage display is based on genotype-phenotype coupling, where the peptide
gene and peptide is quasi linked.'® The coding gene is located inside the phage (genotype) and
simultaneously the translated gene is presented by the phage fused to pllI protein on the phage

surface (phenotype). %

To be able to map numerous peptides at the same time, so-called libraries are used. A library is
a bundle of different gene sequences that are supposed to code for e.g. different peptides.!™
Billions of different combinations,’? which determine the diversity of a library, are possible and

can be screened simultaneously in the phage display for potential binders to any target.!%

Phage Library
>,
? é

— D
@ Trypsin
Elution

N\
@ Incubation  Washing @ ﬂ\

Coating (é) Sequencing
XCXXXCX
Target .
Protein Panning cycle
B
N e ',' ," Infection
Panning Helperphage )ﬂ
Round ?é?(: ?é? \ = @---------\
‘ \@ —= |y '
(>}

. Phage ﬁé 6
Separation Replication E. coli Plate Out Cells

Figure 8: Schematic representation of a phage display panning.'% (1) A microtiter plate well is coated with the target protein
and the phage library is subsequently added. (2) The phages are left on the target for a period of time and the peptides are
presented to the target, some of which bind and some of which do not. (3) The well is washed out and thus non-binding phages
are removed. (4) After addition of trypsin, the peptide-encoding phage is separated from the peptide. (5) In a deep well, an E.
coli culture is infected with the eluted phages. (6) The phages are not replicated until a helper phage is added. (7) The newly
formed phages are separated from E. coli. (8) These phages are now the library enriched with potential binders, which can be
used for the next round of panning. (9) After any round of panning, clones can be separated on agar plates. (10) The clones are
sequenced to determine which peptide the potential binders encode.

After the design of a library of interest, it is cloned into a special vector, which in this context
is also called a phagemid. A phagemid is the name for vectors that code for filamentous
phages.!%” The phagemid also contains the sequence encoding the surface protein plIL. ! In this
work pHAL30'? is used. The library cloned into the phagemid is then packaged into M13 phage

and is then ready for panning, a process in which potential binders are enriched.!°®!!* After the

10
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target of interest has been immobilized in microtiter plate wells, incubation with the packaged
library is performed.'!! Here, the presented peptides have a chance to bind to the target, whereas
weak binders and non-binders are subsequently eliminated by washing the wells with a plate
washer, the binders remain in the well binding to the target. Between peptide and plll is a trypsin
cleavage site. After incubation with trypsin, the phage is separated from the peptide. The
peptide remains on the target, and the phage encoding this peptide is reused for the next step.
E. coli cultures are treated with this phage and thereby infected. However, these phages cannot
replicate themselves because the phagemid lacks the building blocks to produce intact phages.
For this purpose, a co-infection with a helper phage is required, which provides all capsid
proteins.!®!12 The result is a library enriched with binders, which can be used for the next round
of panning.''® After several rounds of panning and thus enrichment of binders, it is worthwhile
to plate out and thus separate some clones and sequence them to observe the gene sequence of

these binders. The whole panning process is shown in Figure 8.

Phage display is a tool which offers the possibility of a high throughput screening to rapidly
and effectively identify potential binders for any protein target.!!* In practice, this is often
applied to antibody display in the discovery of single-chain variable fragments (scFvs) for any
antigen.'9>19115 These scFvs contain only a minimal functional part of a full antibody, where

the light chain (VL) and heavy chain (Vy) are connected via an amino acid linker.!'6-1!7

Another application is peptide display, which can be applied analogously to the antibody
display above and was also used in this thesis.”>**!% Thus, for any given protein, there is the
possibility of finding peptides that can act as potential binders.'!® Heinis et al. describes the
procedure with small bicyclic peptides (< 1.5 kDa), which gain increased stability in intestinal

environments by this cyclization.'!%12°
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2 Aim and Scope

Numerous viral and bacterial targets are underexplored. In particular LANA, a disease-causing
protein of the KSHV, is only poorly studied with regard to antiviral agents. KSHV as a disease
is still not curable because there is no specific drug that can interrupt the latent phase of this
virus. On the other hand, CsrA as a bacterial target, whose sequence is wide spread and highly
conserved among bacteria, the first small molecules have only recently been discovered as
inhibitors. This makes it even more important to study both targets in detail and to develop new

methods to identify antiviral or antibacterial agents.

The aim of this thesis was the evaluation of new protein-nucleic acid inhibitors for the viral
target LANA and the discovery of new peptides hits for the bacterial target CsrA. A
fluorescence polarization assay should be established as SAR driver. Furthermore, phage

display was established and used as an approach to find further hit structures.

In the first part of this work, based on previous studies, the expression of LANA mutants should
be optimized. Hits of a fragment-based approach, an in-house library screening and a hit-to-
lead optimization should be characterized by biophysical assays. For this purpose, a functional
fluorescence polarization-based LANA-DNA interaction inhibition assay should be

established. These efforts are shown in Chapter A, B and C.

In the second part of this work a phage display methodology should be established, enabling to
find binding peptides for any target. First, an oligomer coding for a peptide library should be
designed. Subsequently, this library should be cloned into a vector and packaged in phage. This
library should then be used in the phage display, where the individual peptides are presented to
the target in disulfide cyclized form. A special goal was to optimize this panning as much as
possible to obtain plausible potential binders for Yersinia CsrA. These procedures were

described in Chapter D.

In the third part of this work a peptide-based approach should be used to identify CsrA-RNA
interaction inhibitors. For this purpose, the established and optimized phage display procedure
against Yersinia CsrA should be performed and potential CsrA binders should be characterized
by sequencing. The discovered hit sequences should then be resynthesized and confirmed by a
functional fluorescence-based CsrA-RNA interaction inhibition assay, which has been
established in a previous work for CsrA. This hit should be further characterized by microscale
thermophoresis (MST). Additionally, structure-activity relationships of this hit should be

investigated by synthesizing a number of peptide derivatives by solid phase peptide synthesis.

12
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Furthermore, it should be shown that the disulfide bridge is essential and an alanine scan should
be performed to identify important interaction hotspots. In a final step, disulfide mimetics
should be found, which enabling to protect the macrocyclic motif from reductive cleavage while

retaining activity. The whole process was described in Chapter E.
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3 Results
3.1 Chapter A: Protein-DNA Interactions (Part I)
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KSHV

ABSTRACT: The latency-associated nuclear antigen (LANA) is required for latent replication and persistence of Kaposi’s
sarcoma-associated herpesvirus/human herpesvirus 8. It acts via replicating and tethering the virus episome to the host
chromatin and exerts other functions. We conceived a new approach for the discovery of antiviral drugs to inhibit the
interaction between LANA and the viral genome. We applied a biophysical screening cascade and identified the first LANA
binders from small, structurally diverse compound libraries. Starting from a fragment-sized scaffold, we generated optimized hits
via fragment growing using a dedicated fluorescence-polarization-based assay as the structure—activity-relationship driver. We

improved compound potency to the double-digit micromolar range. Importantly, we qualified the resulting hit through
orthogonal methods employing EMSA, STD-NMR, and MST methodologies. This optimized hit provides an ideal starting
point for subsequent hit-to-lead campaigns providing evident target-binding, suitable ligand efficiencies, and favorable

physicochemical properties.

B INTRODUCTION

Kaposi's sarcoma-associated herpesvirus (KSHV; taxonomic
name human herpesvirus 8) is a human gammaherpesvirus and
is classified as a carcinogenic agent Group I by the World
Health Org:mj:J:ation.l’2 It was identified as the etiological agent
of Kaposi sarcoma (KS) and lymphoproliferative disorders.
After a first infection, it establishes a lifelong latent infection in
the host organism. KSHV is usually not pathogenic in healthy
individuals, but AIDS-related Kaposi's sarcoma (AIDS-KS), KS
in transplant recipients, and endemic KS in East/Central Africa
cause significant morbidity and mortality in affected ]‘:!ati»ants.3
In latently infected cells, KSHV expresses only a limited set of
proteins, which are important for its persistence. One of these
is the latency-associated nuclear antigen (ORF73/LANA).*
LANA plays an important role for the latency and regulation of
the viral genome in the host organism. Previous studies have
shown that LANA exerts several functions in the host cell like

W ACS Pub”ca‘tions © 2019 American Chemical Society
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cell survival, transcriptional control, latent viral DNA
replication, and stable episome segregation during mitosis.®
The C-terminal domain of LANA binds to the terminal repeat
(TR) region of the viral genome in a sequence-specific
manner.”” The TR consists of three adjacent LANA binding
sites (LBS), which are referred to as LBS1, LBS2, and LBS3
(Figures 1 and 2).” The N-terminal domain of LANA is very
Poorly structured and is tethered to the host nuc]eosome.g’9 It
is separated by a large internal repeat sequence from the C-
terminal DNA-binding domain (Figure 1)."*"!

To date, the options for treating KSHV-associated diseases
are limited.'”” While several inhibitors of herpesviral DNA
polymerases are active against KSHV pl'oductive replication,
they are not effective against KS or other KSHV associated
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Figure 1. Hlustration of molecular interactions between KSHV LANA, viral episome, and host nucleosome, rationalizing the C-terminal DNA-
binding domain of KSHV LANA as an antiviral drug target as it links viral DNA (yellow and orange) to host histones (dark green) and attached
host DNA (yellow and green). Three KSHV LANA dimers (blue) are shown, and unordered repeats are displayed as tubes. Illustration was
modeled using coordinates of PDB entries 1zla, 4uzb, and 4uzc.

1-na]jé|7nancies.12 LANA represents a very promising target for
the discovery and development of new anti-KSHV drugs that,
in contrast to currently available compounds, would interfere
with the latent phase of the viral life cycle. Based on the
knowledge that LANA is involved in binding to viral latent
episomal DNA and tethering it to host nucleosomes™ we
conceived a new approach for the discovery of specific KSHV
inhibitors. Our concept aims at the inhibition of the interaction
between LANA and the viral genome. This should ultimately
prevent latent persistence of KSHV, which could result in the
gradual loss of infected cells and in a decrease in viral load in
infected individuals. In the present work, we present our efforts
to exploit this strategy through identification of the first
functional LANA—DNA-interaction inhibitors by using frag-
ment-based drug design. As a first step, we made use of
different biological and biophysical methods to screen
fragment libraries for identification of LANA binders.
Subsequently, we established a fluorescence polarization
(FP)-based assay to determine the inhibitory activities of our
hits, and we used it for further optimization steps.
Furthermore, we confirmed target binding of our best
compound via orthogonal assays using saturation-transfer
difference (STD) NMR and microscale thermophoresis

3925

(MST) methodologies. Finally, we qualified the optimized
hit scaffold for future lead-generation campaigns in an
orthogonal interaction inhibition assay, namely, the electro-
phoretic mobility shift assay (EMSA). This provides an ideal
starting point for subsequent medicinal chemistry efforts
toward specific anti-KSHV agents. To the best of our
knowledge, this study is the first report of inhibitors targeting
the DNA-binding domain of LANA. A similar approach,
however, has been previously applied to the EBNA1 protein,
the functional homologue of LANA in Epstein—Barr virus
(EBV)."* However, these conceptually related studies as well
as experiments with a DNA-binding site mutant of LANA
provide a sufficient basis for the validity of this antiviral drug

target."*

B RESULTS AND DISCUSSION

Screening and Hit Identification. To discover the first
small molecules that can bind to LANA, we used orthogonal
biophysical methods to screen two different small-molecule
libraries from synthetic and natural sources."™'¢ For the
primary selection, we used two protein binding assays, surface
plasmon resonance (SPR) and differential scanning fluorimetry
(DSF), due to their high sensitivity and low protein

DOI:10.1021/acs jmedchem.8b01827
J. Med. Chem. 2019, 62, 3924—3939
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Figure 2. Model of the C-terminal DNA-binding domain of three KSHV dimers bound to adjacent LANA-binding sites LBS1, 2, and 3. Protein
chains are shown as ribbon representations (chain A: blue, chain B: light blue). Viral DNA (yellow orange) is shown in space-filling representation.

The model was generated using pdb entries 4uzb and 4uzc.

consumption. First, we conducted SPR screening at a constant
concentration to preselected putative LANA binders. Sub-
sequently, we applied DSF (thermal shift assay, TSA) as a
secondary filter.

This methodology enabled us to select 20 compounds for
further testing. In order to test for functionalities of our LANA
binders in vitro, we established an FP-based assay, which
allows for the quantitative evaluation of the LANA—DNA
interaction and its inhibition by small molecules. In this
manner, we identified three promising small molecule hit
scaffolds for further consideration. In this report, we will focus
on our hit optimization efforts, starting from the fragment-
sized hit 1 (Figure 3).

SPR- and DSF-Based Primary Screening. Two different
libraries, containing a total of 720 highly structurally diverse
hit-like small molecules with molecular weights below 398 g/
mol, were screened.”>"® We started with SPR spectroscopy
using the wild-type LANA C-terminal domain (CTD) as the
ligand and the library compounds at a constant concentration
of 500 M. Compounds that showed a response higher than 9
pi-refractive index units were selected from this screening,
which yielded 52 primary binders (for detailed results, see the
Supporting Information Figure S1). In a second step, we
employed DSF experiments as a secondary filter. This assay
quantifies a change in thermal denaturation temperature of the
wild-type LANA C-terminal domain by binding to a

compound. Genem]ly, an increase of melting temperature
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Figure 3. Screening procedure using two different fragment libraries
targeting LANA. In total, 720 compounds were screened using SPR
experiments, followed by DSF. An FP-based assay was used to identify
promising interaction inhibitors, which resulted in three promising
hits.

indicates a stabilization of the protein due to binding of a small
molecule. Our experiments showed for almost all compounds a
decrease in me]ting temperature for LANA. A decrease of

DOI:10.1021/acs.jmedchem.8b01827
J. Med. Chem. 2019, 62, 3924-3939
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Scheme 1. Synthesis of Hit I and 1H-Imidazole-1-yl Derivatives”
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“Reagents and conditions: (a) K;PO,, Cul abs. DMF, 110 °C, 24 h; (b) SnCl,, EtOH, 80 °C, 30 min; (¢) H,SO,, AcOH, Ac,0, rt, 16 h; (d)
imidazole, CuCl, MeOH, 80 °C, 16 h; (e) 48% aq HBr, 100 °C, 16 h; (f) K,CO;, CuCl, N,N'-dimethylmethanediamine, DMF, 120 °C, 24 h.

melting temperature may indicate a destabilization of the
protein by compound binding. Although usually an increase in
protein stability and, thus, increase in melting temperature are
observed for target binders, also negative shifts are commonly
considered as binding events."” As a consequence, we selected
20 compounds that showed significant thermal shifts Ty >
+0.5 °C and Ty < —1.0 °C for further investigations (for
detailed results see the Supporting Information, Figure S2).
Establishment of FP Assay. For further characterization
and optimization, our compounds were tested for inhibition of
the DNA—LANA interaction using an FP-based competition
assay. The FP assay is a rapid and quantitative method for
identification of small molecular macromolecule—macromole-
cule interaction inhibitors."® For this process we used a mutant
of the KSHV LANA C-terminal DNA-binding domain (DBD)
(aal008-1146) that lacked the ability to form oligomers of
LANA DBD dimers.” In previous studies it was observed that
the wild-type LANA C-terminal domain (LANA CTD (aa934-
1162)) precipitated readily following the addition of either
specific or unspecific DNA." It has the ability to form higher-
order oligomers, which contribute to the low solubility in the
presence of DNA. For avoiding these solubility problems,
multiple point mutations were inserted into the basic patch
and the oligomerization interface of LANA DBD; none of
these mutations are located at the specific DNA-binding site of
LANA, while the basic patch mutations suppress unspecific
DNA binding. This C-terminal LANA mutant with the amino
acid mutations K10SSE, K1138S, K1140D, K1141D, R1039Q,
R1040Q, AII21E, K1109A, and DI1110A shows a high
solubility also in the presence of oligonucleotides representing

3927

the viral LANA-binding sites (LBS) in the viral terminal repeat
subunit.'””"*

A fluorescence-labeled DNA sequence was employed as a
competitive binding partner, which corresponds to LANA-
binding site 2 (LBS2) in a KSHV terminal repeat subunit.” We
chose LBS2 as the fluorescence probe because of its lower
affinity for the LANA DBD and used varying concentrations of
unlabeled LBS1, LBS2, and LBS3 to validate and optimize our
assay conditions (see the Supporting Information, Figures S3
and S4). In accordance with previous reports, we obtained a
difference in affinity between the LBS sequences.”

FP-Based Functional Screening. In order to assess the
effect of identified screening hits on LANA—DNA-interaction
inhibition we tested them in our FP-based assay using LBS2 as
the fluorescent probe. Due to their high solubility, the
compounds could be tested at high concentrations (1 mM
or 500 M), allowing for the identification of even weak
inhibitory effects usually observed with fragment-like scaffolds.
Each compound was measured in duplicate and in two
independent experiments. Three of the 20 tested compounds
showed promising results (Table S9, Supporting Information).
In this paper we will present the hit optimization and
validation for hit 1. Despite its fragment-like size with a
molecular weight of only 159.08 g/mol, this compound
showed an inhibitory effect of 25 + 9% at 1 mM (Figure 3;
SPR at 500 u#M: 15.69 + 9.3 RU; DSF at 500 #M: Ty —1.80 +
1.41 °C). Considering the large interaction site between LANA
and its target DNA sequence, this result was promising and
encouraged medicinal chemistry optimization of this fragment
hit.

DOI: 10.1021/acs.jmedchem.8b01827
J. Med. Chem. 2019, 62, 39243939
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Scheme 2. Synthesis of Azide Intermediates and Reaction of Ary
Derivatives
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N=N NH, n=N ana 51: 2-NH, R; = cyclohexy!
N\)‘@ . X\ e) N\/)@ 52: 3-NH, R3 = cyclohexyl
/©/ Rs —_— /©/ §3: 4-NH, R3 = cyclohexyl
54: 3-NH, R3 = methylmorpholine
Heoe M-43 Ry =cyclohexyl. Hooe 55: 3-NH, R; = methylbenzene
methylmorpholine,
methylbenzene
X = Cl, Br

“Reagents and conditions: (a) TMSN;, CuBr, TBHP, MeCN, 0 °C — rt, 16

h; (b) coned H,SO, or concd HCI, NaNO,, NaN4, H,0, 0 °C, 1.5 h;

(c) SOCl,, MeOH, 0 °C — rt, 16 h; (d) CuSO,-SH,0, sodium ascorbate, H,O/tert-BuOH (1:1), DIPEA, rt, 16 h; (e) Cs,CO5, DMF, § h, 90 °C.

The fragment-like structure of hit 1 provided reasonable
opportunities for fragment-growing strategies toward generat-
ing drug like LANA—DNA inhibitors. Unfortunately, no X-ray
or NMR structure was available when starting this hit
optimization endeavor. Hence, structure-guided fragment-
linking or -merging approaches were not feasible.

Chemistry. The synthesis of hit 1 was carried out starting
from commercially available 2-iodonitrobenzene in two steps.
Hit 1 and further imidazole derivatives 9—13 were synthesized
via an Ullmann-type coupling reaction with a halogen
nitrobenzene and the appropriate imidazole.*’ In a second
step, the nitro group was reduced with tin(1I) chloride to the
amine to yield the target compounds 1 and 9—13.>' The N-
acetyl derivative 8 was obtained by acetylation with acetyl
anhydride. Furthermore, the 2-methoxyphenyl imidazole (14)
was synthesized via copper salt catalyzed coupling of imidazole
with (2-methoxyphenyl)boronic acid** and by cleaving the
methyl group with aqueous HBr, affording the hydroxyl
derivative 15.”® The synthesis of the benzoic acid derivatives
was done by copper catalyzed coupling with the appropriate
halo-benzoic acid and 1H-imidazole in a one-step reaction
(Scheme 1).** Generation of 1-azidoaniline (19) was achieved
by copper catalyzed C—H activation of aniline.”® The azido
intermediates (20—24) were synthesized from the correspond-
ing anilines using standard azidation methods (concd H,SO,
or concd HCL, NaNO,, NaN; in H,0).”® Methyl azidoben-
zoate (25) was synthesized by activation with thionyl chloride
followed by treatment with methanol.?” The 1,2,3-triazoles
(26—50) were synthesized using standard copper(I)-catalyzed
click reaction conditions. The appropriate alkyne was dissolved
in 1:1 tert-butanol/water and treated with DIPEA, CuSO,-
SH,0, and sodium ascorbate under an argon atmosphere,
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followed by the addition of the corresponding azide. Amino-
phenyl-substituted compounds (51—55) were synthesized
from the appropriate amino-phenyl scaffold by treatment
with different halogen alkyl analogues under basic conditions
in DMF (Scheme 2).

Stepwise Hit Optimization and Biological Evaluation.
For measuring the inhibitory effect of our compounds, we
performed dose—response experiments using constant concen-
trations of the mutated LANA DBD (aal008-1146) and
fluorescence-labeled LBS2 with varying concentrations of the
test compound. To exclude false positives through interaction
with DNA or via fluorescence quenching, we conducted the
dose-dependent experiments with and without addition of
LANA. We did not observe any noticeable assay-interfering
effect for any of the compounds. The results obtained with our
FP-based interaction inhibition assay are listed in Table 1.

The aim of this first series of derivatives was to identify
possible growth vectors to increase size and potency of the
compound. Hence, substituents at the imidazole (R1) as well
as the phenyl ring (R2) were introduced. Notably, moieties of
different sizes (11—13) were tolerated at R1. In particular, the
methyl derivative 11 showed an improved inhibitory effect of
91 + 8% at 1 mM. We concluded that position R1 should be
further explored (vide infra) as a possible growth vector.
Regarding R2, we first varied the position of the amino group
at the phenyl ring and investigated the effect of acetylation
(compounds 8—10). However, these modifications did not
improve the inhibitory effect on the DNA—LANA interaction
significantly. Hence, we introduced different hydrophilic
moieties like nitro (2—4), methoxy (14), hydroxyl (15), and
carboxy (16—18) groups instead. To our surprise, the presence
of a carboxylic acid on the aromatic moiety was tolerated. For

DOI:10.1021/acs.jmedchem.8b01827
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Table 1. Inhibitory Activities of 1H-Imidazole-1-yl
Derivatives in FP Assay at 1 mM

r_:N
Raw o~ N\/)‘R1
|
(B

3
W m n o

1 H 2-NH2 25+9%

11 Me 2-NH2 91+8%
12 Br 2-NH:2 13£4%
13 Benzimidazole  2-NH: 32+9%

8 H 2-NHAc 32+£16%

9 H 3-NH2 n i

10 H 4-NH» n i

2 H 2-NO2 74+£16%

3 H 3-NO2 21£16%

4 H 4-NO2 22=16%
14 H 2-OMe 15+£12%
15 H 2-OH 51£13%
16 H 2-COOH 333 £ 59 uM?
17 H 3-COOH 19+£9%
18 H 4-COOH 13£1%

“Maximum effect was 50% displacement.

compound 16 we were able to plot a full sigmoidal inhibition
curve pmviding an 1Cg, value of 333 = 59 uM, with a
restriction that the maximum effect leveled out at 50%
displacement. Cunsidering the rather basic interaction surface
at the DNA-binding domain of LANA, the effectiveness of the
acidic moiety in compound 16 was indeed a plausible finding
in hindsight. Furthermore, it rendered an unfavorable
(:omp(}und—DNA interaction as the cause for the observed

activity in the FP assay very unlikely.

These initial findings inspired us to conduct a combinatorial
chemistry approach exploiting the copper(l)-catalyzed alkyne-
azide cycloaddition as a straightforward synthetic method for
the rapid generation of a reasonable number of new
derivatives. This prototypic click chemistry pr(}vides very
efficient and robust reactions under mild conditions and has
become a powerful tool in drug di:icovery.23 Assuming that the
replacement of the imidazole moiety by a triazole core is
tolerated, this strategy would dramatically accelerate the
establishment of structure—activity relationships. Further
considerations for the design of the click library were the
envisioned fragment growth in the direction of residue R1
(Figure 4) as well as the switch from the amino to the
carboxylic group in the western part of the molecule. Hence,
we first checked whether this strategy was valid by synthesizing

compounds 26—31 (Table 2).
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Figure 4. From our initial screening hit 1 first derivatizations lead to
compounds 11 and 16, which served as a starting point for a
CombiChem approach using click chemistry.

Table 2. Inhibition of the First Series of 1,2,3-Triazole
Compounds in FP Assay

N=N
Rz‘]@/h’l\)"h
42

3

ICs(LBS2)

Cpd Ri R2 [pM] or
Inhibition [%]”

26 il 2.CO0H  12£10%
27 H 3-COOH 98 +1%
28 H 4-COOH  3543%
29 ) 2:CO0H  13:1%
30 () 3COOH  43417%
31 @ 4-COOH  232+10pM

“Inhibition (%) at 1 mM.

Indeed, by comparing the carboxylic acid imidazole
compounds (16—18) and the carboxylic acid triazole
analogues (26—28), the introduction of a 1,2,3-triazole was
accepted, although the preference for the orientation of the
carboxylic acid was shifted from position 2 to 3. This trend
even continued when introducing a bulky phenyl moiety in the
eastern part of the molecule (29—31). In this case, position 4
was favored for the carboxylic group implying a shift in
interaction geometries and/or binding modes between LANA
and the inhibitors when moving from imidazolyl to triazolyl to
enlarged triazolyl compounds. Derivative 31 showed reason-
able potency (ICsp value of 232 & 10 uM) with a significant
improvement over inhibitor 16 and addjtim]a]]y pmvided the

DOI:10.1021/acs jmedchem.8b01827
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Table 3. Inhibitory Activities of Further 1,2,3-Triazole Derivatives in FP Assay

N=N

o
Ry

ICso ICso
Cpd R R: (LBS2)  Cpd Ri R: (LBS2)
[uM] [uM]
N NH.
32 __OH COOH  79+2 4 o COOH 10943
33 __ N COOH  30+2 43 CLNH COOH 1441
2
34 __O— COOH 21031 44 ‘@VOH COOH 27+4
35 -./O‘g COOH ni a5 \©\o/ COOH  20+3%¢
36 ./2 COOH  163+30 46 ‘~©/NHZ H
- ) + n i
-
__ OH HN/\O
31 COOH 1592 51 @ COOH n.i
33 <] COOH 69441 52 O“Ji) COOH n.i
39 ___OH COOMe  84+53 53 QN«O COOH n, i
- H
. ¥
40 __O— COOMe 23733 54 @ >N COOH n. i
(o)
NH, n
41 COOH 28+ 1 55 O/ V\© COOH n. i

“Inhibition (%) at 500 uM.

opportunity for further modifications replacing the newly
introduced bulky phenyl ring. Consequently, we chose this
scaffold as the basis for the click library design (Table 3)
keeping the carboxylic acid in the para position at the aromatic
ring in the western part and varying the substituents on the
eastern side of the molecule.

A rather general observation when varying the residue R1
was that introducing hydrogen-bond-donating groups gave a
boost in potency. In detail, direct attachment of a primary
hydroxyl or amino group to the triazole core could improve the
inhibitory effect by 3- to 4-fold (32: IC, 79 + 2 uM, 33: ICy,
30 + 2 uM). A methyl ether (34) or methyl ester (36), on the
other hand, showed just a small potency enhancement
compared to compound 29, while the acetylated analogue 35
resulted in a complete loss of activity. Moving from the
primary (32) to a tertiary alcohol (37) by addition of a
cyclopentyl motif led to a decrease in activity. However, this
derivative shows that obviously bulkier substituents could be
tolerated at this position. Also, a rather hydrophobic
cyclopropyl residue (38) did not yield a potent compound.

3930

In parallel, we synthesized two additional compounds with a
methyl ester instead of the carboxylic acid at the aromatic ring,
39 and 40. By comparing compound 32 with 39 and 34 with
40 it seems that also a methyl ester is well accepted, which
certainly provides opportunities for future optimization efforts.
Additionally, it becomes clear that the beneficial effect of the
carboxylic group is not fully relying on a possible ionic
interaction with the protein surface. As laid out above, our aim
was to explore R1 as a growth vector. Hence, we synthesized
aniline derivatives (41—43). Introducing the amino group in
the ortho (41) or para (43) position resulted in the most active
compounds to date with ICgy values in the low double-digit
micromolar range. A loss of activity was observed with m-
aniline (42) and p-anisole (45). Also, the phenyl methanol
analogue (44) showed a rather potent ICsy value of 27 + 4
puM. Keeping the aniline residue and deleting the carboxylic
acid at the aromatic region we observed a total loss in activity
(46). In order to further grow the LANA inhibitor, compounds
substituted at the aniline (51—-55) were synthesized.
Unfortunately, none of these derivatives were active regardless

DOI: 10.1021/acs.jmedchem.8b01827
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of the position of the attached substituent. Probably these
residues incorporated in 37—41 are too bulky and are, thus,
not tolerated. Nevertheless, more research should be done in
this area of the molecule when moving the project into the
lead-generation phase. Finally, we synthesized a series of
compounds with an inverted orientation of the 1,2,3-triazole
core using 4-ethyl carboxylic acid and an array of azido
benzenes. Compounds 47 and 48 were similar to the previous
compounds 41 and 43 showing good ICs, values in the same
range. Modifying the para aniline analogue to a para phenol
(49) resulted in slight loss of activity. Besides that, for the 2-
pyridine derivative 50 we observed an ICgy of 17 + 1 uM
(Table 4).

Table 4. Inhibitory Activities of Compounds with Inverted
Orientation of the 1,2,3-Triazole Core in FP Assay

N=N,
HOQC
cpd  Ri ICs (LBS2) [uM]
NH,
a7 18+3
48 @ 1941
NH,
v L 5243
OH
i
0 [ 171

Qualification of Obtained Optimized Hits. Compar-
ison of the Inhibition of the Interaction between LANA and
LBST1, 2, and 3. In order to investigate whether inhibitors of
the LANA—LBS2 interaction would also interfere with protein
binding to the other LANA binding sites, we modified our FP
assay protocol to also include labeled LBS1 and LBS3
sequences as fluorescent probes. We selected six compounds
(37, 41-43, 47, 50) with differing activities against LBS2 for
this assessment, and the determined ICg, values are
summarized in Table S. Notably, we observed ICs, values in
a similar range compared to the inhibition against the LBS2
probe. Additionally, we calculated the log P value and the
ligand efficiency (LE) for these compounds to provide a metric
for comparing the most potent hits taking potency and
molecular weight into account.” The log P value is defined as
the partition coeflicient of a given compound between octanol
and water. It provides information about its hydrophobicity,
and log P values below 3 are found generally in an aqueous
medium (e.g. blood serum).”® The LE value is defined as the
binding energy of a compound for its target divided by its
number of heavy atoms, and hence, it enables to identify those
hits, which interact efficiently with most of their atoms. In
practice, an LE of 0.3 or greater is considered to characterize a
suitable hit for the optimization to a drug-like compound.’
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Notably, compounds 41, 43, 47, and 50 displayed an LE value
of 0.3 or higher and log P values below 3, hence, are suitable
scaffolds for further optimization efforts. Considering that
these hits have to compete with a macromolecule (DNA) upon
binding to a rather flat interaction surface, these results are
encouraging.

EMSA (Electrophoretic Mobility Shift Assay) as Orthogo-
nal Interaction Inhibition Assay. As an orthogonal interaction
inhibition assay, EMSA was used to probe the ability of these
six selected compounds to inhibit the DNA—LANA interaction
(Figure S). In this assay, solutions of protein, nucleic acid, and
inhibitor were combined and the resulting mixtures were
subjected to electrophoresis under native conditions.”> We
evaluated the effects of the compounds using fixed
concentrations of DNA probes of 20 nM, LANA DBD mutant
of 200 nM, and compounds of 500 #M. The probes were Dy-
682-modified, and a purified GST protein was used as the
control. We performed the EMSA with two different DNA
probes: An oligonucleotide representing only LBSI for
comparing the results with the results of our previous FP
assay (Figure SA) and a longer oligonucleotide containing
both of the LBSI and LBS2 sequences (Figure SB). The latter
also forms trimeric complexes with LANA (Supporting
Information, Figure S6). In both experiments, we observed
that the compounds with ICg, values in the triple-digit
micromolar range have no specific effect on the DNA—LANA
interaction at the concentration used. Importantly, the aniline
analogue having an ICs, value in the lower double-digit
micromolar range caused a significant decrease in the intensity
of the DNA—LANA complexes and an increase in the intensity
of the band representing the free DNA probe. This clearly
indicated that these compounds inhibit the interaction of the
LANA DBD mutant with LBS1 and/or LBS1 + 2.

The most effective inhibitor was the pyridine analogue (50,
ICsp 17 + 1 uM). The single LBS1 probe (Figure SA) could be
displaced almost completely and the combined LBSI-LBS2
probe (Figure SB) to a significant extent. Additionally, we
performed further dose-dependent EMSA experiments with
the most efficient compound 50 using LBS1 as the probe and
the LANA DBD mutant as well as the wild-type LANA C-
terminal domain (CTD) (aa934-1162) as the protein (for
more information see the Supporting Information, EMSA gels:
Figures S9 and S10; calculated ICy, values see Figure S11, 1Cg,
(LANA DBD mutant) 426 + 2 uM and 1Cg, (LANA CTD
wild-type) 435 + 6 uM).

MST and STD NMR Studies for Further Characterization
of Ligand Binding. We used MST to quantify the binding
affinity of compound 50 to the LANA DBD mutant and
determined the dissociation constant Kp.>® The binding assay
was performed using the labeled LANA DBD mutant protein
at a concentration of 50 nM and starting the dose—response
curve with a ligand concentration of 1 mM. The calculated Ky
for the binding of compound 50 to LANA was determined to
be 23 + 1 M. The detected binding curve is shown in Figure
6A. We also attempted to perform crystallography on the
LANA DBD—inhibitor complex but have so far not been
successful. With the aim to gather information on the mode of
binding, we performed ligand-observed STD NMR studies
with compounds 41, 47, and 50. The STD NMR can provide
information on the putative orientation of a given binder to the
target of interest in the absence of any structural data of the
protein. In this assay, protons that are closest to the protein
upon binding show the strongest STD effect. In our
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Table 5. Comparison of IC, Values Obtained by Using LBS1, 2, or 3 as Fluorescent Probes, ¢ log P, and LE

Cpd structure ICs0 LBS1 ICso LBS2 ICs0 LBS3 clogP LE
NeN
37 Hooc@r”%” 104+33uM  159+2puM 3944 uM 1.80 0.26
N=N
42 woocd )~ ”%UNW 136£27uM 1093 M 106+32uM 278 0.26
N,N=N NH,
41 Hooc = 25+ 1 uM 28+ 1 uM 26+ 1 uM 2.78 0.30
N=n
a3 oo e 19+£55uM  14+1puM  12+1pM 2.78 0.32
NH,
N=N  NH,
47 oo 25+1uM  18+3uM  26+1pM 278 0.32
N:p‘]
50 +ooc N N\(\N 20+3 uM 17+ 1 uM 19+3 uM 2.00 0.33
g

measurement, samples contained a 40-fold excess of the
compound (1 mM) relative to the LANA DBD mutant (25
uM) and were recorded at 298 K (Figure 6B). The STD effects
(I/1,) were measured and calculated for each proton of the
ligand. The STD effect of compound 50 is shown in Figure 6B.
The overlaid spectra were normalized to the signals of H-1 and
H-2, which gave the strongest enhancement and, hence, can be
assumed to interact the most with the protein surface. These
observable variations of the STD effects suggest that the
compound binds in a defined orientation to the protein where
the pyridine moiety faces the protein surface with its aromatic
nitrogen. It can be assumed that this motif acts as a hydrogen
bond acceptor. STD effects of H-3 and H-4 (53 and 61% of H-
3 and H-4, respectively) suggest that these protons are not in
direct contact with the protein and should be further
investigated as potential growth vectors. Indeed, inactive
compounds 51—55 were already grown in this direction and
led to abolished activities.

However, the introduced residues were rather large leaving
the option of smaller less bulky substituents to be tried. The
four protons referred to by H-8 and H-9 presumably divide
into two populations: two hydrogens, which are closer to the
protein surface, and two, which are more remote (see Figure
6B). As these are indistinguishable in the STD NMR
experiment, the observed effect should be a mean of the
signals from both populations. As a consequence, growth of the
compound breaking this ambiguity is a potential path forward
in future optimization efforts.

For compounds 41 and 47 we observed similar STD effects
(see Figure S12, Supporting Information). The protons from
the aniline next to the amino group gave the strongest
enhancement. This also implies that the NH, plays an
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important role as a hydrogen bond acceptor or donor for
binding.

Molecular Docking. In order to generate a possible binding
mode of the optimized hit 50 to LANA, we performed docking
experiments taking the STD-NMR data into account.
Importantly, we specifically searched for target—ligand
complex geometries, which are in line with the gathered
experimental data. As we demonstrated that this compound
binds to LANA (FP assay, MST, STD NMR) and is able to
displace the DNA (FP assay, EMSA), we directed our docking
experiment to the DNA-binding site of the target (Figure 7A).
This approach intentionally neglects a possible allosteric
mechanism of our compound, which we consider to be rather
unlikely due to the rigidity of the DNA-binding domain.

In order to identify the initial docking site, we selected those
LANA residues, which were in close proximity (4.5 A) to the
DNA atoms found in PDB entry 4uzb.” Docking to this large
interaction surface yielded three distinct clusters (Figure 7A).
We searched for a binding pose of our inhibitor capable of
prominently displacing the DNA from the protein. In general,
cluster site 2 was located at the center of the LANA—nucleic
acid interaction and would enable to disrupt major as well as
minor groove interactions. Sites 1 and 3 were located on the
peripheral areas of the LANA—DNA interface. Hence, we
selected cluster site 2 for a more focused redocking experiment
and screened the yielded binding poses for compliance with
the STD NMR data (see Figure 6B). We selected the highest
scoring pose, which met the criterion of bringing protons 1 and
2 as well as one pair of protons 8 and 9 into close proximity to
the protein surface, while exposing protons 3, 4, and 5 as well
as the other 8 and 9 pair (Figure S13, Supporting Information
and Figure 6B). This pose was further refined through local
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Figure 5. EMSA analysis of compounds 37, 41, 42, 43, 47, and 50
using (A) LBS1 and (B) LBS1 + 2 as probes. Representative EMSA
gels of one independent experiment are shown containing unbound
control (GST + LBS1 or LBS1 + 2), bound control (DMSO + LANA
+ LBS1 or LBS1 + 2), and compounds (Cpd + LANA + LBS], or
LBS1 + 2). Bar graphs are shown with normalized data points
(inhibition from 0—100%) representing mean intensities of top band
values (LANA—LBS complex) and bottom band values (single LBS).
The experiment was performed in duplicate, and the standard
deviations were given; each compound was used at 500 uM, proteins
were used at 200 nM, and DNA probe concentration was 20 nM.
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energy minimization and is depicted in Figure 7B,C. A very
prominent interaction partner suggested by this pose is
GInl015. Due to the symmetrical assembly of the LANA
dimer, each GIn1015 from either of the two protein chains can
contribute to inhibitor binding by acting as hydrogen-bond
donors to the carboxyl group. Furthermore, GIn1073 and
Vall019 form hydrogen-mediated interactions with the
pyridine motif of 50. As seen from the 2D interaction profile
(Figure 7C), the proton at position 2 is detected as “solvent
exposed” although it was in van der Waals contact with the
protein (see Figure S13, Supporting Information). However,
this is in agreement with the observation that introduction of
an aniline motif is tolerated in this position (43). Finally, we
postulate a possible cation—7 interaction between nearby
Lys1069 and the central triazole motif, which would further
add to the attractive forces between LANA and the inhibitor.
At this point, we would like to stress that the preferential
docking pose is hypothetical and needs further validation
through wet lab experiments, for example, via single-amino
acid mutation of the strongly interacting Glul01S. Nonethe-
less, it is in line with currently available data and, hence, a
plausible binding mode to base structure-guided modifications
on. Next optimization efforts will be directed toward
exploration of the proposed growth vectors (Figure 6B). The
surface of LANA at the DNA-binding site is densely covered
with possible hydrogen-bonding donors and acceptors, which
could be exploited for further attractive interactions.

Bl CONCLUSIONS

In this study, we successfully obtained a qualified fragment-
sized hit capable of displacing a viral nucleic acid sequence
from the DNA-binding domain of the latency-associated
nuclear antigen (LANA)—a potential antiviral drug target to
treat Kaposi’s sarcoma herpesvirus (KSHV) infections. We
achieved this by means of fragment-based drug design
employing biophysical screening via SPR and DSF as two
orthogonal selection filters followed by functional evaluation
through fluorescence polarization (FP). FP also guided hit
optimization toward low micromolar activity. Favorable ligand
efficiency (>0.3) and low lipophilicity combined with addi-
tional EMSA, MST, and STD NMR experiments corroborating
specific target interaction qualify hit 50 as a suitable starting
point for a follow-up lead-generation campaign. Future
optimization efforts will be aided by a wet lab-informed
docking pose and amenability of the described scaffold to
facilitate CombiChem-driven derivatization via click chemistry.
In parallel, continuing efforts are underway to identify a
suitable crystallographic system for the generation of protein—
ligand complex structures, which would ultimately enable
structure-based drug design. The ability to inhibit a nucleic-
acid-involving macromolecule—macromolecule interaction by
a small molecular scaffold is encouraging. The same is true for
the promise to break the latent replication cycle of a
herpesviral infection. In our opinion, both concepts are
challenging yet worthwhile endeavors.

B EXPERIMENTAL SECTION

Materials and Methods. All reagent-grade chemicals were
obtained from commercial suppliers and were used as received. All
reactions were carried out under an argon atmosphere. Automated
column flash chromatography (CombiFlash Rf + von Teledyne ISCO,
Lincoln, NE, USA) was performed on silica gel (Axel Semrau,
Sprockhovel, Germany). Preparative high pressure liquid chromatog-
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Figure 6. (A) Dose-dependent MST interaction curve of compound 50 with LANA DBD mutant. (B) STD experiments of compound 50 in
complex with LANA DBD mutant. The reference spectrum is displayed in black (STD-off) and STD difference spectra (STD-on) in red. Overlaid
spectra were normalized to the signals for H-1 and H-2, which showed the strongest enhancement.
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Figure 7. Design (A) and result (B,C) of STD-NMR-informed docking study performed on 50. (A) Docking was conducted using PDB entry 4uzb
(left). Residues that make up the docking site were selected based on proximity (4.5 A) to DNA in complex structure (dashed black lines, middle;
dark blue surface, right). First docking resulted in three distinct clusters (light blue dashed lines; right). Cluster site 2 was selected for redocking
and subsequent pose refinement. (B) 3D and (C) 2D representation of the plausible binding pose of 50. A putative cation—r interaction mediated
by Lys1069 is shown and marked with an asterisk.

raphy (HPLC, Ultimate 3000 UHPLC+ focused, Thermo Scientific) Chemical shifts (8) are reported in parts per million (ppm) relative to
purification was performed on a reversed-phase column (C18 column, each reference solvent. The chemical shifts recorded as & values in
S pm, Macherey-Nagel, Germany). For gradient elution a mobile ppm units by reference to the hydrogenated residues of the deuterated
phase consisting of acetonitrile containing 0.05% formic acid (FA) (v/ solvent as the internal standard. Coupling constants (J) are given in
v) and water containing 0.05% FA (v/v) was used. The syntheses hertz (Hz), and splitting patterns are designated as follows: s, singlet;
were not optimized regarding yields. 'H and *C NMR were recorded d, doublet; dd, doublet of doublets; t, triplet; m, multiplet; br., broad
on a Bruker Fourier spectrometers (300/500 or 176/126/75 MHz). signal. Purity of all final compounds was measured on the UV trace
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recorded at a wavelength of 254 nm and was determined to be >95%
by a reversed-phase liquid chromatography mass spectrometer
(LCMS). High resolution mass spectra of all final compounds were
measured on a Thermo Scientific Q Exactive Focus (Germany)
equipped with a DIONEX ultimate 3000 UHPLC+ focused and can
be found in the Supporting Information.

Procedure I: General Synthesis of 1-(Nitrophenyl)-1H-imidazole
2—-7. The appropriate halo-nitrobenzene (1 equiv) was dissolved in
DMF and treated with K,CO; (1.2 equiv), Cul (0.1 equiv), and
substituted 1H-imidazole (1.2 equiv) or 1H-benzoimidazole (1.2
equiv) under an argon atmosphere. The mixture was stirred at 120 °C
for 24 h. After cooling to room temperature, the solids were filtered
off and washed with ethyl acetate (3X). The combined filtrate was
concentrated under reduced pressure. The resulting product was
purified by column chromatography. Experimental details can be
found in the Supporting Information. Compound 2 is presented as an
example. 1-(2-Nitrophenyl)-1H-imidazole 2 was prepared according
to general procedure I using 2-iodonitrobenzene (100 mg, 0.40
mmol), K,CO; (66 mg, 0.48 mmol), Cul (7.5 mg, 0.04 mmol), 1H-
imidazole (33 mg, 0.48 mmol), and DMF (3 mL). The obtained
crude was purified by column chromatography (PE:EE 1:9) to yield
the title compound (36 mg, 0.19 mmol, 49%). '"H NMR (300 MHz,
CDCly) 6 ppm: 7.10 (s, 1 H), 7.25 (s, 1 H), 7.48 (dd, J = 7.82, 1.21
Hz, 1 H), 7.57—7.71 (m, 2 H), 7.71=7.79 (m, 1 H), 8.01 (dd, J =
8.06, 1.35 Hz, 1 H); “C NMR (7§ MHz, CDCl;) § ppm: 12535,
128.65, 129.62, 130.66, 133.70, 137.23.

Procedure II: General Synthesis of (1H-Imidazol-1-yl)anilines 1
and 9—13. 1-(Nitrophenyl)-1H-imidazole derivatives (1 equiv) were
dissolved in ethanol and treated with tin(II) chloride (S equiv). The
mixture was refluxed for 30 min, and after cooling to room
temperature, the solids were filtered off and washed with ethanol
The filtrate was combined, and the solvent was removed under
reduced pressure. The crude was dissolved in ethyl acetate and
extracted with saturated NaHCO; solution. The combined organic
layers were dried over sodium sulfate and concentrated under reduced
pressure. The products were purified by flash chromatography or by
reversed-phase HPLC and were dried at a lyophilisator. Experimental
details can be found in the Supporting Information. Compound 1 is
presented as an example. 2-(1H-Imidazol-1-yl)aniline 1 was prepared
by the general procedure II using 1-(2-nitrophenyl)-1H-imidazole 2
(150 mg, 0.79 mmol), SnCl, (890 mg, 3.96 mmol), and ethanol (20
mL). The obtained crude was purified by flash column chromatog-
raphy (gradient elution, DCM/MeOH 95:5—90:10) to yield the
target compound (108 mg, 0.67 mmol, 68%). '"H NMR (300 MHz,
CDCL,) 6 ppm: 3.80 (br. s, 2 H), 6.91—7.02 (m, 2 H), 7.20—7.31 (m,
2 H), 7.34=743 (m, 2 H), 7.79 (s, 1 H); 3C NMR (75 MHz,
CDCL) & ppm: 116.35, 118.54, 120.09, 123.25, 127.11, 129.79,
129.92, 137.64, 141.90.

N-(2-(1H-Imidazol-1-yl)phenyl)acetamide (8). 2-(1H-Imidazol-1-
ylaniline 1 (50 mg, 0.31 mmol) was dissolved in a mixture of acetic
acid (4 mL) and acetic acid anhydride (2 mL). One drop of sulfuric
acid was added, and the solution was stirred at room temperature for
16 h. The reaction mixture was neutralized with aqueous 10% NaOH
solution and extracted with DCM (2X). The combined organic
phases were dried over sodium sulfate and concentrated under
reduced pressure to give the crude, which was purified by HPLC
(reversed-phase, mobile phase consisting of acetonitrile containing
0.05% FA (v/v) and water containing 0.05% FA (v/v), gradient
elution: 5:95—60:40) to yield the target compound (8 mg, 0.04
mmol, 13%). '"H NMR (300 MHz, CDCl;) § ppm: 2.12 (s, 3 H),
7.06—7.11 (m, 1 H), 7.19 (d, ] = 1.02 Hz, 1 H), 7.23 (s, 1 H), 7.24 (s,
1 H), 7.43=7.51 (m, 1 H), 7.51-7.54 (m, 1 H), 7.74 (s, 1 H), 8.25
(d, J = 820 Hz, 1 H); 3C NMR (75 MHz, CDCl,) & ppm: 24.28,
120.20, 123.78, 124.99, 126.79, 129.83, 130.30, 133.36, 137.63,
168.90.

1-(2-Methoxyphenyl)-1H-imidazole (14). (2-Methoxyphenyl)-
boronic acid (150 mg, 0.98 mmol), 1H-imidazole (80 mg, 1.18
mmol), and CuCl (§ mg, 0.05 mmol, S mol %) were dissolved in
methanol (10 mL) and refluxed for 16 h. After cooling to room
temperature the solvent was removed under reduced pressure, and the
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obtained crude was dissolved in ethyl acetate and extracted with
water. The combined organic phases were dried over sodium sulfate
and concentrated under reduced pressure to give the crude. The crude
was purified by column chromatography (DCM/MeOH 95:5) to
yield the title compound (70 mg, 0.40 mmol, 41%). 'H NMR (300
MHz, methanol-d,) § ppm: 3.87 (s, 3 H), 7.01-7.13 (m, 2 H), 7.22
(d, ] = 829 Hz, 1 H), 7.30—7.48 (m, 3 H), 7.88 (s, 1 H); *C NMR
(75 MHz, methanol-d,) § ppm: 56.58, 113.90, 122.15, 122.30, 12691,
127.62, 128.75, 130.77, 139.18, 154.33.

2-(1H-Imidazol-1-yl)phenol (15). 1-(2-Methoxyphenyl)-1H-imida-
zole 14 (50 mg, 0.28 mmol) was dissolved in 48% hydrobromic acid
in water (6 mL) and refluxed for 16 h. The mixture was neutralized
with saturated NaHCOj; solution and extracted with ethyl acetate
(2x). The combined organic phases were dried over sodium sulfate
and concentrated under reduced pressure to give the crude, which was
purified by column chromatography (DCM/MeOH 95:5) to yield the
title compound (40 mg, 0.25 mmol, 90%). 'H NMR (300 MHg,
DMSO-dy) & ppm: 691 (td, J = 7.59, 1.40 Hz, 1 H), 6.98—7.11 (m, 2
H), 7.16—=7.26 (m, 1 H), 7.33 (dd, ] = 7.87, 1.63 Hz, 1 H), 7.45 (s, 1
H), 7.94 (s, 1 H), 10.27 (br. s, 1 H); '*C NMR (75 MHz, DMSO-d;)
5 ppm: 116.90, 119.54, 124.75, 12525, 128.47, 150.23.

Procedure Ill: General Procedure of (1H-Imidazol-1-yl)benzoic
Acids 16—18. The appropriate halo-benzoic acid (1 equiv) was
dissolved in DMF (0.1 M) and treated with N1,N2-dimethylethane-
1,2-diamine (0.2 equiv), K,CO; (2.2 equiv), CuCl (0.1 equiv), and
1H-imidazole (1.5 equiv) under an argon atmosphere. The mixture
was stirred at 120 °C for 24 h. After cooling to room temperature the
solids were filtered off and washed with ethyl acetate. The combined
filtrate was concentrated under reduced pressure. The resulting
product was purified using preparative HPLC (reversed-phase, mobile
phase consisting of acetonitrile containing 0.05% FA (v/v) and water
containing 0.05% FA (v/v); gradient elution, 5:95—90:10) to yield
the target compound. Experimental details can be found in the
Supporting Information. Compound 16 is presented as example. 2-
(1H-Imidazol-1-yl)benzoic acid 16 was prepared according to general
procedure IIT using 2-iodobenzoic acid, N1,N2-dimethylethane-1,2-
diamine, K,CO;, CuCl, 1H-imidazole, and DMF. 'H NMR (500
MHz, DMSO-dg) 6 ppm: 7.40 (br.s, 1 H), 7.57 (br. s, 1 H), 7.59—
7.72 (m, 2 H), 7.72—7.84 (m, 1 H), 7.99 (br. s, 1 H), 8.51 (br. s, 1
H); *C NMR (126 MHz, DMSO-d,) & ppm: 119.23, 120.21, 123.52,
126.37, 127.64, 130.14, 130.25, 135.58, 138.45, 166.53.

2-Azidoaniline (19). Aniline (500 mg, 5.4 mmol) was dissolved in
acetonitrile (100 mL). tert-Butylhydroperoxide (1.5 mL, 8.1 mmol)
and copper(I) bromide (77 mg, 0.5 mmol) were added, and the
mixture was cooled to 0 °C. At 0 °C TMSNj; (1.4 mL, 10.7 mmol)
was added dropwise, and the reaction mixture was stirred at room
temperature overnight. The solvent was removed under reduced
pressure, and the crude product was purified by flash chromatography
(PE:EE, gradient elution, 1:0—9:1) to yield the target compound (230
mg 1.72 mmol, 32%). '"H NMR (300 MHz, CDCl;) § ppm: 7.05 (d, 1
H, ] =9 Hz), 697 (dd, 1 H, ] = 7.5 Hz), 6.80 (dd, 1 H, ] = 7.5 Hz),
671 (d, 1 H, J = 3 Hz), 3.81 (br. 5, 2 H); °C NMR (75 MHz,
CDCL,) & ppm: 138.1, 125.6, 1252, 119.1, 118.3, 115.8.

Azido Benzene (20). Aniline (364 mg, 4.0 mmol) was dissolved in
ethyl acetate (8 mL) and cooled to 0 °C, and water (1 mL) and
concentrated HCI (2.4 mL) were added. Sodium nitrite (469 mg, 6.8
mmol, 1.7 equiv) dissolved in water (1 mL) was added slowly. The
reaction mixture was stirred for 30 min at 0 °C. Subsequently, sodium
azide (442 mg, 6.8 mmol, 1.7 equiv) in water (1 mL) was added
slowly at 0 °C. After stirring at room temperature for 1.5 h, TLC
indicated full conversion and the mixture was neutralized and
extracted with ethyl acetate (2X). The combined organic phases were
dried over sodium sulfate and concentrated under reduced pressure to
give the crude. The crude product (300 mg) was used as obtained in
the next step without further purifications.

2-Azidobenzoic Acid (21). Anthranilic acid (300 mg, 2.2 mmol)
were dissolved in a mixture of water (10 mL) and sulfonic acid (2
mL) and cooled to 0 °C. Sodium nitrite (151 mg, 2.2 mmol) was
dissolved in water (1 mL) and added dropwise. The reaction mixture
was stirred for 15 min at 0 °C. Subsequently, sodium azide (172 mg,
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2.6 mmol) in water (1 mL) was added slowly at 0 °C. After stirring at
room temperature for 2 h, TLC indicated full conversion and the
mixture was diluted with water and extracted with ethyl acetate (2X).
The combined organic phases were dried over sodium sulfate and
concentrated under reduced pressure to give the crude. The crude
product (250 mg) was used as obtained in the next step without
further purifications. MS (ESI-) m/z 162 (M — H).

3-Azidobenzoic Acid (22). 3-Aminobenzoic acid (300 mg, 2.2
mmol) was dissolved in a mixture of water (10 mL) and sulfonic acid
(2 mL) and cooled to 0 °C. Sodium nitrite (151 mg, 2.2 mmol) was
dissolved in water (1 mL) and added dropwise. The reaction mixture
was stirred for 15 min at 0 °C. Subsequently, sodium azide (172 mg,
2.6 mmol) in water (1 mL) was added slowly at 0 °C. After stirring at
room temperature for 2 h, TLC indicated full conversion and the
mixture was diluted with water and extracted with ethyl acetate. The
combined organic phases were dried over sodium sulfate and
concentrated under reduced pressure to give the crude. The crude
product (220 mg) was used as obtained in the next step without
further purifications. MS (ESI) m/z 162 (M—H).

4-Azido Phenol (23). 4-Aminophenol (436 mg, 4.0 mmol) was
dissolved in 6 M HCI (1S mL). Sodium nitrite (469 mg, 6.8 mmol,
1.7 equiv) was dissolved in water (3 mL) and added. The reaction
mixture was stirred for 30 min at 0 °C. Subsequently, sodium azide
(442 mg, 6.8 mmol, 1.7 equiv) in water (1 mL) was added slowly at 0
°C. After stirring at room temperature for 1.5 h, TLC indicated full
conversion and the mixture was neutralized and extracted with ethyl
acetate (2X). The combined organic phases were dried over sodium
sulfate and concentrated under reduced pressure to give the crude.
The crude product (290 mg) was used as obtained in the next step
without further purifications.

3-Azido Pyridine (24). 3-Aminopyridine (376 mg, 4.0 mmol) was
dissolved in ethyl acetate (8 mL) and cooled to 0 °C, and water (1
mL) and concentrated HCI (2.4 mL) were added. Sodium nitrite
(469 mg, 6.8 mmol, 1.7 equiv) dissolved in water (1 mL) was added
dropwise. The reaction mixture was stirred for 30 min at 0 °C.
Subsequently, sodium azide (442 mg, 6.8 mmol, 1.7 equiv) in water
(1 mL) was added slowly at 0 °C. After stirring at room temperature
for 1.5 h, TLC indicated full conversion and the mixture was basified
with saturated Na,CO; solution (pH 10) and extracted with ethyl
acetate (2X). The combined organic phases were dried over sodium
sulfate and concentrated under reduced pressure to give the crude.
The crude product (280 mg) was used as obtained in the next step
without further purifications.

Methyl 4-Azidobenzoate (25). 4-Azidobenzoic acid (300 mg, 1.8
mmol) was dissolved in methanol (10 mL) and cooled to 0 °C.
Thionyl chloride (297 uL, 4.14 mmol) was added dropwise at 0 °C,
and the reaction mixture was stirred at room temperature overnight.
The solvent was removed, and the obtained crude was purified by
flash chromatography (PE:EE, gradient elution, 1:0—95:S) to yield
the product (305 mg, 1.7 mmol, 94%). MS (ESI+) m/z 178 (M + H).

Procedure IV: General Synthetic Procedure for (1H-1,2,3-Triazol-
1-yl)benzoic Acids 26—28. Ethynyltrimethyl silane (1.0 equiv) was
suspended in 1:1 mixture of water and methanol under an argon
atmosphere. Copper sulfate heptahydrate (0.5 equiv) and sodium
ascorbate (0.5 equiv) were added. After addition of the corresponding
azide (1.0 equiv) the mixture was stirred for 24 h at room
temperature. After full conversion (TLC control) the mixture was
acidified with 1 M HCI for cleaving the TMS group and extracted
with dichloromethane (2x). The combined organic phases were dried
over sodium sulfate and concentrated under reduced pressure to give
the crude. The crude product was purified using preparative HPLC
(reversed-phase, mobile phase consisting of acetonitrile containing
0.05% FA (v/v) and water containing 0.05% FA (v/v); gradient
elution, 5:95—90:10) and dried on a lyophilizer to yield the target
compound. Experimental details can be found in the Supporting
Information. Compound 26 is presented as example. 2-(1H-1,2,3-
Triazol-1-yl)benzoic acid 26 was synthesized according to procedure
IV using 2-azidobenzoic acid and ethynyltrimethylsilane as starting
materials. "H NMR (500 MHz, DMSO-d;) & ppm: 7.60 (s, 1 H),
7.63—7.70 (m, 1 H), 7.73—7.79 (m, 1 H), 791 (d, ] = 8.70 Hz, 2 H),
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851 (s, 1 H); *C NMR (126 MHz, DMSO-d;) & ppm: 126.47,
126.53, 129.84, 130.38, 132.29, 133.35, 135.36, 166.62.

Procedure V: General Synthetic Procedure for Synthesis of
Copper Catalyzed Click Reaction of Alkynes and Azides
(Compounds 29—50). Under an argon atmosphere the appropriate
alkyne (1.0 equiv) was suspended in a 1:1 mixture of water and fert-
butanol. DIPEA (2.0 equiv), copper sulfate heptahydrate (0.5 equiv),
and sodium ascorbate (0.5 equiv) were added. After addition of the
corresponding azide (1.0 equiv) the mixture was stirred for 16 h at
room temperature. After full conversion (TLC control) the mixture
was acidified with 1 M HCI and the product was precipitated. The
solids were collected, washed with water, and dried under vacuum to
obtain the crude product. The products were purified by preparative
HPLC (reversed-phase, mobile phase consisting of acetonitrile
containing 0.05% FA (v/v) and water containing 0.05% FA (v/v);
gradient elution, 5:95—90:10) and dried on a lyophilizer. The
reactions and purification steps were not optimized regarding yields.
Experimental details can be found in the Supporting Information.
Compound 31 is presented as an example. 4-(4-Phenyl-1H-1,2,3-
triazol-1-yl)benzoic acid 31 was synthesized according to procedure V
using 4-azidobenzoic acid and ethynyl benzene as starting materials.
'H NMR (300 MHz, DMSO-dg) & ppm: 7.39 (dd, J = 7.39 Hz, ] =
739 Hz, 1 H), 7.50 (dd, ] = 7.50 Hz, ] = 7.50 Hz, 2 H), 7.95 (d, ] =
7.45 Hz, 2 H), 8.16 (s, 3 H), 941 (s, 1 H); *C NMR (75 MHz,
DMSO-d;) § ppm: 119.65, 125.37, 128.38, 129.01, 129.99, 139.46,
147.56, 167.52.

Procedure VI: General Procedure for 4-(4-(((Cyclohexylmethyl)-
amino)phenyl)-1H-1,2,3-triazol-1-yl)benzoic Acid 51—-53. The
appropriate 4-(4-(aminophenyl)-1H-1,2,3-triazol-1-yl)benzoic acid
(30 mg, 0.11 mmol, 1 equiv), cesium carbonate (107 mg, 0.33
mmol, 3 equiv), and (bromomethyl)cyclohexane (39 mg, 0.22 mmol,
2 equiv) were dissolved in DMF (S mL) and stirred at 90 °C for $ h.
After cooling to room temperature 1 M HCI was added and the
mixture was extracted with DCM (2X). The combined organic phases
were dried over sodium sulfate and concentrated under reduced
pressure to give the crude. Purification was done by flash column
chromatography (DCM/MeOH, gradient elution, 95:5—-90:10) to
yield the target compound. Experimental details can be found in the
Supporting Information. Compound 51 is presented as example and
was obtained with 72% (29 mg, 0.08 mmol) yield. '"H NMR (500
MHz, CDCI,) & ppm 1.03—1.16 (m, 2 H) 1.19—1.35 (m, 4 H) 1.73
(d,J = 12.05 Hz, 1 H) 1.77-1.83 (m, 2 H) 1.83—1.90 (m, 2 H) 4.20
(d,J =626 Hz,2 H) 548 (br. s, 1 H) 6.73—6.86 (m, 2 H) 7.15-7.23
(m, 1 H) 7.46 (dd, ] = 7.71, 1.30 Hz, 1 H) 7.92 (d, ] = 8.54 Hz, 2 H)
8.18—8.33 (m, 3 H); *C NMR (126 MHz, CDCly) & ppm 25.68,
26.35, 29.76, 34.68, 37.24, 70.54, 112.96, 116.93, 117.54, 117.56,
119.99, 127.89, 129.59, 130.78, 131.36, 139.93, 145.30, 149.43,
165.47.

4-(4-(3-((2-Morpholinoethyl)Jamino)phenyl)-1H-1,2,3-triazol-1-
yl)benzoic Acid (54). 4-(4-(3-Aminophenyl)-1H-1,2,3-triazol-1-yl)-
benzoic acid 42 (30 mg, 0.11 mmol, 1 equiv), cesium carbonate (107
mg, 0.33 mmol, 3 equiv), and 4-(2-chloroethyl)morpholine (331 mg,
0.22 mmol, 2 equiv) were dissolved in DMF (§ mL) and stirred at 90
°C for S h. After cooling to room temperature the solvent was
removed under reduced pressure and purified by flash column
chromatography (DCM/MeOH, gradient elution, 95:5-90:10) to
yield the target compound (16 mg, 0.04 mmol, 36%). 'H NMR (500
MHz, CDCL,) 8 ppm: 2.57—2.63 (m, 4 H), 2.81 (t, ] = 5.87 Hz, 2 H),
3.72-3.76 (m, 5 H), 3.81 (br. s, 2 H), 4.52 (t, ] = 5.87 Hz, 2 H), 6.72
(dt, ] = 7.52, 1.74 Hz, 1 H), 7.21—7.26 (m, 2 H), 7.36 (s, 1 H), 7.92
(d, ] = 8.54 Hz, 2 H), 822 (s, 2 H), 824 (s, 1 H); 3C NMR (126
MHz, CDCl,) & ppm: 53.88, 57.08, 62.69, 6697, 112.36, 115.38,
116.15, 117.24, 119.85, 129.93, 130.20, 130.77, 131.39, 140.17,
147.00, 148.94, 165.32.

4-(4-(3-(Phenethylamino)phenyl)-1H-1,2,3-triazol-1-yl)benzoic
Acid (55). 4-(4-(3-Aminophenyl)-1H-1,2,3-triazol-1-yl)benzoic acid
42 (30 mg, 0.11 mmol), cesium carbonate (107 mg, 0.33 mmol, 3
equiv), and (2-bromoethyl)benzene (41 mg, 0.22 mmol, 2 equiv)
were dissolved in DMF (5 mL) and stirred at 90 °C for S h. After
cooling to room temperature 1 M HCI was added and the mixture
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was extracted with DCM (2xX). The combined organic phases were
dried over sodium sulfate and concentrated under reduced pressure to
give the crude. Purification was done by flash column chromatography
(DCM/MeOH, gradient elution, 95:5-90:10) to yield the target
compound (20 mg, 0.05 mmol, 45%). "H NMR (500 MHz, CDCl,) &
ppm: 3.13 (t, ] = 6.94 Hz, 2 H), 3.81 (br. s, 1 H), 4.59 (t, ] = 6.94 Hz,
2H), 672 (d,] = 7.63 Hz, 1 H), 7.21-7.26 (m, 2 H), 7.28—7.33 (m,
3H),7.35 (d,] = 7.63 Hz, 3 H), 7.89—7.92 (m, 2 H), 8.18—8.21 (m,
2 H), 822 (s, 1 H); ®C NMR (126 MHz, CDCL,) 6 ppm: 35.19,
65.86, 112.36, 115.36, 116.14, 117.26, 119.81, 126.70, 128.57, 128.60,
128.90, 128.94, 129.91, 130.29, 130.78, 131.33, 131.36, 137.67,
140.10, 147.00, 148.90, 165.32.

Expression and Purification of His-Tagged Oligomeriza-
tion-Deficient Mutant of the KSHV LANA C-Terminal DNA-
Binding Domain (DBD; aa1008—1146). For the expression of
KSHV His-tagged oligomerization-deficient LANA DBD (aa1908—
1146) protein pETRO1.01 vector BL21 (DE3) cells were used.” The
His-tagged LANA DBD target protein was purified by Ni-NTA
affinity chromatography (HisTrap HP column) using AKTAxpress
(GE Healthcare). For more details see the Supporting Information.

Screening Library. The screening library contained 220 diverse
fragment compounds from Asinex (Winston-Salem, NC, USA) and
500 from Maybridge (Loughborough, UXK.). The compounds
possessing molecular weights (MWs) from 142 to 398 g/mol and
were dissolved in DMSO to 10 or 20 mM stocks.

Surface Plasmon Resonance (SPR) Screening. SPR experi-
ments were performed in running buffer (10 mM PBS, pH = 7.4, 5%
DMSO (v/v), 0.05% Tween20 (v/v)) using a Reichert SR7500
biosensor (Buffalo, NY, USA) with research-grade CMD-500 M
sensor chips provided by XanTec Bioanalytics (Diisseldorf, Germany)
at 18 °C. All experiments were performed in two independent
experiments. Scrubber 2 software (Version 2.0c 2008, BioLogic
Software) was used for processing and analyzing the data. Changes in
the refractive index due to DMSO-dependent solvent effects were
corrected by using a calibration curve (seven solutions, 4.75—5.75%
DMSO in buffer).

We immobilized the wild-type LANA C-terminal domain (LANA
CTD (2a934—1162))on CMDS00 sensor chips using standard amine
coupling with ddH,O as immobilization buffer at 25 °C. The
carboxymethyl dextran surface was first prepared with sodium borate
(1M, pH 9.5) (S injections) and was activated with a 7 min injection
of a 1:1 ratio of 0.4 M 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride (EDC) to 0.1 M N-hydroxysuccinimide
(NHS). LANA CTD was diluted into sodium acetate (10 mM, pH
4.5) to 10 mM solution and coupled to the surface with a 1.5 min
injection. Remaining activated groups were blocked with a 7 min
injection of 1 M ethanolamine (pH 8.5).

Binding experiments were performed at a constant flow rate of 20
pL/min, and before starting the experiments, 12 warm-up blank
injections were done. Zero-buffer blank injections were included for
referencing. For SPR screening, all compounds were tested at 500
uM. Each sample was injected twice on two different sensor chips. To
collect the binding response the sample was dissolved in running
buffer and injected for 120 s association and 300 s dissociation.
Compounds that showed a response higher than 9 RU were selected
from the first screening (52 compounds). Results are shown in Figure
SIL.

Differential Scanning Fluorimetry (DSF) Screening. DSF
experiments were performed in running buffer (10 mM PBS, pH =
7.4, 5% DMSO (v/v), 0.05% Tween20 (v/v)) using a StepOne Plus
Real Time PCR System (Biosystem, Life Technologies Corporation),
StepOne Software (StepOne and StepOne Plus Real Time PCR
System Version 2.3) as collecting data software, and Applied
Biosystem (Protein Thermal Shift Software Version 1.1) as analyzing
software. Final concentrations of 20 4M wild-type LANA C-terminal
domain (LANA CTD (aa934—1162)) and 500 uM compounds were
used. The 52 positive compounds from SPR screening were tested.
Compounds showing Ty > + 0.5 °C and Ty < —1 °C were selected
for further investigations. Results are shown in Figure S2.
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Fluorescence Polarization (FP) Assay. FP was recorded in
black 384 well microtiter plates (Greiner Bio-One, catalog number
781900) using a CLARIOstar microplate reader (BMG LABTECH,
Ortenberg, Germany) with an extinction filter at 485 nm and emission
filter at 520 nm. Gain adjustment was performed before starting each
measurement to achieve maximum sensitivity. The FP values were
measured in millipolarization units (mP). The experiments were
performed in two independent experiments, and each sample was
tested in duplicate. In all experiments the inhibitor and His-tagged
oligomerization-deficient LANA DBD (aal008—1146) mutant (final
concentration 200 nM) were preincubated for 60 min. After addition
of fluorescent labelled DNA (LBS1_flc, LBS2_flc, or LBS3_flc, final
concentration 10 nM) the samples were incubated for 90 min. The
assay was performed in FP-Buffer (10 mM HEPES, 150 mM NaCl,
0.005% (v/v) Tween20, DEPC water) with 5% DMSO. Assay
optimization studies can be found in Figure S3.

Microscale Thermophoresis (MST). According to the MST
(nanotemper-technologies.com) guided procedure, the His-tagged
oligomerization-deficient LANA DBD (aal008—1146) mutant was
labeled using the Monolith NTTM His-Tag Labeling Kit RED-tris
NTA. The binding assay was performed as described in the MST
guided procedure, and MST-Buffer (10 mM HEPES, 150 mM NaCl,
2 mM DTT, 0.005% (v/v) Tween20, DEPC water) with 5% DMSO
was used.

Electrophoretic Mobility Shift Assay (EMSA). The EMSA was
carried out with slight modifications as described in Hellert et al."*
The His-tagged oligomerization-deficient LANA DBD (aal008—
1146) mutant protein (200 nM final) was incubated with the
compounds (500 M final) for 1 h at RT in the dark in a reaction
volume of 15 uL. The reaction buffer consisted of 30 mM Tris HCI
pH 7.5, 50 mM KCl, 10 mM MgCl,, 1 mM DTT, 1 mM EDTA, 10%
glycerol, 0.25% Tween 20, 0.5 mg/mL BSA, and 0.0S mg/mL
poly(dI-dC). After the initial incubation period the $’-Dy682-labeled
double stranded DNA probe (IBA Lifesciences) (20 nM final) was
added to the reaction and incubated for another 30 min at RT in the
dark. 10 uL of the reaction was run on a pre-run native 5% acrylamide
gel for 45 min at 100 V with tris-borate-EDTA buffer. Images of the
gels were acquired with the Odyssey (Licor) using the Image Studio
software. Raw data can be found in Figures S7 and S8.

Saturation-Transfer Difference (STD) NMR. The STD experi-
ments were recorded at 298 K on a Bruker Fourier spectrometer (500
MHz). The samples contained a 40-fold excess of compound (1 mM
final) relative to the C-terminal His-tagged oligomerization-deficient
LANA DBD (aal008—1146) mutant (25 M final). The control
spectra were recorded under the same conditions containing the free
compound to test for artifacts. The STD buffer considered 20 mM
bis-tris-Cl, 300 mM NaCl, 2 mM DTT, pH 6.5 in D,O containing 5%
DMSO-dy. The experiments were recorded with a carrier set at 0 ppm
for the on-resonance and —40 ppm for the off-resonance irradiation.
Selective protein saturation was carried out at 2 s by using a train of
50 ms Gauss-shaped pulses, each separated by a 1 ms delay. The
difference in intensity due to saturation transfer was quantified using
STD o = (Iy — I,) /I, and constitutes an indication of binding. I,, is
the intensity of a signal in the on-resonance NMR spectrum, and I is
the intensity of one signal in the off-resonance or reference NMR
spectrum.

Molecular Docking. All docking experiments were performed
with MOE 2018.01 (Molecular Operating Environment, Chemical
Computing Group),** while graphic processing for manuscript figures
was done using YASARA structure (YASARA Biosciences GmBH)*®
and POV-Ray 3.7.0. First, 4uzb was loaded into MOE. LANA residues
in 4.5 A proximity to DNA atoms were selected and used as initial
docking sites. Then compound 50 was docked in its deprotonated
form to this site ignoring solvent, using “Triangle Matcher” as the
placement method and “London dG” as the scoring function with
300. Refinement was done using the “Induced Fit” method and
“GBVI/WSA dG” scoring function with 50 poses. Amber10:EHT was
used as the force field. For the redocking experiment we used the 14
ligand poses found in cluster 2 as docking sites ignoring solvent, using
Triangle Matcher as the placement method and London dG as the

DOI: 10.1021/acs.jmedchem.8b01827
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scoring function with 100. Refinement was done using the Induced Fit
method and GBVI/WSA dG scoring function with 10 poses.
Amber10:EHT was used as the force field. The proposed binding
pose depicted in Figure 7 was selected from the resulting array of
poses based on the following criteria: (1) compliance to STD-NMR
data (see also Figure S12); (2) docking score; and (3) number of
occurrence. The highest score of the selected pose was position 35,
and it occurred eight times within the 140 generated poses.
Refinement of the selected pose was done using the built-in
“QuickPrep” function with standard parameters and the Amber10:-
EHT force field.
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Cite This: ACS Chem. Biol. 2020, 15, 388-395 I: I Read Online

ACC ESS I [inl Metrics & More | Article Recommendations | @ Supporting Information
ABSTRACT: With the aim to develop novel antiviral agents >TD-NMR Competitlon
against Kaposi's Sarcoma Herpesvirus (KSHV), we are targeting oo : Experiments
the latency-associated nuclear antigen (LANA). This protein plays EP-based o {.}’4\,!&")?\ A . L7
an important role in viral genome maintenance duriug latent In-house - o oo e w1 ,‘»7\
infection. LANA has the ability to tether the viral genome to the Library @HH L IRy
host nucleosomes and, thus, ensures latent persistence of the viral | Screening el P RO TR
genome in the host cells. By inhibition of the LANA—DNA Novel Hit Scaffolds . 4

I

interaction, we seek to eliminate or reduce the load of the viral
DNA in the host. To achieve this goal, we screened our in-house previous inhibitor "@
library using a dedicated fluorescence polarization (FP)-based m,@')\’
competition assay, which allows for the quantification of LANA—

DNA-interaction inhibition by small organic molecules. We successfully identified three different compound classes capable of
disrupting this protein—nucleic acid interaction. We characterized these compounds by IC;, dose—response evaluation and
confirmed the compound—LANA interaction using surface plasmon resonance (SPR) spectroscopy. Furthermore, two of the three
hit scaffolds showed only marginal cytotoxicity in two human cell lines. Finally, we conducted STD-NMR competition experiments
with our new hit compounds and a previously described fragment-sized inhibitor. Based on these results, future compound linking
approaches could serve as a promising strategy for further optimization studies in order to generate highly potent KSHV inhibitors.

- different bir 'n'g sites than

I(apusi's sarcoma herpesvirus (KSHYV, also known as disruption of LANA expression leads to a reduction of viral
HHV-8) is a human.]/z—herpesvims that was identified DNA Copies.17 O 'the basis of e ﬁnd.ings, G ST
as the etiological agent of Kaposi's sarcoma (KS) and two prevent latent KSHV persistence and reduce the viral load of

lymphoproliferative disorders, primary effusion lymphoma
(PEL) and the plasma cell variant of multicentric Castleman’s
disease (MCD)." Most of the disease burden caused by KSHV
occurs in immunocompromised individuals, mainly patients
suffering from the acquired immunodeficiency syndrome
(AIDS) and transplant recipients. In contrast, KSHV-

infected cells through inhibition of the interaction between
LANA and the wviral genome.ls In a previous work, we
discovered first inhibitors that interfere with the LANA—DNA
interaction using a fmgmeubbased drug—discuvely appn}ach.u
The functional activity of our LANA—DNA interaction

associated disease is infrequent in otherwise healthy individ- inhibitors was evaluated using a fluorescence polarization
uals; however, KSHV also causes “classic” KS mainly in elderly (FP)-based competition assay as a rapid and quantitative
men from KSHV-endemic areas and “endemic” KS in East and method. The most promising fragment-sized inhibitor I
Central Africa.”™" No specific treatments directed against the showed an 1Cgg value of 17 + 1 uM (Figure 1). Additionally,
latent phase of the KﬁSHV life cycle and KSHV-associated target binding was confirmed via microscale thermophoresis
diseases are available.” For the latent persistence and the (MST) and saturation transfer difference (STD)-NMR

regulation of KSHV in the human host, the latency-associated . - o . e - P —
. i Py experiments as well as in an electrophoretic mobility shift

nuclear antigen (LANA) plays an important role. All N S urine the i tion b

KSHV-infected tumor cells express LANA, which is hence used assay (EMSA) measuring the interaction between the LANA

10,11 DNA-binding domain (DBD) and DNA oligonucleotides

as a biomarker for diagm}stics by i_mmulmhjsmchemistry. 4
representing LBS1 and LBS2.

It functions as an m‘igiu—bindiﬂg protein via tethel‘iug the viral

genome with its C-terminus and the host nucleosome with its
12-14

N-terminus. LANA ensures a stable and latent persistence Received: October 21, 2019
of the viral genome in the human cells."”® There are three Accepted: January 16, 2020
adjacent LANA binding sites (LBSs) located in the terminal Published: January 16, 2020

repeat (TR) region on the viral genome, which are referred to
as LBS1, LBS2, and LBS3."*'® Previous studies showed that

© 2020 American Chemical Society https://dx.doi.org/10.1021/acschembio.9b00845
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Figure 1. Previously discovered LANA—DNA interaction inhibitor I
using a fragment-based approach.

In this present study, we exploit our FP-based competition
assay as a new screening tool to search our in-house HIPS
library for compounds with the ability to disturb the LANA—
DNA interaction. In order to exclude assay artifacts, we used
surface plasmon resonance (SPR) spectroscopy to confirm
target binding and affinity of the screening hits and assessed
their app]jcabi]ity by determining their cytotoxic potenﬁa].
Moreover, with the view to compare the novel hit scaffolds
with inhibitor I, we performed STD-NMR-based competition
experiments. By this means, we were able to demonstrate
nDnoverlapping binding sites for two of our novel scaffolds
with inhibitor I Our screening protocol served as an effective
strategy for the discovery of LANA—DNA interaction
inhibitors and the identification of novel scaffolds for future
medicinal chemistry campaigns.

B RESULTS AND DISCUSSION

General Screening Protocol and Hit Evaluation. In
order to identify new potential scaffolds, we decided to screen
our in-house HIPS-library (670 compounds) comprising
various chemical classes of small molecules with diverse
biological activities. We used an FP-based competition assay,
which we have established and described pl‘eviously.]Z By this
assay, we are able to quantitatively assess the functional activity
of compounds in terms of LANA—DNA interaction inhibition.
We employ a mutant of the C-terminal DBD of LANA, which

is multimerization deficient. A fluorescence-labeled double-

was done in two steps as shown in Figure 2A. The first
screening step was carried out at a single fixed concentration
(100 pM) for preselection. Then, a three-point dose-
dependency test was performed for evaluating the activity
profiles. This procedure resulted in nine hits that can be
clustered into three classes according to their chemical
structure (Figure 2B). Subsequently, we determined the 1Cq,
values using our FP-based competition assay and confirmed
target binding via SPR measurements of the hit compounds.
Moreover, we investigated the binding mode of the most
promising inhibitors using STD-NMR competition experi-
ments with the inhibitor L

Library Screening Using FP-Based Assay. To apply our
FP-based competition assay as a medium-to-high throughput
screening method, we modified assay conditions slightly. For
the primal’y screening, we used the same concentrations of
LANA DBD mutant and LBS2 probe as described before.'
The library compounds were screened in two independent
experiments at a final concentration of 100 yM. Additionally,
we used a high control (HC) comprising samples with LANA
DBD mutant, LBS2 probe, and DMSO in buffer without any
compound and low control (LC) containing the same
components without LANA DBD mutant in each screening
plate. Compounds that contained strong chmmophm‘es or
precipitated under assay conditions were neglected to exclude
false positives. Compounds showing an inhibitory effect greater
than 50% were defined as hits. According to these criteria, we
selected 86 compounds out of 670 (hit rate 12.8%) for further
investigations (Figure S1). Next, we tested the 86 primary
actives in a concentmtimrdependent thi‘ee—pui_nt test in two
independent FP-based experiments at final concentrations of
100 M, S0 uM, and 10 uM (Figure S2—S4). By this means,
we were able to focus on well-behaved compounds that can
djsp]ay a C(}ncentmtion—dependent inhibition of the LANA—
DNA interaction and avoid being misguided by a strong initial
effect in the spot test. The largest of the three classes (class 1)
comprises 64 2—u1‘eidothiophen&3—cai‘bnxylic acid deriva-

stranded DNA o]jgomer is used as the pmbe. Hit identification tives.'”? This scaffold was pl‘evious]y described as a dual
A Inhouse HIPS-library B classi
(670 cpds) 7‘(icom-i
R OJ\N,R
H
FP-based competition Class Il
assay (@ 100pM)
(86 primary actives) oz
‘ HN—<\ :2
R R
: o
Three-point dose-dependent R
FP-based assay
(9 hits, 3 classes) Class Il
COOH
. SR STD-NMR M 2
o i Q'MJ\‘ s <l
Z, Ll o}
i. I : w“i;\\ - d_b
e ol o i cl

Figure 2. (A) Flowchart illustrating the screening procedure and the following hit evaluation methods. Using FP-based primary screening for
identification of LANA—DNA interaction inhibitors and dose-dependent screening as secondary filters. IC;, determination, SPR, and STD-NMR
experiments were performed for hit characterization and to confirm target binding. (B) Core structures of our screening hit compound classes.
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Table 1. Characterization of Hit Compounds 1—9

MW 1Cso [uM] Response [RU] Ko [uM]
Compd Structure
[g/mol] (FP assay) at 100 pM (SPR) (SPR)
s. COgH
1 0*@‘@ §e @ 407.27 2441 95407 131.0£9.0
o NN
s I COgH
2 U‘W,«”\N 437.29 331 14.4+0.6 nd.e
H H
COOH .o
) ST
3 C.MNANQ & 50037 26+2 86+0.1 nd.
o H H
s OO Y?‘EH goo 516.57 3142 423:08 n.d.
O
COOH
5 an 396.24 33%5 221%12 nd.
o 0O
COOH
6 Q"" 385.34 3042 122406 9.9+0.4
COOH =
O
7 o n;_@ 2 412.24 38+1 10.1+0.5 n.d.
o
COOH
N
8 Sl 399.46 1142 212411 nd.
00
(=]
[~] —
9 o 504.74 11+1 91407 93404

“Not determined.

antibacterial and antiviral inhibitor for methicillin-resistant
Staphylococcus aureus (MRSA) and human immunodeficiency
virus type 1 (HIV-1) co-infections.”’ The antibacterial activity
can be attributed to the inhibition of RNA polymerase
(RNAP) activity, which is an essential enzyme for bacterial
viability. RNAP is responsible for the transcription of double-
stranded DNA into single-stranded RNA. Antiviral potency of
these compounds was rooted in their ability to inhibit the HIV-
reverse transcriptase (HIV-RT), which reversibly transcribes
the single-stranded viral RNA to double-stranded DNA.*'
Obviously, there is a certain degree of functional relationship
between these two targets and our target LANA, as all three
possess the ability to interact with DNA or RNA (nucleic
acids). The second class (class 11) consists of 21 carboxamido
benzoic acid derivatives, which were also identified as bacterial
RNAP inhibitors.”> Additionally, we identified a unique
compound in our LANA—DNA interaction inhibition assay
possessing an indole-2-carboxylic acid scaffold (class I1I).

Based on these results, we selected representative examples
from class 1 (compounds 1—4, Table 1) and class Il
(compounds 5—8, Table 1), which show suitable concen-
tration-dependent activity and structural diversity in addition
to the single member of class 111 (compound 9, Table 1) for
further investigations.

Hit Characterization. Selected hits were further charac-
terized for their relative potency and target affinity. We carried
out dose-dependent FP-assay experiments using serial dilutions
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up to 100 #M or 125 uM with and without addition of LANA
DBD mutant. Importantly, for none of our hit compounds we
observed fluorescence quenching or enhancement. Represen-
tative curves show the results of compounds 1-9 (Figures
3A—C and S6—S14). Curves were fitted to a four-parameter
dose—response model using OriginPro 2018 to calculate ICy,
values. Generally, the observed ICg, values are in the low
micromolar range (Table 1). Importantly, we carried out SPR
experiments to confirm that our hits are real target binders and
not interfering with the DNA. We screened the hit compounds
at a final concentration of 100 uM for binding to an
immobilized LANA DBD mutant. For all hit compounds, we
observed a significant binding response (Figure S16A—I). The
bar diagram (Figure 3D) shows the mean of SPR response
values in RU normalized to the molecular weight (MW) of the
compounds. These results indicate that protein—DNA-
interaction inhibition is most probably due to LANA binding
rather than DNA or florescence-interfering effects.

Within class I (1—4), compound 1 showed the lowest 1C,
value of 24 + 1 uM and the lowest MW (Table 1). The 1Cs,
values of hits 2—4 are in the same low micromolar range.
However, bulkiness and complexity are increased compared to
hit 1. In the SPR study, compounds 1-3 displayed
reproducible responses between 9—14 RU and their sensor-
grams showed clear association and dissociation phases
indicating a typical reversible binding to LANA (Figure
S16A—C). Hit 4 showed a relatively high response value (42

https://dx.doi.org/10.1021/acschembio.9b00845
ACS Chem. Biol. 2020, 15, 388—-395
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RU), which may indicate unspecific binding because of the two
carboxylic acid motifs. Based on these results, we picked out
hit 1 showing the lowest MW, least structure complexity, best
1Cs value, and good SPR response for further characterization.
For class II (5—8), hit compound 8 showed the highest
inhibitory activity (1Cs, value, 11 + 2 uM). Moreover, all hits
displayed prominent SPR responses and binding curves
(I:igure S16E—H). Interestingly, sensorgram of compound 6
revealed a slow dissociation interaction with LANA among this
set compounds (5—8) and a potential high affinity.
Accordingly, we choose compound 6 for further evaluation
as it represents class 11 preferably, having the lowest MW, low
ICsp value (30 & 2 uM), and favorable binding kinetics.
Furthermore, compound 6 showed the highest solubility in our
assay conditions. In addition, compound 9 (class I11) showed
also high activity (ICs, value, 11 + 1 M), as well as binding
response, and was selected for further investigations.

Next, we evaluated compounds 1, 6, and 9 for affinity to
LANA and determined binding kinetics using SPR. Com-
pounds 6 and 9 showed high affinity to LANA (K, values, 9—
10 uM) and about 13-fold stronger than compound 1 (Kp
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value, 131 uM) (Table 1 and Figure 4). The on-rate of
compounds 6 and 9 was 1 order of magnitude faster than that
of compound 1, while all compounds displayed a comparable
oft-rate (see Figure S17—519 and Table S2 for detailed results
including Langmuir isotherms and kinetic parameters). The
dissociation rate constant (k) and the ligand—protein
residence time (1/k.y) are known to p]ag! a major role in
potency, efficacy, and duration of effect. Interestingly, we
found that the inhibitory activities (1C;, values) obtained from
the FP assay show a better correlation with the off-rates of the
compounds rather than the binding affinities (K values). Such
a correlation is known to be target-s ecific and was observed
previously for other protein t:ugt:ts.l*'z4 These results indicate
that the dissociation rate and consequently the duration of
binding seem to be the driving force for the activity on LANA.

Saturation Transfer Difference (STD) NMR Competi-
tion Experiments. As the new hits were able to compete with
the DNA in the FP-based competition experiments, they seem
to bind to the DNA binding site of LANA. Having confirmed
compound—LANA binding by the SPR study, we were
interested in studying the LANA-ligand interactions and

https://dx.doi.org/10.1021/acschembio.9b00845
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concentration of 125 M and hit 6 with a final concentration of 250 uM.

getting insights into the mode of binding. To this end, we
perfm‘med ]jgandfobserved STD-NMR studies using com-
pounds 1, 6, and 9 in a competition experiment with our
previously discovered inhibitor I (Figure 1). STD-NMR
competition experiments can vaide important information
on the putative binding of the hit compounds to the target in
the absence of any structural data of the Pmtein.25
previous work, we observed a defined binding orientation for
inhibitor I to LANA where the pyl'idine moiety of inhibitor I
interacts strongly with the LANA surface.” A competition
experiment should allow for evaluating whether the new hit
compounds bind at the same binding site as inhibitor I or if
they bind simultaneously at different binding regions. For the
STD studies, we used a fixed concentration (250 uM) of
compound 1, 6, or 9 and different concentrations (125 uM,
250 puM, and 500 M) of inhibitor 1. The observed STD
spectra for hit 6 in competition to inhibitor I is shown in
Figure 5. Spectrum 6 (red) shows the off resonance spectrum
of inhibitor I, and spectrum 5 (blue) shows the off resonance
spectrum of comp(}und 6. The next spectrum (4) is the off
resonance spectrum of inhibitor I mixed with 6. The spectra
1—3 show the STD signals with fixed concentration of 250 M
of compound 6 and increasing concentrations of inhibitor L
The observed STD effects indicate that both compounds can
bind simultaneously to the LANA surface as signals for
comp(}und 6 have identical Pea]( intensities regal‘d]ess any
concentration of inhibitor L. The STD signals for inhibitor I
increase with increasing concentration of inhibitor I as
expected. For the STD competition experiments with
compound 1 and inhibitor I, we observed similar results (see

In our
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Figure §26). Unfortunately, we were not able to observe STD-
NMR data for compmmd 9.

It is quite possible that compounds 1 and 6 bind in different
biuding modes and on different binding sites of LANA
(:onsidering the huge DNA bi_nding interface of LANA.
Another explanation could be that the hit compounds have
an allosteric effect on LANA, which could prevent the LANA—
DNA interaction. Importantly, with the STD-NMR competi-
tion experiments, we demonstrated that different and non-
overlapping binding sites for our novel scaffolds do exist
compared to inhibitor L

Cytotoxicity. We complemented our hit characterization
by testing the compounds for cytotoxicity. Hit 1 and 6 showed
only a marginal cytotoxicity on Hek293 and HepG2 cells,
whereas compound 9 seems to be highly toxic (Table 2).
Cytotoxicity assessment is very important in prospect of testing
cell-based activities of antiviral compounds, which renders hit 6
the most promising starting point for subsequent optimization

efforts as it showed the lowest cytotoxic potential.

Table 2. Cytotoxicity Data of Compounds 1, 6, and 9

relative viability after 48 h [%] at 100 uM

hit HepG2 Hek293
1 114 + 42 43+ 3
6 147 £ 12 85+3
9 20+ 9 7+6

https://dx.doi.org/10.1021/acschembio.9b00845
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However, also scaffolds found in classes I (1) and III (9)
might provide valuable structural motifs to be exploited in
compound merging studies.

Conclusion. We have identified three chemical scaffolds as
novel LANA—DNA interaction inhibitors by screening our in-
house library using a dedicated FP-based competition assay.
These new LANA inhibitors were found to inhibit the LANA—
DNA interaction with ICs values in the low micromolar range
providing a very good starting point for medicinal chemistry
optimization. Additionally, we applied SPR to confirm target
binding and exclude DNA interaction in the FP assay. All hit
compounds displayed a significant binding to LANA, and the
obtained affinity (Kp) results were comparable to the
inhibitory activity (ICs, values). Furthermore, we performed
STD-NMR competition experiments with previously discov-
ered inhibitor I. We found that compounds 1 and 6 are
binding at a different binding site on the LANA surface than
inhibitor 1. Cytotoxicity was also evaluated for one
representative compound from each class, whereby com-
pounds 1 and 6 only show a marginal cytotoxicity and in
contrast compound 9 was highly toxic. Importantly, our study
demonstrated that our FP-based competition assay can be used
as a fast and simple method to identify new LANA—DNA
interaction inhibitors, which can open up avenues for further
studies. Moreover, the results obtained in this study can serve
as a starting point for further development of LANA—DNA
interaction inhibitors with greater potency and selectivity as
future therapeutic agents against latent KSHV infections.

B METHODS

Expression of His-Tagged Oligomerization-Deficient LANA
DBD (aa1008-1146) Mutant. The expression of His-tagged
oligomerization-deficient LANA DBD (aal008—1146) mutant was
done as described previously.'”"

FP-Based Library Screening. The in-house HIPS small molecule
library contained 670 compounds dissolved in DMSO to 10 mM
stock solutions. The fluorescence polarization assay was performed as
described previously'” with slight modifications. All experiments were
performed in two independent experiments and each sample was
tested in duplicate. The primary spot-test screening was performed
with a final concentration of 100 #M of each compound. The three-
point secondary screening was carried out with final compound
concentrations of 10 uM, 50 uM, and 100 M. LANA DBD mutant
was used with a final concentration of 200 nM, and fluorescent-
labeled LBS2 oligomer was used with a final concentration of 10
nM."? IC, determination of the final screening hits was performed as
described previously."” Curves were fit to a four-parameter dose—
response model using OriginPro 2018 to calculate ICy, values. For
data reliability, high control (HC) comprising 24 samples with LANA
DBD mutant, LBS2 probe, and DMSO (5% [v/v] final) in buffer
without any compound and low control (LC) comprising 24 samples
containing the same components without LANA DBD mutant were
distributed over each screening plate.

Binding Studies Using Surface Plasmon Resonance (SPR).
The SPR experiments were performed using a Reichert SR7500DC
surface plasmon resonance spectrometer (Reichert Technologies,
Depew, NY, USA), and medium density carboxymethyl dextran
hydrogel CMDS00 M sensor chips (XanTec Bioanalytics, Diisseldorf,
Germany). Double distilled (dd) water was used as the running buffer
for immobilization. Phosphate-buffered saline (PBS) buffer (10 mM
Na,HPO,, 1.8 mM KH,PO,, 137 mM NaCl, 2.7 mM KCl, 0.05% [v/
v] tween 20, pH 7.4) containing 5% [v/v] DMSO was used as the
running buffer for binding study. All running buffers were filtered and
degassed prior to use. The LANA 1008—1146 (17.653 kDa) was
immobilized in one of the two flow cells by amine coupling
procedure. The other flow cell was left blank to serve as a reference.
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The system was initially primed with borate buffer 100 mM (pH 9.0);
then the carboxymethyldextran matrix was activated by a 1:1 mixture
of N-ethyl-N'-(3-(dimethylamino )propyl)carbodiimide hydrochloride
(EDC) 100 mM and N-hydroxysuccinimide (NHS) 100 mM at a flow
rate of 10 L min™' for 7 min. The LANA protein (2al008—1146)
was diluted to a final concentration of 50 g mL™" in 10 mM sodium
acetate buffer (pH 4.0) and was injected at a flow rate of 10 4L min™"
for 7 min. Nonreacted surface was quenched by 1 M ethanolamine
hydrochloride (pH 8.5) at a flow rate of 25 yL min~" for 3 min. A
series of 7 buffer injections was run initially on both reference and
active surfaces to equilibrate the system resulting in a stable
immobilization level of approximately S000 micro-refractive index
units (RIU). Binding experiments were performed at 20 °C.
Compounds dissolved in DMSO were diluted with PBS buffer (final
DMSO concentration of 5% [v/v]) and were injected (in duplicate)
at a flow rate of 30 L min™". Single-cycle kinetics were applied for Ky,
determination. The association time was set to 60 s, and the
dissociation phase was recorded for 120 s. Ethylene glycol 80% in the
running buffer or 10 mM glycine hydrochloride (pH 2.0) was used for
regeneration of the surface. Differences in the bulk refractive index
due to DMSO were corrected by a calibration curve (nine
concentrations: 3—7% [v/v] DMSO in PBS buffer). Data processing
and analysis were performed by Scrubber software (version 2.0c,
2008, BioLogic Software). Sensorgrams were calculated by sequential
subtractions of the corresponding curves obtained from the reference
flow cell and the running buffer (blank). SPR responses are expressed
in resonance units (RU). Concentration-dependent SPR experiments
were performed at final compound concentrations of 100 M, 50 uM,
25 uM, 12.5 uM, 625 uM, and 3.125 puM. The Ky values were
calculated by global fitting of the kinetic curves.

Saturation-Transfer Difference (STD) NMR. The STD experi-
ments were recorded at 298 K on a Bruker Fourier spectrometer (500
MHz). The samples contained § uM (final concentration) C-
terminally His-tagged oligomerization-deficient LANA DBD
(aal008—1146) mutant and different compound concentrations.
The control spectra were recorded under the same conditions
containing the free compound to test for artifacts. The STD buffer for
experiments using compound 1 and inhibitor I consisted of S mM
HEPES, 125 mM NaCl, pH 8.5, in D,O containing 10% [v/v]
DMSO-d,. The experiments were recorded with a carrier set at —1
ppm for the on-resonance and —40 ppm for the off-resonance
irradiation. Selective protein saturation was carried out at 1 s using a
train of 50 ms Gauss-shaped pulses, each separated by a 1 ms delay.
For all experiments, a constant concentration of 250 uM of 1 was
used combined with different concentrations of inhibitor I (125 uM,
250 uM, and 500 pyM). The STD buffer for experiments using
compound 6 and inhibitor I consisted of 20 mM Tris-Cl, 150 mM
NaCl, pH 74, in D,O containing 10% [v/v] DMSO-ds. The
experiments were recorded with a carrier set at —2 ppm for the on-
resonance and —40 ppm for the off-resonance irradiation. Selective
protein saturation was carried out at 1.5 s using a train of 50 ms
Gauss-shaped pulses, each separated by a 1 ms delay. For all
experiments, a constant concentration of 250 uM of 6 was used
combined with different concentrations of inhibitor I (125 uM, 250
uM, and 500 uM).

Cytotoxicity Assay. HepG2 and Hek193 cells (2 X 10° cells per
well) were seeded in 24-well flat bottom plates. The procedure for
culturing the cells, incubation times, and OD measurements were
performed as described previously” with slight modifications.
Twenty-four hours after seeding the cells, the compounds were
added (final DMSO concentration of 1%) and incubated for 24 h.
The living cell mass was determined after 24 h. Each compound was
tested in two independent experiments.
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ABSTRACT

The Latency-associated nuclear antigen (LANA) plays a central role for the latent persistence of the
Kaposi's Sarcoma Herpesvirus (KSHV) in the human host and helps to establish lifelong infections.
Herein, we report our efforts towards hit-to-lead generation starting from a previously discovered LANA-
DNA inhibitor. By tethering the viral genome to the host nucleosomes, LANA ensures the segregation and
persistence of the viral DNA during mitosis. LANA is also required for the replication of the latent viral
episome during the S phase of the cell cycle. We aim to inhibit the interaction between LANA and the
viral genome to prevent the latent persistence of KSHV in the host organism. Medicinal chemistry-driven
optimization studies and structure-activity-relationship investigation led to the discovery of an
improved LANA inhibitor. The functional activity of our compounds was evaluated using a fluorescence
polarization (FP)-based interaction inhibition assay and electrophoretic mobility shift assay (EMSA). Even
though a crystal structure of the ligand protein complex was not available, we successfully conducted hit
optimization toward a low micromolar protein-nucleic acid-interaction inhibitor. Additionally, we
applied STD-NMR studies to corroborate target binding and to gain insights into the binding orientation
of our most potent inhibitor, providing opportunities for further rational design of more efficient LANA-
targeting anti KSHV agents in future studies.
© 2020 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

classic KS mainly can also occur in elderly men especially from
KSHV-endemic areas and endemic KS in East and Central Africa [6].

Kaposi's Sarcoma Herpesvirus (KSHV) is a human gamma
herpesvirus and establishes a lifelong latent infection in B-cells and
endothelial cells [1,2]. The virus was identified as the etiological
agent of Kaposi's Sarcoma (KS) and is involved in two other
neoplastic diseases, multicentric Castleman’s disease and pleural
effusion lymphoma [1,3]. In healthy individuals, KSHV-associated
diseases are rare. However, in immunosuppressed patients, e.g.,
transplant recipients or patients with the acquired immunodefi-
ciency syndrome (AIDS), KSHV is highly oncogenic [4,5]. However,

* Corresponding author. Department of Drug Design and Optimization (DDOP),
Helmholtz-Institute for Pharmaceutical Research Saarland (HIPS) - Helmholtz
Centre for Infection Research (HZI), Campus E8.1, 66123, Saarbriicken, Germany..

E-mail address: Martin.Empting@helmholtz-hzide (M. Empting).

https://doi.org/10.1016/j.ejmech.2020.112525

The main key player for the establishment and maintenance of the
latent infection is the latency-associated nuclear antigen (LANA)
[7-9]. It is an origin-binding protein, whose C-terminal domain
binds to the viral genome and whose N-terminal region interacts
simultaneously with host nucleosomes [10—12]. This allows the
segregation of latent viral episomes during mitosis and their par-
titioning to daughter cells [13]. LANA has also additional functions
like latent viral replication, transcriptional control and survival in
the host cell [ 14—16]. The C-terminal DNA-binding domain (DBD) of
LANA binds the viral genome in a sequence-specific manner [17].
Located on the terminal repeats (TRs) are three specific LANA
binding sites (LBS), LBS1, LBS2 and LBS3. LBS1 has a hundred fold
higher affinity to LANA compared to LBS2 and LBS3 [17]. In the
majority of KSHV-associated cancer cells the viral genome is pre-
sent and LANA is expressed [18]. It has been shown, that the

0223-5234/© 2020 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
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Abbreviations KS Kaposi Sarcoma
KSHV Kaposi’'s sarcoma-associated herpesvirus
AIDS acquired immune deficiency syndrome LANA latency-associated nuclear antigen
CTD C-terminal domain LBS LANA binding site
DCM dichloromethane LCMS liquid chromatography mass spectrometer
DMSO dimethylsulfoxide MeCN acetonitrile
DBD DNA binding domain MeOH methanol
DMF dimethylformamide MST microscale thermophoresis
DIPEA diisopropylethylamine PBS phosphate-buffered saline
EE ethyl acetate PE petroleum benzene
EtOH ethanol STD NMR saturation transfer difference nuclear magnetic
EMSA electrophoretic mobility shift assay resonance
FA formic acid SPR surface plasmon resonance
FP fluorescence polarization TR terminal repeat
HPLC high pressure liquid chromatography wt wild-type
HHV-8 human herpesvirus 8

persistence of viral DNA is affected by disturbing or influencing
LANA [15]. The inhibition of the interaction between LANA and viral
DNA could lead to a reduction or loss of viral genomes in the
infected cells. Today's treatment of KSHV and KSHV-associated
diseases is difficult and still limited [19,20]. It is clear, that there
is an urgent need for specific drugs, which interfere with novel
steps in the KSHV lifecycle. In view of its central role during latent
viral persistence, LANA is considered to be a very promising target
for the development of specific antiviral therapeutics against KSHV.

In a study previously published by us in 2019, we described the
discovery of first inhibitors, which interfere with the LANA-DNA
interaction [11]. Further inhibitor scaffolds have been identified
using a functional screen and an in-house compound library [21].
Starting with a fragment-based drug discovery approach, we suc-
cessfully developed a fragment-sized inhibitor I capable to compete
with the viral DNA (Fig. 1). For the evaluation of functional activity
of our compounds, we used a fluorescence-polarization (FP)-based
assay and electrophoretic mobility shift assay (EMSA) experiments.
For our most promising fragment-sized inhibitor I, we observed an
IC50 value of 17 + 1 uM in our FP-assay using a LANA DNA binding
domain (DBD) mutant and 435 + 6 pM in the EMSA studies using
the wild-type LANA C-terminal domain (CTD).

We confirmed target binding using microscale thermophoresis
(MST) and saturation transfer difference (STD)-NMR experiments.
Additionally, the STD-NMR experiments and molecular docking

Growth possibility ?
Inhibitor |
Fig.1. Previously described LANA-DNA interaction inhibitor I and its predicted binding

mode which provides the basis for structural optimization by rational design and
growth vector exploration.

studies provided important information on the putative orientation
of Inhibitor I when bound to LANA. Based on the STD-NMR studies
and docking results we suggested that the nitrogen at the pyridine
core acts as a hydrogen bond acceptor and protons 2, 3 and 4 are not
in direct interaction with the protein surface, hence these positions
should be further investigated as potential growth vectors.
Furthermore, two glutamines are presumably involved in hydrogen-
bond interactions with the carboxyl group. However, it was not clear
whether the carboxylic acid function is necessary for binding [11].

Based on these findings, we embarked on structure-activity
relationship (SAR) studies and further medicinal chemistry opti-
mization to improve the potency of our hit compounds. Herein, we
report our recent advances in improving our LANA-DNA-
interaction inhibitors using compound I as a starting point. Un-
fortunately, our efforts in solving a co-crystal structure of inhibitor I
in complex with LANA have not been successful to date. This ren-
ders unambiguous experiment-supported structure-based optimi-
zation unfeasible. Therefore, we systematically investigated the
LANA-DNA-interaction inhibition of new synthesized compounds
using FP-based competition assay and EMSA experiments as the
SAR drivers.

2. Design concept

Based on the previously applied STD-NMR and docking studies
we modified Inhibitor I in a step-by-step manner. Inhibitor I was
divided in two regions, the benzoic acid part A and the pyridine
core B (Fig. 1). The triazole core was not yet modified in order to
exploit the robust and facile Copper(I)-catalyzed azide-alkyne
cycloaddition (CuAAC) click chemistry. First, region A was modified
and variations of the carboxylic acid were introduced. As a second
step, we have modified the pyridine moiety, region B. From our
previous results we assumed that the nitrogen at the pyridine motif
is essential for binding and functions as hydrogen bond acceptor.
STD-NMR data revealed that Proton 1 interacts tightly with LANA
while proton 2 is also in close proximity to the protein surface.
However, our docking studies suggested that the latter might be at
least partially solvent exposed. In contrast, protons at position 3
and 4 did not show direct contact with the LANA surface according
to their weak STD-NMR effects. These observations inspired us to
investigate positions 2, 3 and 4 as potential growth vectors in the
presented study.
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3. Results and discussion
3.1. Chemistry

3.1.1. Modifications of region A

3-azidopyridine 2 was generated by a standard azidation
method using 3-aminopyridine 1, NaNO; and NaN3 in a mixture of
EtOAc and 6M HCI [11,22]. In a second step, as depicted in Scheme 1,
various commercially available ethynylbenzene derivatives were
used in a standard copper-catalyzed CuAAC reaction with 3-
azidopyridine to provide the triazoles 3—-5, 8,10, 11, and 13 [11].

The ethyl ester 6 and amide 7 analogue were generated from the
carboxylic acid 3 by thionyl chloride-mediated activation and
subsequent treatment with ethanol or aq. ammonia solution. The
hydrolysis of 3-chloro-4-methylester intermediate 8 with NaOH in
ethanol produced the corresponding acid 9. The N-acetyl analogue
12 was synthesized from amine 11 with acetyl chloride under basic
conditions.

3.1.2. Modifications of region B

Compound 16 bearing an additional CHy-linker between tri-
azole and pyridine core was synthesized starting from (bromo-
methyl)benzene 14, which was converted to the azide 15 using
NaN3; in DMSO [23], followed by a click reaction with 4-
ethynylbenzoic acid. Different arylazides 17a-n and 20 decorated
with various substitutions were generated by reaction of the cor-
responding commercially available amines 18a-n and 21 with
NaNO; and NaN3 in 6 M HCl and EtOAc (Scheme 2). The subsequent
CuAAC click reaction with 4-ethynylbenzoic acid provided the
target molecules 19a-n and 22. The hydroxypyridine 190 analogue
was generated from the methoxypyridine 19k by treating with 48%
aqueous HBr solution at 80 °C.

As depicted in Scheme 3, the syntheses of target compounds
via Suzuki coupling was achieved using two different synthetic
routes. In route 1, Suzuki coupling with different commercially
available boronic acids and halogenated pyridine-3-amines 23,
27 and 28 in presence of Pd(P(Ph3)s achieved phenyl-substituted
pyridine amines 24a-b and 29a-b in the first step. Subsequently,
the amines were converted to the corresponding azides 25a-b
and 30a-b followed by a CuAAc click reaction with 4-
ethynylbenzoic acid to obtain the target compounds 26a-b and
31a-b. In parallel, the alternative route 2 was established for late
stage modifications via Suzuki coupling. First, halogenated pyri-
dine-3-amines 32a-b were converted to the corresponding azide
33a-b, followed by click reaction with 4-ethynylbenzoate to
obtain the corresponding triazole intermediates 34a-b. Subse-
quently, phenyl-substituted compounds 35a-k were achieved via

Suzuki coupling wusing corresponding boronic acids and
Pd(P(Ph3)as.
HoN— =N a) Na— =N b)
\_ ., T
1 2
3
4:
5:
6:
7
8:
9

Scheme 1. Modification of region A.%

ZNJUJUJUJU;U

Finally, the hydrolysis of the esters with NaOH in methanol
produced the target carboxylic acid compounds 36a-k. As depicted
in Scheme 4, for the synthesis of the series of pyridine-phenoxy
target compounds 40a-e, cupper-catalyzed Ullmann reaction was
used in the first step using 6-bromo-4-methylpyridin-3-amine 37,
the corresponding phenol derivative or thiophenol, Cs,CO3 and Cul
to obtain the aminopyridine-phenoxy intermediates 38a-e.

The obtained amines were transformed into the corresponding
azides 39a-e as described above. Last step was a CUAAC reaction of
azides with 4-ethynylbenzoic acid to obtain the target compounds
40a-e. The isoquinoline 43 and quinoline 46 analogue were syn-
thesized starting from isoquinoline-4-amin 41 and quinoline-3-
amin 44 by standard azidation to 42 and 45, followed by CuAAC
click reaction with 4-ethynylbenzoic acid. Further isoquinoline
derivatives 50a-c were synthesized in a 3 step procedure (Scheme
5). A direct transformation of bromo isoquinolines 47a-c into the
corresponding azides using NaNs3, Cu(I) and NapCO3 at 85 °C over
night as described in literature was not efficient [24]. LCMS-guided
reaction monitoring showed the formation the primary amine and
other side products. For this reason, we extended the reaction time
until we detected full conversion into the corresponding primary
amine 48a-c¢ with the aim to subsequently transform these in-
termediates into the corresponding azides. Indeed, we achieved
successful azidation (intermediates 49a-c) and CuAAC coupling,
respectively, using amines 48a-c and the conditions described
above yielding the desired isoquinoline products 50a-c.

3.2. Functional evaluation using LANA-DNA interaction inhibition
assays and SAR studies

The target compounds were tested for functional activity in the
FP-based LANA-DNA interaction inhibition assay using LBS2 as the
probe and an oligomerization-deficient LANA DBD mutant [11].
This oligomerization-deficient C-terminal LANA mutant (aa1008-
1146) has nine amino acid point mutations: K1055E, K1138S,
K1140D, K1141D, R1039Q, R1040Q, A1121E, K1109A, and D1110A.
For this mutant, also in presence of oligonucleotides, which
represent the viral LANA-binding sites LBS1, LBS2 or LBS3, a high
water solubility was shown [10,11,17,25]. All compounds showing
an ICsq values less than 250 uM were further tested in an orthog-
onal LANA-DNA interaction inhibition assay employing EMSA
methodology, the same LANA DBD mutant and LBS1 as probe. As
described above, the latter oligo has a higher affinity to the target
rendering the EMSA experiment a more stringent read out for
compound efficacy.

For the first series of compounds, we investigated the signifi-
cance of the carboxylic acid in the Western part of the molecule
(region A) by varying its position, attaching additional groups or
substituting it by other polar functional groups capable of

N=N

Ry \
N AN SN
DOt

1=H, R, = COOH 10: R = H, R, = CH,OH
1=COOH, R, = H c) 11:R; = H, Ry = NH, .
1=H, R, = COOMe d)  12: R1=H,R2=NHAc‘_—| )
1+ =H, Ry = COOEt 13:R;=H, R, =CN

1=H, R, = CONH,

1 =Cl, R, = COOMe

1=Cl, R, = COOH e

“Reagents and conditions: a) NaNO,, NaNs, EtOAc, 6M HCl, 0 °C — rt, yield 50%, 2 h; b) corresponding ethynylbenzene, CuSO,e5H,0, Na-Ascorbate, DIPEA, MeOH, H,0, rt, 16 h, yield
60—-82%; ¢) 1. SOCl,, DMF, 60 °C, 1 h, 2. EtOH, DIPEA, rt, 16 h, yield 53%; d) 1. SOCl,, DMF, 60 °C, 1 h, 2. NH4OH, rt, 16 h, yield 27%; e) 2 M NaOH, MeOH, rt, 16 h, yield 66%; f) Actyl

chloride, EtzN, DCM, DMF, rt, 16 h, yield 14%.
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H,N =y N3 =x
| <) L
R4 R3 Ri [ Rs
R, Rz
17a-n 18a-n
17a, 18a, 19a: R; = Me, R, = H, Ry = H, X = N
17b, 18b, 19b: R, =CI, R, =H,R3=H,X=N
17c, 18¢, 19¢: Ry = Ph, Ry = H, Ry = H, X = N
17d,18d,19d: R, =H, R, =Me, Rz =H, X =N

17e, 18e, 19e: R, = H, R, = H, R3 = CN, X = N
17f, 18f, 19%: R, = Me, R, = H, R3 = Cl, X = N
17g, 18g, 19g: R; = H, R, = H, R3 = NHMe, X = N
17h, 18h,19h: R, = H, R, = H, R; = NHiPr, X = N
17i, 18i, 19i: R, = H, R, = H, R3 = NHPh, X = N

HoN N3~
l ) |
N —_— N

20 21

Scheme 2. Azide synthesis and CuAAC click reaction.”.

N
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—_—
HO 16
N=N
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17k, 18k, 19k: R, = H, R, = H, R; = OMe, X = N
171,181, 191: R, = H, R, = H, Rz = OPh, X =N
17m, 18m, 19m: R, = H, R, = H, Ry = OPh, X = CH d)
17n, 18n, 19n: R, = H, R, = Me, R3 = O-3-pyridine, X = CH
190: Ry =H,R,=H,R3=0OH,X =N -
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“Reagents and conditions: a) NaNs, EtsN, DMSO, rt, 16 h, yield 78%; b) 4-ethynylbenzoic acid, CuSO4e5H>0, Na-Ascorbate, DIPEA, MeOH, H0, tt, 16 h, yield 20—90%; c¢) NaNO,, NaNs,

EtOAc, 6M HCl, 0 °C — rt, 2 h, yield 4-98%; d) 48% aq. HBr, 80 °C, 12 h, yield 86%.

participating in hydrogen bonding. The results are shown inTable 1.

Moving the carboxylic acid from para (inhibitor I) to meta po-
sition (4) decreases the activity significantly. Also an additional
chlorine atom attached in meta position (9) lead to a complete loss
of activity. The replacement of the carboxylic acid by a methyl ester
(5), ethyl ester (6) or amide (7) was also detrimental. Furthermore,
moving from the carboxylic acid to the methyl alcohol (10), amine
(11), acetamide (12) or nitrile (13) also resulted in inactive com-
pounds. These results indicate that the carboxylic acid in para po-
sition in region A is essential for inhibitory activity. Therefore, we
kept the p-carboxylic acid in region A fixed for further optimization
studies and focused on the modifications at the pyridine core in
region B. First, we examined the effect on inserting a short linker
between the triazole and the pyridine core (16).

This, however, resulted in loss of activity. As described before,
from previous STD-NMR and molecular docking experiments we
expected, that growing the fragment-sized Inhibitor I in different
positions at the pyridine core (region B) would potentially increase
potency.

To explore the influence of larger structural motifs at the pyri-
dine core in position 4 we introduced a variety of residues. As listed
in Table 2, growing in this position is accepted and resulted in
moderate to potent inhibitory effects in FP assay ranging from ICsg
values of 86 + 6 pM (19a) to 18 + 4 uM (19c). The size of the
introduced residue seems to play an important role. While a small
methyl group is not favorable, but accepted (19a, ICs59 86 + 6 uM),
further increasing the size from chlorine (19b) to phenyl (19¢)
improves ICsg values to 29 + 1 uM pM and 18 + 4 pM, respectively.
This observation might hint at a steric ortho effect. The additional
bulky phenyl ring strongly hinders the rotation of the bond be-
tween triazole and pyridine and, therefore, might fix the nitrogen

in the pyridine core in a more favorable orientation. In EMSA ex-
periments, 4-substituted compounds 19b (EMSA: 94% inhibition @
500 uM) and 19c¢ (EMSA: 100% inhibition @ 500 pM) showed a
higher efficiency compared to Inhibitor I (EMSA: 83% inhibition @
500 pM) [11]. Additionally, we shifted the nitrogen of the pyridine
core from meta (19a) to para position (22) which resulted in an
inactive compound. The improvements in the EMSA assay for
compounds 19b-c over our initial hit compound I were not
perfectly mirrored by the FP ICso values, which presumably is
rooted in the usage of different DNA probes (LBS1 vs LBS2,
respectively).

Nevertheless, the results for compounds 19b and 19¢ were a
major step towards achieving LANA inhibitors suitable for cellular
assays and encouraged us to explore the potential of growing the
hit scaffold in this direction even further.

In the next series of compounds, Inhibitor I was grown in po-
sition 3 at the pyridine core by introducing a variety of aromatic
rings. As listed in Table 3, a small methyl residue in position 3 (19d,
ICs0 0f 45 + 5 uM; EMSA: 78% inhibition @ 500 pM) is tolerated, but
the fluorinated analogue 19j and most of the phenyl substituted
compounds 36a-d, 36f-i, and 31a showed a complete loss or only
moderate activity.

However, compounds with an additional hydroxyl function
attached to the phenyl ring (36e, ICsg of 153 + 7 uM, EMSA: 20%
inhibition @ 500 pM) showed moderate activity.

Moving from a phenyl 36a to a smaller and more polar furanyl
residue 36j the potency was restored (ICsp of 19 + 2 uM). Unfor-
tunately, in EMSA experiments we observed only a weak effect (34%
inhibition @ 500 pM) for this compound. Interestingly, by attaching
an additional chlorine atom in position 4 and having a phenyl in
position 3 (31b) resulted in a highly potent compound with 1Csg of
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35d, 36d: Ry = H, R, = 4-methoxyphenyl, R3 = H
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35f, 36f: R; = H, R, = 3,4-dimethylphenyl, R; = H

Scheme 3. Synthesis of target compounds via Suzuki coupling using two different routes.”.

35h, 36h: Ry = H, R, = 4-(hydroxymethyl)phenyl, Ry = H
35i, 36i: Ry = H, R, = 3-fluoro-5-methoxyphenyl, Ry = H
35j, 36j: R, = H, R, = 3-furanyl, R; = H

35k, 36k: R, = Me, R, = H, Ry = Ph

351, 36l: R, = Me, R; = H, R3 = 4-chlorobenzene

“Reagents and conditions: a) corresponding boronic acid, Na;CO3, Pd(P(Phs),, 1,4-dioxan, H,0, 90 °C, 16 h, yield 21-75%; b) NaNO,, NaNs, EtOAc, 6M HCl, 0 °C — rt, 2 h, yield
86-99%; ) 4-ethynyl benzoic acid, CuSO4e5H20, Na-Ascorbate, DIPEA, MeOH, Hz0, rt, 16 h, yield 36—76%; d) NaNO2, NaNs, EtOAc, 6M HCl, 0 °C — rt, 2 h, yield 34—-80%; e) 4-ethynyl
benzoate, CuSO4e5H20, Na-Ascorbate, DIPEA, MeOH, H:0, rt, 16 h, yield 63—80%; f) corresponding boronic acid, NazCOs, Pd(P(Ph3)s, 1,4-dioxan, H20, 90 °C, 16 h, yield 20-90%; g)

2 M NaOH, MeOH, rt, 16 h, yield 16-83%.
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Scheme 4. Synthesis of target compounds via Ullmann Reaction.®.

“Reagents and conditions: a) corresponding phenol or thiophenol, Cs;COs3, Cul, DMF, 130 °C, 16 h, yield 28—94%; b) NaNO,, NaNs, EtOAc, 6M HCl, 0 °C — rt, 2 h, yield 70-99%; c) 4-
ethynyl benzoic acid, CuSO4e5H,0, Na-Ascorbate, DIPEA, MeOH, H,0, rt, 16 h, yield 45-93%.

38 + 3 uM and full inhibition in FP and EMSA assays, respectively.
These results further corroborate the notion of a beneficial ortho
effect.

To explore the influence of growing inhibitor I at the pyridine
core in position 2, a set of different target compounds was syn-
thesized (Tables 3 and 4). The direct attachment of a nitrile group to
the pyridine was tolerated (19e: ICsg 52 + 37 pM, EMSA: n. i.).

Moving to chlorine, hydroxy or methoxy group we observed a
significant loss in activity (19f: ICso > 250 pM; 190: ICsg
214 + 24 pM and 19k: ICs50 218 + 192 pM). Also in EMSA experi-
ments 19j (75% inhibition @ 500 pM) and 19k (11% inhibition @
500 pM) did not show a significant effect. An increase in activity
was observed by introducing bulkier substituents and an additional
methyl group for R;. In detail, an unpolar bulky phenyl or p-
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N=N
=N N =N 3 =N
HoN \ a) 3 \ P b) <N \
Y > HO Y
o}
41 42 43
=N
HoN— /=N Nae /=N b N=R N
\ a) 3 ) ~ N
\ | HO \
=~ — —_—
46
44 45 o
N=N
= =N N =N N =N
Br { N c) HaN \ a) = b) N g
Y —_— Y e 7 HO. Y/
|
(¢]
R R Ry
"R, "R Ra R Rz
47a-c 48a-c 49a-c 50a-c

47a, 48a, 49a, 50a: R, = Me, R, =H
47b, 48b, 49b, 50b: R, = CI, R, = H
47c, 48c, 49c, 50c: R; = COOMe, R, = H

Scheme 5. Synthesis of isoquinoline derivatives.”.

9Reagents and conditions: a) NaNO,, NaNs, EtOAc, 6M HCl, 0 °C — 1t, 2 h, yield 68—91%; b) 4-ethyny! benzoic acid, CuSO4¢5H,0, Na-Ascorbate, DIPEA, MeOH, H-0, rt, 16 h, yield
25-90%; ¢) NaN3, Na,CO; CuSO4e5H,0, Na-Ascorbate, L-proline, DMF, H,0, 85 °C, 24 h, yield 88—97%.

Table 1
Inhibition activities of compounds with modification in region A.

N=N =N
R&N{/)

Cpd R FP Assay (LBS2)* Cpd R FP Assay (LBS2)
ICso 1G5o

Inhibitor I o : 17 £1uM 9 OH ni.

HO ¢ VY
4 J >250 uM 10 (} n.i.

° o :
5 HaN : ni” 11w >250 uM

o o :
cl

6 HO, : ni. 12 i C n.i.
7 _(o n.i. 13 e C >250 uM

2 Fluorescence-polarization assay using LBS2 as probe, data representing average
of duplicates + standard deviation.
P No inhibition at 500 uM.

chlorophenyl was accepted in position 2 and we observed ICsg
values of 36 + 5 pM for 36k and 58 + 7 uM for 361 and moderate
inhibition in EMSA. Analogues 26a and 26b with polar hydroxyl
groups attached at the phenyl showed good potency with ICsg

Table 2
Inhibitory activities of analogues modified in position 4 — observing higher effi-
ciency for 4-substituted compounds.

N=N
HO
Cpd R FP Assay (LBS2)* EMSA (LBS1)°
1Cso inhibition @ 500 uM
Inhibitor I SN 17+ 1uM 82%
l Z
16 N >250 uM ndd
)
19a SN 86 + 6 uM 39%
0
19b ?j:j 29+ 1uM 94%
{
N
19¢ - 18 + 4 uM 100%
l &
22 ~ ni.© n.d.
l =N

2 Fluorescence-polarization assay using LBS2 as probe, data representing average
of duplicates + standard deviation.

b Electrophoretic mobility shift assay using LBS1 as probe.

€ No inhibition at 500 uM.

4 Not determined.
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Table 3
Inhibitory activities of analogues modified in position 3. Most derivatives
substituted in this position (R;) showed a significant decrease in activity.

N=N

Table 4
Inhibitory activities of analogues modified in position 2. Attaching polar hydroxyl
benzene groups increases inhibitory activity.

N

z
ir

N— /=N N—(=N
R HO R
HO R,
opd R R FP Assay (LBS2)  EMSA (LBSI) cpd Ry Ry FP Assay (LBS2) ~ EMSA (LBS1)
ICso Inhibition @ 500 M 1Gso Inhibition @ 500 uM
Inhibitor] H H 17 +1uM 82% Inhibitor 1 H H 171 M 82%
19e H CN 52 +37 uM ni.
19d H Me 45+ 5 uM 78%
19 H F ni nd 19f Me d >250 yM nd.
36a H 5250 M nd 190 H OH 214 + 24 yM 75%
H o 19k H OMe 218 + 192 uM 1%
36k Me @ 36 +5uM 36%
36f H o= b nd. 361 Me 5847 uM 30%
. @cl
26a Me HO 21 +3 uM 100%
36g H >250 uM nd. 7(@
2%
. 26b Me ﬁoa 25+ 1uM 100%
36b H o— ni n. d.
1
@ 9g H i ni nd
H
36¢ H 110 +32 uM ni. 19h H 1 >250 uM nd.
/' N #u
B ) 19i H y 110+ 20 uM 20%
36d H n.i. n.d \
A\ S
— H
/0
“Fluorescence-polarization assay using LBS2 as probe, data representing average of
36i H ni n.d duplicates + standard deviation.
o/ bElectrophoretic mobility shift assay using LBS1 as probe.
“No inhibition at 500 uM.
F 4Not determined.
36e H 153 +7 uM 20%
?}OH anilino analogue 19i showed a moderate activity of ICsg of 110 pM
and 29% inhibition in EMSA.
31a H >250 uM nd. .. . . .
OH Additionally, a series of compounds was synthesized with a
more flexible and bulky phenoxy group in position 2 (Table 5). The
36h " 250 uM nd phenoxy analogue 191, similar to the aminophenyl compound 19i,
) " was inactive, indicating that an amino linker between pyridine and
_\ phenyl is more suitable for activity compared to the oxygen linker.
By attaching an additional methylgroup in position 4 (Ry) at the
HO pyridine core 40a an increase in activity compared to 191 was
36j H 19 +2 M 34% observed leading to a moderate 1Csg of 198 + 8 pM. The fluorinated
= analogues 40b-d also showed moderate activities like compound
N0 40a while the o-fluoro analogue 40b possessed the best ICs5o of
31b cl 38+ 3 1M 100% 64 + 2 uM. For the m- (40c) and p-fluoro (40d) derivatives ICsos of

o

“Fluorescence-polarization assay using LBS2 as probe, data representing average of
duplicates + standard deviation.

bElectrophoretic mobility shift assay using LBS1 as probe.

“No inhibition at 500 uM.

9Not determined.

values of 21 + 3 pM and 25 + 1 puM, respectively. Furthermore, the
efficiency of these two analogues in our EMSA studies was high
with a full inhibition @ 500 pM. By attaching methylamine (19g),
isopropylamine (19h) and anilino (19i) at position 2 we observed an
increase in activity from small to bigger size, whereby the
methylamine compound 19g was completely inactive and the

122 + 3 uM and 134 + 2 pM were observed, respectively. Unfor-
tunately, all these compounds showed no effect in EMSA
experiments.

Exchanging the oxygen linker by a sulfur (40e, ICsp 175 + 10 pM)
was tolerated (compare with 40a, IC5o 198 + 8 uM). As expected, by
removing the nitrogen in the pyridine core resulted in an inactive
compound (19m). Astonishingly, moving the nitrogen to the phe-
noxy residue (19n) yielded a highly potent compound with an ICsq
of 19 + 1 uM showing also full inhibition in the EMSA experiments.

Intrigued by the notion that fragment growing in position 3 was
possible in combination with ortho-substituents, we focused our
efforts on further exploring these two positions by installing a
connected structural motif. To this end, we designed and synthe-
sized isochinoline analogues (Table 6). In general, isoquinoline
analogues were pleasingly effective. The unsubstituted isochinoline
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Table 5
Inhibitory activities of Phenoxy analogues. Shifting nitrogen to the phenoxy residue
improves inhibitory efficiency.

N=N
OMN‘R
HO
cpd Rz FP Assay (LBS2) EMSA (LBS1)
ICso inhibition @ 500 uM
Inhibitor I ~N 17 +1uM 82%
L/
191 /@ n i n.d.
=N
\ o
40a Q 198 + 8 uM ni
=N
40b 64 + 2 uM n i
=N
\_J~o
1
40c Q\ 122 +3 uM ni
=N
40d F 134 +2 uM ni
&
=N \
o~
40e y 175 + 10 M ni
oy 0
/\\\/)\s =
19m /@ ni n. d.
19n 19+1uM 100%

O

“Fluorescence-polarization assay using LBS2 as probe, data representing average of
duplicates + standard deviation.

bElectrophoretic mobility shift assay using LBS1 as probe.

“No inhibition at 500 uM.

“Not determined.

43 showed an FP ICsg value of 33 + 1 pM and 96% inhibition in EMSA
experiments. Moving from isoquinoline to quinoline 46 resulted in
a slight loss in activity compared to 43 (46, ICsp 70 + 34 pM, 61%
inhibition in EMSA).

Attaching an additional methyl (50a) or chlorine (50b) at the
isoquinoline motif was beneficial for the inhibitory effect. Note-
worthy, 50a showed the lowest FP ICsg of 8 + 1 uM reported to date,
while 50b also possessed a decent ICsp of 17 + 1 pM. Furthermore,
in EMSA experiments 100% inhibition was detected for both com-
pounds at 500 pM. Finally, an isoquinoline methylester analogue
50c was inactive, however.

3.3. Further characterization and EMSA studies using wild-type
LANA

For further evaluation and characterization the most promising
compounds were selected. On the bases of our results, we chose
compounds 19¢c, 31b, 26a-b, 19n, 50a, and 50b, which possessed
the best IC5o values in the FP-based assay and showed strong
inhibitory effects at 500 uM in EMSA using the oligomerization-
defizient LANA DBD mutant (aa1008-1146).

Table 6

Inhibitory activities of Isoquinoline derivatives. Adding an annulated ring structure
in direction of identified growth vector results in the most efficient inhibitors to
date.

N=N
HO
Cpd R FP Assay (LBS2) EMSA (LBS1)
ICso inhibition @ 500 uM
Inhibitor 1 SN 17 +1uM 82%
©
43 SN 33+1uM 96%
&
46 SN 70 + 34 uyM 61%
%
50a SN 8+ 1uM 100%
/6;
50b ~y 17 +1uM 100%
‘:T[[ P
cl
50c N >250 uM nd.
§ ;J
0% o”

“Fluorescence-polarization assay using LBS2 as probe, data representing average of
duplicates + standard deviation; *Electrophoretic mobility shift assay using LBS1 as
probe; “No inhibition at 500 uM; dNot determined.

First, these compounds were initially tested for inhibition at
250 pM using LANA DBD mutant (Fig. 2, A) to see if they are also
able to disturb the LANA-DNA interaction at a lower concentration
in EMSA and compared these results also with inhibitor L. Inhibitor I
and the compounds 19¢, 31b, and 26b showed no inhibitory effect
on the LANAp,-DNA interaction at 250 pM. However, strong
inhibitory effects were observed at this concentration for com-
pounds 26a, 19n, 50a, and 50b as observed by the disappearance of
the bands for the LANAq-DNA complex (upper band, Fig. 2A).

We also determined the inhibitory activity of our best com-
pounds against the interaction between wild-type LANA CTD
(aa934-1162) and viral LBS1 (Fig. 2, B) in EMSA. Our wild-type LANA
CTD construct is longer compared to the LANA DBD mutant and has
no mutations and still shows a sufficient solubility in aqueous
medium also in presence of viral LBS1. The compounds were also
tested at 250 pM. Unfortunately, no inhibitory effect was observed
for compounds I, 19¢, 31b, 26a-b, 19n, and 50b. However, Com-
pound 50a showed a significant effect and was able to inhibit the
interaction between wild-type LANA CTD and LBS1.

Furthermore, we titrated the compounds showing an effective
inhibition in EMSA using the LANA DBD mutant (Fig. 2, A), in EMSA
experiments using the LANA DBD mutant and LBS1 as a probe to
determine the ICsg values. The results are listed in Table 7 and
detailed information can be found in the supporting information.

As reported earlier by us, inhibitor I showed an ICsg in FP
assay (LBS2) of 17 + 1 uM and an ICsg in EMSA of 426 + 2 uM
using LANA DBD mutant [11]. The observed ICsq values using
LBS2 for the most promising inhibitors were basically in the same
range. Additionally, we also tested the most promising inhibitors
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A B
DMSO I 19c 31b 26a 26b 19n 50a 5S0b DMSO | 19 31b 26a 26b 19n 50a 50b
LANA-DNA LANA-DNA
complex = < - complex
e .“'““i“'“.
GST LANA, GST LANA,,

Fig. 2. EMSA gels with inhibitor I, 19¢, 31b, 26a-b, 19n, 50a-b. Compounds were tested at a final concentration of 250 uM and LBS1 was used as probe. (A) Using an oligomerization-
deficient LANA DBD mutant, a strong inhibitory effect (disappearance of LANA-DNA complex band) was observed for compounds 26a, 19n and 50a-b (B) Using wild-type LANA CTD,

a significant inhibitory effect for compound 50a was observed.

Table 7
Comparison of most efficient LANA-DNA inhibitors.

Cpd Structure FP-Assay® ICso (LBS2) (LANApy) FP-Assay ICso (LBS1) (LANAy) FP-Assay ICso (LBS3) (LANAq,) EMSA® ICso (LBS1) (LANAm)

Inhibitor 1 N 17 +1uM 20 +3uM 19 +3 uM 426 + 2 uM
HO

19¢ NN 18 + 4 uM 52+2uM 42 + 3 uM n.i. at 250 pM*
Toan
HO

31b NN 38 +3 uM 55+ 7 uM 45 + 4 uM n.i. at 250 uyM
oﬁmf"‘%

cr

Ho

26a NN ko 21+3uM 30 +£2 uM 34.+3uM 156 + 27 uM
HO

26b NN wo 25+1uM 64 +1uM 63 + 8 uM n.i.at 250 uyM

A =N

HO

19n N=N N 19+1uM 15+1uM 25+1uM 64 +12uM
HO

50a 8+ 1uM 9+2uM 8+1uM 53 +43 uM

e
°Y©/\/ \ /
HO
50b 17+1uM 14 + 1 uM 15+ 1uM 93 +8uM

oS
HO
<l

2 Fluorescence-polarization assay using LBS1, LBS2 and LBS3 as probe, data representing average of duplicates + standard deviation.

b Electrophoretic mobility shift assay using LBS1 as probe.
€ No inhibition at 250 uM.

in FP assay using LBS1 and LBS3, respectively. Compound 50a
showed a 2-fold better ICs0 of 8 — 9 uM against all LBS compared
to I. Furthermore, we could increase the inhibitory activity in
EMSA experiments using LBS1 by 7-fold. As a consequence
compounds 19n and 50a are the most potent LANA-LBS1-
inhibitors reported so far (ICsp values of 64 + 12 pM and
53 + 3 puM). Interestingly, compounds showing increased ICsg
values of 50—60 pM against LBS1 and LBS3 in FP assay were also
not effective in EMSA at 250 puM. Excepted is however inhibitor I,

which showed also ICsg values around 20 pM against LBS1 and
LBS3, but no effect at 250 pM in EMSA.

As described above, only compound 50a showed an inhibitory
effect at a concentration of 250 pM in EMSA using wild-type LANA
CTD (Fig. 3 A). A dose-response EMSA experiment with wild-type
LANA CTD yielded an ICsq value of 60 + 4 uM (Fig. 3 B).

These results indicate that compound 50a is equally potent
against wild-type LANA CTD and the oligomerization-deficient
LANA DBD mutant. In comparison to inhibitor I (ICso of
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Fig. 3. (A) Dose-dependent EMSA experiment using wild-type LANA CTD, LBS1 as probe and Compound 50a. (B) Curve shows normalized data points (inhibition from 0 to 100%)
representing intensities of LANA-DNA-complex bands (Fig. 3 (A), upper bands, marked in red) from dose-dependent EMSA experiment. ICso value was calculated using a four-
parameter dose-response model. (C) Dose-dependent EMSA experiment using LANA DBD mutant, a combination of LBS1+2 as probe and Inhibitor I and Compound 50a. (D)
Dose-dependent EMSA experiment using LANA DBD mutant, a combination of LBS2+1 + 3 as probe and Inhibitor I and Compound 50a. (For interpretation of the references to

colour in this figure legend, the reader is referred to the Web version of this article.)

435 + 6 pM against wild-type LANA CTD in EMSA) these results
represent a huge potency improvement [11]. Furthermore, we
tested if compound 50a is also able to disturb the LANA-DNA
interaction when using longer oligonucleotides comprising
LBS1+2 as well as LBS2+1 + 3, in an arrangement that is present on
the viral KSHV genome [17]. Each LBS is able to associate with one
LANA dimer. Hence, LANA and the LBS1+2 oligomer can form a
trimeric complex while the LBS2+1 + 3 oligomer gives rise to a
quaternary complex. In order to test the efficacy of our inhibitors
against the formation of these higher-order aggregates,
dose—dependent EMSA experiments using LBS1+2 and LBS2+1 +3
with the LANA DBD mutant were performed (Fig. 3C and D). We
compared the effects of inhibitor I and Compound 50a in this setup.
As expected, inhibitor I showed no inhibitory effects in both ex-
periments. However, Compound 50a was still able to significantly
inhibit the LANA LBS1+2 interaction at a concentration of 62.5 uM
(Fig. 3, C) and additionally inhibited the LANA LBS2+1 + 3 inter-
action at 125 pM (Fig. 3, D). These results provide a basis for testing
these inhibitors in cell based assays in the future.

The similar ICsq values of compound 50a observed against wild-
type LANA and LANA DBD mutant corroborates our hypothesis that
our inhibitor binds at the DNA binding interface and is able to
compete with the DNA. The DBD mutant involves nine point mu-
tations, which are all located outside of the DNA binding site [25].
The goal of generating and using this mutant was to disturb the
higher oligomerization in solution, which resulted in improved
handling characteristics of the protein and better solubility of

LANA-DNA complexes. Fig. 4 illustrates the LANA DBD surface
(blue) and its single point mutations (yellow) bound to double-
stranded DNA (red). The distribution of these mutations distant
from the DNA-interaction interface combined with the observed
similar ICsg values of our compound against wild-type and DBD
mutant provide strong evidence, that we are targeting the LANA
DNA interaction interface and that we do not unintentionally target
one of the mutated regions on the LANA surface.

Taken together, compound 50a is the most effective inhibitor
against LANA DBD mutant and wild-type LANA CTD reported to
date. To complement our studies, we applied STD-NMR experi-
ments in order to identify further growth vectors.

3.4. STD-NMR studies for insight on ligand binding modes

Finally, we complemented our lead generation campaign by
STD-NMR experiments with the aim to gather information on the
binding orientation and to identify further growth vectors. In par-
allel, we attempted to solve co-crystal structures of our inhibitors in
complex with LANA, unfortunately without success. However, we
could successfully confirm previous STD-NMR and molecular
docking results for inhibitor I by the obtained SAR in the present
study and we were able to enlarge inhibitor I in the suggested di-
rection. In order to inform our next optimization steps, we again
performed STD-NMR experiments of our best inhibitor 50a.

The protons of the tested compound, which are in closest
proximity to the protein surface upon binding, are showing the
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Fig. 4. lllustration of the nine single point mutations (yellow) of oligomerization interface and basic patch LANA mutant (blue) bound to DNA (red) assuming that our inhibitors
bind at the LANA-DNA interaction interface. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. STD experiments of compound 50a in complex with LANA DBD mutant. The reference spectrum is displayed in black (STD-off) and STD difference spectra (STD-on) in red.
Overlaid spectra were normalized to the signal for 1-H, which showed the strongest enhancement. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

strongest STD effects. In Fig. 5 an overlay of the on- (red) and off-
(black) resonance STD-NMR spectra of the aromatic region are
shown. The spectra were normalized to the strongest signal, which
was observed for proton 1. The STD effects were calculated for each
proton of inhibitor 50a (Effectsty = Ifl). The results suggest that
compound 50a has a binding orientation to LANA similar to that of
inhibitor 1 [11].

The nitrogen of the pyridine ring presumably acts as a proton
acceptor and thereby anchors proton 1 close to the LANA surface.
The proton in position 2 showed also a strong STD effect of 89%. The
corresponding proton in inhibitor I showed a slightly stronger ef-
fect of 100% [11]. The bulky isoquinoline moiety and the additional
methyl group cause an ortho effect, which hinders the rotation of
the bond between the triazole core and the isoquinoline. We

hypothesize, that this effect brings the nitrogen in an even more
favorable orientation to the LANA surface and in turn leaves proton
2 now slightly more exposed. Furthermore, proton 6 located in the
triazole core shows a stronger STD effect of 85% (47% in inhibitor I)
[11], which leads us to suspect that the triazole is also now inter-
acting more favourably with LANA. The four protons at the benzoic
acid moiety, 7-H and 8-H, were found under one signal displaying a
prominent STD effect of 89%. In contrast, the protons at the second
ring of the isoquinioline motif showed a significantly lower STD
effect (3-H: 34%, 4-H: 28% and 5-H: 49%). Hence, we conclude that
these protons are not in direct contact with the protein and should
be further investigated as potential secondary growth vectors.
Unfortunately, the STD effect of the methyl group could not be
determined, because signals of buffer ingredients were in the same
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chemical shift range. For future medicinal chemistry optimization
studies, further growing of the isoquinoline analogues in positions
3,4 and 5 should be investigated. Additionally, a combination of the
isoquinoline 50a and compounds elongated in position 2 (see 19n
and 26a) should be attempted.

4. Conclusion

In this study we synthesized a series of new derivatives of our
LANA inhibitor I[11] and evaluated them for LANA-DNA interaction
inhibition in an FP-assay and in EMSA experiments in order to
generate more potent LANA-DNA inhibitors. Based on the previ-
ously discovered fragment-sized inhibitor I, medicinal chemistry
optimization lead to new inhibitors with improved potency. In
particular, the replacement of the pyridine core (inhibitor I) by a
methyl-isoquinoline (50a) led to an increase of inhibitory potency
of 7-fold against the wild-type LANA CTD interaction with viral
LBS1. Moreover, compound 50a was also able to inhibit the inter-
action between LANA DBD mutant and LBS1+2 and LBS2+1 + 3,
respectively, in the lower micromolar range. Additionally, step-by-
step modification studies gave new and important SAR insights for
future medicinal chemistry optimizations towards lead structures.
Furthermore, STD-NMR measurements of the most potent inhibitor
50a in complex with LANA revealed important details about the
binding orientation and allowed for the identification of a new
potential growth vector. The ability to inhibit the wild-type LANA
DNA interaction in a low micro molar range (ICs9 60 + 4 uM) with
such a small molecule scaffold is striking as such a macromolecule-
macromolecule-interaction is usually considered to be highly
challenging, if not “undruggable”. Unexpectedly, we were able to
significantly improve the inhibitory effects of our inhibitors using a
chemistry-driven approach without having any structural infor-
mation from a co-crystal about the binding mode and location on
the LANA surface. Our results pave the way for the generation of a
LANA-targeting anti-KSHV agent.

5. Experimental section

All reagent-grade chemicals were purchased from commercial
suppliers and were used as received. The purifications were per-
formed using automated column flash chromatography (Combi-
Flash Rf+, Teledyne ISCO, Lincoln, NE, USA) on silica gel
0.04—0.063 mm (RediSep Rf Kartuschen, Axel Semrau, Spocklhovel,
Germany) or using preparative high performance liquid chroma-
tography (HPLC, Ultimate 3000 UHPLC + focused, Thermo Scien-
tific) on a reversed-phase column (C18 column, 5 pm, Macherey-
Nagel, Germany). The solvents used for column flash chromatog-
raphy were EtOAc and cyclohexane or DCM and MeOH. The sol-
vents used for HPLC were water (containing 0.05% [v/v] FA) and
MeCN (containing 0.05% [v/v] FA) (gradient elution, MeCN:H20
1:9 — 9:1). Reaction progress was monitored by TLC on TLC Silica
Gel 60 Fs54 plates (Merk, Darmstadt, Germany) or by a reversed-
phase liquid chromatography mass spectrometer (LCMS). 'H and
13C NMR were recorded on a Bruker Fourier spectrometers (500 or
126 MHz). Chemical shifts (6) were reported in parts per million
(ppm) relative to the corresponding reference solvent. The chemi-
cal shifts recorded as 6 values in ppm units by reference to the
hydrogenated residues of the deuterated solvent as the internal
standard. Coupling constants (J) are given in hertz (Hz) and splitting
patterns are designated as follows: s, singlet; d, doublet; dd,
doublet of doublets; t, triplet; m, multiplet; br., broad signal. Purity
of all final compounds was measured on the UV trace recorded at a
wavelength of 254 nm and was determined to be >95% by a
reversed-phase liquid chromatography mass spectrometer (LCMS).
Representative 'H and C spectra of all final compounds can be

found in the supporting information. High resolution mass spectra
of all final compounds were measured on a Thermo Scientific Q
Exactive Focus (Germany) equipped with a DIONEX ultimate 3000
UHPLC + focused and can be found in the supporting information.
The reactions and purification steps were not optimized regarding
yields.

General procedure for azide formation (GP1) for Compounds
2, 18a-n, 21, 25a-b, 30a-b, 33a-b, 39a-e, 42, 45, 49a-c: The
appropriate aryl amine (1 eq.) was dissolved in EtOAc, cooled to
0°Cand 6 M HCl was added. Sodium nitrite (1.7 eq.) was dissolved
in water and added slowly. The reaction mixture was stirred for
30 min at 0 °C. Subsequently, sodium azide (1.7 eq.) in water was
added slowly at 0 °C. The mixture was stirred at room temperature
for 2 h. TLC control indicated full conversion and the mixture was
basified with saturated NaHCOs3 solution and was extracted with
EtOAc (2 x ). The combined organic layers were dried over sodium
sulfate and concentrated under reduced pressure to give the crude.
The crude product was used as obtained in the next step without
further purifications. Compound 2 is presented as an example. 3-
azidopyridine (2): The azide was synthesized according to GP1
using pyridin-3-amine 1 (376 mg, 4 mmol), sodium nitrite (1.7 eq.,
469 mg, 6.8 mmol), sodium azide (1.7 eq., 442 mg, 6.8 mmol), EtOAc
(8 mL), 6 M HCl (5 mL). The crude product (245 mg, 2 mmol, 50%)
was used as obtained in the next step without further purifications.
Rf = 0.37 (PE/EtOAC 7:3).

General procedure for synthesis of amino isoquinolin de-
rivatives (GP2) for compounds 48a-c: Under argon atmosphere
the appropriate bromo isoquinolin (1 eq.), L-proline (0.1 eq.), so-
dium azide (1.3 eq.) and sodium carbonate (1.3 eq.) was dissolved in
a 2:1 mixture of DMF and water. Subsequently, sodium ascorbate
(1.3 eq.) and copper sulfate hepta hydrate (1 eq.) were added and
the reaction mixture was stirred over night at 85 °C. After full
conversion (LCMS control) the mixture was cooled to room tem-
perature and EtOAc and sat. aqueous NaHCO3 solution were added.
The mixture was extracted with EtOAc (3x), the combined organic
layers were dried over sodium sulfate and concentrated under
reduced pressure to obtain the crude. The obtained products were
used as obtained without further purification. Compound 48a is
presented as an example. 6-methylisoquinolin-4-amine (48a): The
amino isoquinolin was synthesized according to GP2 using 4-
bromo-6-methylisoquinoline 47a (100 mg, 0.46 mmol), L-proline
(0.1 eq., 0.05 mmol, 5 mg), sodium azide (1.3 eq., 0.60 mmol,
34 mg), sodium carbonate (1.3 eq., 0.60 mmol, 64 mg), sodium
ascorbate (1.3 eq., 0.60 mmol, 119 mg), copper sulfate heptahydrate
(1 eq., 0.46 mmol, 115 mg), DMF (4 mL) and water (2 mL). The crude
product (70 mg, 0.44 mmol, 97%) was used as obtained in the next
step without further purifications. MS (ESI+) m/z 159 (M + H).

General procedure for copper catalyzed click reaction (GP3)
for compounds 3-11, 13, 16, 19a-n, 22, 26a-b, 31a-b, 34a-b, 40a-e,
50a-c: Under argon atmosphere the appropriate alkyne (1 eq.) was
suspended in a 1:1 mixture of water and MeOH. Subsequently,
DIPEA (2.0 eq.), copper sulfate hepta hydrate (0.5 eq.) and sodium
ascorbate (0.5 eq.) were added. After addition of the corresponding
azide (1.2 eq.) the mixture was stirred for 16 h at room temperature.
After full conversion (LCMS control) the mixture was acidified with
1 M HCl and the product was precipitated. The solids were
collected, washed with water, and dried under vacuum to obtain
the crude product. The products were purified using preparative
HPLC. The solvents used were water (containing 0.05% [v/v] FA) and
MeCN (containing 0.05% [v/v] FA) (gradient elution, MeCN:H,0
1:9 — 9:1). Compound 4 is presented as an example. 3-(1-(pyridin-
3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (4): The triazole was syn-
thesized according to GP3 using 3-ethynylbenzoic acid (92 mg,
0.64 mmol) and 3-azidopyridine 2 (1.3 eq., 100 mg, 0.83 mmol) as
starting materials. The crude was obtained as a white solid (110 mg,
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0.41 mmol, 64%). Purification was done using preparative HPLC. 'H
NMR (500 MHz, DMSO-dg) 6 ppm 7.66 (br. 5., 1 H) 7.68—7.79 (m, 1 H)
7.88-8.06 (m,1 H)8.19 (d, J = 7.63 Hz, 1 H) 8.41 (d,] = 8.24 Hz, 1 H)
8.53(s.,1H)8.76(s., 1 H)9.25(s.,1H)9.55(s,1 H) 13.23 (br.s.,, 1 H);
13C NMR (126 MHz, DMSO-dg) § ppm 120.56,124.96, 127.82,129.40,
141.24, 146.80, 149.81, 167.30.

General procedure for Suzuki coupling (GP4) for compounds
24a-b, 29a-b, 35a-1: Under argon atmosphere the appropriate aryl
halide 1 (eq.) was dissolved in water and 1,4-dioxane (1:1). Sodium
carbonate (3 eq.), the corresponding boronic acid (1.2 eq.) and
tetrakis (triphenylphosphine) palladium (0.1 eq.) were added. The
reaction mixture was heated to 90 °C for 16 h. After full conversion
(LCMS control) the mixture was cooled to room temperature and
EtOAc and sat. aqueous NaHCOs solution were added. The mixture
was extracted with EtOAc (3x), the combined organic layers were
dried over sodium sulfate and concentrated under reduced pres-
sure to obtain the crude. The purification was done using auto-
mated flash chromatography (cyclohexane/EtOAc 1:0 — 0:1).
Compound 24a is presented as an example. 2-(5-amino-4-
methylpyridin-2-yl)phenol (24a): The coupling was done accord-
ing to GP4 using 6-bromo-4-methylpyridin-3-amine 23 (130 mg,
0.69 mmol), (2-hydroxyphenyl)boronic acid (1.2 eq., 113 mg,
0.83 mmol), sodium carbonate (3 eq., 218 mg, 2.08 mmol) and
tetrakis (triphenylphosphine) palladium (0.1 eq., 78 mg,
0.07 mmol) in 1,4-dioxan:water (1:1, 6 mL). 24b was obtained as
yellow solid (103 mg, 0.52 mmol, 75%). MS (ESI+) m/z 201 (M + H).

General procedure for hydrolysis of methyl ester (GP5) for
compounds 36a-1: The appropriate methyl ester was dissolved in
MeOH and aqueous 0.5 M NaOH solution (1:1). The mixture was
stirred at room temperature for 16 h. After full conversion (LCMS
control) the mixture was acidified with 1 M HCl and the product
was precipitated. The solids were collected, washed with water, and
dried under vacuum to obtain the crude product. The products
were purified using preparative HPLC. Compound 36a is presented
as an example. 4-(1-(5-phenylpyridin-3-yl)-1H-1,2,3-triazol-4-yl)
benzoic acid (36a): The synthesis was done according to GP5 using
methyl 4-(1-(5-phenylpyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoate
35a (20 mg, 0.06 mmol). The crude was obtained as a white solid
(13 mg, 0.04 mmol, 66%). Purification was done using preparative
HPLC.'H NMR (500 MHz, DMSO-dg) & ppm 7.49—7.54 (m, 1 H)
756-7.61 (m, 2 H) 7.84—7.95 (m, 2 H) 8.02—8.16 (m, 4 H) 8.65 (t,
J =2.21Hz,1H)9.07 (d,] = 1.98 Hz, 1 H) 9.22 (d, ] = 2.29 Hz, 1 H)
9.64 (s, 1 H); 3C NMR (126 MHz, DMSO-dg) 6 ppm 121.41, 125.29,
125.57,127.30,128.97,129.30, 130.22, 133.38, 133.97, 135.68, 136.49,
139.93, 146.65, 147.70, 167.01.

General procedure for Ullmann reaction (GP6) for com-
pounds 38a-e: Under argon atmosphere 6-bromo-4-
methylpyridin-3-amine (1 eq.) was dissolved in DMF and the
appropriate phenol derivative (1.2 eq.), cesium carbonate (3 eq.)
and Cul (0.05 eq.) were added. The mixture was stirred for 16 h at
130 °C. LCMS control indicated full conversion and the mixture was
cooled to room temperature. EtOAc and sat. aqueous NaHCO3 so-
lution were added. The mixture was extracted with EtOAc (3x), the
combined organic layers were dried over sodium sulfate and
concentrated under reduced pressure to obtain the crude. Com-
pound 38a is presented as an example. 4-methyl-6-
phenoxypyridin-3-amine (38a): The aryl ether was synthesized
according to GP6 using 6-bromo-4-methylpyridin-3-amine 37
(100 mg, 0.53 mmol), phenol (1.2 eq., 0.60 mmol, 70 mg), cesium
carbonate (3 eq., 1.61 mmol, 523 mg) and Cul (0.1 eq., 0.05 mmol,
9 mg) in DMF (3 mL). The product was purified using automated
flash chromatography (DCM/MeOH 1:0 — 9:1). Yield: (30 mg,
0.15 mmol, 28%) MS (ESI+) m/z 201 (M + H).

Protein expression and purification: The expression and pu-
rification of His-tagged oligomerization-deficient LANA DNA

binding domain (DBD; aal008-1146) mutant and GST-tagged
KSHV LANA C-terminal domain (CTD; aa934-1162) were
described previously and the protocol was adopted [10,11].

Fluorescence Polarization (FP) assay: The FP assay was per-
formed, analyzed and evaluated as described previously [11].

Electrophoretic mobility shift assay (EMSA): The EMSA was
performed, analyzed and evaluated as described previously [11].

Saturation-Transfer Difference (STD) NMR: The STD experi-
ments were recorded at 298 K on a Bruker Fourier spectrometer
(500 MHz). The samples contained 10 uM (final concentration) His-
tagged oligomerization-deficient LANA DBD (aal008-1146)
mutant and a final compound concentration of 500 pM. The control
spectra were recorded under the same conditions containing the
free compound to test for artifacts. The STD buffer for experiments
consists of 10 mM HEPES, 150 mM NaCl, pH 7.4 in D,0 containing
10% [v/v] DMSO-dg. The experiments were recorded with a carrier
set at —1 ppm for the on-resonance and —40 ppm for the off-
resonance irradiation. Selective protein saturation was carried out
at 2 s by using a train of 50 ms Gauss-shaped pulses, each separated
by a 1 ms delay.
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Restriction-Free Construction of a Phage-Presented Very
Short Macrocyclic Peptide Library

Valentin Jakob, Saskia Helmsing, Michael Hust, and Martin Empting

Abstract

Phage display is a commonly used technology for the screening of large clonal libraries of proteins and
peptides. The construction of peptide libraries containing very short sequences, however, poses certain
problems for conventional restriction-based cloning procedures, which are rooted in the necessity to purity
restricted library oligos. Herein, we present an alternative cloning method especially suitable for such very
short sequences of about only 21 base pairs resulting in a 60 bp insert. The emploved restriction-free hot
fusion cloning strategy allows for facile library construction bypassing the need for purification of the small
oligo. The library includes one well-defined disulfide bridge rendering the displayed macrocyclic peptide
sequences as attractive scaffolds for novel active principles.

ey words Library construction, Hot fusion cloning, Restriction-free cloning, Macrocyclic oligopep-
K ds Librar truct Hot f 1 g, Restriction-f 1 g, M vclic olig
tide phage display, Panning

1 Introduction

Recently, the use of macrocyclic peptides as pharmaceutical agents
has regained scientific interest [ 1]. In general, these circular amino
acid sequences are more rigid and stable than their linear counter-
parts [2]. This usually results in better pharmacokinetics and
dynamics and, hence, renders them more suitable for the applica-
tion in an organism [3]. However, larger peptides and medium-
sized ones (>10 amino acids) intrinsically exceed the criteria posed
by the Lipinski’s rule of five for oral bioavailability by a huge extend
[4]. Hence, it might be worthwhile investigating small macrocyclic
peptide scaffolds at the borderline of the Lipinski’s space or just
slightly beyond. This requirement directly leads us to a peptide size
of about five to seven amino acids resulting in a molecular weight of
at least 303 g/mol (five glycines) to a maximum of 1321 g/mol
(seven tryptophans). With the aim in mind to include a simple and
straightforward macrocyclic motif; this sequence should include
two cysteines in order to form a disulfide bond. This alters the

Stefan Zielonka and Simon Krah (eds.), Genotype Phenotype Coupling: Methods and Protocols, Methods in Molecular Biology,
vol. 2070, https://doi.org/10.1007/978-1-4939-9853-1_6, © Springer Science+Business Media, LLC, part of Springer Nature 2020
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minimal and maximal molecular weights of the resulting macro-
cycles to 393 g/mol and 1153 g/mol, respectively. In our opinion,
this provides a suitable range to probe the “near Lipinski’s space”
for novel peptide-based active agents.

Phage display is a very powerful method to identify target-
binding peptides [5, 6] in general and disulfide-bridged macro-
cycles [7] in particular. A variety of libraries [8-10] and panning
methods [8, 11, 12 ] has been described in literature. One particular
difficulty we encountered in this context was the construction of a
phage-presented peptide library based on a very short randomized
DNA oligo. Particularly, the cloning of such a peptide library into
the appropriate phagemid was challenging. Cloning of short
(library) genes with less than 100 bp is rarely described in literature,
and in general, it is not common to clone such small DNA frag-
ments into a vector. Conventional cloning procedures make use of
restriction and purification steps applied to both phagemid and
randomized library oligo prior to ligation [13]. However, gene
purification like PCR cleanup for small oligos is very difficult and
results at best in low yields. The usage of special kits for the gene
extraction out of agarose gels is often advised, but these are usually
recommended only down to 40 bp. Another applicable method is
PAGE purification, which can also be used for small DNA frag-
ments [ 14]. In this case, the small oligo has to be extracted out of a
polyacrylamide gel after electrophoresis and manual excision. This
procedure is rather time-consuming, and large quantities of prod-
uct will also get lost even if extraction was successful. Notably, a
reasonable yield of purified randomized DNA oligo is required to
ensure that the desired library is completely incorporated in the
phagemid and presented on the phages in the end.

An efficient method to circumvent these problems represents
restriction enzyme- and ligase-free hot fusion cloning [ 15]. It also
avoids the necessity for cleanup steps as a whole. Given an adequate
primer design, it allows the unlabored assembly of very short DNA
fragments and cloning into a library phagemid of choice. With this
method, we were able to reduce the oligo size of our library to only
60 bp, which contains the 21 bp relevant library sequence. This
sequence encodes for a peptide library, which will be presented by
the phage and contains five randomized amino acids (except cyste-
ine) and two cysteines at fixed places, which can form a macrocycle
under oxidative conditions. Hence, it includes the features of the
envisioned very short macrocyclic peptide sequences described
above, which we wanted to screen via phage display.

The protocol presented herein describes how to design and
clone such a small peptide library into a phagemid with the usage
of the hot fusion technology and how to optimize the number of
positive library-containing clones. Importantly, previously reported
methods of library packaging [ 16] and the phage panning [17] are
compatible with this procedure of library construction.
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2 Materials
Prepare all solutions using H,O Milli-Q.

. Lyophilized library oligomer.

. dANTPDs.

. Forward and reverse primers (in this study HF_PhageLib_01_-
tor and HF_PhageLib_01_rev, Table 1).

. Q5 HF DNA polymerase and 5 x Q5 reaction buffer (NEB).

5. PCR tubes.

6. Thermocycler.

2.1 Amplification
of the Library Oligomer

W N =

S

7. Agarose.
8. TAE buffer 50 x (instant).

9. Electrophoresis chamber.

2.2 Linearization 1. Phagemid (in this protocol pHAL30 [18]).

of the Phagemid 2. dNTPDs.

Over PCR 3. Forward and reverse primers (in this study: HF_lin_-
pHAL_O01_for and HF_lin_pHAL_01_rev, Table 2).

4. Q5 HF DNA polymerase and 5 x Q5 reaction buffer (NEB).

5. PCR tubes.

6. Thermocycler.

7. Agarose.

8. TAE buffer 50 x (instant).

9. Electrophoresis chamber.

Table 1
Primers for PCR amplification of the library oligomer: The overlapping part with the oligomer is
written in capital letters

Oligonucleotide primer Sequence 5'-3’

HF_PhageLib_01_for ctgetggeagetcagecggcAGCTCAGCCGGCCATG

HF_PhageLib_01_rev agatcagetttrgttcagaacctgec T GTTCAGAACCTGCGGCCG
Table 2

Primers for PCR linearization of the phagemid pHAL30

Oligonucleotide primer Sequence 5'-3'
HF_lin_pHAL_01_for geaggttctgaacaaaagetgatct
HEF_lin_pHAL_01_rev geeggetgagetgecag
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2.3 Hot Fusion
Reaction

2.4 Transformation
and Titration

2.5 Library Quality
Control

1. Amplified library.

. Linearized phagemid (pHAL30).

3. 5x ISO buffer: 3 mL 1 M Tris-HCI pH 7.5, 150 pL 2 M

10.
11.
12.
13.
14.
15.
16.
17.

1.

MgCl,, 240 pL. 100 mM dNTP mix, 300 pL 1 M DTT, 1.5 ¢
PEG-8000, 300 pL. 100 mM NAD, up to 6 mL H,O Milli-Q.
Store in aliquots at —20 °C.

. 2x hot fusion mix: 100 pL 5x ISO buftfer, 0.8 pL 1:5 diluted

10 u/pL T5 exonuclease (NEB), 6.25 pL. 2 u/pl. Q5 HF
polymerase (NEB), up to 250 pLL H,O Milli-Q. Store in ali-
quots at —20 °C.

. Thermocycler.

. PCR tubes.

. Dialysis plates (Merck).
. 8.5 cm petri dishes.

. 10% (v/v) glycerol.

. Electrocompetent E. coli ER2738.

. Desalted hot fusion product.

. 0.1 cm electroporation cuvette.

. Electroporator.

. Recovery medium (Lucigen).

. Thermomixer.

. Centrifuge for 1.5 mL tubes.

. 2x YT medium pH 7.0: 1.6% (w/v) tryptone, 1% (w/v) yeast

extract, 0.5% (w/v) NaCl.

. 2x YT-GAT agar: 2x YT medium, 100 mM glucose, 100 pg/

mL ampicillin, 20 pg/mL tetracycline, 1.2% (w/v) agar-agar.
8.5 ¢m petri dishes.

Polystyrene dish with lid (245 mm x 245 mm x 25 mm).
Single-use Drigalski spatulas.

Rocking shaker.

50 mL falcon tubes.

Cryotubes.

Glycerin.

Liquid nitrogen.

Forward and reverse primers (in this study MHLacZ-Pro_f and
MHgIII_r (Table 3)).

. 2x DreamTag™ Green PCR Master Mix (Thermo Fisher

Scientific).

59



Results

2.6 Library
Packaging

2.7 Titration
of the Amplified
Library

2.8 Coating
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Wells, Panning,
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Table 3
Primers for library quality control and sequencing

Oligonucleotide primer Sequence 5'-3'

MHLacZ-Pro_f GGCTCGTATGTTGTGTGG
MHgIII_r CTAAAGTTTTGTCGTCTTTCC
3. Thermocycler.

4. Agarose.

11.
12.

oo o —

. Electrophoresis chamber.

. 2x YT-GA: 2x YT medium, 100 mM glucose, 100 pg/mL

ampicillin.

. Shaker/incubator.

. 50 mL Falcon tubes.

. M13KO07 helper phage (NEB).
. Falcon centrifuge.

. 2x YT: 1.6% (w/v) tryptone, 1% (w/v) yeast extract, 0.5%

(w/v) NaCl.

. 86% (v/v) glycerol.
. 2 mL cryotubes.
. Liquid nitrogen.

10.

2x YT-AK: 2x YT, 100 pg/mL ampicillin, 50 pg/mL
kanamycin.

PEG/NaCl mix: 20% (w/v) PEG 6000, 2.5 M NaClL.

Phage dilution bufter: 10 mM Tris-HCl pH 7.5, 20 mM NaCl,
2 mM EDTA.

3. 0.45 pm filter.

23 YT-T: 2x YT, 20 pg/mL tetracycline.
. XL1-Blue MRF (Agilent Technologies).
. Phage dilution buffer.

. 2x YT-GA agar plates: 2x YT medium, 100 mM glucose,

100 pg/mL ampicillin, 1.2% (w/v) agar-agar.

. Single-use Drigalski spatulas.

1. 96-Well ELISA plates.

. PBSpH7.4:8.0 g NaCl, 0.2 g KCI, 1.44 g Na,HPO4 x 2H»0,

0.24 g KH,PO,in 1 L.

. Streptavidin 1 pg/pL in PBS.
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4.

2.9 Gene Extraction
and Sequencing

W N =

RS

Panning block: 1% (w/v) skim milk powder, 1% (w/v) BSA in

PBST, prepare fresh.

. PBST: PBS, 0.05% (v/v) Tween-20.

. 2% (w/v) BSA in PBST.

. Target protein (in this study: CsrA [19]).
. TGI cells (Lucigen).

. 2x YT.

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

. Single-use Drigalski spatulas.

Shaker/incubator also for well plates.
Rocking shaker.

ELISA-plate washer (e.g., Tecan Hydroflex).
Trypsin 10 pg/mL in PBS.

96-Well deep-well plate.

10x GA: 1 M glucose, 1 mg/mL ampicillin.
M13KO07 helper phage.

Centrifuge for well plates.

2x YT-AK.

XL1-Blue MRF'.

2x YT-GA agar plates.

. 2x YT-GA

. 2x YT-GA agar plates.
. Incubator/shaker.

. Plasmid miniprep kit.

. Primer for sequencing, here MHLacZ-Pro_t (Table 3).

3 Methods

3.1 Design 1.

of the Peptide Library

Table 4

Design the library oligomer in a way that there will be two

cysteines in it (see Table 4).

. Between these two cysteines, there should be two or three
variable amino acids (three in this example). Before the first

Sequence of the designed oligomer and the resulting peptide sequence

Designed oligonucleotide

Resulting peptide

AGCTCAGCCGGCCATGGCCXXX TGT XXX XXX XXX TGT

XXXGCGGCCGCAGGTTCTGAACA
XCXXXCX

Restriction sites Ncol and Notl are underlined; the relevant library sequence is shown in bold
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Table 5
Encoding possibilities for XXX (DNA codon) and resulting amino acid
X (single letter code)
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XXX

Lys AAA 5.26
Asn AAC 5.26
Thr ACT 5.26
Ile ATC 5.26
Met ATG 5.26
Gln CAG 5.26
His CAC 5.26
Pro CCG 5.26
Arg CGT 5.26
Leu CTG 5.26
Glu GAA 5.26
Asp GAT 5.26
Ala GCA 5.26
Gly GGT 5.26
Val GTT 5.26
Tyr TAC 5.26
Ser TCT 5.26
Cys TGC -

Trp TGG 5.26
Phe TTC 5.26

Sum 99.94

Mg 0 » < <P 0 HE BN O 0 H H Z R X

and after the second cysteine, there should be one variable
amino acid. XXX can encode for every amino acid X except

cysteine (Table 5) (see Note 1).

3. Before and after this peptide encoding sequence, there should

be enough nucleotides for amplification.
4. Include the two restriction sites Ncol before and Notl after
essential library sequence (see Note 2).

the

5. Every translated amino acid X, there should have the same

probability (see Note 3).

6. Ensure that the coding for XXX does not include the restriction

sites (here: Ncol and Notl) so that these do not occur in
library coding sequence (see Note 4).

the
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3.2 Amplification
of the Library Oligomer

Table 6
PCR components for the oligomer amplification

Solution or component Volume

5x Q5 reaction buffer 10 pL

dNTPs (10 mM) 4 x 1L

HF_PhageLib_01_for (10 pM) 2.5puL

HF_PhageLib_01_rev (10 pM) 2.5l

Template (Library Oligo) 1 ng

Q5 HF DNA polymerase 0.5 pL

H,O Milli-Q Up to 50 pL
Table 7

PCR program for the library oligomer amplification

PCR step Temperature Duration
Initial denaturation 98 °C 30s
Denaturation 98 °C 10s
Annealing 72 °C (NEB calc.) 20s
Elongation 72 °C 25 s/kbp
Final elongation 72 °C 2 min

1. Solve the lyophilized oligomer 100 pM in H,O Milli-Q.

. Design the two primers which allow the amplification of

the sequence, and prepare it for the hot fusion reaction (see
Note 5).

. Amplify the library oligomer by means of a PCR using the

designed library oligomer: like in Table 6, pipet 10 pL 5x
reaction buffer, 1 pL of each ANTP with a concentration of
10 mM, 2.5 pL forward and 2.5 pL reverse primer (10 pM
cach) and about 1 ng of the solved library oligomer as template.
Fill up to 49.5 pL with H,O Milli-Q, add 0.5 pL. Q5 HF DNA
polymerase, and mix gently by pipetting up and down.

. Run PCR in a thermocycler based on the program from

Table 7. Use about 30 cycles of denaturation, annealing, and
clongation. Calculate the annealing temperature with the help
of the NEB calculator (see Note 6) and clongation time. For
example, oligo: 3 s (25 s/kbp x 0.106 kbp).

. Check the amplified PCR product via agarose gel electropho-

resis, and quantify the product (see Note 7).
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Table 8
PCR components for the phagemid linearization

Solution or component Volume

5x Q5 reaction buffer 10 pL

dNTPs (10 mM each) 4 x 1pL

HEF_lin_pHAL_01_for (10 uM) 2.5 uL

HEF_lin_pHAL_01_rev (10 pM) 2.5 puL

Template (pHAL30) I ng

Q5 HF DNA polymerase 0.5 pL

H,O Milli-Q Up to 50 pL
Table 9

PCR program for the phagemid linearization

PCR step Temperature Duration
Initial denaturation 98 °C 30s
Denaturation 98 °C 10s
Annealing 68 °C (NEB calc.) 25s
Elongation 72 °C 25 s/kbp
Final elongation 72:°C 2 min

. Design primers that create an overlap to the amplified library

(Subheading 3.2).

. Pipette the PCR reaction like in Table 8 (see Note 9).

3. Run PCR in a thermocycler based on the program from

Table 9. Use about 30 cycles of denaturation, annealing, and
clongation. Calculate the annealing temperature with the help
of the NEB calculator and 25 s/kbp for the clongation step.
For pHAL30, 2 min 55 (30 s/kbp x 4175 kbp).

. Check the PCR product via agarose gel electrophoresis (see

Note 10).

5. Purify the PCR product over a PCR cleanup kit, clute with

30 pL H>O Milli-Q
pH 8-8.5, and determine the concentration with a Nano-
drop (see Note 16).

. Mix 10 pL 2x hot fusion mix with 0.06 pmol lincarized

phagemid (pHAL30) with 0.14 pmol amplified library oligo-
mer, and fill up to 20 pL with H,O Milli-Q (see Note 11).
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3.5 Transformation

and Titration

3.6 Library Quality
Control

2.

3.

Hot fusion reaction: Hold a temperature of 50 °C for 1 hin a
thermocycler and then cool down to 20 °C within 5 min
(0.1°C/s).

Desalt the HF product for about 30 min via dialysis plates
against 10% glycerol.

Transformation and titration are based on Zantow ct al. [16] (Sub-
heading 3.5).

1.

8.
9.
10.

11.

12.

Thaw 25 pL E. coli ER2738 clectrocompetent cells on ice. Add
5 pL of the desalted HF product. Transfer these 30 pL to a
precooled 0.1 ¢cm clectroporation cuvette, and avoid air bub-
bles (see Note 12).

. Perform  electroporation  for Dbacteria (1.8 kV; pulse

~3.5-4.5 ms). Immediately add 1 mL prewarmed (37 °C)
recovery medium, and resuspend three times before transfer-
ring the mixture into a prewarmed (37 °C) Eppendorf tube.

. Incubate at 37 °C for 1 h and 600 rpm.
. Centrifuge the tubes for 5 min at 5000 x 4.

. Remove about 30 pL of the supernatant, and resuspend the

pellet in the remaining medium (see Note 13).

. Make a 1:100, 1:1000, and a 1:10,000 dilution in recovery

medium with 10 pL of the suspension in a volume of 150 pL,
and spread them out on 2x YT-GA 8.5 cm agar plates.

. Plate the remaining 990 pL of the transformation onto a

245 x 245 x 25 mm 2 x YT-GA agar plate.

Incubate all plates at 30 °C overnight (see Note 14).

Perform the colony counting on the 8.5 ¢cm plates.

Add 20 mL of 2x YT to the 245 x 245 x 25 mm plate, and
incubate on a rocking shaker for 20 min.

Carefully scrape the cells from the medium surface with a
Drigalski spatula. Collect the liquid-containing cells with a
serological pipette in a 50 mL tube, supplement with 20%
(v/v) glycerol, and distribute 1 mL in each of 6 cryovials.
Flash freeze the cells in liquid nitrogen and store the tubes at
-80 °C.

The library quality control is based on Zantow et al. [16]
(Subheading 3.6).

1.

2.

Pick at least 12 colonies from the plate used for colony count-
ing to perform a colony PCR with the help of the DreamTaq™
PCR mastermix polymerase (Table 10). Use the empty phage-
mid as a negative control (see Note 15).

Send positive clones for sequencing, to check whether the
peptide library is cloned properly. Additionally, this provides a
first hint at the diversity of the library (see Note 16).
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Table 10
Composition of the colony PCR

Solution or component Volume
2 x DreamTaq™ mastermix 25 pL
MH_LacZ-Pro_f 1.5 pL
MHGgIII_r 1.5 pL
H,O Milli-Q 22 uL
3.7 Library Library packaging is based on Zantow et al. [16] (Subheading 3.7).

Packaging 1. Inoculate 400 mL 2x YT-GAT with a gently thawed 1 mL

glycerol stock (Start OD600 < 0.1).

2. Incubate at 37 °C, 250 rpm until an OD600 of 0.4-0.5 is
reached. Transfer 25 mL of this culture (1.25 x 10° bacteria,
OD600 of 1 =1 x 10%) in a 50 mL falcon tube, and infect with
the M13K07 helper phage (MOI 1:20).

3. Incubate at 37 °C for 30 min without shaking and 30 min at
250 rpm.

4. Distribute the rest of the culture (375 mL) to cight falcons,
centrifuge for 10 min at 3220 x g, discard the supernatant, and
resuspend cach pellet in 800 pL 2x YT.

5. For storage at this point, transfer the suspension into 2 mL
cryotubes, add 200 pL 86% glycerol, shock freeze in liquid
nitrogen, and store at —80 °C.

6. Pellet the bacteria at 3220 x g for 10 min, discard the superna-
tant, carcfully resuspend the pellet in a little amount 2x YT,
and take up in 400 mL 2x YT-AK. Incubate over night at
30 °C, 250 rpm.

7. Centrifuge the bacteria for 20 min at 10,000 x gat4 °C in two
containers. Transfer the supernatant in two new containers,
and precipitate the phage by adding 1/5 volume ice-cold
PEG/NaCl, mix it, and incubate on ice on a rocking shaker
for 1 h.

8. Resuspend the two pellets in 10 mL phage dilution buffer.

9. Centrifuge for 10 min, 20,000 x gat 4 °C.

10. Filter the supernatant through 0.45 pm in two fresh centrifu-
gation tubes.

11. Precipitate the phage by adding 1/5 volume ice-cold PEG/-
NaCl, mix it, and incubate on ice on a shaker for 20 min.

12. Centrifuge for 30 min, 20,000 x g at 4 °C, and discard the
supernatant.
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13.

14.

Place the centrifuge tubes upside down on a paper towel (see
Note 17).

Resuspend each pellet in 1 mL phage dilution buffer, and
centrifuge for 1 min, 16,000 x g at 4 °C to remove the rest
of the bacteria. Transfer the supernatant into an
Eppendorf tube.

3.8 Titration Titration of the amplified library is based on Zantow et al. [16]
of the Amplified (Subheading 3.7).
Library 1. Inoculate 5 mL 2x YT-T with XL1-Blue MRF’ cells, and

incubate over night at 37 °C, 200 rpm.

2. On the next day, inoculate 50 mL 2x YT-T with 500 pL
overnight, culture, and grow to an OD600 of 0.5 (~5 x 10®
bacteria/mL).

3. Makea 1072,107%,107°,107%, 107", and 107"? dilution of
this culture by mixing 990 pL phage dilution bufter with 10 pL.
phage solution.

4. Add 10 pL of this dilutions to 50 pL ready-grown XL1-Blue
MRF cells.

5. Incubate for 30 min at 37 °C without shaking.

6. Streak out cach dilution containing the XL1-Blue MRF' on
2x TY-GA agar plates, and incubate at 37 °C overnight (see
Note 18).

7. Determine the titer in pfu/mL by counting the colonies.

8. Pick at least 12 colonies by performing a colony PCR.

9. Save the plates to perform a DNA extraction for
Subheading 3.11.

3.9 Panning The panning procedureis based on Russo etal. [ 17] (Subheading 3.1).

Procedure

for a Biotinylated Day 1:

Protein 1. Coating: Prepare a solution of 998 pL. PBS + 2 pL 1 pg/pL
streptavidin in PBS (2 pg), and fill up two ELISA wells with this
mixture (see Note 19). Fill up the third ELISA well with
panning block (fresh). Incubate for 2 h at 4 °C without
shaking.

2. Blocking: Empty the first two ELISA wells, wash three times
with PBST, and fill up the wells with 2% BSA (fresh) in PBST.
Incubate for 2 h at 4 °C without shaking.

3. Adding target (protein): Empty the first two ELISA wells and

wash three times with PBST. Add 4 pg in 150 pL of the protein
in his storage bufter in the first well (see Notes 20 and 21). Fill
up the second well with PBS. Incubate over night at 4 °C
without shaking.
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TGI culture: Inoculate 15 mL 2 x YT with TG1 cells. Incubate
o/n at 200 rpm and 37 °C.

Day 2:

1.

8.

9.

10.

11.

Adding phage: Empty the third well of the ELISA plate, and
add a mixture of 75 pL of the amplified library (normally about
5 x 10" pfu/mL) + 70 uL panning block + 5 pL 1 pg/uL
(5 pg) streptavidin in PBS to this well. Incubate for 1 hatroom
temperature on a shaker.

. Transferring phage I: Empty the second well and wash three

times with PBST. Transfer the 150 pL phage solution from the
third well into the empty second well. Incubate for 1 h at room
temperature on a shaker.

. Transferring phage II: Empty the first well and wash three

times with PBST. Transter the 150 pL phage solution from
the second well into the empty first well. Incubate for 1.5-2 h
at room temperature on a shaker.

. Washing step: Empty the first well and wash ten times with

PBST with a plate washer.

. Phage clution: Add 150 pL (10 pg/mL in PBS) trypsin to the

empty first well. Incubate for 30 min at 37 °C without shaking.

. Transfer the 150 pL cluted phage into a well of a 96-well deep-

well plate (see Note 22).

. Grow a TG1 culture (by inoculating with the o/n culture) to

an OD600 of 0.5 (can be done carlier and stored on ice at this
OD till the next step).

Add 150 pL ready-grown TGI cells (OD600 = 0.5) to the
deep well containing the eluted phage. Incubate 30 min at
37 °C without shaking and 30 min at 37 °C with
450-650 rpm (see Note 23).

Coating: Choose three new ELISA wells. Prepare a solution of
998 uL PBS + 2 pLL 1 pg/pL streptavidin in PBS (2 pg), and fill
up two ELISA wells with this mixture (see Note 19). Fill up a
third ELISA well with panning block (fresh). Incubate for 1 h
at room temperature without shaking.

Blocking: Empty the first two ELISA wells, wash three times
with PBST, and fill up the wells with 2% BSA (fresh) in PBST.
Incubate for 1 h at room temperature without shaking.
Adding target (protein): Empty the first two ELISA wells and
wash three times with PBST. Add 4 pg in 150 pL of the protein
in his storage buffer in the first well (see Notes 20 and 21). Fill
up the second well with PBS. Incubate over night at 4 °C
without shaking.
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12.

13.

14.

15.

16.

Day

9.

Add 1 mL2x YT + 150 pLL 10x GA to the deep well contain-
ing 300 pL cluted phage in 2x YT. Incubate for 1 h at 37 °C
and 450-650 rpm.

Add 10! pfu M13KO07 helper phage to the deep well. Incubate
for 30 min at 37 °C without shaking and 30 min at 37 °C;,
450-650 rpm.

Centrifuge the deep-well plate for 10 min, 3220 x g at room
temperature. Discard the supernatant caretully.

Resuspend the pellet in 950 pL 2x YT-AK. Incubate o/n at
30 °C and 450-650 rpm.

TGI-culture: Inoculate 15 mL 2x YT with TG1 cells. Incu-
bate o/n at 200 rpm and 37 °C.

2.
ol

. Centrifuge the deep-well plate for 10 min, 3220 x g at room

temperature. Transfer the supernatant in the neighbored deep
well and resuspend for a few times.

. Adding phage: Empty the third well of the ELISA plate, and

add a mixture of 95 pL panning block + 5 pLL 1 pg/pL (5 pg)
streptavidin in PBS + 50 pL amplified phage from the deep well
(step 1) to this well. Incubate for 1 h at room temperature on a
shaker.

. Transferring phage I: Empty the second well and wash three

times with PBST. Transfer the 150 pL phage solution from the
third well into the empty second well. Incubate for 1 h at room
temperature on a shaker.

. Transterring phage II: Empty the first well and wash three

times with PBST. Transfer the 150 pL phage solution from
the second well into the empty first well. Incubate for 1.5-2 h
at room temperature on a shaker.

. Washing step: Empty the first well and wash 20 times with

PBST with a plate washer.

. Phage elution: Add 150 pL (10 pg/mL in PBS) trypsin to the

empty first well. Incubate for 30 min at 37 °C without shaking.

. Transfer the 150 pL cluted phage into a 96-well deep-well plate

(see Note 22).

. Grow a TG culture (by inoculating with the o/n culture) to

an OD600 of 0.5 (can be done carlier and stored on ice at this
OD till the next step).

Add 150 pL ready-grown TG1 cells (OD600 = 0.5) to the
deep well containing the cluted phage. Incubate for 30 min at
37 °C without shaking and 30 min at 37 °C with 450-650 rpm
(see Note 23).
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Coating: Choose three new ELISA wells. Prepare a solution of
998 uL PBS + 2 pL. 1 pg/pL streptavidin in PBS (2 pg), and fill
up two ELISA wells with this mixture (see Note 19). Fill up a
third ELISA well with panning block (fresh). Incubate for 1 h
at room temperature without shaking.

Blocking: Empty the first two ELISA wells, wash three times
with PBST, and fill up the wells with 2% BSA (fresh) in PBST.
Incubate for 1 h at room temperature without shaking.
Adding target (protein): Empty the first two ELISA wells and
wash three times with PBST. Add 4 pg in 150 pL of the protein
in its storage buffer in the first well (see Notes 20 and 21). Fill
up the second well with PBS. Incubate over night at 4 °C
without shaking.

Add I mL2x YT + 150 pL. 10 x GA to the deep well contain-
ing 300 pL cluted phage in 2x YT. Incubate for 1 h at 37 °C
and 450-650 rpm.

Add 10" pfu M13KO07 helper phage to the deep well. Incubate
for 30 min at 37 °C without shaking and 30 min at 37 °C,
450-650 rpm.

Centrifuge the deep well plate for 10 min, 3220 rpm at room
temperature. Discard the supernatant carefully.

Resuspend the pellet in 950 pL 2x YT-AK. Incubate o/n at
30 °C and 450-650 rpm.

ay 4:

. Centrifuge the deep-well plate for 10 min, 3220 x g at room

temperature. Transfer the supernatant in the neighbored deep
well and resuspend for a few times.

. Adding phage: Empty the third well of the ELISA plate, and

add a mixture of 95 pL panning block + 5 pLL 1 pg/pL (5 pg)
streptavidin in PBS + 50 pLL amplified phage from the deep well
(step 1) to this well. Incubate for 1 h at room temperature on a
shaker.

. Transterring phage I: Empty the second well and wash three

times with PBST. Transfer the 150 pL phage solution from the
third well into the empty second well. Incubate for 1 h at room
temperature on a shaker.

. Transferring phage II: Empty the first well and wash three

times with PBST. Transfer the 150 pL phage solution from
the second well into the empty first well. Incubate for 1.5-2 h
at room temperature on a shaker.

. Washing step: Empty the first well and wash ten times with

PBST with a plate washer.
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6.

Phage elution: Add 150 pL (10 pg/mL in PBS) trypsin to the
empty first well. Incubate for 30 min at 37 °C without shaking.

. Save the sample with the eluted phage for titration and further

steps.

3.10 Phage Titration The phage titration is based on Russo et al. [17] (Subheading 3.3).

1.

p—

3.11 Gene Extraction
and Sequencing

(S SN I ]

Inoculate 30 mL 2x YT-T in a 100 mL with XL1-Blue MRF
and grow overnight at 37 °C and 250 rpm.

. Inoculate 50 mL 2x YT-T with 500 pL overnight culture and

grow at 250 rpm and 37 °C up to OD600 = 0.5.

. Make serial dilutions of the phage suspension in PBS.

. Infect 50 pL bacteria with 10 pL phage dilution and incubate

for 30 min at 37 °C (see Note 24).

. Plate the 60 pL infected bacteria on 2x YT-GA agar plates

(8.5 cm petri dishes).

. Incubate the plates overnight at 37 °C.

. Count the colonies and calculate the cfu/mL titer according to

the dilution.

. Inoculate up to 50 cultures of 15 mL 2 x YT-GA with colonies

from the titration plate from the third panning round and up to
50 cultures of 15 mL 2 x YT-GA with colonies from Subhead-
ing 3.8 (packed library before panning).

. Inoculate all cultures at 37 °C, 200 rpm overnight.
. Extract the DNA from cach culture using a DNA miniprep kit.
. Use the MHLacZ-Pro_f primer for sequencing cach DNA.

. Compare the pepride encoding sequences before the panning

with the sequences after the third panning round.

. Determine the enrichment of peptide sequences from the

sequencing result after the third panning round (see Note 25).

4 Notes

. 19 canonical amino acids without cysteine at 5 different posi-

tions result in about 2.5 x 10° variants in the library.

. These two restriction sites are only for the case if you want to

use restriction cloning. They will not be used for the hot fusion
cloning. When using the restriction sites, only 30 bp will be
left. This will probably cause problems for performing a
purification step.
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. The oligomer was synthesized by ELLA Biotech GmbH, which

is specialized on the synthesis of randomized oligonucleotides
using trinucleotides.

. This is only necessary if you plan to do a restriction cloning

instead of a hot fusion.

. We recommend using a program like SnapGene to make the

design of primers for hot fusion much casier. If the program has
no function for hot fusion, it is possible to use the Gibson
assembly function for the design.

. 72 °C is the maximum from NEB Tm-calculator, and in our

case, due to the primer design, the Tm-difference between the
two primers is greater than the recommended limit of 5 °C
(here: 7 °C difference).

. We recommend using a low-molecular-weight ladder-like

N3233S from NEB. The PCR product does not need to be
turther purified for the hot fusion reaction. The purification of
such small genes (in this case about 100 bp) will result in an
insufficient recovery. This is also a reason to decide for hot
fusion than restriction cloning, because turther purification is
not necessary.

. It is also possible to linearize the phagemid via restriction

enzymes, for pHAL30 with Ncol and Notl. In addition to
these two enzymes, HindIII and Mlul can be used to make
the restriction-digested DNA fragment smaller. Unfortunately,
the efficiency of this procedure was not high in our case, and it
seemed that restriction was not quantitative, because in a hot
fusion reaction, the library oligomer with the restriction-
lincarized pHAL30 often was less than 10% positive clones.

It is important to have a nearly quantitative linearization of the
phagemid, so less than 1 ng of template will be even better.

It is possible that more than one band will occur on the gel
(three bands in our case), but if the strongest band is the
desired product, it will work nevertheless.

Sometimes it is necessary to try different ratios to achieve a
successtul hot fusion reaction. Consider doing more than one
of those reactions in parallel. Combining several reactions after
transformation will result in a higher propensity to get library-
containing clones.

Consider doing more than one transformation in parallel. It
will be effective to combine the reactions after transformation.
Keep also in mind that the transformation ethciency can vary.
If using more than one transformation sample, this will be the
point to combine these. Be sure to have in total a volume of
about 1 mL remaining media in the supernatant, because this
will be the ideal volume to streak out on the plates.

72



Results

112 Valentin Jakob et al.

14

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

. We recommend incubating at 30 °C instead of 37 °C because

the ER2738 is growing very fast.

Typical rates are about 9/12 (75%) up to 11 /12 (92%) positive

clones.

Due to the lengths of the pHAL30 (>4000 bp), the lincariza-

tion via PCR even with the Q5 HF polymerase can cause

several point mutations in the backbone of the pHAL3O0.

However, in most cases, this will have no effect on the pre-

sented peptide and the functionality of the phage presenting it.

The PEG/NaCl solution should be completely removed.

It is not necessary to add tetracycline to the culture /plates even

though the MRF' has a tetracycline resistance.

For non-biotinylated proteins, see also the instructions from

Subheading 3.1 (Russo ctal. [17]).

When using biotinylated proteins, it does not matter, if there is

DTT or glycerol in the buffer. For non-biotinylated proteins, it

is necessary to remove such components from the bufter.

The needed amount depends on the protein. If yvou can esti-

mate how well your protein immobilizes, it will be possible to

adjust the amount for every panning round.

Collect 10 pL of the eluted phage after each panning round for

titration and further steps.

Ifyou do not have a plate shaker /incubator, use a conventional

shaker/incubator with a plate holder at maximum speed, i.c.,

the Thermo MaxQ 4000, and use 400-500 rpm.

Make the titration for every stock of the collected eluted phage

from cach panning round. Using droplets of just PBS with

XL1-Blue MRF' and droplets of just XL1-Blue MRF’ as a

negative control on a separate plate is recommended. This

will show it the PBS and the XL1-Blue MRF are

contamination-free. XL1-Blue MRF is used for titration and

for following single-clone analysis, because the phagemid is

more stable in these bacteria compared to TGI.

. The more frequently a sequence occurs, the higher is the
probability that this is a desired binder for the used target
protein.
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Size matters: Inhibition of protein-nucleic acid interactions can require the use of extended structural space with
MW > 500 Da. Here, we identified a redox-stable ultrashort macrocyclic peptide containing a disulfide mimic. The parent
disulfide-bridged peptide was selected by phage display against the attractive antiinfective target CsrA.
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Abstract: Small macrocyclic peptides are promising candidates for
new anti-infective drugs. To date, such peptides have been poorly
studied in the context of anti-virulence targets. Using phage display
and a self-designed peptide library, we identified a cyclic heptapeptide
that can bind the carbon storage regulator A (CsrA) from Yersinia
pseudotuberculosis and displace bound RNA. The initial disulfide-
bridged peptide, showed an ICs; value in the low micromolar range.
Upon further characterization, cyclization was found to be essential
for its activity. To increase metabolic stability, a series of disulfide
mimetics were designed and a redox-stable 1,4-disubstituted 1,2,3-
triazole analogue displayed activity in the double-digit micromolar
range. Further experiments revealed that this triazole peptidomimetic
is also active against CsrA from Escherichia coli. This study is an ideal
starting point for medicinal chemistry optimization of this macrocyclic
peptide and might pave the way towards broad-acting virulence
modulators.
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Figure 1. CsrA/RsmA as a promising drug target for multi-pathogen virulence modulation by disruption of an essential protein-RNA interaction.

For years, researchers have warned about the antimicrobial
resistance (AMR) crisis.['! The rampant spread of multi-drug
resistant bacterial pathogens combined with the lack of novel
treatment options, especially against Gram-negative species,
poses a great threat for our modern healthcare systems.?! For this
reason, the discovery of new anti-infective candidates with novel
and innovative mechanisms-of-action will be needed. We
consider the carbon storage regulator A (CsrA; in some species
also called the regulator of secondary metabolites, RsmA)P® as an
attractive, yet underexplored, virulence-modulating target.! It is
widespread in Gram-negative pathogens!® where its sequence
and function is highly conserved.®! Knock-out studies -in
Pseudomonas aeruginosa, Yersinia pseudotuberculosis and
Helicobacter pylori”l have demonstrated its critical role in
bacterial virulence and highlighted its potential as a therapeutic
target.®! The CsrA/RsmA protein is a post-transcriptional
regulator®], that binds and regulates translation of mRNA and,
thus exerts pleiotropic effects on the bacterial transcriptome
(Figure 1).1'® Through its mRNA binding activity it is involved in
the regulation of quorum sensing,"! motility,'? carbon
metabolism,['® peptide uptake via cstAl' and biofilm
development.l'® To disrupt the function of CsrA/RsmA at the
molecular level, protein-RNA interaction inhibitors need to be
devised. CsrA usually occurs ‘as a homodimer,['® with two
identical RNA-binding sites.!'”)

In a previous study using Yersinia CsrA and a short piece of RNA
that contained the important core binding motif GGA, it was shown
that this RNA can be displaced by small molecules.”"® In the
present work, we sought to find novel lead molecules within the
extended Lipinski space (MW between 500 and 1000 Da).l'®20]
These molecules should provide a suitable basis for disrupting
macromolecule-macromolecule interactions while still retaining
the potential for membrane permeability and oral
bioavailability.?%2" To this end, we devised a strategy to screen a
library of disulfide-constrained heptapeptides covering a mass
range between 548 — 1193 Da via phage display (Scheme 1).[?2
The use of phage-encoded libraries displaying millions of
compound variants!®! has proven to be an excellent method for
finding novel binders for several targets.?* An important example
is the search for small antibody fragments, so called single-chain

variable fragments (scFvs) for any desired target.?s! Phage
display can also be transferred to libraries encoding for short
peptides.?*281 This method allows screening of whole peptide
libraries for one target to find potential binders.]

Our self-designed phage library encodes for a peptide library with
the general structure XCXXXCX (2.48 - 10° variants).”? It
contains two cysteines at fixed positions, which form a disulfide
bond under oxidative conditions; X encodes for any amino acid
except cysteine. We screened this library against immobilized
Yersinia CsrA (biotinylated and His-tagged CsrA construct
CsrA_biot_Hiss; more details on phage display and CsrA
expression can be seen in Supporting Information and a
published protocol)?? bound to a streptavidin-coated ELISA well.
After three rounds of panning, phage binding with high affinity
were separated on agar plates. After sequencing of 32 clones, we
identified one sequence as a potential CsrA binder. The criteria
for selection were intact sequences and avoidance of a high
tryptophan content (more than two Trp), which usually leads to
unspecific binding.?®! Noteably, the selected sequence contained
a glutamic acid residue - a feature we deemed plausible as
anionic carboxyl groups should be of benefit for binding the
positively charged surface of CsrA possessing a high content of
basic amino acids.

This peptide hit (1) was synthesized by solid phase peptide
synthesis (SPPS) in disulfide-cyclized, N-terminally acetylated
and C-terminally amidated forms. These modifications were
chosen because the sequence is presented within a peptide
backbone extending beyond its N- and C-termini on the phage
during the panning experiment. The peptide was characterized by
LC-MS, HRMS and NMR (Supporting Information). Using an
established fluorescence polarization assay!l (Supporting
Information), peptide 1 was tested for its ability to displace mRNA
from CsrA. In this assay a fluorescein (flc)-labeled RNA (5'-
UUCACGGAGAA[flc]) and CsrA_biot_Hiss were used to probe
the protein-RNA interaction. The labeled RNA was successfully
displaced by peptide 1 with an ICsq value in the micromolar range
(6.9 £ 1.3 uM, Figure 2). This peptide is one of the most potent
compounds discovered against CsrA to date and is readily
synthetically accessible. Previously identified natural products
such as MM14 and tubulysin Ar-672, have shown similar potency
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(4+1pM and 11 £ 1 uM, respectively),”? but are much more
challenging to synthesize.

When the assay was conducted in the presence of 5 mM DTT,
peptide 1 lost its activity almost completely. Under these
conditions the disulfide bond is reduced and the macrocycle
linearized. Thus, we concluded that the conformational constraint
induced by the disulfide bond is essential for activity. This
observation also supports a conformation-specific (structure-
dependent) interaction between the peptide and CsrA.
Additionally, a microscale thermophoresis (MST) assay was

WILEY-VCH

performed with peptide 1 and CsrA_biot_Hiss yielding a Ky of
10.5+ 1.4 yM (Supporting Information). This assay further
supports a direct specific interaction between the peptide and
CsrA.

To gain further insights into the underlying structure-activity
relationships (SAR) of peptide 1 we synthesized an array of
derivatives by Fmoc-SPPS, oxidized them with DMSO and tested
for inhibitory activity in the fluorescence polarization assay. The
resultant ICso values are listed in Table 1.

Synthetic library oligo:

library
construction

presented

CATGGCC XXX TGT XXX XXX XXX TGT XXX GC
2.48 x 10° variants; XXX: encodes for all canonical amino acids except cysteine (TGT)

linker

macrocyclic
peptide library

Phagemid inside
encoding for pllll protein,

Trypsin linkers, tags, and peptide library

cleavage site

G) CsrA

plate clones

sequences of
selected clones/phages

rotein block coating & !
J\; E/H 3 phage blocking phage library
CD E coli
@ ELISA well/ removal of
deep well non-binders
after 3 by washing

addition of

rounds

& ) elution of
binders by
amplification of eluted trypsinization

phages in E. coli

design of
synthetic
peptides

/S

N\)L "jfx N’(rx p o o Nj\rx N\)J\ Hﬁ% %
’grx X—X- Nj\rrx —NH, synthetic peptide

peptlde on phage

Scheme 1. Selection process from library design to peptide hit identification. Lib

S;
Q
>»V—H S—E—L-
0

1 “Ac-V-[CSELClyy g W-NH,,”

|Ala scan |
[truncation |
redox stabilization |

rary construction: An oligomer was constructed to code for the subsequent peptide

s
L NHW—NHQ
09

library. After cloning and packaging in M13 phage, genotype and phenotype are coupled by presenting the encoded peptide including tags and linkers simultaneously.
Phage display: The peptide phage library was used in the panning process, in which the enrichment of potential CsrA binders is achieved. Sequences of the bound
peptides were identified by sequencing the coding phage gene. Design of synthetic peptides: Representation of a phage from panning to which a general library
peptide including peptide backbone is linked, compared to the synthesized peptides. Here, N-terminal acetylation and C-terminal amidation simulate the peptide
backbone. Furthermore: A representation of the selected peptide 1 is given, which was characterized in more detail as a "Hit" in the context of this paper.
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Figure 2. Displacement of RNAflc from CsrA_biot_Hiss with peptide 1 and its
reduced derivative measured via fluorescence polarization. Data shown are
from two independent experiments measured in duplicate and were fitted to a
sigmoidal logistic, Levenberg Marquardt inhibition model (solid line). The results
of peptide 1 (filled circles) as well as peptide 1 in the presence of 5 mM DTT in
the assay are shown (open circles).

Table 1. Peptides 1-4b with corresponding ICso values obtained from the
fluorescence polarization assay and their activity relative to peptide 1.

Entry Sequencel ICso / UM®! Relative
Y. pseudotuberculosis activityl©

1 Ac-V-[CSELC]eycic-W-NH> 6.9+1.3 1

2a H-V-[CSELCleyoic-W-NH> 27.6£4.0 40

2b Ac-V-[CSELCleyeic-W-OH 174420 25

3a Ac-VASELAW-NH: >>1000 -

3b Ac-A-[CSELCleysic-W-NHz2 14 +8 16.5

3c Ac-V-[CAELC]eycic-W-NH: >1000 -

3d Ac-V-[CSALC]eycic-W-NH2 228+0.7 33

3e Ac-V-[CSEAC]eycic-W-NH; 57.9+2.1 8.4

3f Ac-V-[CSELCeycic-A-NHz >500 -

4a Ac- = -[CSELCleysic-W-NHz2 128 +4 18.6

4b Ac-V-CSELC]eyciic- = -NH2 >>1000 -

[a] Differences relative to peptide 1 are shown in bold or as “—* for deletions.
Each peptide is disulfide-cyclized (except 3a) over the cysteines. [b] Standard
error of the sigmoidal curve fitis given (two independent experiments, measured
in duplicates). [c] Relative activity for a peptide x is given as the ratio
ICso(peptide x)/ICso(peptide 1).

To investigate the importance of the N-terminal acetylation as well
as the C-terminal amide, peptides 2a and 2b were synthesized,
respectively. We observed slightly increased ICsy values
(276 £4.0 yM and 17.4 £2.0 uM, respectively) indicating that
both modifications contribute to the overall affinity of peptide 1.
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To identify possible interaction hotspots, an alanine scan of
peptide 1 was performed. As expected, activity was abolished
when both cysteines were replaced by alanine (3a) corroborating
our earlier findings when using DTT to linearize peptide 1
(Figure 1). Similarly, when Ser3 (3c) or Trp7 (3f) were changed to
alanine, dramatic losses of activity were observed. Therefore, the
interactions mediated by the serine and tryptophane sidechains
are essential hotspots for high affinity. Furthermore, the Ala-scan
allowed us to conclude that substitution of residues Val1 (3b),
Glu4 (3d) or Leu5 (3e) has a less pronounced effect on activity,
showing ICso values of 114 +8 M, 22.8+0.7 uyM, and
57.9 £ 2.1 uM, respectively. In the case of the Glu4Ala mutation,
this result was surprising. CsrA is an RNA-binding protein
possessing a positively charged surface area due to an
abundance of lysine and arginine residues. Hence, the presence
of the carboxylic acid function in peptide 1 hinted at a potential
salt bridge as an important contribution to affinity. If the proposed
ionic interaction between Glu4 and the basic amino acid
sidechains of CsrA was optimally positioned, a dramatic loss of
affinity would have been expected for compound 3d. As this was
not the case, this position should be investigated in more detail in
future optimization efforts.

Two truncated versions were tested for inhibitory activity to check
whether further reduction in size is possible. A version without
Val1 (4a) had an ICsp of 128 + 4 uM, which is comparable to the
value obtained for the Val1lAla mutant, 3b (114 +8 uM). If
tryptophan is omitted (4b), the activity in the measured
concentration range is completely lost and in line with our findings
with the Trp7Ala mutant (3f). Hence, we conclude that the
complete seven amino acid sequence is required for high activity.
In a final step, we sought to protect peptide 1 from reductive
linearization, which we consider essential for achieving
intracellular activity. To this end, we made use of the “triazole
bridge” approach?® and replaced the cysteine residues with non-
natural amino acids bearing alkyne and azide functions in their
sidechain for facile click chemistry-based macrocyclization.
Notably, this strategy provides selective access to either a 1,4-
disubstituted or 1,5-disubstituted bridging motif depending on
whether copper(l)- or ruthenium(ll)-catalyzed azide-alkyne
cycloaddition is applied (abbreviated CuAAC or RuAAC,
respectively). By this means, a number of different triazole-
bridged peptides were generated (Table 2). The linear precursor
peptides were synthesized using commercially available building
blocks Fmoc-protected propargylglycine (Fmoc-Pra-OH) and
Fmoc-protected azidoalanine (Fmoc-Aza-OH) or Fmoc-protected
azidohomoalanine  (Fmoc-Aha-OH). In-solution ~ CuAAC
macrocyclization of the unprotected peptides in separate
reactions delivered three 1,4-disubstituted 1,2,3-triazole variants
(5a-5¢), which were characterized by LC-MS, HRMS and NMR
(Supporting Information) and tested in the fluorescence
polarization assay (Table 2). 5a, originating from an azidoalanine-
bearing precursor, showed an ICsp of 35.3 +£0.6 uM, which
correlates to a moderate 5-fold reduction in potency compared to
the disulfide counterpart 1. Installing an elongated
macrocyclization motif by using azidohomoalanine instead (5c)
leads to a further drop in activity (76.0 £ 3.3 uM). Changing the
orientation of the triazole ring by switching positions of the
propargylglycine and azidoalanine residues (5b) resulted in an
ICs of 92.8 + 4.0 uM.
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Table 2. Peptide 1 and triazole-bridged variants 5a-6¢ with corresponding ICso
values obtained for Yersinia and E. coli CsrA from a fluorescence polarization
assay and their activity in relative to peptide 1.

Entry  Sequence ICs0 / uMEe! Rel.
Y. pseudotuberculosis  activity®
(ICso / UMEIE. coll)
1 Ac-V-[CSELCleyeic-W-NH; 69+13 1
(182 67) 1)
5a 35.3+0.6 5.1
Ac—V-N--S-E-L-NT-W—nH; (4.9+0.9) (0.027)
H 8 H
5b v 92.8 +4.0 13.5
AoV NS ~EL-N T W, (6.8 £1.5) (0.037)
5c N 76.0+3.3 111
Ao—V-N-pS-E-L-N I W—NH; (3.4 £0.6) (0.019)
6a \ 178 £ 12 25.9
Ac—V-NLS-E-L-NL-W—NH, (48.1 £16.0) (0.26)
H § H
o {0 33734 49.1
Ao—V =N $-E-L-NL- W=, (51.6£27.1) (0.28)
pr
6c Z 309 + 15 45.0
Ae—V-NIS-E-L-NL-W—nH, (83.4 £47.1) (0.46)

[a] Standard error of the sigmoidal curve fit is given (two independent
experiments, measured in duplicate). [b] Relative activity for peptide 1 is set to
1. Values for other peptides relative to peptide 1 (Y. pseudotuberculosis CsrA).

Previous work on a 14-amino acid, backbone cyclic protease
inhibitor peptide SFTI-1, demonstrated the utility of 1,5-
disubstituted bridging motifs, which are installed via RUAAC in
solution or on resin.?®3" |n the case of our current CsrA-RNA-
interaction inhibitor 1, this strategy was surprisingly not beneficial.
Macrocyclic peptide 6a achieved only an ICso of 178 + 12 uM. If
the azidoalanine in position 2 was replaced by azidohomoalanine
(6b), the ICs value increased even further to 337 + 34 uM. Finally,
exchanging the positions of Aha and Pra (6c) did not show any
significant difference in comparison to 6b (ICso = 309 + 15 uM).

To demonstrate the potential for a broader anti-Gram-negative
activity we tested peptide 1 as well as our triazole-stabilized
derivatives against the E. coli homolog of CsrA (Table 2).
Surprisingly, disulfide-cyclized inhibitor 1 showed a tremendously
reduced activity (ICso (E. coli) = 182 +67 uM), while the 1,4-
disubstituted triazoles 5a, 5b and 5¢ now outperformed the
original peptide (ICso (E.coli) = 4.9+0.9 uM, 6.8 + 1.5 yM, and
3.4 +0.6 uM). The 1,5-disubstituted congeners again showed
reduced activity compared to their 1,4-counterparts, albeit still
being more active than the disulfide compound 1. Considering the
high sequence identity between both proteins (95 %), it is fair
to assume that this finding provides evidence for the potential site
of interaction of the macrocyclization motif for our inhibitor scaffold.
The only differences in amino acid sequence between the Y.
pseudotuberculosis and E. coli proteins are at distinct residues of
the C-terminus, including Pro58GIn, Thr59Ser, and Thr60Ser,
respectively (see sections regarding protein expression in the
Supporting Information). This region is also close to the protein-
RNA-interaction interface (Figure 3). Hence, we hypothesize that
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the inhibitor scaffold covers an area encompassing interactions to
both sites (C-terminus and RNA-binding site). Unfortunately,
attempts to co-crystallize the peptide with CsrA have not been
successful to date. To gain access to structural information, we
solved the structure of peptide 1 by NMR (PDB ID 7M7X, BMRB
ID 30895, Figure 3a and Supporting Information). With this ligand
structure ensemble in hand we performed a docking experiment
based on a Y. pseudotuberculosis CsrA homology model derived
from a protein-RNA complex determined by NMR.[] The result of
the docking experiment is shown in Figure 3b (see also
Supporting Information). The binding pose of peptide 1 is in line
with the SAR derived via the Ala-scan and truncation experiments.
For example, the side chains of “hot spot” residues Ser3 and Trp7
form key contacts with Lys38 and Val40, while the other residues
are primarily involved in backbone-based interactions (Figure 3c).
Although this pose will need further validation in future studies, it
provides a basis for explaining the observed differences between
Y. pseudotuberculosis and E. coli CsrA. We hypothesize that the
differences in activities seen for compounds in Table 2 are
potentially resulting from the Pro58GIn exchange changing the C-
terminal interaction site from a rather hydrophobic environment to
a more polar one, which might favor the hydrogen acceptor
functions of the triazole. Implementation of a 1,5-motif (6a — 6c),
however, could result in steric clashes between the ligand and the
protein target rendering them less effective in this scenario.

In 'summary, we have shown that the 1,4-disubstituted triazole
bridging motif established in 5a is a suitable disulfide replacement
that is active against both Y. pseudotuberculosis and E. coli CsrA.
In combination with our phage display-based screening
methodology, we have provided a generic approach towards the
identification, initial qualification, and subsequent redox-
protection of short macrocyclic peptides as protein-RNA-
interaction inhibitors. The phage display methodology proved to
be a rapid approach towards identification of the first macrocyclic
peptide able to disrupt the CsrA-RNA interaction. The starting
scaffold peptide 1 was thoroughly characterized by fluorescence
polarization-based functional activity tests as well as MST-based
protein binding assay. Exchanging the disulfide bond against a
redox stable 1,2,3-triazole bridge gave us active non-natural
derivatives suitable for cell-based assays. Contrary to previous
studies, we have observed that in the current system the
synthetically easier accessible 1,4-disubstituted 1,2,3-triazole
was the superior disulfide mimic showing an ICs value in the 2-
digit range. Based on NMR-based solution structure
determination of the native peptide sequence and docking
experiments structure-guided optimization can now be attempted.
This novel scaffold serves as a suitable starting point for the
generation of high potency CsrA inhibitors, also because it is
probably applicable against CsrA from further bacterial species.
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Figure 3. In silico analysis of the peptide-CsrA interaction. a) Overlay of 20 NMR-derived solution structures of peptide 1 (PDB ID 7M7X, BMRB ID 30895) showing
the peptide backbone as a tube and highlighting conformer 1 (entry 1 in pdb) for clarity. b) Depiction of docking-derived interaction hypothesis highlighting key
interaction sites. Carbons of peptide 1 are shown in white and RNA carbons in black. Surface of the two CsrA chains shown in light cyan and dark cyan. c) 2D
interaction profile of binding hypothesis for peptide 1. “Hot spot” residues identified via Ala-scan (Ser3 and Trp7) are indicated.
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4 Final Discussion

The aim of this thesis was to generate new inhibitors that can prevent protein-nucleic acid
interactions by displacing the nucleic acid and binding to the protein. On the one hand for the
viral LANA-DNA interaction, which is responsible for the latent persistence of KSHV, on the
other hand for the bacterial CsrA-RNA interaction, which is highly conserved in human
pathogens such as Yersinia, Pseudomonas and E. coli. Thus, LANA and CsrA represent
promising targets for the development of anti-KSHV drugs or agents that are applicable against

a broad range of bacterial pathogens.

In general, it is often difficult to inhibit protein-nucleic acid interactions. This may be due to
the size of the nucleic acids, which are very large in contrast to fragment-sized or small
molecules. The corresponding binding pocket of the protein in which the nucleic acid is located
may also be too large for a relatively small inhibitor. Therefore, solutions have to be found in

the form of other approaches, such as a peptide-based approach.

In the first part (Chapter A, B and C), a fluorescence polarization assay (FP assay) for LANA
was established after successful optimization of LANA protein expression. The first LANA-
DNA-interaction inhibitors using fragment-based approach and hits from an in-house library
were evaluated using this expressed protein and the established assay. Highly potent inhibitors

against LANA emerged.

In the second part (Chapter D) a phage display procedure was established. The starting point
was a self-designed peptide library encoding very small macrocyclic peptides. In the course of
phage display panning, optimization steps were performed. Using the library, potential binders

could theoretically be found for any target.

In the third part (Chapter E), a highly potent peptide-based CsrA-RNA inhibitor was
successfully found. This hit was evaluated by biological assays and further structure-activity
relationship (SAR) insights were obtained by different methods. By means of disulfide bridge

replacement, a potent redox-stable inhibitor against CsrA was achieved.

All three parts will be discussed in the following.
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4.1 Protein-DNA Interactions

In the first part of this work, the LANA protein was expressed as an initial step. For this purpose,
an oligomerization-deficient KSHV LANA(1008-1146) mutant was used. The use of a C-
terminal domain (CTD) of the LANA wild type (wt) results in higher homo oligomers.
Moreover, with the CTD wt, quantitative precipitation of LANA and DNA occurs upon
interaction with DNA, which also means poor solubility.!” However, highly soluble LANA
dimers were required for the experiments, in which form they would also bind to an LBS. The
oligomerization-deficient mutant allowed this to be achieved with several point mutations.
Hellert et al. were already able to establish a method to express this LANA mutant,'?! but this
expression is extremely labor intensive, time consuming, and unreliable. Reasons are a complex
medium (autoinduction), cell disruption by sonification (heating and time consuming) and an
on-column refolding step. Because in this expression process, the LANA protein is mainly
located in the inclusion bodies of E. coli, LANA would have to be denatured first and renatured
on the column. With our method, these three steps could be significantly simplified. The main
culture (conventional medium) was directly inoculated with a cryoculture without preculture
usage. Expression generated sufficient solubilized protein outside the inclusion bodies. Other
benefits included cell disruption with just one passage through a microfluidizer and simple Ni-
affinity purification without a refolding step. Yields up to 2.5 mg per litre of culture could be
achieved. Other oligomerization-deficient LANA constructs like LANA(996-1149) and
LANA(1017-1149) for crystallization study trials were also successfully expressed using our
method. The purified proteins were used in several assays to evaluate different compounds in

assays.

Many potential fragment-sized molecules were synthesized by our former group member
Philine Kirsch in the context of fragment-based drug discovery (FBDD)*!' up to the discovery

of a new lead structure.'?? In addition, screening of an in-house library!?} has been performed.

Since this part of the work has happened hand in hand with the development of the FP assay,
the following section will provide an overview of Philine Kirsch's fragment-based approach. In
the fragment-based approach, 720 fragment-sized compounds had to be analyzed by Surface
Plasmon Resonance Spectroscopy (SPR) as a biophysical assay and Thermal Shift Assay (TSA)
to detect compound-protein binding. This resulted in 20 binders, which were evaluated as
potential inhibitors in a fluorescence-based competition assay to investigate functional LANA-
DNA interaction inhibition. This FP assay thus served as an SAR driver at each optimization

step and supported that fragment-growing with finding a growth vector was successful. In
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addition, an orthogonal LANA-DNA interaction inhibition assay (electrophoretic mobility shift
assay, EMSA) was performed with LBS1 and 2 and 1 + 2 in combination. The assay gave three
hits with increased potency and good physiochemical properties (fragment-like, best of the
three: 17 = 1 uM), although no X-ray structure was present. Co-crystallization of the fragments
with LANA would be essential for structure-based optimization and interaction hotspots, but
this has not yet been successful. However, saturation-transfer difference NMR (STD-NMR)
and molecular docking offered a successful alternative for inhibitor-target interaction and to
find out the putative binding mode (different compounds had different binding sites). Target

binding was confirmed by microscale thermophoresis (MST) assay.

Our fluorescence-based competition assay for LANA was derived from an established method
for CsrA developed by Maurer et al..!” This assay was successfully transferred to the
oligomerization-deficient LANA mutant. However, all parameters (such as DMSO tolerance
and concentration of protein and the labeled ligand) were again precisely varied and checked.
In addition, the LBS single strands had to be hybridized beforehand. The three LBS 1, 2 and 3
were used individually as smaller fluorescein-labeled DNA pieces for competition experiments
with the synthesized compounds. The fragments showed similar activity against LBS 1, 2 and
3 in the FP assay, which may indicate that LANA can be displaced from all three binding sites,
if the full TR unit would be present.

In an additional validation step, a Z-factor'**

of >0.9 was achieved indicating suitable
reproducibility. This statistical parameter of assay robustness can be seen as a measure for high
throughput capability. After confirming that this established assay was high-throughput
capable, screening of an in-house library with 670 drug-like compounds could be performed.
However, the assay could not be transferred to the LANA CTD wt because, as already
mentioned, this construct tends to oligomerize and precipitate together with DNA, which was
not the case with the highly soluble mutant. The FP assay had thus proven to be a reliable tool
to rapidly screen the synthesized fragments and those of the in-house library. To test compounds
with wt protein, EMSA was performed in collaboration with the group of Thomas Schulz
(Saskia Stein, Hannover Medical School, MHH). According to EMSA, the lead structure
developed by Philine Kirsch was also active against wt LANA (LBS2: 8 + 1 uM and wt LBS1:

60 + 4 uM).

As mentioned earlier, it is not easy to displace relatively large DNA from the target with small
molecules. However, this is exactly the case with the LANA-DNA interaction. However, only

a small single LBS was displaced in the assay, while within the cellular environment actually
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the entire viral DNA has to be displaced from binding to three LANA homo dimers.
Considering this complex scenario, further optimization of the generated compounds will be
necessary. It is promising that such a small inhibitor already shows decent activity in the in
vitro assays (also against wt LANA). The binding pocket is large, flat and poorly defined. In
conclusion, LANA is difficult to target but not undruggable for such small molecules as is often

described.'?

A viable alternative could be a peptide-based approach, which, with their larger molecular
scaffolds, are more suited for macromolecule-macromolecule-interaction inhibition. Such a
peptide could be identified by exploiting the phage display technology against LANA in the
future. Importantly for peptides, whose size is beyond Lipinski space, mammalian (eukaryotic)

cells are easier to permeate than those of e.g. Gram-negative bacteria.!?

Another possibility to obtain larger compounds is the so-called compound merging or linking.
Different compounds that already successfully inhibit LANA-DNA interaction are combined
with each other. Especially since it is assumed that different compounds (in-house-library
screening hits) bind to different sites of LANA.'>® Such a procedure could increase the

inhibition potency.

Another way to defeat the latent persistence of KSHV might be the PROTAC (proteolysis
targeting chimeras) approach.'?” Currently, PROTAC-based LANA degraders are being
developed in our group. Such a degrader consists of two linked moieties, one part which binds
to LANA (inhibitor) and one part which binds to E3 ligase (E3 ligand).'”® Upon binding,
ubiquitylation of LANA and, hence, proteolytic degradation in the proteasome is induced by
the PROTAC agent.

4.2 Phage Display

Besides fragment-based drug discovery, the peptide-based approach could be another method
with high potential to address protein-nucleic acid interactions. Peptides are typically large
compared to fragments and are thus better suited to displace nucleic acids from the target with
a relatively large binding pocket. This chapter should not be specifically assigned to protein-
DNA or protein-RNA interactions. This method can be used for any target and, furthermore,
only potential binding to a target without nucleic acid competition is captured. However, the

method has been optimized for the protein CsrA.
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As described in Chapter D, a phage display procedure was established to quickly and easily
obtain potential binders against any target. This method was based on 2.48 - 10° different
heptapeptide variants (Figure 9) encoded by a self-designed library oligomer. This library first
had to be cloned into a phagemid. Classical restriction cloning and subsequent ligation failed.
However, a self-designed method for cloning very small peptide libraries proved succesful.!%
This outstanding method circumvented cumbersome inefficient restriction enzymatic steps and
classical error-prone ligations using Hot Fusion cloning.!? Here, the library oligomer was
amplified via PCR and phagemid was linearized restriction-free via PCR (instead of with
restriction enzymes). After Hot Fusion reaction with exonuclease and polymerase,
transformation into E. coli was performed. Then, up to 50 % more positive clones were obtained
with ligation compared to the variant with restriction enzymes and ligase. The great advantage
of Hot Fusion cloning was that no purification steps were required. In classical restriction
cloning, the PCR product of the library would first have to be purified at 60 bp, which is critical
for most PCR cleanup kits. The purified product would be only 30 bp after restriction and would
have to be separated and purified on an agarose gel from fragments that are 18 and 11 bp long.
This turned out to be impossible in this form and a way out could have been native
polyacrylamide gel electrophoresis (native PAGE), which would have taken a lot of time and

expertise. Hot Fusion cloning eliminated these steps completely.

After transformation of the cloned library into E. coli, it was packed into M 13 phages. Here it
turned out to be necessary to combine several transformations in order to achieve a higher
library diversity. A high diversity of approximately 1 - 10° was successfully achieved by
pooling six transformations. A mapping of the complete library would probably not have been
possible even with more transformations, because certain sequences could already be lost in the

cloning process.

————

Figure 9: Schematic representation of the heptapeptide from the Phage Library containing two cysteines at fixed positions with
a potential to build a macrocycle. X encodes for any amino acid except cysteine

The cloned library, which was packaged in M 13 phages, could then be used in the actual phage
display cycle - the so-called panning - for the selection of potential target binders. The exact
procedure was described in Chapter E and in Section 1.5. Because the peptide library has two

firmly positioned cysteines, they form a disulfide bridge under oxidative conditions. The
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peptide thus formed a macrocycle, which was explicitly desired. Small macrocyclic peptides
are quite a common form for peptides related to phage display, especially bicyclic peptides have
been described in literature.!*° In addition, macrocyclic peptides have a higher potential for oral
availability than linear ones.!3! After three rounds of panning, the genes of the binding peptides
were successfully identified by sequencing. During panning, there were several points where
optimization was possible. For example, the wells were coated with different target
concentrations, the number of automated wash cycles before phage elution with trypsin was

varied, and the Tween-20 content in the buffer was changed.

This panning procedure, which can be used universally for any target, was performed with
Yersinia CsrA (biotinylated and His-tagged construct CsrA-biot-Hise) and also optimized for
it.

The most significant effect was achieved by varying the number of wash cycles using a plate
washer to remove non-binding phages. The fewer wash cycles, the more plausible peptide
sequences came out after sequencing. The more wash cycles, the more non-specific binders
were present (for exact criteria see Section 4.3). One reason for this could be that the
binding/affinity of the presented peptides to the immobilized CsrA was relatively weak. The
initial many wash cycles were taken from a protocol optimized for selection of stronger binding
scFvs instead of peptides.''* With many wash cycles, there was an increased probability that
potential binders were also eliminated. Variation of target amount and Tween-20 had not
yielded significant differences, so we decided to use an established amount, which was also

described in the scFv protocol.!!?

One problem that could not be solved so far was that after sequencing, there were always quite
a few clones that contained the “empty” phagemid pHAL30, i.e. phages that did not present any
peptide during panning. This problem occurred already during phage packaging, where phages
preferentially proliferated when there was no library insert present. One reason might be that
they were not eliminated by the few washing cycles. The problem did not occur with more
frequent washing. With this compromise - fewer wash cycles, a lot of empty vector but a few

potential binders - CsrA binders were successfully obtained.

Of course, there would have been many more points where optimization during panning would
have been possible, e.g. variation of incubation times, other buffers and intensity of the plate

washer wash jet. This would mean additional effort and was not necessary in our case.
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4.3 Protein-RNA Interactions

In the third and more exploratory part of this thesis, the peptide-based approach was applied to
inhibit the protein-RNA interaction between CsrA and a short RNA segment. The established
phage display discussed in Chapter 4.2, optimized for CsrA, was applied with Yersinia CsrA
(biotinylated and His-tagged construct CsrA-biot-Hiss). This means that the library was

screened against immobilized CsrA.

After three rounds of panning and sequencing of 32 clones, we established criteria to facilitate
preselection of potential binders. Intact sequences and avoidance of high tryptophan content
(more than two tryptophans) were important as this implies non-specific binding. The presence
of glutamic acid with its carboxyl group was advantageous for binding to the positively charged
surface of CsrA, which has a high proportion of basic amino acids. Under these criteria, a first

hit emerged which could be a potential CsrA binder.

Resynthesis by solid phase peptide synthesis (SPPS) including N-terminal acetylation, C-
terminal amidation and macrocyclization through a disulfide bridge was performed. Reasons
for this were the mimicking of the peptide backbone at C- and N-termini, in which the phage
presented the peptide during panning. The synthesized hit P1 is shown in Table 1. In the next
step, the peptide hit P1 was competitively screened for inhibitory activity against labeled RNA
using FP assay according to Maurer et al.'” on CsrA. This was a complete success as the RNA
was displaced with an ICso of 6.89 +1.29 uM. The orthogonal MST assay yielded a Kq of
10.5 £ 1.4 uM, providing evidence for direct, specific peptide-CsrA interaction. Our result is
quite comparable to the best CsrA inhibitors to date, the natural products MM14 (4 £ 1 uM)
and TubulysinAr-672 (11 £ 1 uM).!” However, our peptide is much more synthetically

accessible.

The goal was now to characterize this hit in more detail. The disulfide bridge was essential,
because reduction to the two thiols (and thus linearization of the peptide) by addition of 5 mM
DTT in the assay resulted in no activity. Thus, peptide binding to CsrA was strongly structure
dependent. To further investigate this dependence, peptide derivatives were prepared by Fmoc-
SPPS and examined by FP assay to obtain closer SAR insights. Omitting N-terminal acetylation
or C-terminal amidation resulted in slightly higher ICso values. For this reason, we left these
residues on the peptide, as the peptide backbone is also better represented, as it was in the
panning. To find out which amino acids were responsible for the activity/binding to CsrA, we

performed an alanine scan. This had revealed that Ser3 and Trp7 were important interaction
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hotspots to maintain activity against CsrA. As expected, linearization by substitution of
cysteines with alanines showed no more activity. This confirmed the result of linearization by
DTT and that the macrocycle was essential for inhibition. Vall, Glu4, and Leu5 were no
hotspots or had only a minor impact on activity if replaced by alanine. The presence of glutamic
acid was actually thought to be a criterion for good potential binders. CsrA has a positively
polarized surface with many basic lysine and arginine residues. A strong salt bridge could be
built by the carboxyl group. Since the loss of activity did not occur here, it is worthwhile to
look at this residue in more detail in the future. It was also shown that it was not readily possible
to truncate the peptide further; when Vall or Trp7 were omitted, the activity losses were
comparable to those from the Ala-scan (V->A/W->A). All seven amino acids were therefore

required.

The disulfide bond in the peptide could be very easily incorporated synthetically, but there is a
problem in certain physiological environments: reductive conditions prevail inside a cell. If
such a macrocyclic peptide enters the cytoplasm, the peptide would be linearized by reduction,
which would cause its effectiveness to disappear. As strategy to mitigate this problem, the
triazole-bridge approach was investigated. Instead of cysteines, unnatural amino acids with
alkyne and azide functions were incorporated. Using click chemistry, macrocyclization was
then performed.'?*!3* These disulfide mimetics were divided into two groups: 1,4-disubstituted
1,2,3-triazoles, which were synthesized by copper-catalyzed azide-alkyne 1,3-dipolar
cycloaddition (CuAAC), and 1,5-disubstituted 1,2,3-triazoles, which were achieved by
ruthenium-catalyzed azide-alkyne 1,3-dipolar cycloaddition (RuAAC). In total, there were six
variants, all of which were tested/validated via the FP assay. Three variants of a 1,4-version
were synthesized by our group. The best variant (P2) achieved an ICso of 35.3 = 0.6 uM, which
was only 5-fold worse than the original peptide hit. Elongation of the cycle with a methyl group
decreased the activity. Likewise, when changing the orientation of the triazole ring (P3), the

activity became worse (ICso: 92.8 4.0 uM).

In cooperation with the group of David Craik (Thomas Durek, Andrew White, Queensland,
Australia), three variants of a 1,5-version were synthesized. In the assay, these all showed lower
activity (the best 178 £ 12 pM) than the 1,4-versions. This seemed unusual as it has been
described in the literature that 1,5-versions have the better activity as these are more flexible
and less rigid linkers. These observations were made in a different system using a 14 amino
acid long protease inhibitor SFTI-1.!35-13¢ In the context of CsrA inhibitors, apparently our 1,4-

versions can better adopt the active conformation from the peptide hit than the 1,5-versions.
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Moreover, P2 and P3 had been shown to be active against E. coli CsrA. The remarkable 1-digit
uM ICso’s of 4.93 £ 0.89 and 6.80 £ 1.50 uM respectively are even comparable to peptide hit
P1 against Yersinia CsrA. Table 1 gives an overview of P1, P2 and P3 with structures and
activities. We thus showed that at least two forms of disulfide mimetics are also active against
CsrA of at least one other bacterial species. Thus, these peptide-compounds have the potential
to be broad-spectrum anti-infective agents. Nevertheless, it would be important to check the

activity against CsrA/RsmA from additional bacterial species.

Table 1: Comparison of the small macrocyclic hepta peptides as CsrA-RNA interaction inhibitors.

MW / FP Assay FP Assay
Peptide Structure /mol ICso (Yersinia CsrA) 1Cso (E. coli CsrA)
& / nM / pM
! 6.87+1.29
P1 AC_V_H S-E—L—l:)—yrw—NHQ 878.03 Ko(MST): 10.5 + 1.4 182 £ 67.
0 H o
N=N
N
P2 881.95 353+0.6 4.93£0.89
Ac—V-N—S-E-L-N-Lm—W—NH,
H o H O
IN=N
/ %
P3 881.95 92.8+4.0 6.80+1.50
Ac—V-N S-E-L-N W—NH,
H O H o

This part of the thesis led to a rather early and promising success. The original peptide hit P1
and the relatively simple disulfide bridge exchange in the 1,4-disubstututed 1,2,3-triazoles (P2,
P3) are a good starting point for further optimization. Moreover, the peptides are a very good
starting point to generate further optimized highly potent drug-like CsrA-RNA inhibitors.

Upon panning, other peptides emerged after sequencing that may also be of interest and should

be explored further in future studies.

The binding selectivity against a specific target (here: CsrA - but from different species) still
needs to be checked using other nucleic acid binding proteins such as e.g. LANA. If the binding

selectivity is not given, side effects should be checked.
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Final Discussion

As far as the molecular size (given in Table 1) of the peptides P1, P2 and P3 is concerned, the
Lipinski space for oral bioavailability is slightly exceeded with a mass of about 880 Da. Hence,
these peptides reside in the extended Lipinski space (500 - 1000 Da).!?%131137 However, oral
bioavailability may still be present for compounds of this size. A few examples from literature
are Desmopressin'®!' (1069 Da) for treatment of haemophilia A and the HIV protease inhibitor

Ritonavir'3” (721 Da). Furthermore, oral bioavailability is not always needed for all indications.

92



Conclusion and Outlook

5 Conclusion and Outlook

In this dissertation, the two poorly studied protein targets, both modulators of infectious
diseases, LANA and CsrA were investigated. LANA as a viral target binds DNA and CsrA as
a bacterial target binds RNA. In both cases a protein-nucleic acid interaction should be
inhibited. An FP assay was established for LANA and the expression of LANA was optimized.
Phage display as an important tool for finding suitable inhibitors was established and applied

for CsrA.

Indeed, an FP assay was established, which acted as an excellent SAR driver for both targets.
Expression/purification of the oligomerization-deficient LANA mutant was performed using a
simplified method. A universally applicable phage display procedure for each target was
established. With this, a first peptide-based inhibitor was identified, which interfered with the
CsrA-RNA interaction in the 1-digit uM range. Two redox-stable disulfide mimetics for E. coli
CsrA yielded similar activity. These peptides are good starting points for therapeutic agents, as
they have the potential to be broad-spectrum active against other CsrA-harbouring species. This
encourages further pursuit of the peptide-based approach for CsrA. A transfer of the peptide-
based approach to LANA is still pending.

The FP assay was an excellent tool to test functional compounds in a cell-free setup. A next big
step regarding the LANA project would be to test the cellular efficacy of the compounds or to
generate cellular efficacy to inhibit the latent persistence of KSHV. In cooperation, a cell-based
virus infection assay is planned for this purpose. A cell-based assay is also planned inhouse as

well as in cooperation for CsrA.

For LANA and CsrA project it would be worth to solve co-crystal structures. This has been
attempted but has not been successful to date. LANA in complex with one of the best
synthesized inhibitors, CsrA together with the most active peptide hits. This would allow the
actual binding mode to be elucidated. If this won’t be successful for CsrA together with peptide,
STD-NMR could also be helpful, as it was with LANA.

In the case of phage display, there is still the possibility of expanding the structural space. For
this, the peptides presented by the phages could be chemically modified on cysteine residues
providing new and non-natural macrocyclization motifs. Such “combinatorial chemical

9119

libraries”" "~ are quite common, but require a high amount of elaboration.

Another variant to generate CsrA binders by phage display would be a panning against all-D-

CsrA, which will be synthesized in collaboration. This would then enable to perform mirror
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phage display, in which the identified peptide sequences would actually correspond to D-amino
acid-based peptide hits against the natural (all-L) target. These may have better

pharmacological properties than their corresponding L-peptides.'®
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1. Materials and Methods

1.1. Chemistry

; N

NO,
1-(3-nitrophenyl)-1H-imidazole

1-(3-nitrophenyl)-1H-imidazole (3): 3 was prepared according to general procedure I using 3-bromo—
nitrobenzene (150 mg, 0.74 mmol), K>COs (122 mg, 0.89 mmol), CuCl (7.0 mg, 0.04 mmol), 1H-
imidazole (73 mg, 0.89 mmol) and DMF (5 mL). Additionally, N1,N2-dimethylethane-1.2-diamine (13
mg, 0.08 mmol) was added and the reaction mixture was heated up to 150 °C in a crimp vial. The
obtained crude was purified by column chromatography (PE:EE 1:9) to yield the title compound (45
mg. 0.23 mmol, 31 %) 'H NMR (300 MHz, DMSO-des) 5 ppm 7.32 (m. J = 8.75 Hz, 2 H) 7.75 (m. J =
8.75Hz, 2 H) 7.84-7.96 (m, 1 H)8.23 (t,J = 1.72 Hz, 1 H) 9.70 (t. J = 1.35 Hz, 1 H); *C NMR (75
MHz, DMSO-ds) 3 ppm 119.72, 120.43, 120.59, 121.03. 123.40, 134.25, 139.41, 140.05.

o)

: N
O,N

1-(4-nitrophenyl)-1H-imidazole

1-(4-nitrophenyl)-1H-imidazole (4): 4 was prepared according to general procedure I using 4-iodo—
nitrobenzene (150 mg, 0.60 mmol), K,CO; (99 mg, 0.72 mmol), CuCl (7.0 mg, 0.06 mmol), 1H-
imidazole (73 mg. 0.89 mmol) and DMF (5 mL). Additionally, N1,N2-dimethylethane-1,2-diamine (19
mg, 0.12 mmol) was added. The obtained crude was purified by column chromatography (PE:EE 1:9)
to yield the title compound (60 mg, 0.31 mmol, 52%) 'H NMR (300 MHz, DMSO-de) & ppm 7.18 (s, 1
H) 7.86 - 8.02 (m, 3 H) 8.24 - 8.45 (m, 2 H) 8.50 (s, 1 H); *C NMR (75 MHz, DMSO-ds) 3 ppm 117.86,
120.37, 125.50, 130.78, 136.03, 141.67, 145.27.
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L
NO,
4-methyl-1-(2-nitrophenyl)-1H-imidazole

4-methyl-1-(2-nitrophenyl)-1H-imidazole (5): 5 was prepared according to general procedure I using
2-Iod—nitrobenzene (400 mg, 1.60 mmol), K»COs (263 mg, 1.90 mmol), Cul (40 mg, 0.16 mmol), 4-
methyl-1H-imidazole (156 mg, 1.90 mmol) and DMF (12 mL). The obtained crude was purified by
column chromatography (PE:EE 1:9) to yield the title compound (168 mg, 0.83 mmol, 52 %) MS (ESI")
m/z 204 (M+H).

Br

o
NO,
4-bromo-1-(2-nitrophenyl)-1H-imidazole
4-bromo-1-(2-nitrophenyl)-1H-imidazole (6): 6 was prepared according to general procedure I using
2-Iod—nitrobenzene (120 mg, 0.48 mmol), K>COs (79 mg, 0.57 mmol), Cul (12 mg, 0.05 mmol), 4-
bromo-1H-imidazole (84 mg, 0.57 mmol) and DMF (4 mL). The obtained crude was purified by column

chromatography (PE:EE 1:1) to yield the title compound (50 mg, 0.18 mmol, 38 %). MS (ESI") m/z 268,
270 (M+H).

: NN
NO,
1-(2-nitrophenyl)-1H-benzo[d]imidazole
1-(2-nitrophenyl)-1H-benzo[d]imidazole (7): 7 was prepared according to general procedure I using
2-Jod—nitrobenzene (100 mg, 0.40 mmol), KoCOs (66 mg, 0.48 mmol), Cul (7.5 mg, 0.04 mmol), 1H-
benzimidazole (56 mg, 0.48 mmol) and DMF (3 mL). The obtained crude was purified by column

chromatography (PE:EE 1:1) to yield the title compound (80 mg, 0.33 mmol, 82 %). MS (ESI") m/= 240
(M+H).
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: :N\yN
NH,
2-(4-methyl-1H-imidazol-1-yl)aniline

2-(4-methyl-1H-imidazol-1-yl)aniline (11): 11 was prepared to the general procedure II using 4-
methyl-1-(2-nitrophenyl)-1H-imidazole 5 (100 mg, 0.49 mmol), SnCl, (553 mg, 2.46 mmol) and ethanol
(10 mL). The obtained crude was purified by flash column chromatography (gradient elution,
DCM:MeOH 95:5 - 90:10) to yield the target compound (53 mg, 0.30 mmol, 61%). "H NMR (300 MHz,
CDCls) 6 ppm 2.32 (s, 3H) 3.70 (br.s.,2 H) 6.72 -6.95 (m, 3 H) 7.10 (dd. /= 7.68, 1.26 Hz. 1 H) 7.17
-7.26 (m, 1 H) 7.56 (br. s., 1 H); *C NMR (75 MHz, CDCls) § ppm 15.66, 116.30, 118.55, 123.67,
125.44, 127.06, 129.58, 141.86, 142.87.

l/<Br
: :N N
NH,
2-(4-bromo-1H-imidazol-1-yl)aniline

2-(4-bromo-1H-imidazol-1-yl)aniline (12): 12 was prepared to the general procedure II using 4-
bromo-1-(2-nitrophenyl)-1H-imidazole 6 (50 mg, 0.19 mmol), SnCl> (209 mg. 0.93 mmol) and ethanol
(7 mL). The obtained crude was purified by prep. HPLC (revered-phase, mobile phase consisting of
acetonitrile containing 0.05% FA (v/v) and water containing 0.05% FA (v/v): 5:95 - 90:10) to yield the
target compound (15 mg, 0.06 mmol, 31%). '"H NMR (300 MHz, CDCls) & ppm 3.73 (br. s.. 2 H) 6.75
-6.91 (m, 2 H) 7.05-7.16 (m, 2 H) 7.18 - 7.33 (m, 1 H) 7.52 (d, J = 1.49 Hz, 1 H); *C NMR (75 MHz,
CDCls) 6 ppm 116.19, 116.55, 118.66, 119.32, 122.49, 127.04 , 130.31, 137.37, 141.79.

: :N N
NH,
2-(1H-benzo[d]imidazol-1-yl)aniline

2-(1H-benzo[d]imidazol-1-yl)aniline (13): 13 was prepared to the general procedure IT using 4-methyl-
1-(2-nitrophenyl)-1H-imidazole 7 (80 mg, 0.33 mmol). SnCl, (350 mg, 1.56 mmol) and ethanol (10
mL). The obtained crude was purified by flash column chromatography (gradient elution, DCM:MeOH
98:2 - 9:1) to yield the target compound (32 mg, 0.15 mmol, 45 %). '"H NMR (300 MHz, CDCP®) & ppm
3.65(br.s.,2H)6.83-6.96 (m,2H)7.19(dd, J=7.82,1.49Hz, 1 H) 7.23 - 7.39 (m, 4 H) 7.84 - 7.94
(m, 1 H) 7.97 - 8.05 (m, 1 H); ¥C NMR (75 MHz, CDCls) § ppm 110.79, 116.54, 118.73, 120.50,
121.16, 122.72, 123.60, 128.18, 130.24, 133.88, 142.71, 143.23, 143.51.
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;: N

COOH
3-(1H-imidazol-1-yl)benzoic acid

3-(1H-imidazol-1-yl)benzoic acid (17): 17 was prepared according to general procedure III using 3-
bromo-benzoic acid, N1,N2-dimethylethane-1,2-diamine, K»COs, CuCl, 1H-imidazole and DMF. 'H
NMR (500 MHz, DMSO-ds) 8 ppm 7.13 (br. s., 1 H) 7.65 (d, J = 6.56 Hz, 1 H) 7.84 (br. s., 1 H) 7.91

(br.s..2 H) 8.10 (br. s., 1 H) 8.34 (br. s., 1 H); *C NMR (126 MHz, DMSO-ds) & ppm 118.18, 120.78,
124.62, 127.57, 130.14, 130.25, 135.77, 137.15, 166.64.

F\

NN
HOOC" ::

4-(1H-imidazol-1-yl)benzoic acid

4-(1H-imidazol-1-yl)benzoic acid (18): 18 was prepared according to general procedure III using 4-
bromo-benzoic acid, N1.N2-dimethylethane-1,2-diamine, K>COs, CuCl, 1H-imidazole and DMF. 'H
NMR (500 MHz, DMSO-de) & ppm 7.15 (br. s., 1 H) 7.81 (br. s., 2 H) 7.87 (br. s., 1 H) 8.05 (br. s., 2
H) 8.40 (br. s., 1 H); ®C NMR (126 MHz, DMSO-de) 3 ppm 117.66, 119.63, 130.22, 130.92, 135.55,
139.91, 166.42.

-

'\l’/

COOH
3-(1H-1,2,3-triazol-1-yl)benzoic acid

3-(1H-1,2,3-triazol-1-yl)benzoic acid (27): 27 was synthesized according to procedure IV using 3-
azidobenzoic acid and ethynyltrimethylsilane as starting material. 'H NMR (500 MHz, DMSO-ds) & ppm
7.74(d,J=6.26Hz, 1 H) 8.04 (s, 1 H) 8.01 (s, 1 H) 8.18 (br. s., | H) 8.42 (br.s., 1 H) 8.97 (br. s., 1 H)
13.43 (br. s., 1 H); *C NMR (126 MHz, DMSO-ds) 8 ppm  120.52, 123.45, 124.22, 129.16, 130.39,
134.68, 136.86, 166.39.
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N

o
HOOC

4-(1H-1,2,3-triazol-1-yl)benzoic acid

4-(1H-1,2,3-triazol-1-yl)benzoic acid (28): 28 was synthesized according to procedure IV using 4-
azidobenzoic acid and ethynyltrimethylsilane as starting material. '"H NMR (500 MHz, DMSO-ds) &
ppm 8.03 (br. s., 1 H) 8.07 (br. s., 2 H) 8.14 (br. s., 2 H) 8.96 (br. s., 1 H): 3C NMR (126 MHz, DMSO-
ds)  ppm 119.86, 123.43, 131.09, 134.81, 139.54, 166.48.

N=N
O
COOH
2-(4-phenyl-1H-1,2,3-triazol-1-yl)benzoic acid

2-(4-phenyl-1H-1,2,3-triazol-1-yl)benzoic acid (29): 29 was synthesized according to procedure V
using 2-azidobenzoic acid 21 and ethynyl benzene as starting material. "H NMR (300 MHz, DMSO-ds)
Sppm 7.28 -7.41 (m, 1 H) 7.44 -7.54 (m, 2 H) 7.64 - 7.85 (m, 3 H) 7.88 - 8.01 (m., 3 H) 9.00 (s, 1 H):
BC NMR (75 MHz, DMSO-ds) & ppm 123.00, 125.20, 126.48, 128.04, 128.81, 128.96, 130.01, 130.44,
130.49, 132.42, 135.32, 146.33, 166.50.

COOH
3-(4-phenyl-1H-1,2,3-triazol-1-yl)benzoic acid

3-(4-phenyl-1H-1,2,3-triazol-1-yl)benzoic acid (30): 30 was synthesized according to procedure V
using 3-azidobenzoic acid 22 and ethynyl benzene as starting material. "H NMR (500 MHz, DMSO-ds)
dppm4.62 (s,2H)5.35(br.s., 1 H)7.73(t,J=7.86 Hz, 1 H)8.02 (d,J=7.78 Hz, | H) 8.16 (dd. J =
8.09, 1.37 Hz. 1 H) 8.41 (s, 1 H) 8.81 (s, 1 H) 13.42 (br. s., 1 H); *C NMR (75 MHz, DMSO-ds) 5 ppm
115.45, 124.36, 126. 31, 128.67, 129.21, 129.99, 131.42 131.98, 139.46, 146.56, 166.57.
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HOOC/©/

4-(4-(hydroxymethyl)-1H-1,2,3-triazol-1-yl)benzoic acid

4-(4-(hydroxymethyl)-1H-1,2,3-triazol-1-yl)benzoic acid (32): 32 was synthesized according to
procedure V using 4-azidobenzoic acid and propargyl alcohol as starting material. 'H NMR (300 MHz,
DMSO-ds) 6 ppm 4.63 (s.. 2 H) 5.37 (s.. 1 H) 7.97 - 8.26 (m. 4 H) 8.80 (s, 1 H) 13.19 (br. s., 1 H); *C
NMR (75 MHz, DMSO-ds) 6 ppm 55.39, 120.14, 121.59, 131.59, 140.14, 149.98, 158.70, 166.87.

N=

N
N
HOOC/©/

4-(4-(aminomethyl)-1H-1,2,3-triazol-1-yl)benzoic acid

NH,

4-(4-(aminomethyl)-1H-1,2,3-triazol-1-yl)benzoic acid (33): 33 was synthesized according to
procedure V using 4-azidobenzoic acid and propargyl amine as starting material. 'H NMR (500 MHz,
DMSO-ds) 6 ppm 2.13 (s, 2 H) 5.61 (d, J = 8.54 Hz, 2 H) 5.90 (d, J = 8.55 Hz, 2 H) 6.34 (s, 1 H); °C
NMR (126 MHz, DMSO-dg) 6 ppm 31.73, 118.59, 121.53, 129.20, 137.31, 138.39, 166.93.

N
HOOCO

4-(4-(methoxymethyl)-1H-1,2,3-triazol-1-yl)benzoic acid

4-(4-(methoxymethyl)-1H-1,2,3-triazol-1-yl)benzoic acid (34): 34 was synthesized according to
procedure V using 4-azidobenzoic acid and methyl propargyl ether as starting material. ‘H NMR (500
MHz, DMSO-ds) & ppm 3.32 (s, 3 H) 4.55 (s, 2 H) 8.06 (m, J = 7.78 Hz, 2 H) 8.13 (m, J = 8.24 Hz, 2
H) 8.84 - 9.02 (m. 1 H); ¥C NMR (126 MHz, DMSO-ds) & ppm 57.56, 64.85, 119.87, 122.38, 131.25,
139.58, 145.37, 166.39.

=N (o)
HOOC/©/

4-(4-(acetoxymethyl)-1H-1,2,3-triazol-1-yl)benzoic acid

4-(4-(acetoxymethyl)-1H-1,2,3-triazol-1-yl)benzoic acid (35): 35 was synthesized according to
procedure V using 4-azidobenzoic acid and propargyl acetate as starting material. 'H NMR (300 MHz,
DMSO-ds) 6 ppm 2.07 (s, 3 H) 5.22 (s, 2 H) 7.98 - 8.09 (m, 2 H) 8.09 - 8.21 (m. 2 H) 8.97 (s. 1 H); *C
NMR (75 MHz, DMSO-ds) 6 ppm 20.58, 56.83, 119.88, 123.03, 130.84, 131.05, 139.35, 143.47, 166.37,
170.07.
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N
5
oy o
HOOC

4-(4-(methoxycarbonyl)-1H-1,2,3-triazol-1-yl)benzoic acid

4-(4-(methoxycarbonyl)-1H-1,2,3-triazol-1-yl)benzoic acid (36): 36 was synthesized according to
procedure V using 4-azidobenzoic acid and methyl propiolate as starting material. '"H NMR (500 MHz,
DMSO-ds) 6 ppm 3.91 (s.. 3 H) 8.16 (br. s.. 4 H) 9.65 (s.. 1 H); ¥C NMR (126 MHz, DMSO-ds) 6 ppm
52.10, 120.43, 127.59, 131.05, 139.00, 139.78, 160.48, 166.44.

N:N OH
@“%
HOOC

4-(4-(1-hydroxycyclopentyl)-1H-1,2,3-triazol-1-yl)benzoic acid

4-(4-(1-hydroxycyclopentyl)-1H-1,2,3-triazol-1-yl)benzoic acid (37): 37 was synthesized according
to procedure V using 4-azidobenzoic acid and 1-ethynylcyclopentan-1-ol as starting material. 'H NMR
(500 MHz, DMSO-ds) 6 ppm 1.72 (s.,2 H) 1.86 (s.,2H) 1.91 (d, /= 13.28 Hz, 2 H) 2.04 (s.,2 H) 5.18
(br.s., 1 H) 8.08 (s, 2 H) 8.11 (s, 2 H) 8.72 (s.. 1 H) 13.27 (br. s., 1 H); *C NMR (126 MHz, DMSO-
ds) d ppm 23.31, 40.61, 77.35, 119.58, 131.11, 139.74, 155.99, 166.47.

E\/)\Q
HOOC/©/

4-(4-cyclopropyl-1H-1,2,3-triazol-1-yl)benzoic acid

4-(4-cyclopropyl-1H-1,2,3-triazol-1-yl)benzoic acid (38): 38 was synthesized according to procedure
V using 4-azidobenzoic acid and ethynyl cyclopropane as starting material. '"H NMR (500 MHz, DMSO-
de) 6 ppm 0.81 (br. s.,2 H) 0.98 (br.s.,2H) 1.97-2.12 (m, 1 H) 8.00 (s.,2 H) 8.11 (s., 2 H) 8.66 (s., 1
H) 13.18 (br.s., | H); *C NMR (126 MHz, DMSO-ds) d ppm 6.52, 7.83, 119.01, 119.22, 119.42, 130.28,
131.09, 131.25, 139.66, 150.70, 166.46.
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N=
) OH
/@N\W
MeOOC

methyl 4-(4-(hydroxymethyl)-1H-1,2,3-triazol-1-yl)benzoate

methyl 4-(4-(hydroxymethyl)-1H-1,2,3-triazol-1-yl)benzoate (39): 39 was synthesized according to
procedure V using methyl 4-azidobenzoate 25 and propargyl alcohol as starting material. 'H NMR (500
MHz, DMSO-ds) 6 ppm 3.89 (s, 3 H) 4.62 (s, 2 H) 5.39 (br. s., 1 H) 8.05 - 8.23 (m, 4 H) 8.83 (s, 1 H):
BC NMR (126 MHz, DMSO-de) & ppm 52.44, 54.92, 119.76, 121.15, 129.18, 131.01, 139.94, 149.58,
165.38.

=N
o el
MeOOC

methyl 4-(4-(methoxymethyl)-1H-1,2,3-triazol-1-yl)benzoate

methyl 4-(4-(methoxymethyl)-1H-1,2,3-triazol-1-yl)benzoate (40): 40 was synthesized according to
procedure V using methyl 4-azidobenzoate 25 and methyl propargyl ether as starting material. 'H NMR
(500 MHz, DMSO-de) & ppm 3.32 (s. 3 H) 3.33 (s, 3 H) 4.56 (s, 2 H) 8.08 - 8.12 (m, 2 H) 8.14 - 8.18
(m, 2 H) 8.96 (s, 1 H); BC NMR (126 MHz. DMSO-ds) & ppm 52.25, 57.32, 64.62, 119.70, 122.19,
129.13. 130.82, 139.64, 145.19, 165.17.

4-(4-(2-aminophenyl)-1H-1,2,3-triazol-1-yl)benzoic acid

4-(4-(2-aminophenyl)-1H-1,2,3-triazol-1-yl)benzoic acid (41): 41 was synthesized according to
procedure V using 4-azidobenzoic acid and 2-ethynyl aniline as starting material. 'H NMR (500 MHz,
DMSO-ds) 6 ppm 6.64 (t,J =7.02Hz, 1 H) 6.81 (d,J=7.78 Hz, 1 H) 7.09 (t, J = 7.40 Hz, 1 H) 7.61
(d,J=7.63Hz, 1 H)8.08-8.31 (m, 5H) 9.31 (s, 1 H); *C NMR (126 MHz, DMSO-ds) § ppm 112.15,
116.01, 119.92, 127.97, 129.05, 131.20, 139.53, 145.86, 148.34, 166.55.
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N:N

’

N NH,
HOOC

4-(4-(3-aminophenyl)-1H-1,2,3-triazol-1-yl)benzoic acid

4-(4-(3-aminophenyl)-1H-1,2,3-triazol-1-yl)benzoic acid (42): 42 was synthesized according to
procedure V using 4-azidobenzoic acid and 3-ethynyl aniline as starting material. "H NMR (500 MHz,
DMSO-ds) 6 ppm 5.28 (br. s., 2 H) 6.58 (s., 1l H) 7.04 (s., L H) 7.08 - 7.16 (m, 1 H) 7.21 (s., 1 H) 8.15
(s, 2 H) 8.11 (s, 2 H) 9.27 (s.. 1 H): ¥C NMR (126 MHz, DMSO-ds) 6 ppm 59.78, 110.58. 113.25,
114.07, 119.21, 119.66, 129.50, 130.47, 131.16, 139.46, 148.32, 149.19, 154.19, 166.87.

N=N

N
NH,
HoOC

4-(4-(4-aminophenyl)-1H-1,2,3-triazol-1-yl)benzoic acid

4-(4-(4-aminophenyl)-1H-1,2,3-triazol-1-yl)benzoic acid (43): 43 was synthesized according to
procedure V using 4-azidobenzoic acid and 4-ethynyl aniline as starting material. 'H NMR (500 MHz,
DMSO-ds) & ppm 6.70 (d, J = 8.24 Hz, 2 H) 7.63 (d, J = 8.39 Hz, 2 H) 8.04 - 8.10 (m, 2 H) 8.14 - 8.17
(m, 2 H) 9.14 (s, 1 H); *C NMR (126 MHz, DMSO-ds) & ppm 114.52, 117.32,119.42, 119.64, 126.46,
130.30, 131.12, 139.69, 148.52, 166.44.

N=N

/[::Y/N\/L\<izx\/OH
HOOC

4-(4-(4-(hydroxymethyl)phenyl)-1H-1,2,3-triazol-1-yl)benzoic acid

4-(4-(4-(hydroxymethyl)phenyl)-1H-1,2,3-triazol-1-yl)benzoic acid (44): 44 was synthesized
according to procedure V using 4-azidobenzoic acid and (4-ethynylphenyl) methanol as starting
material. "H NMR (500 MHz, DMSO-ds) & ppm 4.55 (d, J = 3.51 Hz, 2 H) 5.26 (br. s., 1 H) 7.45 (m, J
=8.09Hz,2H) 792 (m,J=8.09 Hz, 2 H) 8.08 (d, /= 7.32 Hz, 2 H) 8.16 (d, /= 8.39 Hz, 2 H) 9.40
(s, 1 H) BC NMR (126 MHz, DMSO-ds) 3 ppm 62.63, 119.55, 125.16, 127.01, 131.07, 142.88, 147.58,
147.88, 159.71, 168.68.
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N=N
!
N._/ /
0y av
HOOC

4-(4-(4-methoxyphenyl)-1H-1,2,3-triazol-1-yl)benzoic acid

4-(4-(4-methoxyphenyl)-1H-1,2,3-triazol-1-yl)benzoic acid (45): 45 was synthesized according to
procedure V using 4-azidobenzoic acid and 1-ethynyl-4-methoxybenzene as starting material. 'H NMR
(500 MHz, DMSO-ds) 6 ppm 3.81 (s., 3 H) 7.08 (s.,2H) 7.88 (s.,2 H) 8.10 (s.,2 H) 8.17 (s.,2 H) 9.33
(s., 1 H) 13.21 (br. s., 1 H); BC NMR (126 MHz, DMSO-ds) & ppm 55.23, 114.49, 118.68, 119.58,
126.79, 131.16, 139.58, 139.85, 147.55, 159.45, 166.58.

3-(1-phenyl-1H-1,2,3-triazol-4-yl)aniline

3-(1-phenyl-1H-1,2,3-triazol-4-yl)aniline (46): 46 was synthesized according to procedure V using
azidobenzene 20 and 3-ethynyl aniline as starting material. 'H NMR (500 MHz, DMSO-ds) 6 ppm 5.24
(br.s.,2H)6.50-6.65 (m, 1 H) 6.98-7.07 (m, 1 H) 7.07-7.17 (m, 1 H) 7.22 (t, /= 1.83 Hz, 1 H) 7.43
-7.53 (m, 1 H) 7.58 - 7.79 (m, 2 H) 7.88 - 8.09 (m, 2 H) 9.15 (s, 1 H); ¥C NMR (126 MHz, DMSO-ds)
dppm 113.87,114.07, 119.21, 119.66, 120.54, 128.57, 130.20, 131.16, 139.34, 148.35, 149.57.

N=N HoN

SN
HOOC

4-(1-(2-aminophenyl)-1H-1,2,3-triazol-4-yl)benzoic acid

4-(1-(2-aminophenyl)-1H-1,2,3-triazol-4-yl)benzoic acid (47): 47 was synthesized according to
procedure V using 2-azido aniline 19 and 4-ethynyl benzoic acid as starting material. 'H NMR (500
MHz, DMSO-ds) 6 ppm 5.48 (br. s.,2 H) 6.71 (t, J =748 Hz, 1 H) 6.95 (d, /=824 Hz 1 H) 7.18 -
7.41 (m,2H)7.94-8.17 (m, 4 H) 8.93-9.11 (m, 1 H) 12.99 (br. 5., 1 H): *C NMR (126 MHz, DMSO-
ds) 6 ppm 116.05, 116.69, 121.81, 123.73, 125.30, 125.66, 130.03, 130.24, 134.71, 142.64, 145.48,
167.06.
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N=N

SN
HOOC
NH,

4-(1-(4-aminophenyl)-1H-1,2,3-triazol-4-yl)benzoic acid

4-(1-(4-aminophenyl)-1H-1,2,3-triazol-4-yl)benzoic acid (48): 48 was synthesized according to
procedure V using 4-azido aniline and 4-ethynyl benzoic acid as starting material. '"H NMR (500 MHz,
DMSO-ds) 6 ppm 5.54 (br. s., 2 H) 6.72 (m, J = 8.54 Hz, 2 H) 7.54 (m, J = 8.70 Hz, 2 H) 8.04 (s, 4 H)
9.15 (s, 1 H): *C NMR (126 MHz, DMSO-ds) 6 ppm 113.81, 120.26. 121.60, 125.13, 125.76, 130.07,
134.68, 145.85, 149.57, 167.10.

N=N

SN
HOOC
OH

4-(1-(4-hydroxyphenyl)-1H-1,2,3-triazol-4-yl)benzoic acid

4-(1-(4-hydroxyphenyl)-1H-1,2,3-triazol-4-yl)benzoic acid (49): 49 was synthesized according to
procedure V using 4-azido phenol 23 and 4-ethynyl benzoic acid as starting material. 'H NMR (500
MHz, DMSO-ds) 6 ppm 6.97 (m, J = 8.85 Hz, 2 H) 7.72 (m, J = 8.70 Hz, 2 H) 8.05 (s., 4 H) 9.25 (s, 1
H): C NMR (126 MHz, DMSO-ds) & ppm 116.10, 120.61, 121.96, 125.32, 128.66, 134.38, 146.13,
157.94.

N=N
\
O
HOOC \’/
4-(1-(pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid

4-(1-(pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (50): 50 was synthesized according to
procedure V using 3-azido pyridine 24 and 4-ethynyl benzoic acid as starting material. '"H NMR (500
MHz, DMSO-ds) 6 ppm 7.59 - 7.80 (m, 1 H) 8.07 (br. s., 4 H) 8.40 (d, J=8.24 Hz, 1 H) 8.75 (br. s., 1
H) 9.22 (br. s.. 1 H) 9.53 (s, 1 H); *C NMR (126 MHz, DMSO-de) & ppm 121.17, 124.81, 125.38,
127.99, 130.24, 134.03, 141.35, 146.68, 149.94, 167.35.
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4-(4-(3-((cyclohexylmethyl)amino)phenyl)-1H-1,2,3-triazol-1-yl)benzoic acid

4-(4-(3-((cyclohexylmethyl)amino)phenyl)-1H-1,2,3-triazol-1-yl)benzoic acid (5§2): 52 was
synthesized according to procedure VI using 4-(4-(3-aminophenyl)-14-1.2,3-triazol-1-yl)benzoic acid
42 (30 mg, 0.11 mmol), cesium carbonate (107 mg, 0.33 mmol) and (bromomethyl) cyclohexane (39
mg, 0.22 mmol, 2 eq.) in DMF (5 mL). Yield: 22 mg (0.06 mmol, 54 %) 'H NMR (500 MHz, CDCls) &
ppm 1.04-1.19(m,2H)1.20-1.40 (m,4H) 1.73(d,J=12.21Hz, 1 H) 1.76 - 1.87 (m. 4 H) 3.81 (br.
s.. 1H)4.19(d.J=6.26 Hz, 2 H) 6.72 (dt, J=7.32, 1.83 Hz, 1 H) 7.17 - 7.27 (m, 2 H) 7.36 (s, 1 H)
791 (d.J=8.55Hz 2H)822(s.1 H)8.24 (d, J = 8.54 Hz, 2 H): ¥*C NMR (126 MHz, CDCls) § ppm
25.69, 26.35, 29.76, 37.24, 70.51, 112.36, 115.36, 116.17, 117.27, 119.81, 129.92, 130.59, 130.81,
131.32, 140.04, 147.00, 148.90, 165.51.

4-(4-(4-((cyclohexylmethyl)amino)phenyl)-1H-1,2,3-triazol-1-yl)benzoic acid

4-(4-(4-((cyclohexylmethyl)amino)phenyl)-1H-1,2,3-triazol-1-yl)benzoic acid (583): 53 was
synthesized according to procedure VI using 4-(4-(4-aminophenyl)-1H-1,2,3-triazol-1-yl) benzoic acid
43 (30 mg, 0.11 mmol), cesium carbonate (107 mg, 0.33 mmol, 3 eq.) and (bromomethyl) cyclohexane
(39 mg. 0.22 mmol. 2 eq.) in DMF (5 mL). Yield: 15 mg (0.04 mmol. 36 %) '"H NMR (500 MHz, CDCls)
dppm 1.10(d,J=1190Hz,2H) 1.23-1.37(m. 4H) 1.72(d, /= 12.21 Hz, 1 H) 1.77 - 1.81 (m, 2 H)
1.86(d,J=11.90Hz,2H) 3.83 (br.s., 1 H) 4.18 (d, J=6.10Hz, 2 H) 6.78 (m, J = 8.39 Hz, 2 H) 7.72
(m,J=839Hz 2H)7.87-7.92(m.2H)8.12 (s, 1 H) 8.22 (d, J = 8.55 Hz, 2 H); ¥C NMR (126 MHz,
CDCl3) 6 ppm 25.42,26.08, 29.50, 36.98, 53.16, 70.21, 115.00, 119.43,126.90, 131.01, 139.88, 146.67,
148.87, 165.29.
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2. Biology

2.1. Expression and purification of a His-tagged oligomerization-
deficient mutant of the KSHV LANA C-terminal DNA binding
domain (DBD; aa1008-1146)

For the expression of the previous described! His-tagged oligomerization-deficient mutant of the KSHV
LANA C-terminal DBD (aal008-1146) we used the pETRO1.01 vector.

BL21 (DE3) was transformed (chemical transformation) with the plasmid pETRO1.01- LANA 1008-
1146 olig-mut. An expression culture of LB-medium (Lennox) containing 100 pg/mL ampicillin was
grown over night at 37 °C (200 rpm) to an ODgg of 3.0 was reached. Cells were harvested by
centrifugation (6200 rpm, 4 °C, 20 min) and the supernatant was removed. The cells were resuspended
i lysis buffer (100 mM NaH>POs, 10 mM Tris-Cl, 2 mM DTT, pH 8.0) followed by cell distribution
with a Microfluidizer® (Microfluides, Benchtop High-Pressure Homogenizer 25 mL) with one cycle.
After removal of cellular debris by centrifugation (19000 rpm, 1 h, 4 °C) the lysate was filtered through
a 0.22 uM filter. His-tagged LANA target protein was purified by Ni-NTA affinity chromatography
using AKTAxpress (GE Healthcare). A HisTrap HP 1 mL column (GE Healthcare) was equilibrated
with lysis buffer until the UV signal was stable. The lysate was applied to the column at 1 mL/min,
washed with a linear washing gradient (2.5 mL/min) starting from 100% lysis buffer to 100% wash
buffer (100 mM NaH,PO4, 10 mM Tris-CL, 2 mM DTT, 500 mM imidazole, pH 8.0). Subsequently the
target protein was eluted (2.5 mL/min) with elution buffer (100 mM NaH,POs, 10 mM Tris-Cl, 2 mM
DTT, 1000 mM imidazole, pH 5.8). The buffer in the protein containing fractions was exchanged to
storage buffer (20 mM Bis-Tris-Cl, 300 mM NaCl, 2 mM DTT, pH 6.5) using a PD10 column (GE
Healthcare) and concentrated via centrifugal filtration using Vivaspin 20 columns (MWCO 10,000 Da,
Sartorius).

2.2. Expression and purification of a GST-tagged KSHV LANA C-terminal
domain (CTD; aa934-1162)

The expression and purification of the GST-tagged KSHV LANA C-terminal domain (CTD:
aa934-1162) was described previously and the protocol was adopted.?
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2.3. SPR-based Screening

In total 720 library compounds were tested in SPR-based screening using constant concentrations of
500 uM of each compound. Compounds which showed a response higher than 9 RU were selected from
the first screening which resulted in 52 compounds.
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Figure S1: Results of SPR based screening of compounds from the Maybridge library (blue) and compounds
from the Asinex library (red).
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2.4. DSF-based Screening

The 52 compounds identified by SPR screening were tested in DSF with a constant concentration of
500 uM. Compounds showing Ty > + 0.5 °C and Twm < -1 °C were selected for further investigations
(20 compounds).

TSA with 500pM of each SPR hit

o 0
o
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Tyi-1°C
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mAsinex SPR hit
! Compound interfered with Sypro Orange

Figure S2: Results of DSF based screening of 52 positive compounds from previous SPR screening. Compounds
from Maybridge library are displayed in blue and from Asinex in red.
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2.5. Fluorescence Polarization Assay

2.5.1. DNA Hybridisation:

DNA oligonucleotide stocks were always prepared freshly. DNA hybridisation was done by mixing the
corresponding sense and antisense oligonucleotides in a ratio of 1:1, heating the mixture at 95 °C for 12
minutes and cooling slowly to room temperature again. The sequences of all used sense and antisense
oligonucleotides are listed in table S1. All oligomers were obtained from Sigma Aldrich in HPLC purity
and were used as received. Fluorescein was used as fluorescence label.

Table S1: DNA sense and antisense oligonucleotides for FP assay.

DNA Base sequence

LBS1_sense 5'-TCCCGCCCGGGCATGGGGCC
LBS1_sense_flc 5'-TCCCGCCCGGGCATGGGGCC fle
LBS1_antisense 5'-GGCCCCATGCCCGGGCGGGA
LBS2_sense 5’-CGCCGCCGGGGCCTGCGGCG
LBS2_sense_flc 5°-CGCCGCCGGGGCCTGCGGCG _fle
LBS2_antisense 5°_CGCCGCAGGCCCCGGCGGCG
LBS3_sense 5'-CCGCGCCGGGCCCTGAGGCG
LBS3_sense_flc 5'-CCGCGCCGGGCCCTGAGGCG fle
LBS3_antisense 5'-CGCCTCAGGGCCCGGCGCGG

2.5.2. FP-Assay Optimization Studies

To determine the optimal concentrations of protein and DNA for this experiment different concentration
dependent experiments were performed (Figure S3, A). Three different protein concentrations (400 nM,
266 nM and 134 nM final) were tested with fixed concentration of LBS2 flc (15 nM final) and
mcreasing concentrations of LBS2. Best results were observed using a final concentration of 400 nM.
Furthermore, different concentrations of labelled LBS2 (5 nM, 10 nM and 15 nM final of LBS2_flc)
were tested with a constant protein concentration of 400 nM (Figure S3: B). Based on these experiments
we chose a final concentration of 10 nM DNA_flc in subsequent assays.

Assay robustness was measured by testing control run plates (Figure S3: C). A high control (HC) plate
contained 192 samples with LANA (400 nM), LBS2 flc (10 nM) and DMSO (5% [v/v]) in FP assay
buffer while a low control (LC) plate contained the same samples without LANA. A high dynamic
range, low coefficients of variations (CVs) and a Z’ factor of 0.925 indicated that the assay was robust
and suitable for measuring the inhibitory efficiency of our compounds.

DMSO tolerance was measured by incubating various concentrations of DMSO (0-10 % [v/v] final), a
fixed concentration of LBS2 flc (10 nM final) and different concentrations of LANA (0 nM, 150 nM,
400 nM) (Figure S3: D). Accordingly, a final concentration of 5% DMSO was chosen for the assay.
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Figure S3: A: Dose-dependent experiments using different LANA concentrations. B: Dose-dependent
experiments using different DNA concentrations. C: Determination of assay robustness, HC (red) and LC
(black). D: DMSO tolerance measurement for different LANA and DMSO concentrations.
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2.5.3. Dose-dependent Studies with LBS1, 2 and 3

We performed dose dependent experiments using LBS2 as the fluorescent probe and used varying
concentrations of unlabeled LBS1, LBS2 and LBS3.

A . B
100-3_ ¥ i s ®  LBS1us LBSZ fic DNA IC50 [NM]
B .3 b9 A LBS2vs. LBS2_flc
N Vo Le wsswmsene LBS1 vs. LBS2_flc 19241
%01 ‘* LBS2 vs. LBS2_flc 193+3
£ \ AN LBS3 vs. LBS2_flc 425+ 28
S \ T :
e W5 VoON \®
R\ C LBS1:5'-TCCCGCCCGGGCATGGGGCC-3'
201 \ NN
'y Rt LBS2: 5'-CGCCGCCGGGGCCTGCGGLG-3!
Mg A
0 . LBS3: 5'-CCGCGCCGGGCCCTGAGGCG-3'
0,01 011 1
c[uM]

Figure S4: A: Dose-dependent studies with LBS1. 2 and 3 as a representative example for FP-based competition
experiments. Representative curves of one independent experiment are shown with normalized data points
(inhibition from 0 - 100%) representing averaged FP values of duplicates + standard deviation. B: ICso values
[nM] calculated using a four-parameter dose-response model. C: Sequences of LBS1. 2 and 3 oligonucleotides
as used in this experiment.
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2.5.4. Dose dependent Studies of Compounds 37,41 - 43,47 and 50

We carried out dose—dependent competition studies with our compounds. Representative curves
showing the results obtained with compounds 37, 41 - 43, 47 and 50 are shown in figure 5, which based
on normalized data points (% inhibition from 0 - 100%) representing averaged FP values of duplicates
+ standard deviation. Curves were {fif to a four-parameter dose response model using OriginLab (2016)
to calculate ICsp values. Compounds were tested in dose dependent experiments starting at 1 mM or 500
UM depending on solubility. LBS2 flc was used as fluorescent probe.
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Figure S5: A: Dose-dependent experiments for compounds 37, 41 and 42 in FP-based competition experiments.
B: Dose-dependent experiments for compounds 43. 47 and 50 in FP-based competition experiments.

2.6. Calculation of LogP and Ligand Efficiency (LE)

Calculation of LogP values (clogP) was done using ACD/Percepta version 2012 (Build 2203, 29 jan.
2013), ACD/Labs with the LogPGALAS model.

LE of compounds 37, 41 - 43, 47 and 50 was calculated based on their ICs obtained using LBS2:

1, *pICSO
LE=14 VA

pICs0 = -log (ICs0 [M])

NAH = number of heavy atoms
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2.7. Electrophoretic Mobility Shift Assay (EMSA)

Table S2: sense and antisense oligonucleotides used for EMSA.

DNA

Base sequence

LBS1 sense

5'-TCCCGCCCGGGCATGGGGCC

LBS1 antisense

5'-GGCCCCATGCCCGGGCGGGA

LBS1+2 sense

5’-GGGGACGCCGCCGGGGCCTGCGGCGCCTCCCGCCCGGGCATGGGGCC

LBS1+2 antisense

5’-GGCCCCATGCCCGGGCGGGAGGCGCCGCAGGCCCCGGCGGLGTCCCC

Competitor_sense

5'-GAGGCGGCGCGCGGGGACGCCGCCGGGGCCTGCGGCGCCTCCCGCCCGGGCATGGGGCC

Competitor_antisense

5'-GGCCCCATGCCCGGGCGGGAGGCGCCGCAGGCCCCGGCGGCGTCCCCGLGLaleaecCTC
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Figure S6: Gel of EMSA experiment using LBS1 and LBS1+2 as probes at 20 nM. non DNA-binding protein

GST as

control at 200 nM. LANA DBD mutant at 200 nM and competitor at 200 nM.

2.7.1. EMSA Experiments for Compounds 37,41, 42, 43,47, and 50

Calculation for normalized data for top bands:

(X - GST+DMSO+LBS top band) / (GST+DMSO-+LBS bottom band) * 100 [%] (equation 1)

Calculation for normalized data for bottom bands:

(X - LANA+LBS+DMSO bottom band) / (GST+DMSO+LBS bottom band - LANA+LBS+DMSO bottom band)

* 100 [%]

(equation 2)

S22

127



Figure S7: Two independent EMSA experiments using LBS1 as probes. Unbound control: GST+LBS1. bound
control: DMSO+LANA+LBS1 and compound+LANA+LBS1 (37, 41, 42, 43. 47, and 50). A: Gel 1 and B:
Gel 2. Fixed concentrations of DNA probes of 20 nM. LANA DBD mutant and GST of 200 nM and each

compounds of 500 uM were used.

Table S3: Intensities of top bands of the two independent EMSA experiments using LBS1 (Fig. S7).

Top Band Intensities Intensities Normalized Normalized Mean Standard
Gell Gel 2 Gel 17 [%)] Gel 27 [%] [%] deviation
[%]
LANA +LBS1+DMSO 7082303 7273467 43.49 64.60 54.04 10.6
LANA+LBS1+37 6949745 7250647 42.67 64.40 53.53 10.9
LANA+LBS1+42 6477320 6993989 39.76 62.12 50.94 11.2
LANA+LBS1+41 6320920 4309422 38.79 38.27 38.53 0.3
LANA+LBS1+43 4798905 3824099 29.41 33.96 31.68 2.3
LANA+LBS1+47 3220508 2636996 19.67 2341 21.54 1.9
LANA+LBS1+50 1278539 1252071 7.69 11.11 9.40 1.7
GST+DMSO+LBS1 30900 1060 0.0 0.0 0.0 0.0

“equation 1

Table S4: Intensities of bottom bands of the two independent EMSA experiments using LBS1(Fig. S7).

Bottom Band Intensities Intensities Normalized Normalized Mean Standard
Gel 1 Gel 2 Gel 17 [%] Gel 27 [%] [%] deviation
[%]
LANA +LBS1+DMSO 7700812 5974719 0.00 0.00 54.04 10.6
LANA+LBS1+37 7869608 6387713 1.98 7.82 53.53 10.9
LANA+LBS1+42 7496542 6327240 -2.40 6.67 50.94 11.2
LANA+LBS1+41 7866835 9132550 1.95 59.77 38.53 0.3
LANA+LBS1+43 9040171 9815636 15.73 72.70 31.68 2.3
LANA+LBS1+47 11677697 9789259 46.72 72.20 21.54 1.9
LANA+LBS1+50 13583109 11350337 69.10 101.75 9.40 1.7
GST+DMSO+LBS1 16213805 11257853 100.00 100.00 100.00 | 0.00
“equation 2
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Figure S8: Two independent EMSA experiments using LBS1+2 as probes. Unbound control: GST+LBS1+2,
bound control: DMSO+LANA+LBS1+2 and compound+LANA+LBS1+2 (37, 41. 42, 43. 47, and 50). A: Gel 1
and B: Gel 2. Fixed concentrations of DNA probes of 20 nM. LANA DBD mutant and GST of 200 nM and each

compounds of 500 uM were used.

Table S5: Intensities of top bands of two independent EMSA experiments using LBS1+2 (Fig. S8).

Top Band Intensities Intensities Normalized Normalized Mean Standard
Gel 1 Gel 2 Gel 17 [%)] Gel 27 [%)] [%] deviation
[%o]
LANA +LBS1+DMSO 15403664 5878857 61.01 74.08 67.55 6.5
LANA+LBS1+37 14680225 5352544 57.88 67.06 62.47 4.6
LANA+LBS1+42 14875512 5587054 58.73 70.19 64.46 5.7
LANA+LBS1+41 14194824 3974357 55.78 48.66 52.22 3.6
LANA+LBS1+43 11770175 2918459 45.28 34.56 39.92 54
LANA+LBS1+47 9410393 3529022 35.07 42.71 38.89 3.8
LANA+LBS1+50 4083551 2174762 12.01 24.63 18.32 6.3
GST+DMSO+LBS1 1310000 330000 0.00 0.00 0.00 0.00

“equation 1

Table S6: Intensities of bottom bands of two independent EMSA experiments using LBS1+2 (Fig. S8).

Bottom Band Intensities Intensities Normalized Normalized Mean Standard
Gel 1 Gel 2 Gel 17 [%)] Gel 27 [%)] [%] deviation
[%]
LANA +LBS1+DMSO 6346736 1904508 0.00 0.00 0.00 0.0
LANA+LBS1+37 6394300 2067054 0.28 2.91 1.60 1.3
LANA+LBS1+42 6870768 2228421 3.13 5.80 4.46 1.3
LANA+LBS1+41 7621028 3512216 7.61 28.78 18.19 10.6
LANA+LBS1+43 9772169 4781537 20.45 51.51 35.98 15.5
LANA+LBS1+47 12194399 4622428 34.90 48.66 41.78 6.9
LANA+LBS1+50 17995263 5431572 69.53 63.15 66.34 3.2
GST+DMSO+LBS1 23100000 7490000 100.00 100.00 100.00 0.0
“equation 2
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2.7.2. Dose-dependent EMSA Experiments with Compound 50.

We carried out dose-dependent competition studies with compound 50. EMSA gels showing the results
obtained with varying concentrations of compound 50 and LANA DBD mutant are shown in figure S9.
Similar experiments were performed using wild-type C-terminal LANA (Fig. S10). Dose-dependent
curves which based on normalized data points (% band intensity of top bands from 0 - 100%)
representing averaged FP values of duplicates + standard deviation. Curves were fit to a four-parameter
dose response model using OriginLab (2016) to calculate ICso values. Compounds were tested in dose
dependent experiments starting at 2 mM. LBS1 was used as probe.

Calculation for normalized data for top bands:

(X + GST+DMSO+LBSI top band) / (LANA+DMSO+LBSI1 top band + GST+DMSO+LBS1 top band)

*100 [% equation 3
q
& & N N <&
F o & &8& 8 & & s &
SRS S & o ¥V o S & 3§ £ o
R T T ST T O R
SIS YRS AN Y # F L,V NSRS ST
N -, e Ry
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§ 4 P d 7 > 4 ,‘ _,f ]“‘ f‘. v

Figure S9: Two independent EMSA experiments using LBS1 as probes. Unbound control: GST+LBS1. bound
control: DMSO+LANA+LBS1 and compound 50+LANA+LBSI1. A: Gel 1 and B: Gel 2. Fixed concentrations
of DNA probes of 20 nM, LANA DBD mutant and GST of 200 nM were used. Compound 50 was used at 2 mM,
ImM., 500 puM, 250 uM and 125 pM.
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Figure S10: Two independent EMSA experiments using LBS1 as probes. Unbound control: GST+LBS1, bound
control: DMSO+wild-type LANA+LBS1 and compound 50+wild-type LANA+LBS1. A: Gel 1 and B: Gel 2.
Fixed concentrations of DNA probes of 20 nM. wild-type C-terminal LANA and GST of 200 nM were used.

Compound 50 was used at 2 mM. 1mM. 500 uM. 250 uM and 125 pM.

Table S7: Intensities of top bands of two independent EMSA experiments using LBS1 and LANA
mutant and varying concentrations of compound 50 (see Gel Fig. S9).

Top Band Intensities Intensities Norm:}lized Norm?lized Mean flz'lil::i':s
Gel 1 Gel 2 Gel 1™ [%] Gel 27 [%)] [%] (%]
LANA +LBS1+DMSO 12600282 11705533 100.00 100.00 100.00 0.0
LANA+LBS1+ 502 mM) 490249 367666 7.49 6.09 6.79 0.7
LANA+LBS1+ 50(1 mM) 1027522 699015 11.59 8.84 10.21 1.4
LANA+LBS1+50(0.5 mM) 4270214 4041334 36.37 36.52 36.44 0.1
LANA+LBS1+50(0.25 mM) 10263509 8810879 82.15 76.02 79.09 3.1
LANA+LBS1+50(0.125 mM) 12146712 9232463 96.54 79.52 88.03 8.5
GST+DMSO+LBS1 490249 367666 0.00 0.00 0.00 0.00

“equation 3

Table S8: Intensities of top bands of two independent EMSA experiments using LBS1 and LANA wild-
type and varying concentrations of compound 50 (see Gels Fig. S10).

Top Band Intensities Intensities Norm?lized Norm?lized Mean (Sl:t'lil::il::
Gel 1 Gel 2 Gel 1" [%)] Gel 27 [%] [%] (%]
LANA +LBS1+DMSO 746156 754214 100.00 100.00 100.00 0.0
LANA+LBS1+ 502 mM) 36663 50134 9.37 1247 10.92 1.5
LANA+LBS1+ 50(1 mM) 160620 106993 25.20 19.53 22.37 2.8
LANA+LBS1+50(0.5 mM) 360528 337027 50.74 48.13 49.44 1.3
LANA+LBS1+50(0.25 mM) 607872 568304 82.34 76.89 79.61 2.7
LANA+LBS1+50(0.125 mM) 717155 743068 96.30 98.61 97.45 1.2
GST+DMSO+LBS1 36663 50134 0.00 0.00 0.00 0.00
“equation 3
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Figure S11: Dose-dependent EMSA experiments with compound 50. LBS1 as probes and LANA DBD mutant
(black) or LANA CTD wild-type (red) as target protein was used. ICso (LANA DBD mutant) 426 + 2 uM.
ICso (LANA CTD wild-type) 435 + 6 uM.
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2.8.

Saturation-Transfer Difference NMR (STD-NMR)

r1E+08
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26407
I L
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Figure S12: STD-NMR of A: compound 41 and B: compound 47 in complex with LANA DBD. The reference
spectra are displaced in red (STD-off) and STD difference spectra (STD-on) in blue. Overlaid spectra were
normalized to the signals which showed the strongest enhancement (A: H-2. H-4; B: H-2).
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2.9. Molecular Docking

Figure S13: Docking pose of compound 50. Surface indicates van der Waals radius of LANA residues. Protons
at positions 1, 2 and one 8/9 pair are in close proximity to the protein. while protons 3. 4, 5. and the other 8/9

pair are exposed

2.10. Additional information to Hit 1 and alternative Hits 1a and 1b

Table S9: Additional information to Hit 1, 1a, 1b.

Molecular

Chemical Weight Response [RU] Tu[°C]
Formula: [g/mol] (SPR @ 500 uM) | (DSF @ 500 pM)
Hit 1 CoHoN; 159,19 15.69+93 -180+141
Hit 1a CSHiN 109.13 12.66+2.1 -136+15
Hit 1b C1oHuNO; 177.20 1473+19 -1.55+0.83
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3. High Resolution Mass Spectrometry (HRMS)

HRMS were measured on a Thermo Scientific Q Exactive Focus (Germany) equipped with DIONEX
ultimate 3000 UHPLC™ focused. For gradient eluation, an EC 150/2 NUCLEODUR C18 Pyramid (3
um) column (Machery-Nagel, Germany) was used with a mobile phase consisting of acetonitrile
containing 0.1% formic acid (FA: v/v; eluent A) and water containing 0.1% FA (v/v; eluent B). Eluation
method was used with a total run time of 7.5 min and gradient conditions 10% A to 90% A. Mass
spectrometry was used in positive or negative mode using electrospray ionisation (ESI). Measured
(upper spectrum) and calculated (lower spectrum) HRMS spectra of each final synthesized compound
were depicted below.
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1-(2-nitrophenyl)-1H-imidazole (2)
: NN
NO,

1-(2-nitrophenyl)-1H-imidazole

190.05990 NL:
1007 6.30E7
] PK_121#535-583
90 RT:2.41-2.63 AV: 49
3 T: FTMS + p ESI Full
n ms
80 [120.0000-
3 1000.0000]
70
o) ]
o -
G 60
T -
= .
: —
< 50
s
= ]
5 404
o ]
30
20
. 191.06311
10] 91.063
o: 190.00260 || 190.12924 190.40753 190.97790
190.06110 NL:
100 8.93E5
. CgH7 N3O +H:
90— CgHgN3O2
. pa Chrg 1
80
70
60—
50
40
30
20
10 191.06446
G—|I\I|I\I|\Iljllljll\[l\||[‘\||
189.8 190.0 190.2 190.4 190.6 190.8 191.0 191.2
m/z
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1-(3-nitrophenyl)-1H-imidazole (3)

NN

NO,
1-(3-nitrophenyl)-1H-imidazole

190.05980 NL:
100 3.74E7
PK_337#623-666
9 RT:2.81-3.00 AV: 44
T: FTMS + p ESI Full
ms
80 [120.0000-
1000.0000]
70
(0]
[$]
& 60
©
c
=
< 50
2
% 40
o
30
20
10 191.06307
0 189.95816 190.40738 190.97784 191.51933
190.06110 NL:
10 8.93E5
CgH7 N3Oz +H:
90 CgHgN3O2
pa Chrg 1
80
7
60
50
4
30
20
10 191.06446
0
190.0 190.5 191.0 1915
m/z
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1-(4-nitrophenyl)-1H-imidazole (4)

C N
O,N

1-(4-nitrophenyl)-1H-imidazole

190.05997 NL:
1007 6.18E6
= PK-339#708-732
90 RT: 3.18-3.29 AV: 25
B T: FTMS + p ESI Full
- ms
80 [120.0000-
3 1000.0000]
70
@ 3
Q .
& 60—
© .
< .
=3 ]
< 50
0 —
= -
% 40—
]
30
20
103 191.06320
o |l 190.12925 190.40767 190.97807 | 191 17812
190.06110 NL:
1007 8.93E5
] CgH7N3 02 +H:
90: C9 HB N3 02
] pa Chrg 1
80
70
60
50—
40
30
20—
10 191.06446
c-l'"'l""]""l "'l""|'"'|""l""I""l""[""l""l'"'I""]'"'I'"'l""I""I""I'"'I“"l""I""ll'"'l""l""l""l
190.0 190.2 190.4 190.6 190.8 191.0 191.2
m/z
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2-(1H-imidazol-1-yl)aniline (1)

=

NN

Relative Abundance

X

2-(1H-imidazol-1-yl)aniline
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NH,
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161.09028

cl[l

160.0

LI
160.2

T
160.4

LI
160.6
m/z

LI
160.8

S34

T 7
161.0 16

NL:

4.53E7
PK_152#502-537

RT: 2.27-2.43 AV: 36
T: FTMS + p ESI Full
ms

[120.0000-
1000.0000]

NL:

8.97E5
CgHg N3 +H:
CgHioN3
pa Chrg 1
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2-(4-methyl-1H-imidazol-1-yl)aniline (11)

C :N\//
NH,
2-(4-methyl-1H-imidazol-1-yl)aniline

174.10139 NL:

100—: 8.10E7
B PK_166#649-700
90 RT:2.92-3.15 AV: 52
B T: FTMS + p ESI Full
- ms
80 [120.0000-
3 1000.0000]
70—
o) 3
o .
S 60—
© .
< .
3 _.
£ 50
s
= ]
< 407
c
30
20 173.99710 174.18412
3 ‘ ' 175.10483
107 \
c: 173.79903 | | 174.40617 174.98339 1
174.10257 NL:
100 8.87E5
. CioH11 N3 +H:
90— CioH12N3
. pa Chrg 1
80
70
60
50
40
30
20—
. 175.10593
10
O-Lprrrrrr e e PP T T T T e  SSIE——— —
174.0 174.5 175.0 175.5
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2-(4-bromo-1H-imidazol-1-yl)aniline (12)

l/<Br
i :N\¢N
NH,
2-(4-bromo-1H-imidazol-1-yl)aniline

237.99569 NL:

100 239.99346 2.49E8
PK_151#1150-1173
90 RT:5.16-5.26 AV:24
T: FTMS + p ESI Full
80 ms
[120.0000-1000.0000]
70
[0
(8]
& 60
©
[—
]
2 50
(]
=
% 40
o
30
20
10 238.99881 240.99649
0 236.93708 238.19934 240.23007 241.99964
237.99744 NL:
100 239.99539 4.55E5
CgogHgBri N3 +H:
90 CgHgBri N3
pa Chrg 1
80
70
60
50
40
30
20
10 239.00079 240.99874
242.00210
O~ e
237 238 239 240 241 242
m/z
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2-(1H-benzo[d]imidazol-1-yl)aniline (13)

Relative Abundance

NN
: :NH2

2-(1H-benzo[d]imidazol-1-yl)aniline

210.10109 NL:
100+ 9.35E8
3 PK_142#944-961
90 RT:4.25-4.32 AV: 18
E T: FTMS + p ESI Full
. ms
80 [120.0000-
B 1000.0000]
70—
60
50
407
30
20
3 211.10436
107
c: 210.02040 | 210.18205  210.50545
210.10257 NL:
100+ 8.59E5
. Ci3H11 N3 +H:
90 Ci3H12N3
] pa Chrg 1
80
70
60
50
40-
30
20
. 211.10593
10
0Lt S —. e
210.0 210.5 211.0

S37

142



Appendix

N-(2-(1H-Imidazol-1-yl)phenyl)acetamide (8)
o
NH
o)\

N-(2-(1H-imidazol-1-yl)phenyl)acetamide

100 202.09621

90
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40

Relative Abundance

30

20
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203.09943

203.03245

202.09749

203.10084

S38

NL:

2.90E7
PK_153#436-472
RT:1.97-2.13 AV:37
T: FTMS + p ESI Full
ms

[120.0000-
1000.0000]

NL:

8.75E5

Ci11H11 N3 O1 +H:
C11H12N3 01

pa Chrg 1
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2-(1H-Imidazol-1-yl)phenol (15)

: :N\//
OH

2-(1H-imidazol-1-yl)phenol
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162.07429
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S39

NL:

5.40E7
PK_171#504-545
RT:2.27-2.46 AV:42
T: FTMS + p ESI Full
ms

[120.0000-
1000.0000]

NL:

8.98E5
CgHgN2O1 +H:
CgHgN20;

pa Chrg 1
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2-(1H-imidazol-1-yl)benzoic acid (16)

2-(1H-imidazol-1-yl)benzoic acid

Relative Abundance

100

90

80

70

60

50

40

30

20

10

i :N\//
COOH

189.06460

188.99591 || 189.13364 189.40939

190.06781

190.00219

o

100

90

80

70

60

50

40

30

20

10

189.06585

189.0

189.5
m/z

S40
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NL:

2.21E7
PK_336#476-500
RT:2.15-2.26 AV:25
T: FTMS + p ESI Full
ms
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1000.0000]

NL:

8.86E5
CioHgN202 +H:
CioHgN202

pa Chrg 1
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3-(1H-imidazol-1-yl)benzoic acid (17)

F\

NN

COOH

3-(1H-imidazol-1-yl)benzoic acid

Relative Abundance
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NL:
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RT:2.16-2.26 AV:24
T: FTMS + p ESI Full
ms
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NL:
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4-(1H-imidazol-1-yl)benzoic acid (18)
\

C N
HOOC

4-(1H-imidazol-1-yl)benzoic acid

189.06464

Relative Abundance
(4]
T

. 188.99584 | 189.13384 189.40941

190.06794

190.00227

189.06585

190.06921

S42

NL:

4.37E7
PK_357#472-493
RT:2.13-2.23 AV: 22
T: FTMS + p ESI Full
ms

[120.0000-
1000.0000]

NL:

8.86E5
C1oHgN202 +H:
C1oHgN202

pa Chrg 1
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2-(1H-1,2,3-triazol-1-yl)benzoic acid (26)

2-(1H-1,2,3-triazol-1-yl)benzoic acid

Relative Abundance

.

C
COOH

190.05995 NL:
100 1.14E8
PK_393#944-954
90 RT: 4.24-4.28 AV: 11
T: FTMS + p ESI Full
ms
80 [120.0000-
1000.0000]
70
60
50
40
30
20
10 191.06321
0 189.99035 J| 190.12964 190.97793
190.06110 NL:
100 8.93E5
CgH7N302 +H:
90 CgHgN3 02
pa Chrg 1
80
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10 191.06446
0
190.0 190.5 191.0 1915
m/z
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3-(1H-1,2,3-triazol-1-yl)benzoic acid (27)
\

Nf

COOH
3-(1H-1,2,3-triazol-1-yl)benzoic acid

190.05982 NL:
100 2.96E7
PK_394#982-995
90 RT: 4.41-4.47 AV: 14
T: FTMS + p ESI Full
ms
80 [120.0000-
1000.0000]
70
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& 60
©
[
p
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(]
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o
30
20
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0 190.12923 190.40741 190.97787 l 191.12789
190.06110 NL:
100 8.93E5
CgH7N302 +H:
90 CgHgN3 02
pa Chrg 1
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0
190.0 190.5 191.0
m/z
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4-(1H-1,2,3-triazol-1-yl)benzoic acid (28)

HOOC :

4-(1H-1,2,3-triazol-1-yl)benzoic acid

=\
N
N\N'

190.05979 NL:
100 4.73E7
PK_395#973-988
90 RT:4.38-4.44 AV: 16
T: FTMS + p ESI Full
ms
80 [120.0000-
1000.0000]
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8
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©
[
— |
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i
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10 191.06306
0 190.12876 190.40765 190.71096 190.97787 l 191.14158
190.06110 NL:
100 8.93E5
CgH7N3 02 +H:
90 CgHgN3 02
pa Chrg 1
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0
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2-(4-phenyl-1H-1,2,3-triazol-1-yl)benzoic acid (29)

N=N
0
COOH
2-(4-phenyl-1H-1,2,3-triazol-1-yl)benzoic acid

266.09029

Relative Abundance
(4]
o
]

207 267.09349

- 266.93597
. 265.97541 | 266.20578 266.66640 267.19315

266.09240

20 267.09576

[ S

TITTTTyYT TIITTTTTY TIPTTTTyYY

RRLARAR AR b RALARAR] R b RALARAM B b
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m/z
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NL:

1.98E8
PK_342#1176-1197
RT: 5.29-5.38 AV: 22
T: FTMS + p ESI Full
ms
[120.0000-1000.0000]

NL:

8.36E5

CisH11 N3 Oz +H:
CisH12N3 02

pa Chrg 1
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3-(4-phenyl-1H-1,2,3-triazol-1-yl)benzoic acid (30)
N=N
)

COOH
3-(4-phenyl-1H-1,2,3-triazol-1-yl)benzoic acid

266.09049 NL:
100—: 2.21E8
. PK_341#1232-1253
90 RT: 5.53-5.62 AV:22
- T: FTMS + p ESI Full
80: ms
4 [120.0000-1000.0000]
70
) .
S
& 60—
T
€
3
< 50
m —
é —
% 40
o ]
304
207 267.09369
10
7 266.93624
0 265.97546 || 266.20558 266.66679 267.19327
266.09240 NL:
100t 8.36E5
] C1sH11 N3 O2 +H:
90~ Ci1sH12N3 02
. pa Chrg 1
80
70
60—
50—
40
30
207 267.09576
10
Ot S—— S————— R e
266.0 266.5 267.0 267.5

S47
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Appendix

4-(4-phenyl-1H-1,2,3-triazol-1-yl)benzoic acid (31)

N

[’\jﬁ
i ,N\/)\Q
HooC

4-(4-phenyl-1H-1,2,3-triazol-1-yl)benzoic acid

Relative Abundance

100

80

70

60

50

40

30

20

266.09043

266.20595

267.09360

266.93611

267.19273 268.09669

10

90

80

60

50

30

20

266.09240

266.0

266.5

267.09576

268.09911

267.0
m/z

267.5 268.0

S48

NL:

4.55E7
PK_1104#1238-1248
RT:5.57-5.61 AV: 11
T: FTMS + p ESI Full
ms
[120.0000-1000.0000]

NL:
8.36E5

CisH11 N3Oz +H:
CisH12N3 02
pa Chrg 1
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Appendix

4-(4-(hydroxymethyl)-1H-1,2,3-triazol-1-yl)benzoic acid (32)

N=N OH

N
Hooc/I::j/

4-(4-(hydroxymethyl)-1H-1,2,3-triazol-1-yl)benzoic acid

220.07024 NL:
100 3.94E7
PK_400#885-902
90 RT: 3.98-4.05 AV: 18
T: FTMS + p ESI Full
ms
80 [120.0000-
1000.0000]
70
(0]
Q
& 60
©
c
]
£ 50
2
s 40
o
30
20
221.07343
10
0 219.97120 || 220.15668 220.50329 220.93301 l 221.15187
220.07167 NL:
100 8.81E5
Ci1oHgN3 O3 +H:
90 C1oH1oN3 O3
pa Chrg 1
80
70
60
50
40
30
20
221.07502
10
0
220.0 220.5 221.0 221.5
m/z
S49
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Appendix

4-(4-(aminomethyl)-1H-1,2,3-triazol-1-yl)benzoic acid (33)

N=N

N

NH,

HO
@)

4-(4-(aminomethyl)-1H-1,2,3-triazol-1-yl)benzoic acid

217.07141 NL:
100 ] 2.76E6
. PK_397_Neg#368-394
90 RT:1.67-1.79 AV: 27
R T: FTMS - p ESI Full
80: ms
3 [120.0000-1000.0000]
70+
@ ]
o _
& 60
© -
C -
: -
< 50
q) —
2
% 40
T g
30
20
] 218.07477
10
G: 217.15677 217.61658 217.85914
217.07310 NL:
100; 8.80E5
. C1oH1o0N4O2 +H:
90 C1oHoN4O2
] pa Chrg -1
80—
70
60
50—
40—
30
20
. 218.07645
10—
G— AR AR T T T T T T "|"'l'| T T
217.0 2175 218.0

m/z

S50

155



Appendix

4-(4-(methoxymethyl)-1H-1,2,3-triazol-1-yl)benzoic acid (34)

N=N  o—

N
HOOC/©/

4-(4-(methoxymethyl)-1H-1,2,3-triazol-1-yl)benzoic acid

234.08558 NL:
100 5.32E7
PK_428#1000-1018
90 RT: 4.50-4.58 AV: 19
T: FTMS + p ESI Full
80 ms
[120.0000-1000.0000]
70
[0]
(&)
& 60
©
c
=
£ 50
(0]
=
8 40
o
30
20
235.08880
10
. 233.99072 || 534 18044 23456058 234.99842 | 235.16723
234.08732 NL:
100 8.71E5
C11H11 N3 O3 +H:
90 C11H12N303
pa Chrg 1
80
70
60
50
40
30
20
235.09067
10
o S P ——
234.0 2345 235.0
m/z
s51
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Appendix

4-(4-(acetoxymethyl)-1H-1,2,3-triazol-1-yl)benzoic acid (35)

o
HOOC

4-(4-(acetoxymethyl)-1H-1,2,3-triazol-1-yl)benzoic acid

Relative Abundance

100

90

80

70

60

50

40

30

20

10

262.08025

262.19304

263.08342

262.64306 262.91356

100

90

80

70

60

50

40

30

20

10

262.08223

262.0

262.5

m/z

263.08559

263.0

S52

NL:

7.15E7
PK-330#1038-1052
RT: 4.67-4.73 AV: 15
T: FTMS + p ESI Full
ms
[120.0000-1000.0000]

NL:
8.60E5

C12H11 N3 O4 +H:
Ci2H12N3 04
pa Chrg 1
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Appendix

4-(4-(methoxycarbonyl)-1H-1,2,3-triazol-1-yl)benzoic acid (36)

4-(4-(methoxycarbonyl)-1H-1,2,3-triazol-1-yl)benzoic acid

N
I

o
HOOC

=N \O
VS

248.06471 NL:
100 6.17E7
PK_396#1042-1060
90 RT: 4.68-4.76 AV: 19
T: FTMS + p ESI Full
ms
80 [120.0000-1000.0000]
70
3
& 60
©
=
— ]
£ 50
2
g 40
o
30
20
249.06788
10
0 248.16841 248.58347  248.91544 | 249.21945
248.06658 NL:
100 8.69E5
C11HgN3 O4 +H:
90 C11H1oN3O4
pa Chrg 1
80
70
60
50
40
30
20
249.06994
10
0
248.0 2485 249.0

m/z

S53

158



Appendix

4-(4-(1-hydroxycyclopentyl)-1H-1,2,3-triazol-1-yl)benzoic acid (37)

Relative Abundance

N=N_ OH

0
HOOC

4-(4-(1-hydroxycyclopentyl)-1H-1,2,3-triazol-1-yl)benzoic acid

274.11661 NL:
100 6.86E7

PK_398#1051-1063

90 RT: 4.72-4.77 AV: 13
T: FTMS + p ESI Full
ms

80 [120.0000-1000.0000]

70

60

50

40

30

20 275.11976

10

0 274.23715 27471869  275.06435 | 27524037
274.11862 NL:
100+ 8.43E5
. C14H15N3 O3 +H:
90~ C14HsN3 03
] pa Chrg 1

80

70

60

50

40

30

20~ 275.12197

10

0L T T T T T T e e
274.0 274.5 275.0

S54
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Appendix

4-(4-cyclopropyl-1H-1,2,3-triazol-1-yl)benzoic acid (38)

N=N

I

Or
HOOC

2]

4-(4-cyclopropyl-1H-1,2,3-triazol-1-yl)benzoic acid

100

90

80

70

60

50

40

Relative Abundance

30

20

10

o

230.09083

229.99825 || 230.18282

230.55373

231.09406

100

90

80

70

60

50

40

30

20

10

230.09240

230.0

230.5
m/z

S55

231.09576

231.0

NL:

3.34E8
PK_407#1123-1132
RT: 5.04-5.08 AV: 10
T: FTMS + p ESI Full
ms
[120.0000-1000.0000]

NL:

8.64E5

Ci12H11 N3Oz +H:
C12H12N3 02

pa Chrg 1
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Appendix

methyl 4-(4-(hydroxymethyl)-1H-1,2,3-triazol-1-yl)benzoate (39)

N=N_ OH

N
o
MeOOC

methyl 4-(4-(hydroxymethyl)-1H-1,2,3-triazol-1-yl)benzoate

234.08564 NL:

100 5.28E7
PK_435#1022-1035
90 RT: 4.60-4.66 AV: 14
T: FTMS + p ESI Full
80 ms
[120.0000-1000.0000]
70
3
& 60
©
=
-}
£ 50
(]
2
5 40
o
30
20
235.08884
10
0 233.99068 || 234.18103 234.56092 234.99851 | 235.16715
23408732 NL:
100—: 8.71E5
] C11H11 N3 O3 +H:
90 Ci11H12N303
] pa Chrg 1
80
70
60
50—
40
30
20
B 235.09067
10
O~ bverrremr e e P e e e e Y
234.0 2345 235.0 2355
m/z
S56
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Appendix

methyl 4-(4-(methoxymethyl)-1H-1,2,3-triazol-1-yl)benzoate (40)

MeOOC :

methyl 4-(4-(methoxymethyl)-1H-1,2,3-triazol-1-yl)benzoate

N;N O—

N

248.10107

D ~ o]
o o CI>

Relative Abundance
(42
o

w
o

n
o

H
o
RN N AN N RN AN

249.10427

248.94064 l

247.99751 || 248.20470 248.61971 249.18338

248.10297

50

40

30

20

249.10632
10

par e de v e e va bl

o

ALt s L s Lt L s S
248.0 248.5 249.0
m/z

S57

249.5

NL:

2.07E8
PK_436#1155-1171
RT:5.19-5.26 AV:17
T: FTMS + p ESI Full
ms
[120.0000-1000.0000]

NL:

8.62E5

Ci2H13N3 03 +H:
Ci12H14N3 O3

pa Chrg 1
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Appendix

4-(4-(2-aminophenyl)-1H-1,2,3-triazol-1-yl)benzoic acid (41)

4-(4-(2-aminophenyl)-1H-1,2,3-triazol-1-yl)benzoic acid

Relative Abundance

281.10122 NL:
100 3.09E8
PK_425#1172-1185
90 RT:5.25-5.31 AV: 14
T: FTMS + p ESI Full
80 ms
[120.0000-1000.0000]
70
60
50
40
30
20 282.10453
10
0 280.97598 || 281.22573 281.72721 282.27607
281.10330 NL:
100 8.33E5
C1s5H12 N4 O2 +H:
90 C 15 H 13 N4 02
pa Chrg 1
80
70
60
50
40
30
20 282.10666
10
0
281.0 281.5 282.0 282.5
m/z
S58
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Appendix

4-(4-(3-aminophenyl)-1H-1,2,3-triazol-1-yl)benzoic acid (42)

N/
HoOC

N=N

NH,

4-(4-(3-aminophenyl)-1H-1,2,3-triazol-1-yl)benzoic acid

Relative Abundance

100

90

80

70

60

50

40

30

20

10

281.10153

280.99102

281.22609

282.10470

281.99274

281.72731

282.21908

100

90

80

70

60

50

40

30

20

10

281.1

0330

281.0

281.5

m/z

282.10666

282.0

S59

NL:

9.43E7
PK-392#971-991
RT:4.36-4.45 AV: 21
T: FTMS + p ESI Full
ms

[120.0000-
1000.0000]

NL:

8.33E5
CisH12N4O2 +H:
CisH13N4O2

pa Chrg 1
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Appendix

4-(4-(4-aminophenyl)-1H-1,2,3-triazol-1-yl)benzoic acid (43)

N=N

/

N
HOOC

4-(4-(4-aminophenyl)-1H-1,2,3-triazol-1-yl)benzoic acid

281.10125 NL:
100 1.31E8
PK_460#968-991
90 RT: 4.35-4.45 AV: 24
T: FTMS + p ESI Full
ms
80 [120.0000-
1000.0000]
70
(0]
(8]
& 60
©
(=
2
£ 50
(]
=
5 40
o
30
20 282.10444
10
281.99267
0280.99084 || 28122616 281.72704 282.21901
281.10330 NL:
100—: 8.33E5
] CisH12N4 O2 +H:
90: C15 H13 N4 O2
] pa Chrg 1
80
70
60
50
40
30
20 282.10666
10
0Lt T T e e
281.0 281.5 282.0 282.5
m/z
S60
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Appendix

4-(4-(4-(hydroxymethyl)phenyl)-1H-1,2,3-triazol-1-yl)benzoic acid (44)

Relative Abundance

N=N

HOOC

4-(4-(4-(hydroxymethyl)phenyl)-1H-1,2,3-triazol-1-yl)benzoic acid

296.10087 NL:
100 1.12E8

E PK_468#1061-1076
90 RT:4.76-4.83 AV: 16

R T: FTMS + p ESI Full
80: ms

B [120.0000-1000.0000]
70
60
50
40
30
20 297.10420
10

0l 295.96549 || 296.23624 296.96832 || 297.24003
296.10297 NL:
100+ 8.25E5

] C16H13N3 O3 +H:
90 CisH14N3 O3

. pa Chrg 1
80
70
60
50
40
30
20 297.10632
10

O Lrrrrrrprrrrrrre o AR A B O e AR aN!
296.0 296.5 297.0
m/z

S61
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Appendix

4-(4-(4-methoxyphenyl)-1H-1,2,3-triazol-1-yl)benzoic acid (45):

N
N/ /
/©/ \)\Q\o
HOOC

4-(4-(4-methoxyphenyl)-1H-1,2,3-triazol-1-yl)benzoic acid

296.10083 NL:
100 1.44E8
B PK_408#1226-1239
90 RT:5.51-5.57 AV: 14
R T: FTMS + p ESI Full
80: ms
i [120.0000-1000.0000]
70
@ .
o .
& 60—
© .
c 7
3 ]
< 50
a) —
= 7
% 40
-
30
20 297.10407
10
o 295.96571 || 296.23528 296.96793 | 297.23872
296.10297 NL:
1005 8.25E5
E CisH13N3 O3 +H:
90 CieH1aN3 O3
] pa Chrg 1
80
70
60
50
40-
30
20 297.10632
10
O—brrrrprrrr e e e ey
295.5 296.0 296.5 297.0 297.5
m/z
$62
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Appendix

3-(1-phenyl-1H-1,2,3-triazol-4-yl)aniline (46)

®/N/

3-(1-phenyl-1H-1,2,3-triazol-4-yl)aniline

100

90

80

70

60

50

40

Relative Abundance

30

20

10

2371

237.01778

NH,

1179

237.20840

237.59637

238.11497

238.21307

o

100

90

80

70

60

50

40

30

20

10

237.1

237.0

1347

237.5

m/z

S63

238.11683

238.0

NL:

3.45E8
PK-379#1091-1108
RT:4.90-4.98 AV: 18
T: FTMS + p ESI Full
ms
[120.0000-1000.0000]

NL:

8.46E5
C14Hi2 N4 +H:
CiaH13Ng

pa Chrg 1
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Appendix

4-(1-(2-aminophenyl)-1H-1,2,3-triazol-4-yl)benzoic acid (47)

N=N HoN

SN
HOOC

4-(1-(2-aminophenyl)-1H-1,2,3-triazol-4-yl)benzoic acid

281.10135 NL:
100 1.52E8
3 PK_434#1143-1156
90+ RT:5.14-5.20 AV: 14
B T: FTMS + p ESI Full
80: ms
B [120.0000-1000.0000]
70
[} 3
Q .
& 60
© ]
< 7
3 -
< 50
(D =
2 ]
5 407
c
304
207 282.10463
10
o 280.97605 || 281.22607  281.72722 282.21861
281.10330 NL:
1005 8.33E5
] CisH12N4 O2 +H:
90— CisH13N4O2
7 pa Chrg 1
80
70
60
50
404
30
207 282.10666
10
B N e
281.0 281.5 282.0 282.5
m/z

S64
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Appendix

4-(1-(4-aminophenyl)-1H-1,2,3-triazol-4-yl)benzoic acid (48)
N=N

SN
HOOC

4-(1-(4-aminophenyl)-1H-1,2,3-triazol-4-yl)benzoic acid

NH,

281.10117 NL:

100+ 1.06E8
. PK_496#1053-1066
90 RT: 4.73-4.79 AV: 14
. T: FTMS + p ESI Full
80: ms
. [120.0000-1000.0000]
70
@ ]
o .
S 60—
© .
= ]
3 i
£ 50
(D —
2 ]
= 407
c
30
20~ 282.10442
10
01280.99074 | 28120675 281.72631 | 282.21843 283.10749
281.10330 NL:
100 8.33E5
Cis Hi2N4 Oz +H:
90 CisH13N4O2
pa Chrg 1
80
70
60
50
40
30
20 282.10666
10
283.11001
o7+ T T T 1T T T T T T T T T T T T T T T T T
281.0 281.5 282.0 282.5 283.0 283.5
m/z
S65
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Appendix

4-(1-(4-hydroxyphenyl)-1H-1,2,3-triazol-4-yl)benzoic acid (49)
N=N

SN
HOOC
OH

4-(1-(4-hydroxyphenyl)-1H-1,2,3-triazol-4-yl)benzoic acid

282.08529 NL:
100 1.61E8
. PK-483#1078-1093
90 RT:4.85-4.91 AV: 16
. T: FTMS + p ESI Full
80_— ms
. [120.0000-1000.0000]
70
@ ]
o .
S 60—
© .
= .
3 .
£ 50
s
2 ]
5 o]
]
30
207 283.08858
10
o 282.21088 282.71493 284.09147
282.08732 NL:
100 8.34E5
. Ci5H11 N3 O3 +H:
90 CisH12N3 03
. pa Chrg 1
80
70
60
50
40
30
20 283.09067
10
. 284.09403
Glll]lll]llll]llll]llll]‘llll]
282.0 282.5 283.0 283.5 284.0 284.5
m/z
S66
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Appendix

4-(1-(pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (50)

N=N

N
HOOC

\

l

=N

4-(1-(pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid

Relative Abundance

100

90

80

70

60

50

40

30

20

10

267.08567

266.93614

267.20090

268.08885

267.97807

100

90

80

70

60

50

40

30

20

10

267.08765

267.0

267.5

m/z

268.09101

268.0

S67

NL:

2.35E7
PK_427#1061-1079
RT:4.77-4.85 AV: 19
T: FTMS + p ESI Full
ms
[120.0000-1000.0000]

NL:
8.42E5

C1aHioN4 O2 +H:
C1aH11 N4 O2
pa Chrg 1
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Appendix

4-(4-(2-((cyclohexylmethyl)amino)phenyl)-1H-1,2,3-triazol-1-yl)benzoic acid (51)

Relative Abundance

100

90

80

70

60

50

40

30

20

10

377.19449

378.19791

377.40150

379.210082

N=N HN
HOOCQN =

4-(4-(2-((cyclohexylmethyl)amino)phenyl)-1H-1,2,3-triazol-1-yl)benzoic acid

380.20368 381.20707

100

90

80

70

60

50

40

30

20

10

377.19720

377 378

378.20056

379.20391

379
m/z

380.20727 381.20816
380 381

S68

NL:

4.56E8
PK_476#1612-1631
RT: 7.23-7.32 AV: 20
T: FTMS + p ESI Full
ms
[120.0000-1000.0000]

NL:
7.72E5

CooH24 N4 Op +H:
C22H25 N4 O2
pa Chrg 1
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Appendix

4-(4-(3-((cyclohexylmethyl)amino)phenyl)-1H-1,2,3-triazol-1-yl)benzoic acid (52)

4-(4-(3-((cyclohexylmethyl)amino)phenyl)-1H-1,2,3-triazol-1-yl)benzoic acid

377.19445 NL:
100 6.35E8
PK_473#1513-1523
90 RT: 6.79-6.84 AV: 11
T: FTMS + p ESI Full
80 ms
[120.0000-1000.0000]
70
3
& 60
©
c
-
2 50
(]
2
S 40
o
30
378.19795
20
10
379.20088
" 376.99554 | 377.38856 | 380.20380
377.19720 NL:
100 7.72E5
CooHoa Ng O2 +H:
90 C22H25 N4 O2
pa Chrg 1
80
70
60
50
40
30
378.20056
20
10
0 379.20391 440 20727
377 378 379 380 381
m/z
S69
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Appendix

4-(4-(4-((cyclohexylmethyl)amino)phenyl)-1H-1,2,3-triazol-1-yl)benzoic acid (53)

4-(4-(4-((cyclohexylmethyl)amino)phenyl)-1H-1,2,3-triazol-1-yl)benzoic acid

377.19435 NL:
100 . 2.97E8
- PK_477#1510-1529
90 RT: 6.77-6.86 AV: 20
E T: FTMS + p ESI Full
80_— ms
B [120.0000-1000.0000]
70
@ ]
o -
S 60—
T© .
c ]
2 -
< 50
Q) y
2 3
% 40—
o
304
. 378.19792
20
10
] 379.20089
0 377.38922 1 380.20353  381.20674
377.19720 NL:
100 = 7.72E5
. CooHos Ng O +H:
90 C22H2sN4O2
. pa Chrg 1
80
70
60
50
40
30
. 378.20056
20
10
] 79.20391
. 879 1039 380.20727  381.20816
0 AALAAAS RAME RARE RARE AR RAAS RAAE RARE RARE RARE RAAS RAAE RALE RARE R RALS RAAA AR RARE RARE RALE RAR M
377 378 379 380 381
m/z
S70
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Appendix

4-(4-(3-((2-Morpholinoethyl)amino)phenyl)-1H-1,2,3-triazol-1-yl)benzoic acid (54)

N=N
HOOC—Q’N = H\/\N
U0

4-(4-(3-((2-morpholinoethyl)amino)phenyl)-1H-1,2,3-triazol-1-yl)benzoic acid

394.18476 NL:

100 1.23E8
PK_475#841-858
90 RT:3.78-3.85 AV: 18
T: FTMS + p ESI Full
ms
80 [120.0000-
1000.0000]
70
3
G 60
el
c
=
£ 50
2
% 40
i
30
395.18814
20
10
396.19087
0 | 397.19362 398.19438 399.34233
394.18737 NL:
100—: 7.75E5
] C21 H23 N5 O3 +H:
90 C21H24 N5 O3
7 pa Chrg 1
80
70
60
50
40
30—
. 395.19072
20—
10
. 396'119408 397.19743 398.19832 399.20168
clI]lll]llll]llll[llll|lll||lIII|]I
394 395 396 397 398 399 400

m/z

S71
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Appendix

4-(4-(3-(Phenethylamino)phenyl)-1H-1,2,3-triazol-1-yl)benzoic acid (55)

4-(4-(3-(phenethylamino)phenyl)-1H-1,2,3-triazol-1-yl)benzoic acid

Relative Abundance
(2]
<

385.16310
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1 Screening Results
1.1 FP-based Spot Test Screening @ 100 pM
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Figure S1: Results of spot test FP-based assay. Compounds were tested at 100 pM and threshold was
set to 50% inhibition. Primary screening resulted in 86 hits with 12.8% hit rate.
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1.2 Results of dose-dependent FP-based competition screening
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Figure S2: Results of dose-dependent FP-based screening (Class |, Part 1).
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Figure S3: Results of dose-dependent FP-based screening (Class |1, Part 2).
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Figure S4: Results of dose-dependent FP-based screening (Class Il).
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Figure S5: Results of dose-dependent FP-based screening (Class Il1).
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2 Compound Characterization
2.1 FP-based ICso determination for hit compounds 1-9.

The curves are showing the obtained results for hit compounds 1-9 in the FP-based
competition assay using LBS2 as fluorescent probe and His-tagged oligomerization-deficient
LANA DBD (aa1008-1146). (1) Compounds were tested in duplicates and in two independent
experiments. Curves were based on obtained FP values of duplicates + standard deviation.
Finally, curves were fit to a four-parameter dose-response model using OriginPro 2018 to

calculate ICso values.
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Figure S6: Results of dose-dependent FP-assay for Hit 1.
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Figure S7: Results of dose-dependent FP-assay for Hit 2.
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Figure S8: Results of dose-dependent FP-assay for Hit 3.
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Figure S9: Results of dose-dependent FP-assay for Hit 4.
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Figure S10: Results of dose-dependent FP-assay for Hit 5.
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Figure S11: Results of dose-dependent FP-assay for Hit 6.
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Figure S12: Results of dose-dependent FP-assay for Hit 7.
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Figure S13: Results of dose-dependent FP-assay for Hit 8.
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Figure S14: Results of dose-dependent FP-assay for Hit 9.
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2.2 Surface Plasmon Resonance (SPR) Studies

(1) (2) (3) (4)

Surface equilibration Surface activation LAMNA immobilization Surface quenching
(Borate 0.1 M) (EDC 1 M/INHS 1 M)  (LANA 2.8 uM/acetate buffer) (Ethanolamine 1 M) "=
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Figure S15: Sensorgram of the immobilization procedure for LANA (1008-1147) DBD mutant on
CMDS500M sensor chip: (1) Four injections of cleaning solution, (2) activation solution, (3) LANA 1008-
1147, and (4) quenching solution. The blue, red, and magenta curves represent the left (active)

channel, right (reference) channel, and the difference, respectively.
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Table S1: SPR response values (RU) of the tested compounds at 100 uM injected over an immobilized

LANA DBD mutant.

Response (RU)

Compound
Experiment 1 Experiment 2 Mean * standard deviation
1 8.8 10.2 9.5+0.7
2 13.8 15.0 14.4+0.6
3 8.5 8.7 8.6+0.1
4 43.1 41.5 42.3+0.8
5 21.0 23.3 22.1+1.2
6 11.6 12.7 12.2+0.6
7 9.6 10.6 10.1+£0.5
8 20.1 22.2 21.2+1.1
9 8.4 9.7 9.1+0.7

2.4 Determination of equilibrium dissociation constant (Kp) for compounds 1, 6 and 9.
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Figure S17: (A) Sensorgrams overlay (black) of 1 at concentrations of 1.6—=100.0 uM running over an
immobilized LANA DBD mutant. Global fitting of the association and dissociation curves (red); (B)

Langmuir binding isotherm (Kp value: 131 £ 9 uM).
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Figure S18: (A) Sensorgrams overlay (black) of 6 at concentrations of 1.6-50.0 UM running over an
immobilized LANA DBD mutant. Global fitting of the association and dissociation curves (red); (B)

Langmuir binding isotherm (Kp value: 10 £ 1 uM).
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Response (RU)
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Figure S19: (A) Sensorgrams overlay (black) of 9 at concentrations of 1.6-50.0 UM running over an

immobilized LANA DBD mutant. Global fitting of t

Langmuir binding isotherm (Kp value: 9 £ 1 uM).

Table S2: The kinetic parameters of compounds 1, 6

he association and dissociation curves (red); (B)

and 9 binding to LANA.

Compound  Rpmax (RU) Kon (MsY) ko (s) Ko (uM) Res sd
1 4612 5.2+0.3x10? 0.068 £ 0.002 131.0+£9.0 1.5
6 101 6.01£0.2x10° 0.055 £ 0.001 9.9+04 0.8
9 171 6.0+0.3x103 0.055 + 0.002 83+04 1.7

Rmax: maximum analyte binding capacity; kon: associa

tion rate constant; ko dissociation rate constant;

Ko: equilibrium dissociation constant; Res sd: residual standard deviation.
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2.5 STD-MNR Spectra for compounds 1, 6 and Inhibitor |
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Figure S20: Off resonance NMR spectrum of Inhibitor | at a concentration of 250 uM.
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Figure S21: Off resonance NMR spectrum of Hit 1 at a concentration of 250 uM.
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Figure S22: Off resonance NMR spectrum of Inhibitor | mixed with Hit 1, each at a concentration of
250 pM.
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Figure S23: STD-NMR spectrum of Inhibitor I (final concentration of 500 uM) mixed with Hit 1 (final

concentration of 250 uM).
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Figure S24: STD-NMR spectrum of Inhibitor I (final concentration of 250 uM) mixed with Hit 1 (final

concentration of 250 uM).
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Figure S25: STD-NMR spectrum of Inhibitor I (final concentration of 125 uM) mixed with Hit 1 (final

concentration of 250 uM).
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Figure 526: STD-NMR competition experiments with inhibitor I and hit 1 in complex with LANA
DBD mutant. The respective protons of each compound are highlighted with a corresponding
color, Inhibitor 'in red and Hit 1 in blue; Spectrum 6 (red): off resonance spectrum of Inhibitor
I with final concentration of 250 uM; Spectrum 5 (blue): off resonance spectrum of hit 1 with
final concentration of 250 uM; Spectrum 4: off resonance spectrum of Inhibitor I mixed with
hit 1, each with a final concentration of 250 uM; Spectrum 3: STD spectrum of Inhibitor I mixed
with hit 1, inhibitor I with a final concentration of 500 UM and hit 1 with a final concentration
of 250 uM; Spectrum 2: STD spectrum of Inhibitor I mixed with hit 1, each with a final
concentration of 250 uM; Spectrum 1: STD spectrum of Inhibitor | mixed with hit 1, inhibitor |

with a final concentration of 125 uM and hit 1 with a final concentration of 250 pM.
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Figure S27: Off resonance NMR spectrum of Hit 6 at a concentration of 250 uM.
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Figure S28: Off resonance NMR spectrum of Inhibitor | mixed with Hit 6, each at a concentration of

250 pM.
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Figure S29: STD-NMR spectrum of Inhibitor I (final concentration of 500 uM) mixed with Hit 6 (final

concentration of 250 uM).
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.....................................

Figure $S29: STD-NMR spectrum of Inhibitor I (final concentration of 250 uM) mixed with Hit 6 (final
concentration of 250 uM).
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Figure S30: STD-NMR spectrum of Inhibitor I (final concentration of 125 uM) mixed with Hit 6 (final
concentration of 250 uM).
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2.6 Cytotoxicity data for compounds 1, 6 and 9.

Compounds were tested in two independent experiments at a final concentration of

100 pM.

Table S3: Cytotoxicity Assay — HepG2 cells

HepG2 Relative viability after 48 h [%]

Compound Concentration [uM]

Experiment 1 Experiment 2

1 100
6 100
9 100

84.91 144.76
155.94 138.43
27.35 14.59

Table S4: Cytotoxicity Assay — Hek293 cells

Compound Concentration [uM]

Hek293 Relative viability after 48 h [%]

Experiment 1 Experiment 2

1 100 41.66 45.56

6 100 82.55 87.18

9 100 11.15 2.34
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Appendix

1 Materials and Methods

1.1 Chemistry

3-azidopyridine (2): The azide was synthesized according to GP1 using pyridin-3-amine 1 (376 mg. 4
mmol), sodium nitrite (1.7 eq., 469 mg, 6.8 mmol), sodium azide (1.7 eq., 442 mg, 6.8 mmol), EtOAc
(8 mL), 6 M HCI (5 mL). The crude product (245 mg, 2 mmol, 50%) was used as obtained in the next
step without further purifications. R¢=0.37 (PE/EtOAc 7:3)

4-(1-(pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (3): The triazole was synthesized according to
GP3 using 4-ethynylbenzoic acid and 3-azidopyridine 2 as described previously.!

3-(1-(pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (4): The triazole was synthesized according to
GP3 using 3-ethynylbenzoic acid (92 mg, 0.64 mmol) and 3-azidopyridine 2 (1.3 eq., 100 mg,
0.83 mmol) as starting materials. The crude was obtained as a white solid (110 mg, 0.41 mmol, 64%).
Purification was done using prep. HPLC. 'H NMR (500 MHz, DMSO-ds) & ppm 7.66 (br. s., 1 H) 7.68
-7.79 (m, 1 H) 7.88 - 8.06 (m, 1 H) 8.19 (d, J=7.63 Hz, 1 H) 8.41 (d, J=8.24 Hz, 1 H) 8.53 (s., 1 H) 8.76
(s..1H)9.25(s.. 1 H) 9.55 (s, 1 H) 13.23 (br. s.. 1 H): *C NMR (126 MHz, DMSO-ds) & ppm 120.56,
124.96, 127.82, 129.40, 141.24, 146.80, 149.81, 167.30

methyl 4-(1-(pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoate (5): The triazole was synthesized
according to GP3 using methyl 4-ethynylbenzoate (103 mg, 0.64 mmol) and 3-azidopyridine 2 (1.3 eq.,
100 mg, 0.83 mmol) as starting materials. The crude was obtained as a yellow solid (117 mg, 0.41 mmol,
49%). Purification was done using prep. HPLC. 'H NMR (500 MHz, DMSO-ds) & ppm 3.89 (s, 3 H)
7.71 (dd, J/=8.32,4.81 Hz, 1 H) 8.01 - 8.18 (m, 4 H) 8.30 - 8.46 (m, 1 H) 8.74 (d, J=4.12 Hz, 1 H) 9.21
(br.s.. 1 H)9.56 (s. 1 H): *C NMR (126 MHz, DMSO-ds) § ppm 52.24, 121.36, 124.72, 125.49. 127.99.
129.18, 130.08, 134.52, 141.33, 146.47, 149.95, 165.89

ethyl 4-(1-(pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoate (6): 4-(1-(pyridin-3-yl)-1H-1,2,3-triazol-4-
yl) benzoic acid 3 (40 mg, 0.15 mmol) was dissolved in thionyl chloride (1 mL) and a few drops of
DMEF. The mixture was heated to 60 °C for 1 h. After cooling to room temperature, the solvent was
removed under reduced pressure. Subsequently, ice-cold ethanol (5 mL) containing a few drips DIPEA
was added slowly at 0 °C and the mixture was stirred at room temperature overnight. The solvent was
removed under reduced pressure and EtOAc and sat. aq. NaHCO3 solution were added. The mixture was
extracted with EtOAc (3x), the combined organic layers were dried over sodium sulfate and
concentrated under reduced pressure to obtain the crude. The purification was done using automated
flash chromatography (DCM/MeOH 1:0 = 9:1). 6 was obtained as white powder (23 mg, 0.08 mmol,
53%). '"H NMR (500 MHz, DMSO-d6) & ppm 1.35 (t, /=7.10 Hz. 3 H) 4.35 (q. J=7.17 Hz. 2 H) 7.71
(dd, J=8.32, 4.81 Hz, 1 H) 8.10 (s, 4 H) 8.36 - 8.47 (m, 1 H) 8.74 (dd, /=4.73, 1.53 Hz, 1 H) 9.21 (d,
J=2.44 Hz, 1 H) 9.56 (s, 1 H); *C NMR (126 MHz, DMSO-ds) & ppm 14.67, 61.32. 121.81, 125.16,
125.93,128.47, 129.93, 130.49, 133.69, 134.92, 141.81, 146.95, 150.41, 165.85
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4-(1-(pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzamide (7): 4-(1-(pyridin-3-yl)-1H-1.2.3-triazol-4-yl)
benzoic acid 3 (40 mg, 0.15 mmol) was dissolved in thionyl chloride (1 mL) and a few drops of DMF.
The mixture was heated to 60 °C for 1 h. After cooling to room temperature, the solvent was removed
under reduced pressure. Subsequently, ice-cold aqueous ammonium hydroxide (5 mL) was added slowly
at 0 °C and the mixture was stirred at room temperature overnight. DCM and water were added. The
mixture was extracted with DCM (3x), the combined organic layers were dried over sodium sulfate and
concentrated under reduced pressure to obtain the crude. The purification was done using automated
flash chromatography (DCM/MeOH 1:0 — 8:2). 7 was obtained as white powder (10 mg, 0.04 mmol,
27%). "H NMR (500 MHz, DMSO-ds) & ppm 7.44 (br.s., 1 H) 7.72 (dd. J=8.01, 4.35 Hz. 1 H) 8.02 (s,
4 H) 8.39 (d, /=8.09 Hz, 1 H) 8.76 (br. s., 1 H) 9.23 (br. s.. 1 H) 9.50 (s, 1 H); *C NMR (126 MHz,
DMSO-ds) 3 ppm 120.86, 125.05, 127.93, 128.34, 132.59, 133.93, 141.31, 146.83, 149.87, 167.36

methyl 2-chloro-4-(1-(pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoate (8): The triazole was synthesized
according to GP3 using methyl 2-chloro-4-ethynylbenzoate (62 mg, 0.32 mmol) and 3-azidopyridine 2
(1.3 eq.. 50 mg, 0.41mmol) as starting materials. Purification was done using flash chromatography
(DCM:MeOH 1:0 — 9:1) and 8 was obtained as a white solid (81 mg, 0.26 mmol, 81%). "H NMR (500
MHz, DMSO-ds) & ppm 3.89 (s, 3 H) 7.72 (ddd, J=8.28, 4.77, 0.69 Hz, 1 H) 8.00 (d, /=8.09 Hz, 1 H)
8.02-8.07 (m, 1 H) 8.12 (d, J/=1.53 Hz, 1 H) 8.38 (ddd, J=8.28, 2.63, 1.45 Hz, 1 H) 8.75 (dd, J=4.73,
1.37 Hz, 1 H) 9.19 (d. J=2.59 Hz, 1 H) 9.61 (s. 1 H); *C NMR (126 MHz, DMSO-ds) & ppm 52.59,
121.91, 123.82, 124.72, 127.09, 128.00, 128.97. 132.26, 132.93, 133.13, 134.66, 141.31. 145.18,
150.04, 165.01

2-chloro-4-(1-(pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (9): The synthesis was done
according to GP5 using methyl 2-chloro-4-(1-(pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoate 8 (10 mg,
0.03 mmol) at 80°C for 1 h. 9 was obtained as a white solid (5 mg. 0.02 mmol, 66%). 'H NMR (500
MHz, DMSO-ds) 6 ppm 7.72 (dd, J=8.32, 4.81 Hz, 1 H) 7.88 - 8.03 (m, 2 H) 8.09 (d, /=1.37 Hz, 1 H)
8.38 (ddd, J=8.28, 2.63, 1.45 Hz, 1 H) 8.75 (dd, J=4.65, 1.30 Hz, 1 H) 9.19 (d. J/=2.44 Hz, 1 H) 9.59 (s,
1 H) 13.53 (br. s., 1 H): ®*C NMR (126 MHz, DMSO-ds) 3 ppm 122.18, 124.19, 125.20, 127.45. 12847,
132.49, 133.63, 140.89, 141.79, 145.82, 150.48, 166.72

(4-(1-(pyridin-3-yl)-1H-1,2,3-triazol-4-yl) phenyl)methanol (10): The triazole was synthesized
according to GP3 using (4-ethynylphenyl)methanol (300 mg, 2.27 mmol) and 3-azidopyridine 2
(1.2 eq.. 326 mg, 2.72 mmol) as starting materials. The crude was obtained as a yellow solid (466 mg,
1.86 mmol, 82%). Purification was done using prep. HPLC. '"H NMR (500 MHz, DMSO-ds) & ppm 4.55
(d. J=5.65 Hz, 2 H) 5.26 (t, J=5.72 Hz, 1 H) 7.46 (m, J=8.24 Hz, 2 H) 7.70 (dd, J=8.24, 4.73 Hz, 1 H)
7.90 (m. J=8.09 Hz, 2 H) 8.36 - 8.42 (m. 1 H) 8.72 (dd, /=4.73. 1.22 Hz, 1 H) 9.20 (d, /=2.44 Hz, 1 H)
9.36 (s, 1 H): *C NMR (126 MHz, DMSO-ds) & ppm 62.62, 119.74, 124.66, 125.16, 127.04, 127.83.
128.40, 133.32, 141.21, 142.88, 147.58, 149.72

4-(1-(pyridin-3-yl)-1H-1,2,3-triazol-4-yl)aniline (11): The triazole was synthesized according to GP3
using 4-ethynylaniline (75 mg, 0.64 mmol) and 3-azidopyridine 2 (1.3 eq., 100 mg, 0.83 mmol) as
starting materials. After full conversion (LCMS control) the mixture was basified with sat. aq. NaHCO3
solution and the product was precipitated. The crude was obtained as a brown solid (91 mg, 0.38 mmol,
60%). Purification was done using prep. HPLC. '"H NMR (500 MHz, DMSO-ds) & ppm 5.35 (s, 2 H)
6.62 - 6.69 (m, 2 H) 7.56 - 7.62 (m, 2 H) 7.68 (dd, /=8.09, 4.58 Hz, 1 H) 8.32 - 8.38 (m, 1 H) 8.72 (br.

203



Appendix

s.. 1 H)9.09 (s, 1 H) 9.20 (br. s., 1 H); ®C NMR (126 MHz, DMSO-ds) & 113.95, 117.36, 117.43,
126.46. 127.50, 140.99, 148.62, 149.16, 149.43

N-(4-(1-(pyridin-3-yl)-1H-1,2,3-triazol-4-yl)phenyl)acetamide (12): 4-(1-(pyridin-3-yl)-1H-1,2,3-
triazol-4-yl) aniline 11 (35 mg, 0.14 mmol) and triethylamine (2 eq., 0.28 mmol, 28 mg) were dissolved
in a mixture of DCM (2 mL) and DMF (1 mL). Acetyl chloride (1.2 eq., 0.17 mmol, 13 mg) was added
slowly at room temperature and the mixture was stirred for 16 h. TLC control indicated full conversion
and the solvent was removed under reduced pressure to obtain the crude. Purification was done using
automated flash chromatography (DCM/MeOH 1:0 = 9:1) to obtain 12 (5 mg, 0.02 mmol, 14%). 'H
NMR (500 MHz, DMSO-ds) & ppm 2.07 (s, 3 H) 7.61 - 7.78 (m, 3 H) 7.81 - 7.92 (m, 2 H) 8.32 - 8.41
(m, 1 H) 8.72 (dd, J=4.73.1.22 Hz. 1 H) 9.19 (d, /=2.44 Hz, 1 H) 9.30 (s. 1 H) 10.10 (s. 1 H); ¥*C NMR
(126 MHz, DMSO-ds) & ppm 24.08, 119.29, 124.67, 125.88, 127.80, 133.34, 139.50, 141.19, 147.47,
149.72, 168.50

4-(1-(pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzonitrile (13): The triazole was synthesized according to
GP3 using 4-ethynylbenzonitrile (80 mg, 0.63 mmol) and 3-azidopyridine 2 (1.2 eq., 90 mg, 0.75 mmol)
as starting materials. The crude was obtained as a yellow solid (100 mg, 0.40 mmol, 64%). Purification
was done using prep. HPLC. "H NMR (500 MHz, DMSO-ds) & ppm 7.72 (dd. /=8.24, 4.73 Hz, 1 H)
8.01 (d, /=8.39 Hz,2 H) 8.08 - 8.17 (m, 2 H) 8.35-8.44 (m, 1 H) 8.75 (d, /=4.27 Hz, 1 H) 9.19 (br. s.,
1 H) 9.59 (s, 1 H); ®C NMR (126 MHz, DMSO-ds) 5 ppm 110.67, 118.75, 121.84, 124.72, 125.93,
128.09, 133.16, 133.21, 134.48, 141.40, 145.93, 150.04

3-(azidomethyl)pyridine (15): To a solution of 3-(bromomethyl)pyridine 14 (200 mg, 1.17 mmol) in
DMSO (5 mL), EtsN (0.1 mL) and NaN3 (1.1 eq., 84 mg, 1.29 mmol) were added. The mixture was
stirred over night at room temperature, diluted with water and extracted with diethyl ether (3x). The
combined organic layers were washed with brine, dried over MgSO4 and concentrated under reduced
pressure. The product was obtained as a colorless oil (123 mg, 0.92 mmol, 78%) and was used without
further purification. R¢= 0.36 (PE/EtOAc 9:1)

4-(1-(pyridin-3-ylmethyl)-1H-1,2,3-triazol-4-yl)benzoic acid (16): The triazole was synthesized
according to GP3 using 4-ethynylbenzoic acid (50 mg, 0.31 mmol) and 3-(azidomethyl)pyridine 15
(1.3 eq.. 53 mg, 0.40 mmol) as starting materials. The crude was obtained as a yellow solid (42 mg,
0.15 mmol, 51%). Purification was done using prep. HPLC. 'H NMR (500 MHz, DMSO-ds) & ppm 5.88
(s,2H)7.86 (br.s., 1 H) 7.94 - 7.99 (m, 3 H) 8.00 - 8.04 (m, 2 H) 8.27 (d, /=7.93 Hz, 1 H) 8.81 (s.,
1 H) 8.85 (s, 1 H) 8.93 (s., 1 H); ®C NMR (126 MHz, DMSO-ds) 3 ppm 49.95, 123.11, 125.14, 126.11,
130.02, 130.06, 133.89, 134.56, 142.03, 144.60, 144.82, 145.84, 166.96

3-azido-4-methylpyridine (18a): The azide was synthesized according to GP1 using 4-methylpyridin-
3-amine 17a (150 mg, 1.4 mmol), sodium nitrite (1.7 eq., 165 mg, 2.4 mmol), sodium azide (1.7 eq.
155 mg, 2.4 mmol), EtOAc (4 mL), 6 M HCI (2.4 mL). The crude product (120 mg, 0.89 mmol, 64%)
was used as obtained in the next step without further purifications. R¢=0.35 (PE/EtOAc 7:3)

3-azido-4-chloropyridine (18b): The azide was synthesized according to GP1 using 4-chloropyridin-
3-amine 17b (200 mg, 1.56 mmol), sodium nitrite (1.7 eq.. 182 mg, 2.65 mmol), sodium azide (1.7 eq.,

3
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172 mg, 2.65 mmol), EtOAc (8 mL), 6 M HCI (4.8 mL). The crude product (120 mg, 0.77 mmol, 50%)
was used as obtained in the next step without further purifications. R¢=0.71 (PE/EtOAc 7:3)

3-azido-4-phenylpyridine (18c): The azide was synthesized according to GP1 using 4-phenylpyridin-
3-amine 17¢ (100 mg, 0.48 mmol), sodium nitrite (1.7 eq., 57 mg, 0.82 mmol), sodium azide (1.7 eq.,
53 mg, 0.82 mmol), EtOAc (4 mL), 6 M HCI (2.4 mL). The crude product (92 mg. 0.47 mmol, 98%)
was used as obtained in the next step without further purifications. R¢= 0.44 (PE/EtOAc 7:3)

3-azido-5-methylpyridine (18d): The azide was synthesized according to GP1 using 5-methylpyridin-
3-amine 17d (150 mg, 1.4 mmol), sodium nitrite (1.7 eq., 165 mg, 2.4 mmol), sodium azide (1.7 eq.
155 mg, 2.4 mmol), EtOAc (4 mL), 6 M HCI (2.4 mL). The crude product (141 mg, 1.05 mmol, 75%)
was used as obtained in the next step without further purifications. R¢= 0.35 (PE/EtOAc 7:3)

5-azidopicolinonitrile (18e): The azide was synthesized according to GP1 using 5-aminopicolinonitrile
17e (100 mg, 0.84 mmol), sodium nitrite (1.7 eq., 98 mg, 1.43 mmol), sodium azide (1.7 eq., 93 mg,
1.43 mmol), EtOAc (4 mL), 6 M HCI (1.2 mL). The crude product (107 mg, 0.74 mmol, 88%) was used
as obtained in the next step without further purifications. R¢= 0.69 (PE/EtOAc 7:3)

5-azido-2-chloro-4-methylpyridine (18f): The azide was synthesized according to GP1 using
6-chloro-4-methylpyridin-3-amine 17f (200 mg, 1.41 mmol), sodium nitrite (1.7 eq., 165 mg, 2.40
mmol), sodium azide (1.7 eq., 155 mg, 2.40 mmol), EtOAc (8 mL), 6 M HCI (4.8 mL). The crude
product (190 mg, 1.13 mmol, 80%) was used as obtained in the next step without further purifications.
R¢=0.82 (PE/EtOAc 7:3)

5-azido-N-methylpyridin-2-amine (18g): The azide was synthesized according to GP1 using
N-methylpyridine-2,5-diamine 17g (200 mg. 1.62 mmol), sodium nitrite (1.7 eq.. 2.75 mmol. 190 mg).
sodium azide (1.7 eq., 2.75 mmol, 181 mg), EtOAc (13 mL), 6 M HCI (7 mL). The crude product (234
mg, 1.57 mmol, 97%) was used as obtained in the next step without further purifications. R¢ = 0.46
(PE/EtOAc 7:3)

5-azido-N-isopropylpyridin-2-amine (18h): The azide was synthesized according to GP1 using
N-isopropylpyridine-2.5-diamine 17h (300 mg. 1.98 mmol), sodium nitrite (1.7 eq., 3.36 mmol, 231
mg), sodium azide (1.7 eq., 3.36 mmol, 221 mg), EtOAc (10 mL). 6 M HCI1 (5 mL). The crude product
(308 mg, 1.78 mmol, 90%) was used as obtained in the next step without further purifications. R¢=0.75
(PE/EtOAc 7:3)

S-azido-N-phenylpyridin-2-amine (18i): The azide was synthesized according to GP1 using
N-phenylpyridine-2.5-diamine 17i (200 mg, 1.08 mmol). sodium nitrite (1.7 eq., 1.84 mmol, 126 mg).
sodium azide (1.7 eq., 1.84 mmol, 121 mg), EtOAc (6 mL), 6 M HCI (2.5 mL). The crude product
(203 mg. 0.96 mmol, 89%) was used as obtained in the next step without further purifications. R¢=0.78
(PE/EtOAc 7:3)

205



Appendix

3-azido-5-fluoropyridine (18j): The azide was synthesized according to GP1 using 5-fluoropyridin-3-
amine (100 mg, 0.91 mmol) 17j (100 mg, 0.91 mmol), sodium nitrite (1.7 eq., 1.54 mmol, 105 mg),
sodium azide (1.7 eq., 1.84 mmol, 101 mg), EtOAc (3 mL), 6 M HCI (1.25 mL). The crude product
(37 mg, 0.27 mmol, 30%) was used as obtained in the next step without further purifications. R¢= 0.54
(PE/EtOAc 7:3)

5-azido-2-methoxypyridine (18k): The azide was synthesized according to GP1 using
6-methoxypyridin-3-amine 17k (100 mg, 0.81 mmol), sodium nitrite (1.7 eq., 94 mg, 1.37 mmol),
sodium azide (1.7 eq., 88 mg, 1.37 mmol), EtOAc (4 mL), 6 M HCI (2.4 mL). The crude product
(110 mg. 0.73 mmol, 90%) was used as obtained in the next step without further purifications. R¢=0.77
(PE/EtOAc 7:3)

5-azido-2-phenoxypyridine (181): The azide was synthesized according to GP1 using
6-phenoxypyridin-3-amine 171 (180 mg, 0.97 mmol), sodium nitrite (1.7 eq., 1.14 mmol, 77 mg),
sodium azide (1.7 eq.. 1.14 mmol, 74 mg). EtOAc (3 mL), 6 M HCI (6 mL). The crude product (150 mg,
0.70 mmol, 72%) was used as obtained in the next step without further purifications. R¢ = 0.85
(PE/EtOAc 6:4)

1-azido-4-phenoxybenzene (18m): The azide was synthesized according to GP1 using
4-phenoxyaniline 17m (100 mg, 0.54 mmol), sodium nitrite (1.7 eq., 0.91 mmol, 61 mg), sodium azide
(1.7 eq., 1.82 mmol, 58 mg), EtOAc (4 mL), 6 M HCI1 (7 mL). The crude product (90 mg, 0.45 mmol,
83%) was used as obtained in the next step without further purifications. R¢= 0.43 (PE/EtOAc 7:3)

3-(4-azidophenoxy) pyridine (18n): The azide was synthesized according to GP1 using 4-(pyridin-3-
yloxy) aniline 17n (200 mg, 1.07 mmol), sodium nitrite (1.7 eq., 1.82 mmol, 125 mg), sodium azide
(1.7 eq.. 1.82 mmol. 118 mg). EtOAc (5 mL), 6 M HCI1 (10 mL). The crude product (190 mg, 0.89 mmol,
83%) was used as obtained in the next step without further purifications. R¢= 0.35 (PE/EtOAc 7:3)

4-(1-(4-methylpyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (19a): The triazole was synthesized
according to GP3 using 4-ethynylbenzoic acid (118 mg, 0.81mmol) and 3-azido-4-methylpyridine 18a
(1.3 eq.. 141 mg, 1.05 mmol) as starting materials. The crude was obtained as a white solid (45 mg,
0.16 mmol, 20%). Purification was done using prep. HPLC. 'H NMR (500 MHz, DMSO-ds) & ppm 2.32
(s.3H) 7.60 (d.J=5.04 Hz, 1 H) 8.07 (s, 5 H) 8.66 (d. J=4.73 Hz, 1 H) 8.73 (s. 1 H) 9.20 (s, 1 H) 13.04
(br. s., 1 H); ®C NMR (126 MHz, DMSO-ds) & ppm 17.05, 124.45, 125.32, 126.25, 130.13, 130.26,
134.27.142.44, 145.87, 145.97, 150.53, 166.96

4-(1-(4-chloropyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (19b): The triazole was synthesized
according to GP3 using 4-ethynylbenzoic acid (83 mg, 0.56 mmol) and 3-azido-4-chloropyridine 18b
(1.3 eq.. 114 mg, 0.74 mmol) as starting materials. The crude was obtained as a yellow solid (40 mg,
0.13 mmol, 23%). Purification was done using prep. HPLC. "H NMR (500 MHz, DMSO-ds) & ppm 7.97
(dd, J=4.96,4.20 Hz, 1 H) 8.02 - 8.18 (m, 4 H) 8.71 - 8.89 (m, 1 H) 8.98 (br. s., 1 H) 9.27 (d, /=3.97 Hz,
1 H) 13.11 (br. s.. 1 H): *C NMR (126 MHz, DMSO-ds) 3 ppm 124.96. 125.39. 125.51, 130.17. 131.55,
133.82, 138.59. 145.98, 148.18, 152.25, 167.01
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4-(1-(4-phenylpyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (19¢): The triazole was synthesized
according to GP3 using 4-ethynylbenzoic acid (53 mg, 0.36 mmol) and 3-azido-4-phenylpyridine 18¢
(1.3 eq., 92 mg, 0.47 mmol) as starting materials. The crude was obtained as a white solid (30 mg,
0.09 mmol, 25%). Purification was done using prep. HPLC. '"H NMR (500 MHz, DMSO-ds) & ppm 7.17
-725(m.2H)7.31-740 (m,3 H)7.74 (d, /=5.04 Hz, 1 H) 7.89 - 7.96 (m, 2 H) 7.98 - 8.04 (m, 2 H)
8.88 (d, J=5.19 Hz, 1 H) 8.90 (s, 1 H) 8.93 (s, 1 H); ®C NMR (126 MHz, DMSO-ds) & ppm 125.05,
125.17, 125.21, 128.02, 128.83, 129.13, 130.12, 131.18, 134.01, 134.55, 144.74, 145.79, 147.47,
151.54, 166.98

4-(1-(5-methylpyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (19d): The triazole was synthesized
according to GP3 using 4-ethynylbenzoic acid (100 mg, 0.68 mmol) and 3-azido-5-methylpyridine 18d
(1.3 eq.. 120 mg, 0.89 mmol) as starting materials. The crude was obtained as a yellow solid (103 mg,
0.36 mmol, 53%). Purification was done using prep. HPLC. 'H NMR (500 MHz, DMSO-ds) 3 ppm 2.46
(s,3H)8.00-8.13 (m, 4 H)825(s, 1 H)859 (s, 1 H)9.01 (s., 1 H) 9.51 (s, 1 H) 13.04 (br. s., 1 H);
BC NMR (126 MHz, DMSO-dg) 8 ppm 17.74, 121.11, 125.32, 128.06, 130.18, 130.41, 132.92, 134.09,
134.59. 138.41, 146.58, 150.25, 166.96

4-(1-(6-cyanopyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (19¢): The triazole was synthesized
according to GP3 using 4-ethynylbenzoic acid (125 mg,0.86 mmol) and 5-azidopicolinonitrile 18e
(1.3 eq., 161mg, 1.11 mmol) as starting materials. The crude was obtained as a yellow solid (113 mg,
0.39 mmol, 45%). Purification was done using prep. HPLC. 'H NMR (500 MHz, DMSO-ds) 8 ppm 8.07
(d, J/=7.48 Hz, 4 H) 8.38 (d, /=8.55 Hz, 1 H) 8.66 (dd, /=8.47, 2.52 Hz, 1 H) 9.42 (d, J/=2.44 Hz, 1 H)
9.67 (s. 1 H); *C NMR (126 MHz, DMSO-ds) & ppm 115.35, 117.02, 121.28, 125.35. 128.55, 130.30,
131.83, 135.25, 142.55, 147.00, 166.96

4-(1-(6-chloro-4-methylpyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (19f): The triazole was
synthesized according to GP3 using 4-ethynylbenzoic acid (78 mg. 0.53 mmol) and 5-azido-2-chloro-
4-methylpyridine 18f (1.3 eq., 116 mg, 0.69 mmol) as starting materials. The crude was obtained as a
white yellow solid (128 mg, 0.41 mmol, 77%). Purification was done using prep. HPLC. 'H NMR (500
MHz, DMSO-dg) & ppm 2.33 (s, 3 H) 7.81 (s, 1 H) 8.07 (s. 4 H) 8.63 (s. 1 H) 9.20 (s, 1 H); *C NMR
(126 MHz, DMSO-ds) & ppm 17.21, 124.56, 125.38, 126.34, 130.18, 130.34, 132.94, 134.15, 145.98,
146.15. 146.55, 150.87, 166.98

4-(1-(6-(methylamino)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (19g): The triazole was
synthesized according to GP3 using 4-ethynylbenzoic acid (60 mg, 0.41mmol) and 5-azido-N-
methylpyridin-2-amine 18g (1.2 eq., 73 mg, 0.49 mmol) as starting materials. The crude was obtained
as a white solid (70 mg, 0.24 mmol, 59%). Purification was done using prep. HPLC. 'H NMR (500
MHz, DMSO-ds) 6 ppm 2.84 (d, J=4.73 Hz, 3 H) 6.64 (d. J=9.00 Hz, 1 H) 7.05 (d. J/=4.73 Hz, 1 H) 7.89
(dd, J=8.93.2.67 Hz, 1 H) 8.00 - 8.14 (m, 4 H) 8.49 (d, /=2.59 Hz, 1 H) 9.21 (s, 1 H) 13.01 (br. s., 1
H): ¥C NMR (126 MHz, DMSO-ds) & ppm 28.03, 108.01, 120.84, 123.47, 125.21, 130.12, 130.15,
134.57, 140.28, 146.01, 159.45, 167.01
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4-(1-(6-(isopropylamino)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (19h): The triazole was
synthesized according to GP3 using 4-ethynylbenzoic acid (60 mg, 0.41 mmol) and 5-azido-N-
isopropylpyridin-2-amine 18h (1.2 eq., 87 mg, 0.49 mmol) as starting materials. The crude was obtained
as a white solid (93 mg, 0.29 mmol. 70%). Purification was done using prep. HPLC. 'H NMR (500
MHz, DMSO-ds)  ppm 1.17 (s, 3 H) 1.19 (s, 3 H) 4.06 (dq, J=13.35, 6.59 Hz, 1 H) 6.62 (d, J=9.00 Hz,
1 H) 6.94 (d, J/=7.48 Hz, 1 H) 7.85 (dd, J=9.00, 2.75 Hz, 1 H) 7.96 - 8.17 (m, 4 H) 8.45 (d, /=2.59 Hz,
1 H)9.18 (s, 1 H); *C NMR (126 MHz, DMSO-ds) & ppm 22.50, 41.86, 108.53, 120.81, 123.23, 125.16,
130.09, 130.17, 134.42, 140.32, 146.01, 158.27, 167.07

4-(1-(6-(phenylamino)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (19i): The triazole was
synthesized according to GP3 using 4-ethynylbenzoic acid (60 mg, 0.41 mmol) and 5-azido-N-
phenylpyridin-2-amine 18i (1.2eq., 104 mg, 0.49 mmol) as starting materials. The crude was obtained
as a white solid (132 mg, 0.37 mmol, 90%). Purification was done using prep. HPLC. 'H NMR (500
MHz, DMSO-ds) & ppm 6.96 (s, 1 H) 7.04 (d, /=8.85 Hz, 1 H) 7.32 (t, J/=7.71 Hz,2 H) 7.72 (d, J/=8.24
Hz, 2 H) 8.06 (s, 4 H) 8.10 (dd, /=8.93, 2.67 Hz, 1 H) 8.68 (d, /=2.59 Hz, 1 H) 9.31 (s, 1 H) 9.48 (s,
1 H): *C NMR (126 MHz, DMSO-ds) & ppm 111.04, 118.52, 120.86. 121.31, 125.25, 125.49, 128.78,
130.15, 130.49, 134.38, 139.59, 140.94, 146.21. 155.89, 167.04

4-(1-(5-fluoropyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (19j): The triazole was synthesized
according to GP3 using 4-ethynylbenzoic acid (40 mg, 0.27 mmol) and 3-azido-5-fluoropyridine 18j
(1.1 eq., 41 mg, 0.30 mmol) as starting materials. The crude was obtained as a white solid (31 mg,
0.11 mmol, 40%). Purification was done using prep. HPLC. "H NMR (500 MHz, DMSO-ds) & ppm 7.97
-8.11 (m, 4 H) 8.46 (dt. J/=9.50. 2.35 Hz, 1 H) 8.79 (d, J=2.59 Hz. 1 H) 9.14 (s. 1 H) 9.55 (s. 1 H); C
NMR (126 MHz, DMSO-ds) 3 ppm 116.06, 125.67, 130.62, 137.90, 138.53, 138.78, 143.33, 155.08,
169.50

4-(1-(6-methoxypyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (19k): The triazole was synthesized
according to GP3 using 4-ethynylbenzoic acid (90 mg, 0.62 mmol) and 5-azido-2-methoxypyridine 18k
(1.3 eq., 120 mg, 0.81 mmol) as starting materials. The crude was obtained as a white solid (101 mg,
0.34 mmol, 55%). Purification was done using prep. HPLC. 'H NMR (500 MHz, DMSO-ds) & ppm 3.95
(s,3H)7.11 (dd, J/=8.93,0.53 Hz, 1 H) 7.97 - 8.11 (m, 4 H) 8.27 (dd, /=8.93, 2.82 Hz, 1 H) 8.69 - 8.81
(m, 1 H) 9.36 (s. 1 H); *C NMR (126 MHz, DMSO-ds) 3 ppm 53.89, 111.50. 121.16. 125.16, 128.26,
130.10, 132.30, 139.03, 163.44

4-(1-(6-phenoxypyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (191): The triazole was synthesized
according to GP3 using 4-ethynylbenzoic acid (85 mg, 0.58 mmol) and 5-azido-2-phenoxypyridine 181
(1.2 eq.. 150 mg, 0.70 mmol) as starting materials. The crude was obtained as a white solid (160 mg,
0.45 mmol, 77%). Purification was done using prep. HPLC. 'H NMR (500 MHz, DMSO-ds) & ppm 7.18
-724(m,2H)724-7.30(m, 1 H)7.32(d, J/=8.85Hz. 1 H) 7.44 - 7.53 (m, 2 H) 8.05 (q, /=8.39 Hz, 4
H) 8.42 (dd, J=8.85,2.75 Hz, 1 H) 8.72 (d, J=2.75 Hz. 1 H) 9.40 (s. 1 H): ®C NMR (126 MHz, DMSO-
ds) & ppm 112.36, 121.25, 121.43, 125.13, 125.25, 129.54, 129.95, 130.18, 133.05, 133.76, 139.48,
146.62, 153.55, 162.88, 167.29

4-(1-(4-phenoxyphenyl)-1H-1,2,3-triazol-4-yl)benzoic acid (19m): The triazole was synthesized
according to GP3 using 4-ethynylbenzoic acid (25 mg, 0.17 mmol) and 1-azido-4-phenoxybenzene 18m
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(1.2 eq., 42 mg, 0.2 mmol) as starting materials. The crude was obtained as a white solid (32 mg, 0.09
mmol, 53%). Purification was done using prep. HPLC. 'H NMR (500 MHz, DMSO-ds) & ppm 7.13 (dd,
J=8.62,0.99 Hz,2 H) 7.20 - 7.27 (m, 3 H) 7.46 (dd, J=8.55, 7.48 Hz, 2 H) 7.96 (d, /=9.00 Hz, 2 H) 8.06
(s. 4 H) 9.40 (s, 1 H); 3C NMR (126 MHz, DMSO-ds) 3 ppm 119.23, 119.38, 120.88, 122.17, 124.22,
125.27,130.14, 130.32, 131.97, 134.36, 146.37, 156.01, 157.11, 166.98

4-(1-(4-(pyridin-3-yloxy)phenyl)-1H-1,2,3-triazol-4-yl)benzoic acid (19n): The triazole was
synthesized according to GP3 using 4-ethynylbenzoic acid (25 mg, 0.17 mmol) and 3-(4-
azidophenoxy)pyridine 18n (1.2 eq., 42 mg, 0.20 mmol) as starting materials. The crude was obtained
as a white solid (42 mg, 0.12 mmol. 70%). Purification was done using prep. HPLC. 'H NMR (500
MHz, DMSO-ds) 8 ppm 7.33 - 7.40 (m, 2 H) 7.58 - 7.63 (m, 1 H) 7.70 - 7.76 (m, 1 H) 7.98 - 8.04 (m, 2
H) 8.07 (s, 4 H) 8.51 (br. s.. 1 H) 8.59 (br. s., 1 H) 9.45 (s. 1 H): *C NMR (126 MHz, DMSO-ds) 5 ppm
119.91, 120.97, 122.30, 125.34, 125.66, 128.02, 130.20, 130.27, 132.74, 134.38, 140.04, 143.88,
146.45, 156.15, 167.05

4-(1-(6-hydroxypyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (190): 4-(1-(6-methoxypyridin-3-
yl)-1H-1,2,3-triazol-4-yl)benzoic acid 19k (20 mg, 0.07 mmol) was dissolved in 48% HBr aq. solution
(1 mL) and was stirred at 80 °C for 12 h. After cooling to room temperature, water was added and the
product precipitated. The solids were collected, washed with water, and dried under vacuum to obtain
the crude product (17 mg. 0.06 mmol, 86%). The product was purified using prep. HPLC. "H NMR (500
MHz, DMSO-ds) 8 ppm 6.59 (d, J/=9.61 Hz, 1 H) 7.99 (d, J=3.05 Hz, 1 H) 8.00 - 8.04 (m, 2 H) 8.04 -
8.08 (m, 2 H) 8.12 (d, J=2.75 Hz, 1 H) 9.21 (s, 1 H), 12.59 (br. s, 1 H); *C NMR (126 MHz, DMSO-
ds) 3 ppm 121.39, 125.20, 130.17, 134.38, 135.14, 146.01, 161.76, 166.98

4-azido-3-methylpyridine (21): The azide was synthesized according to GP1 using 3-methylpyridin-
4-amine 20 (150 mg, 1.4 mmol), sodium nitrite (1.7 eq., 165 mg, 2.4 mmol), sodium azide (1.7 eq.
155 mg, 2.4 mmol), EtOAc (4 mL), 6 M HCI (2.4 mL). The crude product (51 mg, 0.38 mmol. 4%) was
used as obtained in the next step without further purifications. R¢= 0.31 (PE/EtOAc 7:3)

4-(1-(3-methylpyridin-4-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (22): The triazole was synthesized
according to GP3 using 4-ethynylbenzoic acid (40 mg, 0.27 mmol) and 4-azido-3-methylpyridine 21
(1.3 eq.. 51 mg, 0.35 mmol) as starting materials. Purification was done using flash chromatography
(DCM:MeOH 1:0 — 9:1) and 22 was obtained as a white solid (56 mg, 0.20 mmol, 77%). "H NMR (500
MHz, DMSO-de) & ppm 2.32 (s, 3 H) 7.60 (d, J/=5.04 Hz, 1 H) 8.07 (s, 5 H) 8.66 (d. J=5.04 Hz, 1 H)
8.73 (s, 1 H) 9.20 (s, 1 H) 13.07 (br. s., 1 H); ®C NMR (126 MHz, DMSO-ds) & ppm 17.05, 124.43,
125.32, 126.25, 130.13, 130.41, 133.36, 134.22, 142.45, 145.89, 145.98. 150.54, 167.00

2-(5-amino-4-methylpyridin-2-yl)phenol (24a): The coupling was done according to GP4 using
6-bromo-4-methylpyridin-3-amine 23 (130 mg, 0.69 mmol), (2-hydroxyphenyl)boronic acid (1.2 eq.,
113 mg. 0.83 mmol), sodium carbonate (3 eq., 218 mg, 2.08 mmol, ) and tetrakis (triphenylphosphine)
palladium (0.1 eq., 78 mg. 0.07 mmol) in 1.4-dioxan:water (1:1, 6 mL). 24b was obtained as yellow
solid (103 mg, 0.52 mmol, 75%). MS (ESI+) m/z 201 (M + H).
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(4'-amino-3'-methyl-[1,1'-biphenyl]-3-yl)methanol (24b): The coupling was done according to GP4
using 6-bromo-4-methylpyridin-3-amine 23 (100 mg. 0.53 mmol), (3-(hydroxymethyl)phenyl)boronic
acid (1.2 eq.. 97 mg, 0.64 mmol), sodium carbonate (3 eq., 167 mg. 1.59 mmol, ) and tetrakis
(triphenylphosphine) palladium (0.1 eq., 57 mg, 0.05 mmol) in 1.4-dioxan:water (1:1, 6 mL). 24a was
obtained as yellow-broun solid (70 mg, 0.33 mmol, 62%). MS (ESI+) nv/z 215 (M + H).

2-(5-azido-4-methylpyridin-2-yl)phenol (25a): The azide was synthesized according to GP1 using
2-(5-amino-4-methylpyridin-2-yl)phenol 25a (56 mg, 0.27 mmol), sodium nitrite (1.7 eq., 0.46 mmol,
32 mg), sodium azide (1.7 eq., 0.46 mmol, 30 mg), EtOAc (2 mL), 6 M HCI (4 mL). The crude product
(58 mg, 0.25 mmol, 99%) was used as obtained in the next step without further purifications. R¢=0.75
(PE/EtOAc 0:1)

(3-(5-azido-4-methylpyridin-2-yl)phenyl)methanol (25b): The azide was synthesized according to
GP1 using (4'-amino-3'-methyl-[ 1, 1"-biphenyl]-3-yl)methanol 24a (70 mg, 0.33 mmol), sodium nitrite
(1.7 eq.. 0.55 mmol, 38 mg), sodium azide (1.7 eq., 0.55 mmol, 33 mg), EtOAc (3 mL) and 6 M HCl
(5 mL). The crude product (77 mg, 0.32 mmol, 98%) was used as obtained in the next step without
further purifications. R¢= 0.80 (PE/EtOAc 0:1)

4-(1-(6-(2-hydroxyphenyl)-4-methylpyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (26a): The
triazole was synthesized according to GP3 using 4-ethynylbenzoic acid (32 mg, 0.22 mmol) and 2-(5-
azido-4-methylpyridin-2-yl)phenol 25a (1 eq., 50 mg, 0.22 mmol) as starting materials. The crude was
obtained as a white solid (30 mg. 0.08 mmol, 36%). Purification was done using prep. HPLC. 'H NMR
(500 MHz, DMSO-ds) & ppm 2.43 (s, 3 H) 6.95 - 7.01 (m, 2 H) 7.37 (td, J/=7.71, 1.53 Hz, 1 H) 8.06 (s,
1 H) 8.08 (s, 4 H) 8.11 (dd, /=8.39, 1.53 Hz, 1 H) 8.42 (s, | H) 8.84 (s, 1 H) 9.25 (s, 1 H) 13.22 (br. s,
1 H): *C NMR (126 MHz, DMSO-ds) & ppm 17.81, 118.03, 119.01, 119.33, 122.78, 124.54, 125.39,
128.05, 130.24, 131.72, 132.07, 143.28, 144.60, 146.06, 157.48, 158.82, 167.15

4-(1-(6-(3-(hydroxymethyl)phenyl)-4-methylpyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid
(26b): The triazole was synthesized according to GP3 using 4-ethynylbenzoic acid (36 mg, 0.26 mmol)
and (3-(5-azido-4-methylpyridin-2-yl)phenyl)methanol 25a (1.0 eq., 60 mg, 0.26 mmol) as starting
materials. The crude was obtained as a white solid (50 mg, 0.13 mmol, 50%). Purification was done
using prep. HPLC. '"H NMR (500 MHz, DMSO-ds) & ppm 2.40 (s, 3 H) 4.62 (br. s.. 2 H) 5.34 (br. s.,
1 H) 7.45 (d,J=7.63 Hz, 1 H) 7.51 (t, J/=7.63 Hz, 1 H) 8.03 - 8.06 (m, 1 H) 8.06 - 8.11 (m, 4 H) 8.16 (s,
1H)8.19 (s, 1 H)8.81 (s, 1 H)9.24 (s, 1 H) 13.07 (br. s.. 1 H); *C NMR (126 MHz, DMSO-ds) § ppm
17.49, 62.90, 122.55, 124.52, 125.00, 125.33, 125.42, 127.91, 128.79, 130.24, 130.31, 130.39, 132.29,
134.34,137.32, 143.38, 145.83, 145.97, 157.02, 167.10

(3-(5-aminopyridin-3-yl)phenyl)methanol (29a): The coupling was done according to GP4 using
5-bromopyridin-3-amine 27 (120 mg, 0.69 mmol), (3-(hydroxymethyl)phenyl)boronic acid (1.2 eq.,
125 mg, 0.83 mmol), sodium carbonate (3 eq., 218 mg, 2.08 mmol, ) and tetrakis (triphenylphosphine)
palladium (0.1 eq., 78 mg, 0.07 mmol) in 1,4-dioxan:water (1:1, 6 mL). 29a was obtained as yellow
solid (96 mg, 0.48 mmol, 69%). MS (ESI+) nv/z 201 (M + H).
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4-chloro-5-phenylpyridin-3-amine (29b): The coupling was done according to GP4 using 5-bromo-4-
chloropyridin-3-amine 28 (150 mg, 0.72 mmol), phenylboronic acid (1.2 eq., 104 mg, 0.86 mmol),
sodium carbonate (3 eq., 227 mg, 2.17 mmol, ) and tetrakis (triphenylphosphine) palladium (0.1 eq.,
78 mg, 0.07 mmol) in 1.4-dioxan:water (1:1, 7mL). 29b was obtained as yellow oil (30 mg, 0.15 mmol,
21%). MS (ESI+) m/z 205 (M + H).

(3-(5-azidopyridin-3-yl)phenyl)methanol (30a): The azide was synthesized according to GP1 using
(3-(5-aminopyridin-3-yl)phenyl)methanol 29a (60 mg, 0.30 mmol), sodium nitrite (1.7 eq., 0.51 mmol,
36 mg), sodium azide (1.7 eq., 0.51 mmol, 34 mg), EtOAc (2 mL) and 6 M HCI (4 mL). The crude
product (58 mg, 0.26 mmol, 86%) was used as obtained in the next step without further purifications.
R¢=0.79 (PE/EtOAc 0:1)

3-azido-4-chloro-5-phenylpyridine (30b): The azide was synthesized according to GP1 using
4-chloro-5-phenylpyridin-3-amine 29b (30 mg, 0.15 mmol sodium nitrite (1.7 eq., 0.25 mmol, 17 mg),
sodium azide (1.7 eq., 0.25 mmol, 14 mg), EtOAc (1 mL), 6 M HCI (3 mL). The crude product (30 mg,
0.13 mmol, 86%) was used as obtained in the next step without further purifications. R¢= 0.9 (PE/EtOAc
0:1)

4-(1-(5-(3-(hydroxymethyl)phenyl)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (31a): The
triazole was synthesized according to GP3 using 4-ethynylbenzoic acid (30 mg, 0.20 mmol) and (3-(5-
azidopyridin-3-yl)phenyl)methanol 30a (1.2 eq., 54 mg, 0.24 mmol) as starting materials. The crude
was obtained as a white solid (31 mg, 0.08 mmol, 40%). Purification was done using prep. HPLC. 'H
NMR (500 MHz, DMSO-ds) 8 ppm 4.63 (s, 2 H) 5.35 (br. s.. 1 H) 7.47 (d. J=7.63 Hz. 1 H) 7.54 (t.
J=7.63Hz, 1H)7.77 (d,J=7.78 Hz, 1 H) 7.83 (s, 1 H) 8.01 - 8.23 (m, 4 H) 8.64 (t, /=2.14 Hz, 1 H) 9.05
(br.s., 1 H) 9.22 (br. s.. 1 H) 9.65 (s, 1 H); ®*C NMR (126 MHz, DMSO-ds) 8 ppm 62.77, 121.43,
125.27, 125.33, 125.47, 125.64, 127.05, 129.13, 130.25, 130.64, 133.43, 134.04, 135.45, 136.67,
139.89, 143.78, 146.66, 147.68, 167.05

4-(1-(4-chloro-5-phenylpyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (31b): The triazole was
synthesized according to GP3 using 4-ethynylbenzoic acid (22 mg, 0.15 mmol) and 3-azido-4-chloro-
5-phenylpyridine 30b (1.0 eq.. 35 mg, 0.15 mmol) as starting materials. The crude was obtained as a
white solid (43 mg, 0.11 mmol, 76%). Purification was done using prep. HPLC. '"H NMR (500 MHz,
DMSO-ds) & ppm 7.53 - 7.62 (m, 5 H) 8.07 (s, 4 H) 8.85 (s, 1 H) 8.98 (s, 1 H) 9.29 (s, 1 H) 13.13 (br.
s., 1 H); *C NMR (126 MHz, DMSO-ds) & ppm 125.21, 125.38, 128.77. 129.08. 129.62, 130.22, 131.96,
134.08, 136.85, 137.48, 145.98, 147.09, 152.41, 167.04

3-azido-5-bromopyridine (33a): The azide was synthesized according to GP1 using 5-bromopyridin-
3-amine 32a (150 mg, 0.87 mmol), sodium nitrite (1.7 eq., 101 mg, 1.47 mmol), sodium azide (1.7 eq.,
96 mg, 1.47 mmol), EtOAc (4 mL), 6 M HCI (2.4 mL). The crude product (60 mg, 0.3 mmol, 34%) was
used as obtained in the next step without further purifications. R¢= 0.75 (PE/EtOAc 7:3)

5-azido-2-chloro-4-methylpyridine (33b): The azide was synthesized according to GP1 using
6-chloro-4-methylpyridin-3-amine 32b (200 mg, 1.41 mmol), sodium nitrite (1.7 eq., 165 mg,
2.40 mmol), sodium azide (1.7 eq.. 155 mg, 2.40 mmol), EtOAc (8 mL), 6 M HCl (4.8 mL). The crude
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product (190 mg. 1.13 mmol, 80%) was used as obtained in the next step without further purifications.
R¢=0.82 (PE/EtOAc 7:3)

methyl 4-(1-(S-bromopyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoate (34a): The triazole was
synthesized according to GP3 using methyl 4-ethynylbenzoate (200 mg, 1.25 mmol) and 3-azido-5-
bromopyridine 33a (1.2 eq. 298 mg, 1.5 mmol) as starting materials. 34a was obtained as a yellow solid
(238 mg, 0.79 mmol, 63%) and was used as obtained without further purification. MS (ESI+) m/z 360
M+ H).

methyl 4-(1-(6-chloro-4-methylpyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoate (34b): The triazole was
synthesized according to GP3 using methyl 4-ethynylbenzoate (230 mg,2.0 mmol) and 5-azido-2-
chloro-4-methylpyridine 33b (1.2 eq., 400 mg, 2.4 mmol) as starting materials. The mixture was
acidified with 1 M HCI, extracted with EtOAc (2x) and the combined organic layers were dried over
sodium sulfate and concentrated under reduced pressure to obtain the crude (525 mg, 1.6 mmol, 80%).
34Db was used as obtained without further purification. MS (ESI+) m/z 329 (M + H).

methyl 4-(1-(5-phenylpyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoate (35a): The coupling was done
according to GP4 using methyl 4-(1-(5-bromopyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoate 34a (30 mg,
0.08 mmol) and phenylboronic acid (1.2 eq., 12 mg, 0.10 mmol). 35a was obtained as yellow-brown
solid (21 mg, 0.06 mmol, 75%). MS (ESI+) m/z 357 (M + H).

methyl 4-(1-(5-(2-methoxyphenyl)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoate (35b): The coupling
was done according to GP4 using methyl 4-(1-(5-bromopyridin-3-yl)-1H-1,2.3-triazol-4-yl)benzoate
34a (40 mg, 0.11 mmol) and (2-methoxyphenyl)boronic acid (1.5 eq., 25 mg, 0.16 mmol). 35b was
obtained as a brown solid (25 mg, 0.06 mmol, 54%). MS (ESI+) m/z 387 (M + H). NMR ABEI181

methyl 4-(1-(5-(3-methoxyphenyl)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoate (35¢): The coupling
was done according to GP4 using methyl 4-(1-(5-bromopyridin-3-yl)-1H-1,2.3-triazol-4-yl)benzoate
34a (30 mg, 0.08 mmol) and (3-methoxyphenyl)boronic acid (1.2 eq., 15 mg, 0.10 mmol). 35¢ was
obtained as a yellow-brown solid (29 mg, 0.07 mmol, 87%). MS (ESI+) m/z 387 (M + H).

methyl 4-(1-(5-(4-methoxyphenyl)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoate (35d): The coupling
was done according to GP4 using methyl 4-(1-(5-bromopyridin-3-yl)-1H-1,2.3-triazol-4-yl)benzoate
34a (30 mg, 0.08 mmol) and (4-methoxyphenyl)boronic acid (1.2 eq., 15 mg, 0.10 mmol). 35d was
obtained as a brown solid (26 mg, 0.07 mmol, 87%). MS (ESI+) m/z 373 (M + H).

methyl 4-(1-(5-(3-hydroxyphenyl)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoate (35¢): The coupling
was done according to GP4 using methyl 4-(1-(5-bromopyridin-3-yl)-1H-1,2.3-triazol-4-yl)benzoate
34a (40 mg, 0.11 mmol) and (3-hydroxyphenyl) boronic acid (1.2 eq., 18 mg,0.13 mmol). 35e was
obtained as yellow-brown solid (15 mg. 0.04 mmol, 36 %). MS (ESI+) m/z 373 (M + H).
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methyl  4-(1-(5-(3,4-dimethylphenyl)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoate  (35f): The
coupling was done according to GP4 using methyl 4-(1-(5-bromopyridin-3-yl)-1H-1.2,3-triazol-4-
yl)benzoate 34a (40 mg, 0.11 mmol) and (3.4-dimethylphenyl) boronic acid (1.2 eq., 19 mg,0.13 mmol).
35f was obtained as yellow-brown solid (25 mg, 0.06 mmol, 60%). MS (ESI+) nv/z 385 (M + H).

methyl  4-(1-(5-(3,4-difluorophenyl)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoate  (35g): The
coupling was done according to GP4 using methyl 4-(1-(5-bromopyridin-3-yl)-1H-1,2,3-triazol-4-
yl)benzoate 34a (40 mg, 0.11 mmol) and (3.4-difluorophenyl)boronic acid (1.2 eq., 21 mg, 0.13 mmol).
35g was obtained as yellow-brown solid (41 mg, 0.10 mmol, 90%). MS (ESI+) m/z 393 (M + H).

methyl 4-(1-(5-(4-(hydroxymethyl)phenyl)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoate (35h): The
coupling was done according to GP4 using methyl 4-(1-(5-bromopyridin-3-yl)-1H-1,2,3-triazol-4-
yl)benzoate 34a (40 mg, 0.11mmol) and (4-(hydroxymethyl)phenyl)boronic acid (1.2 eq., 20 mg,
0.13 mmol). 35h was obtained as a yellow solid (15 mg, 0.04 mmol, 36%). MS (ESI+) m/z 387 (M +
H).

methyl 4-(1-(5-(3-fluoro-5-methoxyphenyl)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoate (35i): The
coupling was done according to GP4 using methyl 4-(1-(5-bromopyridin-3-yl)-1H-1,2,3-triazol-4-
yl)benzoate 34a (40 mg. 0.11mmol) and (3-fluoro-5-methoxyphenyl) boronic acid (1.2 eq.. 22 mg,.
0.13 mmol). 35h was obtained as a yellow-brown solid (8 mg, 0.02 mmol, 20%). MS (ESI+) mv/z 405
(M +H).

methyl 4-(1-(5-(furan-3-yl)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoate (35j): The coupling was
done according to GP4 using methyl 4-(1-(5-bromopyridin-3-yl)-14-1,2 3-triazol-4-yl)benzoate 34a
(40 mg, 0.11 mmol) and furan-3-yl boronic acid (1.2 eq., 15 mg, 0.13 mmol). 35j was obtained as a
yellow solid (28 mg, 0.08 mmol, 73%). MS (ESI+) m/z 347 (M + H).

methyl 4-(1-(4-methyl-6-phenylpyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoate (35k): The coupling
was done according to GP4 using methyl 4-(1-(6-chloro-4-methylpyridin-3-yl)-1H-1,2,3-triazol-4-
yl)benzoate 34b (40 mg, 0.12 mmol) and phenylboronic acid (1.2 eq., 18 mg, 0.14 mmol). 35k was
obtained as yellow-brown solid (38 mg. 0.10 mmol. 83%). MS (ESI+) m/z 371 (M + H).

methyl 4-(1-(6-(4-chlorophenyl)-4-methylpyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoate (351): The
coupling was done according to GP4 using methyl 4-(1-(6-chloro-4-methylpyridin-3-yl)-1H-1,2.3-
triazol-4-yl)benzoate 34b (40 mg, 0.12 mmol) and (4-chlorophenyl)boronic acid (1.2 eq.. 23 mg,
0.14 mmol). 351 was obtained as brown solid (22 mg, 0.05 mmol, 41%). MS (ESI+) m/z 405 (M + H).

4-(1-(5-phenylpyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (36a): The synthesis was done
according to GPS using methyl 4-(1-(5-phenylpyridin-3-yl)-14-1,2,3-triazol-4-yl)benzoate 35a (20 mg,
0.06 mmol). The crude was obtained as a white solid (13 mg, 0.04 mmol. 66%). Purification was done
using prep. HPLC."H NMR (500 MHz, DMSO-ds) & ppm 7.49 - 7.54 (m, 1 H) 7.56 - 7.61 (m, 2 H) 7.84
-7.95 (m, 2 H) 8.02 - 8.16 (m, 4 H) 8.65 (t, /=2.21 Hz, 1 H) 9.07 (d, /=1.98 Hz, 1 H) 9.22 (d, J=2.29
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Hz. 1 H) 9.64 (s, 1 H):*C NMR (126 MHz, DMSO-ds) & ppm 121.41, 125.29, 125.57. 127.30, 128.97,
129.30, 130.22, 133.38, 133.97, 135.68, 136.49, 139.93, 146.65, 147.70, 167.01

4-(1-(5-(2-methoxyphenyl)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (36b): The synthesis was
done according to GP5 using methyl 4-(1-(5-(2-methoxyphenyl)pyridin-3-yl)-1H-1,2.3-triazol-4-
yl)benzoate 35b (25 mg, 0.06 mmol). The crude was obtained as a white solid (21 mg, 0.05 mmol. 83%).
Purification was done using prep. HPLC.'H NMR (500 MHz, DMSO-ds) 8 ppm 3.84 (s. 3 H) 7.14 (d.
J=0.92 Hz, 1 H) 7.23 (d, /=7.78 Hz, 1l H) 7.46 - 7.51 (m, 1 H) 7.53 (dd, J=7.48, 1.68 Hz, 1 H) 8.08 (d,
J=2.14 Hz, 4 H) 8.48 (t, J=2.14 Hz, 1 H) 8.85 (d, J/=1.83 Hz, 1 H) 9.16 (d, /=2.44 Hz, 1 H) 9.59 (s, 1
H): C NMR (126 MHz, DMSO-ds) & ppm 55.75, 111.96, 121.10, 121.33, 124.81, 125.32, 128.00,
130.20, 130.54, 130.70, 132.87, 134.68, 139.40, 146.66, 149.86, 156.32, 167.01

4-(1-(5-(3-methoxyphenyl)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (36¢): The synthesis was
done according to GP5 using methyl 4-(1-(5-(3-methoxyphenyl)pyridin-3-yl)-1H-1,2.3-triazol-4-
yl)benzoate 35¢ (25 mg, 0.06 mmol). The crude was obtained as a white solid (18 mg, 0.05 mmol. 83%).
Purification was done using prep. HPLC."H NMR (500 MHz, DMSO-ds) & ppm 3.87 (s, 3 H) 7.01 -
7.16 (m, 1 H) 7.34-7.55 (m, 3 H) 8.02-8.15 (i, 4 H) 8.64 (t, /=2.21 Hz, 1 H) 9.08 (d, J/~1.98 Hz, 1 H)
9.22 (d, J=2.44 Hz, 1 H) 9.64 (s, 1 H); BC NMR (126 MHz, DMSO-ds) 6 ppm 55.37, 112.81, 114.60,
119.53, 121.51, 125.34, 125.76, 130.25, 130.44, 133.36, 134.11, 136.38, 137.11, 140.10, 146.61,
147.85,159.99, 166.98

4-(1-(5-(3-hydroxyphenyl)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (36e): The synthesis was
done according to GP5 using methyl 4-(1-(5-(3-hydroxyphenyl)pyridin-3-yl)-1/-1,2,3-triazol-4-
yl)benzoate 35e (15 mg.0.04 mmol). Purification was done using prep. HPLC. 36e was obtained as a
white solid (6 mg. 0.02 mmol, 50%). "H NMR (500 MHz, DMSO-ds) & ppm 6.82 - 6.97 (m, 1 H) 7.28
(br.s., 1 H) 7.30 (d, /=7.78 Hz, 1 H) 7.37 (t, J/=7.78 Hz, 1 H) 7.99 - 8.15 (m. 4 H) 8.59 (t, J/=2.14 Hz, 1
H) 8.99 (d, /=1.83 Hz, 1 H) 9.21 (d. /=2.44 Hz, 1 H) 9.65 (s. 1 H): *C NMR (126 MHz, DMSO-ds) &
ppm 114.11, 116.00, 118.03, 121.41, 125.34, 125.50, 130.29, 130.49, 133.43, 136.72, 137.09, 139.91,
146.79, 147.63, 158.22, 167.22

4-(1-(5-(4-methoxyphenyl)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (36d): The synthesis was
done according to GP5 using methyl 4-(1-(5-(4-methoxyphenyl)pyridin-3-yl)-1H-1,2.3-triazol-4-
yl)benzoate 35d (25 mg, 0.06 mmol). The crude was obtained as a white solid (14 mg. 0.04 mmol, 66%).
Purification was done using prep. HPLC. 'H NMR (500 MHz, DMSO-ds) & ppm 3.84 (s, 3 H) 7.13 (m.
J=8.85 Hz, 2 H) 7.87 (m, J=8.85 Hz, 2 H) 8.09 (d, J/=3.51 Hz, 4 H) 8.59 (s, 1 H) 9.03 (d, /=1.98 Hz,
1 H) 9.15 (d. /=2.29 Hz. 1 H) 9.63 (s. 1 H); *C NMR (126 MHz, DMSO-ds) & ppm 55.36, 114.75,
121.42, 124.85, 125.32, 127.83, 128.53, 130.23, 133.37, 134.09, 136.16, 139.16, 146.60, 147.26,
160.03, 166.99

4-(1-(5-(3,4-dimethylphenyl)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (36f): The synthesis
was done according to GPS5 using methyl 4-(1-(5-(3.4-dimethylphenyl)pyridin-3-yl)-1H-1,2,3-triazol-
4-yl)benzoate 35f (25 mg, 0.06 mmol). Purification was done using prep. HPLC. 36f was obtained as a
white solid (7 mg, 0.02 mmol, 33%). "H NMR (500 MHz, DMSO-ds) & ppm 2.30 (s, 3 H) 2.34 (s, 3 H)
7.33 (d, J/=7.93 Hz, 1 H) 7.63 (dd, J=7.78, 1.83 Hz, 1 H) 7.70 (s, 1 H) 8.01 - 8.10 (m, 4 H) 8.60 (t,
J=221Hz. 1 H)9.04 (d. J~1.98 Hz, 1 H) 9.17 (d. /=2.29 Hz. 1 H) 9.62 (s. 1 H); *C NMR (126 MHz,
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DMSO-ds) 6 ppm 19.26, 19.59, 121.39, 124.59,125.17, 125.31, 128.21, 130.27, 130.45, 133.08, 133.47,
136.58, 137.43, 137.46, 139.59, 146.80, 147.53, 167.20

4-(1-(5-(3,4-difluorophenyl)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (36g): The synthesis
was done according to GPS using methyl 4-(1-(5-(3.4-difluorophenyl)pyridin-3-yl)-1H-1.2.3-triazol-4-
yl)benzoate 35g (40 mg, 0.10 mmol). Purification was done using prep. HPLC. 36g was obtained as a
white solid (12 mg, 0.03 mmol, 31%). '"H NMR (500 MHz, DMSO-ds) & ppm 7.67 (dt, J/=10.57. 8.60
Hz, 1H)7.78 -7.85 (m, 1 H) 8.04 - 8.10 (m, 5 H) 8.69 (t,J/=2.21 Hz, 1 H) 9.10 (d, /=1.98 Hz, 1 H) 9.24
(d. J=2.29 Hz, 1 H) 9.61 (s, 1 H); ¥C NMR (126 MHz, DMSO-ds) & ppm 113.00, 116.56, 116.71,
118.33, 118.47, 121.34, 124.43, 125.24, 125.80. 130.20, 133.32, 134.34, 140.38, 146.72, 147.71,
149.04, 167.06

4-(1-(5-(4-(hydroxymethyl)phenyl)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (36h): The
synthesis was done according to GP5 using methyl 4-(1-(5-(4-(hydroxymethyl)phenyl)pyridin-3-yl)-
1H-1,2,3-triazol-4-yl)benzoate 35h (15 mg, 0.04 mmol). Purification was done using prep. HPLC. 36h
was obtained as a white solid (7 mg, 0.02 mol, 50%)."H NMR (500 MHz, DMSO-ds) & ppm 4.59 (s,
2 H)5.32 (br. s., 1 H) 7.51 (m, J=8.39 Hz, 2 H) 7.88 (m, J=8.24 Hz. 2 H) 7.99 - 8.10 (m. 4 H) 8.64 (t,
J=221Hz, 1H)9.07 (d. J=1.83 Hz, 1 H) 9.20 (d, J/=2.29 Hz, 1 H) 9.61 (s. 1 H): *C NMR (126 MHz,
DMSO-ds) & ppm 62.54, 118.26, 125.14, 12537, 127.07, 127.30, 130.21, 133.51, 134.00, 136.47,
139.79, 140.13, 143.60, 145.22, 147.61, 168.22

4-(1-(5-(3-fluoro-5-methoxyphenyl)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (36i): The
synthesis was done according to GPS using methyl 4-(1-(5-(3-fluoro-5-methoxyphenyl)pyridin-3-yl)-
1H-1.2.3-triazol-4-yl)benzoate 35i (5 mg. 0.01 mmol). Purification was done using prep. HPLC. 36i
was obtained as a white solid (3 mg, 0.007 mmol, 70%)."H NMR (500 MHz, DMSO-ds) 3 ppm 3.89 (s,
3 H)6.99 (dt, J=10.95,2.23 Hz, 1 H) 7.35 (t, J/=1.75 Hz, 1 H) 7.40 (dt, J=9.69, 1.87 Hz, 1 H) 8.01 - 8.13
(m. 4 H) 8.68 (t, J=2.21 Hz, 1 H) 9.11 (d, J=1.98 Hz, 1 H) 9.25 (d, J/=2.44 Hz, 1 H) 9.62 (s. 1 H): B¥C
NMR (126 MHz, DMSO-ds) & ppm 56.43, 102.31, 102.51, 106.66, 106.84, 109.91, 118.56, 121.80,
125.63, 126.36, 130.62, 133.80, 135.60, 138.83, 141.05, 147.23, 148.29, 161.79, 167.57

4-(1-(5-(furan-3-yl)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (36j): The synthesis was done
according to GPS using methyl 4-(1-(5-(furan-3-yl)pyridin-3-yl)-1H-1,2.3-triazol-4-yl)benzoate 34a
(20 mg, 0.06 mmol). Purification was done using prep. HPLC. 36j was obtained as a white solid (4 mg,
0.01 mmol, 16%). '"H NMR (500 MHz, DMSO-ds) & ppm 2.54 (s, 4 H) 7.23 (s, 1 H) 7.88 (s. 1 H) 8.02
-8.10 (m, 5H) 8.51 (s, 1 H) 8.62 (s. 1 H) 9.08 (s, 1 H) 9.06 (s, 1 H) 9.54 (s, 1 H); *C NMR (126 MHz,
DMSO-dg) 6 108.67, 117.70, 121.39, 121.92, 124.28, 125.43, 128.93, 130.30, 131.53, 131.61, 139.45,
141.30, 145.10, 146.86, 167.14

4-(1-(4-methyl-6-phenylpyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (36k): The synthesis was
done according to GPS wusing methyl 4-(1-(4-methyl-6-phenylpyridin-3-yl)-1H-1.2.3-triazol-4-
yl)benzoate 35k (20 mg, 0.05 mmol). Purification was done using prep. HPLC. 36k was obtained as a
white solid (7 mg, 0.02 mmol, 40%). 'H NMR (500 MHz, DMSO-ds) & ppm 2.40 (s, 3 H) 7.48 - 7.53
(m, 1 H) 7.54-7.58 (m.2 H) 8.07 (s. 4 H) 8.18 (s, 1 H) 8.81 (s, 1 H) 9.22 (s. 1 H); *C NMR (126 MHz.
DMSO-ds) & ppm 17.91, 123.03, 124.82, 125.74, 127.37, 129.40, 130.23, 130.59, 132.74, 137.95,
143.77, 146.26, 157.32, 167.58
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4-(1-(6-(4-chlorophenyl)-4-methylpyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (361): The
synthesis was done according to GPS using methyl 4-(1-(6-(4-chlorophenyl)-4-methylpyridin-3-yl)-1H-
1,2,3-triazol-4-yl)benzoate 351 (22 mg, 0.05 mmol). The mixture was extracted with DCM and 1 M HCl
and after purification using prep HPLC a white solid (5 mg. 0.01 mmol, 20%) was obtained. '"H NMR
(500 MHz, DMSO-ds) & ppm 2.41 (s, 3 H) 7.63 (d, /=8.70 Hz, 2 H) 8.08 (s. 4 H) 8.23 (d. /=8.70 Hz,
2H) 825 (s. 1 H)8.83 (s. 1 H)9.23 (s. 1 H): ¥C NMR (126 MHz, DMSO-ds) & ppm 17.56, 122.75.
124.46, 125.40, 128.76, 129.08, 130.23, 132.53, 134.76, 136.36, 143.58, 145.93, 146.06, 155.64, 167.17

4-methyl-6-phenoxypyridin-3-amine (38a): The aryl ether was synthesized according to GP6 using
6-bromo-4-methylpyridin-3-amine 37 (100 mg, 0.53 mmol), phenol (1.2 eq., 0.60 mmol, 70 mg), cesium
carbonate (3 eq.. 1.61 mmol, 523 mg) and Cul (0.1 eq., 0.05 mmol, 9 mg) in DMF (3 mL). The product
was purified using automated flash chromatography (DCM/MeOH 1:0 = 9:1). Yield: (30 mg, 0.15
mmol, 28%) MS (ESI+) m/z 201 (M + H).

6-(2-fluorophenoxy)-4-methylpyridin-3-amine (38b): The aryl ether was synthesized according to
GP6 using 6-bromo-4-methylpyridin-3-amine 37 (100 mg, 0.53 mmol), 2-fluorophenol (1.2 eq.,
0.64 mmol, 72 mg), cesium carbonate (3 eq., 1.61 mmol, 523 mg) and Cul (0.1 eq., 0.05 mmol, 9 mg)
im DMF (3 mL). The product (102 mg. 0.47 mmol, 88%) was used as obtained without further
purifications. MS (ESI+) m/z 219 (M + H).

6-(3-fluorophenoxy)-4-methylpyridin-3-amine (38c): The aryl ether was synthesized according to
GP6 using 6-bromo-4-methylpyridin-3-amine 37 (100 mg, 0.53 mmol), 3-fluorophenol (1.2 eq.,
0.64 mmol, 72 mg), cesium carbonate (3 eq., 1.61 mmol, 523 mg) and Cul (0.1 eq., 0.05 mmol, 9 mg)
m DMF (3 mL). The product (85 mg. 0.39 mmol, 73%) was used as obtained without further
purifications. MS (ESI+) m/z 219 (M + H).

6-(4-fluorophenoxy)-4-methylpyridin-3-amine (38d): The aryl ether was synthesized according to
GP6 using 6-bromo-4-methylpyridin-3-amine 37 (100 mg, 0.53 mmol), 4-fluorophenol (1.2 eq.,
0.64 mmol, 72 mg), cesium carbonate (3 eq., 1.61 mmol, 523 mg) and Cul (0.1 eq., 0.05 mmol, 9 mg)
m DMF (3 mL). The product (109 mg. 0.50 mmol, 94%) was used as obtained without further
purifications. MS (ESI+) m/z 219 (M + H).

4-methyl-6-(phenylthio)pyridin-3-amine (38e): The arylether was synthesized according to GP6
using 6-bromo-4-methylpyridin-3-amine 37 (100 mg, 0.53 mmol), benzenethiol (1.2 eq., 0.64 mmol,
70 mg), cesium carbonate (3 eq., 1.61 mmol, 523 mg) and Cul (0.1 eq., 0.05 mmol. 9 mg) in DMF (3
mL). The crude product was purified using automated flash chromatography (DCM/MeOH 1:0 = 9:1).
Yield: (54 mg, 0.25 mmol. 47%) MS (ESI+) m/z 217 (M + H).

5-azido-4-methyl-2-phenoxypyridine (39a): The azide was synthesized according to GP1 using
4-methyl-6-phenoxypyridin-3-amine 38a (30 mg, 0.15 mmol), sodium nitrite (1.7 eq., 0.25 mmol, 17
mg), sodium azide (1.7 eq., 0.25 mmol, 14 mg), EtOAc (1 mL), 6 M HCI (3 mL). The crude product (29
mg, 0.13 mmol, 86%) was used as obtained in the next step without further purifications. R¢ = 0.79
(PE/EtOAc 0:1)
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5-azido-2-(2-fluorophenoxy)-4-methylpyridine (39b): The azide was synthesized according to GP1
using 6-(2-fluorophenoxy)-4-methylpyridin-3-amine 38b (102 mg, 0.47 mmol), sodium nitrite (1.7 eq..
0.80 mmol, 55 mg), sodium azide (1.7 eq., 0.80 mmol, 52 mg), EtOAc (2.5 mL), and 6 M HCI (5 mL).
The crude product (107 mg, 0.44 mmol, 93%) was used as obtained in the next step without further
purifications. R¢= 0.84 (PE/EtOAc 7:3)

5-azido-2-(3-fluorophenoxy)-4-methylpyridine (39¢): The azide was synthesized according to GP1
using 6-(3-fluorophenoxy)-4-methylpyridin-3-amine 38¢ (85 mg, 0.39 mmol), sodium nitrite (1.7 eq.,
0.66 mmol, 46 mg), sodium azide (1.7 eq., 0.66 mmol, 43 mg). EtOAc (2.5 mL). 6 M HCI (5 mL). The
crude product (95 mg, 0.39 mmol, 99%) was used as obtained in the next step without further
purifications. R¢= 0.84 (PE/EtOAc 7:3)

5-azido-2-(4-fluorophenoxy)-4-methylpyridine (39d): The azide was synthesized according to GP1
using 6-(4-fluorophenoxy)-4-methylpyridin-3-amine 38d (109 mg, 0.50 mmol), sodium nitrite (1.7 eq.,
0.85 mmol, 59 mg), sodium azide (1.7 eq., 0.85 mmol, 55 mg), EtOAc (2.5 mL), 6 M HCI (5 mL). The
crude product (120 mg, 0.49 mmol, 98%) was used as obtained in the next step without further
purifications. R¢= 0.84 (PE/EtOAc 7:3)

5-azido-4-methyl-2-(phenylthio) pyridine (39¢): The azide was synthesized according to GP1 using
4-methyl-6-(phenylthio) pyridin-3-amine 38e (54 mg, 0.25 mmol), sodium nitrite (1.7 eq., 0.42 mmol,
30 mg), sodium azide (1.7 eq., 0.42 mmol. 23 mg), EtOAc (2 mL), 6 M HCI (4 mL). The crude product
(41 mg, 0.17 mmol, 70%) was used as obtained in the next step without further purifications. R¢= 0.81
(PE/EtOAc 0:1)

4-(1-(4-methyl-6-phenoxypyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (40a): The triazole was
synthesized according to GP3 using 4-ethynylbenzoic acid (15 mg, 0.11 mmol) and 5-azido-4-methyl-
2-phenoxypyridine 39a (1.2 eq., 29 mg,0.13 mmol) as starting materials. 1 M HCI was added and the
mixture was extracted with EtOAc (3x), the combined organic layers were dried over sodium sulfate
and concentrated under reduced pressure to obtain the crude. Purification was done using flash
chromatography (PE:EtOAc 1:0 = 1:0). 40a was obtained as a white solid (21 mg, 0.05 mmol, 45%).
"H NMR (500 MHz, DMSO-dg) 8 ppm 2.27 (s, 3H) 7.19 - 7.23 (m, 2 H) 7.24 (s. 1 H) 7.25-7.29 (m, 1
H) 7.44 - 7.50 (m, 2 H) 7.99 - 8.13 (m, 5 H) 8.32 (s. 1 H) 9.12 (s, 1 H); ¥C NMR (126 MHz, DMSO-
ds) & ppm 17.28, 112.78, 121.54, 124.75, 125.13, 125.35, 129.57, 129.92, 130.19, 130.29, 134.35,
144.21, 145.83, 147.15, 153.43, 163.58, 167.05

4-(1-(6-(2-fluorophenoxy)-4-methylpyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (40b): The
triazole was synthesized according to GP3 using 4-ethynylbenzoic acid (65 mg, 0.45 mmol) and
5-azido-2-(2-fluorophenoxy)-4-methylpyridine 39b (1.2 eq., 129 mg, 0.53 mmol) as starting materials.
The crude was obtained as a white solid (140 mg, 0.36 mmol, 80%). Purification was done using prep.
HPLC. 'H NMR (500 MHz, DMSO-ds) & ppm 2.29 (s, 3 H) 7.27 - 7.31 (m, 1 H) 7.31 - 7.36 (m. 1 H)
7.37 (s, 1 H) 7.38 - 7.44 (m, 2 H) 8.05 (s. 5 H) 8.30 (s, 1 H) 9.13 (s, 1 H) 13.06 (br. s., 1 H); ®C NMR
(126 MHz, DMSO-dg) 8 ppm 17.26, 112.04, 116.81, 116.95, 124.37, 124.75, 125.30, 125.37, 125.40,
126.97, 127.03, 129.87, 130.17, 130.44, 134.25, 140.01, 140.10. 144.04, 145.84, 147.49, 153.28,
155.24, 162.66, 167.05
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4-(1-(6-(3-fluorophenoxy)-4-methylpyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (40c): The
triazole was synthesized according to GP3 using 4-ethynylbenzoic acid (65 mg, 0.45 mmol) and
5-azido-2-(3-fluorophenoxy)-4-methylpyridine 39¢ (1.2 eq., 129 mg, 0.53 mmol) as starting materials.
The crude was obtained as a white solid (160 mg, 0.41 mmol, 93%). Purification was done using prep.
HPLC. 'H NMR (500 MHz, DMSO-ds) & ppm 2.29 (s, 3 H) 7.08 (dd, J=8.01, 1.75 Hz. 1 H) 7.10 - 7.15
(m, 1 H) 7.18 (dt, J/=10.15,2.33 Hz, 1 H) 7.30 (s, 1 H) 7.50 (td, /=8.24, 6.87 Hz, 1 H) 8.06 (s, 4 H) 8.35
(s, 1 H) 9.12 (s, 1 H); *C NMR (126 MHz, DMSO-ds) & ppm 17.29, 109.27, 109.46, 111.92, 112.09,
113.04, 117.66, 117.69, 124.69, 125.31, 129.89, 130.17, 131.04, 131.12, 134.23, 144.19, 145.86,
147.34, 154.48, 154.57, 161.65, 163.04, 163.60, 167.06

4-(1-(6-(4-fluorophenoxy)-4-methylpyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (40d): The
triazole was synthesized according to GP3 using 4-ethynylbenzoic acid (65 mg, 0.45 mmol) and
5-azido-2-(4-fluorophenoxy)-4-methylpyridine 39d (1.2 eq., 129 mg, 0.53 mmol) as starting materials.
The crude was obtained as a white solid (155 mg, 0.39 mmol, 86%). Purification was done using prep.
HPLC. '"H NMR (500 MHz, DMSO-ds) & ppm 2.27 (s, 3 H) 7.25 (s, 1 H) 7.26 - 7.32 (m. 4 H) 8.06 (s, 4
H) 8.32(s. 1 H)9.11 (s. 1 H) 13.08 (br. s.. 1 H): *C NMR (126 MHz, DMSO-ds) & ppm 17.25. 112.61,
116.32, 116.51, 123.44, 124.70, 125.31, 129.59, 130.17, 130.40, 134.28, 144.10, 145.84, 147.17,
149.37, 158.28, 160.19, 163.57, 167.06

4-(1-(4-methyl-6-(phenylthio)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (40e): The triazole
was synthesized according to GP3 using 4-ethynylbenzoic acid (19 mg, 0.13 mmol) and 5-azido-4-
methyl-2-(phenylthio)pyridine 39e (1.2 eq., 40 mg, 0.16 mmol) as starting materials. The crude was
obtained as a white solid (25 mg. 0.06 mmol, 46%). Purification was done using prep. HPLC. '"H NMR
(500 MHz, DMSO-ds) 3 ppm 2.18 (s, 3 H) 7.18 (s, 1 H) 7.44 - 7.60 (m, 3 H) 7.61 - 7.77 (m. 2 H) 7.95 -
8.14 (m. 4 H) 8.56 (s. 1 H) 9.13 (s. 1 H) 13.09 (br. s.. 1 H); *C NMR (126 MHz, DMSO-ds) & ppm
17.22,122.67, 124.51, 125.33,129.41, 129.71, 130.03, 130.17, 130.82, 134.22, 134.91, 143.68, 145.86,
145.90, 161.32, 167.04

4-azidoisoquinoline (42): The azide was synthesized according to GP1 using isoquinolin-4-amine 41
(150 mg, 1 mmol), sodium nitrite (1.7 eq., 122 mg, 1.7 mmol), sodium azide (1.7 eq. 115 mg, 1.7 mmol),
EtOAc (4 mL), 6 M HC1 (2.4 mL). The crude product (143 mg, 0.84 mmol, 84%) was used as obtained
in the next step without further purifications. R¢= 0.63 (PE/EtOAc 7:3)

4-(1-(isoquinolin-4-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (43): The triazole was synthesized
according to GP3 using 4-ethynylbenzoic acid (95 mg, 0.65 mmol) and 4-azidoisoquinoline 42 (1.3 eq.,
143 mg, 0.84 mmol) as starting materials. The crude was obtained as a yellow solid (183 mg, 0.58 mmol,
90%). Purification was done using prep. HPLC. "H NMR (500 MHz, DMSO-ds) & ppm 7.80 - 7.86 (m.
1 H) 7.89 (ddd, J=8.09, 7.02, 1.07 Hz, 1 H) 7.92 - 7.99 (m, 1 H) 8.06 - 8.11 (m, 2 H) 8.11 - 8.19 (m, 2
H) 8.39 (d, /=8.24 Hz, 1 H) 8.86 (s. 1 H) 9.38 (s, 1 H) 9.60 (s, 1 H) 13.06 (br. 5., 1 H); *C NMR (126
MHz, DMSO-ds) & ppm 121.42, 125.32, 125.43, 128.26, 128.45, 128.51, 128.85, 130.00, 130.15,
130.31, 132.83, 134.28, 139.26, 146.00, 154.60, 166.98

3-azidoquinoline (45): The azide was synthesized according to GP1 using quinolin-3-amine 44
(100 mg, 0.69 mmol), sodium nitrite (1.7 eq., 81 mg, 1.63 mmol), sodium azide (1.7 eq., 77 mg, 1.63
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mmol), EtOAc (3.5 mL), 6 M HCI1 (2.0 mL). The crude product (107 mg. 0.63 mmol, 91%) was used as
obtained in the next step without further purifications. R¢= 0.73 (PE/EtOAc 7:3)

4-(1-(quinolin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (46): The triazole was synthesized according
to GP3 using 4-ethynylbenzoic acid (60 mg, 0.41 mmol) and 3-azidoquinoline 45 (1.2 eq., 83 mg,
0.49 mmol) as starting materials. The crude was obtained as a white solid (70 mg, 0.22 mmol, 54%).
Purification was done using prep. HPLC. 'H NMR (500 MHz, DMSO-ds) & ppm 7.73 - 7.80 (m, 1 H)
7.90 (ddd, J=8.35, 6.98, 1.30 Hz, 1 H) 8.10 (s, 4 H) 8.18 (t, /=8.62 Hz, 2 H) 9.01 (d, /=2.29 Hz, 1 H)
9.53 (d. J=2.59 Hz, 1 H) 9.67 (s, 1 H); *C NMR (126 MHz, DMSO-ds) & ppm 121.33, 125.35, 126.02,
127.09, 128.24, 128.70, 128.99, 130.13, 130.22, 130.63, 134.01, 143.16, 146.69, 147.02, 167.07

6-methylisoquinolin-4-amine (48a): The amino isoquinolin was synthesized according to GP2 using
4-bromo-6-methylisoquinoline 47a (100 mg, 0.46 mmol), L-proline (0.1 eq., 0.05 mmol, 5 mg). sodium
azide (1.3 eq., 0.60 mmol, 34 mg). sodium carbonate (1.3 eq., 0.60 mmol, 64 mg), sodium ascorbate
(1.3 eq., 0.60 mmol, 119 mg), copper sulfate heptahydrate (1 eq., 0.46 mmol, 115 mg), DMF (4 mL)
and water (2 mL). The crude product (70 mg, 0.44 mmol, 97%) was used as obtained in the next step
without further purifications. MS (ESI+) m/z 159 (M + H).

7-chloroisoquinolin-4-amine (48b): The amino isoquinolin was synthesized according to GP2 using
4-bromo-7-chloroisoquinoline 47b (100 mg, 0.36 mmol), L-proline (0.1 eq., 0.04 mmol, 4 mg), sodium
azide (1.3 eq., 0.46 mmol, 30 mg), sodium carbonate (1.3 eq.. 0.49 mmol, 64 mg), sodium ascorbate
(1.3 eq.. 0.46 mmol, 92 mg), copper sulfate heptahydrate (1 eq., 0.36 mmol, 89 mg), DMF (4 mL) and
water (2 mL). The crude product (56 mg, 0.31 mmol, 88%) was used as obtained in the next step without
further purifications. MS (ESI+) m/z 179 (M + H).

methyl 4-aminoisoquinoline-7-carboxylate (48¢): The amino isoquinolin was synthesized according
to GP2 using methyl 4-bromoisoquinoline-7-carboxylate 47¢ (50 mg, 0.18 mmol), L-proline (0.1 eq..
0.02 mmol, 2 mg). sodium azide (1.3 eq., 0.24 mmol. 16 mg), sodium carbonate (1.3 eq., 0.24 mmol. 26
mg), sodium ascorbate (1.3 eq., 0.24 mmol, 48 mg), copper sulfate heptahydrate (1 eq.. 0.18 mmol, 46
mg), DMF (2 mL) and water (1 mL). The crude product (33 mg, 0.16 mmol, 90%) was used as obtained
in the next step without further purifications. MS (ESI+) m/z 203 (M + H).

4-azido-6-methylisoquinoline (49a): The azide was synthesized according to GP1 using 6-
methylisoquinolin-4-amine 48a (70 mg, 0.44 mmol), sodium nitrite (1.7 eq., 0.75 mmol, 52 mg), sodium
azide (1.7 eq., 0.75 mmol, 48 mg), EtOAc (2 mL), 6 M HCIl (4 mL). The crude product (74 mg,
0.40 mmol, 91%) was used as obtained in the next step without further purifications. R¢ = 0.33
(PE/EtOACc 7:3)

4-azido-7-chloroisoquinoline (49b): The azide was synthesized according to GP1 using 7-
chloroisoquinolin-4-amine 48b (56 mg, 0.31 mmol), sodium nitrite (1.7 eq., 0.52 mmol, 36 mg), sodium
azide (1.7 eq., 0.52 mmol, 34 mg), EtOAc (2.5 mL), 6 M HCI (5 mL). The crude product (57 mg, 0.28
mmol, 90%) was used as obtained in the next step without further purifications. R¢ = 0.47 (PE/EtOAc
7:3)
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methyl 4-azidoisoquinoline-7-carboxylate (49¢): The azide was synthesized according to GP1 using
methyl 4-aminoisoquinoline-7-carboxylate 48¢ (33 mg, 0.16 mmol), sodium nitrite (1.7 eq., 0.27 mmol,
19 mg), sodium azide (1.7 eq., 0.27 mmol. 17 mg), EtOAc (2 mL), 6 M HCI1 (4 mL). The crude product
(25 mg, 0.11mmol. 68%) was used as obtained in the next step without further purifications. R¢= 0.36
(PE/EtOAc 7:3)

4-(1-(6-methylisoquinolin-4-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (S0a): The triazole was
synthesized according to GP3 using 4-ethynylbenzoic acid (28 mg, 0.19 mmol) and 4-azido-6-
methylisoquinoline 49a (1.2 eq., 42 mg, 0.23 mmol) as starting materials. The crude was obtained as a
white solid (16 mg, 0.04 mmol, 21%). Purification was done using prep. HPLC. 'H NMR (500 MHz,
DMSO-ds) & ppm 2.54 (s, 3 H) 7.59 (s, 1 H) 7.73 (dd, J=8.47, 1.30 Hz, 1 H) 8.09 (m, J=8.55 Hz, 2 H)
8.14 (m, J=8.55 Hz. 2 H) 8.29 (d. J/=8.39 Hz, 1 H) 8.79 (s. 1 H) 9.36 (s. 1 H) 9.52 (s. 1 H); *C NMR
(126 MHz, DMSO-ds) 6 ppm 22.00, 119.99, 125.41, 125.50, 128.22, 130.25, 130.43, 131.07, 139.62,
143.54, 146.06, 154.22, 167.14

4-(1-(7-chloroisoquinolin-4-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (50b): The triazole was
synthesized according to GP3 using 4-ethynylbenzoic acid (44 mg, 0.30 mmol) and 4-azido-7-
chloroisoquinoline 49b (1.2 eq., 73 mg, 0.36 mmol) as starting materials. The crude was obtained as a
white solid (35 mg, 0.10 mmol, 33%). Purification was done using prep. HPLC. 'H NMR (500 MHz,
DMSO-ds) & ppm 7.92 - 7.99 (m, 2 H) 8.05 - 8.11 (m, 4 H) 8.56 (d. J/=1.98 Hz, 1 H) 8.90 (s, 1 H) 9.37
(s, 1 H) 9.57 (s. 1 H); ®C NMR (126 MHz, DMSO-ds) & ppm 124.37, 125.26, 125.43, 127.10, 128.50,
129.24,130.22, 133.21, 133.32, 139.60, 146.23, 153.84, 167.21

4-(1-(7-(methoxycarbonyl)isoquinolin-4-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (50c): The triazole
was synthesized according to GP3 using 4-ethynylbenzoic acid (23 mg, 0.16 mmol) and methyl 4-
azidoisoquinoline-7-carboxylate 49¢ (1.2 eq., 43 mg, 1.9 mmol) as starting materials. The crude was
obtained as a white solid (15 mg, 0.04 mmol, 25%). Purification was done using prep. HPLC. '"H NMR
(500 MHz, DMSO-ds) & ppm 3.98 (s, 3 H) 8.00 (d, /=8.85 Hz, 1 H) 8.07 - 8.15 (m, 5 H) 8.38 (dd,
J=8.93, 1.75Hz, 1 H) 9.00 (s, 1 H) 9.09 (d, /=1.22 Hz, 1 H) 9.40 (s, 1 H) 9.81 (s, 1 H) 13.07 (br. s., 1
H); *C NMR (126 MHz, DMSO-ds) & ppm 52.75, 122.63, 125.32, 125.45, 127.88, 128.41, 129.46,
130.18, 130.87, 131.40, 132.00, 141.34, 146.13, 156.07, 165.34, 167.02

1.2 Fluorescence Polarization (FP) Assay

Representative curves of dose-dependent competition studies with compounds 19¢, 19n .31b, 26a-b and
50a-b were shown in Figure S1, which based on normalized data points (% polarization from 0 - 100%)
representing averaged FP values of duplicates + standard deviation. Curves were fit to a four-parameter
dose response model using OriginLab (2019) to calculate ICs, values. Compounds were tested in two
independent experiments using LBS1 flc, LBS2 flc and LBS3_flc, respectively, as fluorescent probe.
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Figure S1: A: Representative curves of dose-dependent experiments for compounds 19¢, 31b, 26a-b. 19n and
50a-b in FP-based competition experiments using LANA DBD mutant (1008-1146) and fluorescence labeled
LBS1, ILBS2 and LBS3. respectively.
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1.3 Electrophoretic Mobility Shift Assay (EMSA)

Gels of dose-dependent EMSA experiments of compounds 19¢, 31b, 26a-b, 19n and 50a-b are shown
i Figure S2 and S3. Curves are shown with normalized data points (inhibition from 0 - 100%)
representing intensities of LANA-DNA-complex bands. ICso values were calculated using a four-

parameter dose-response model (Figure S4)
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Figure S2: Gels of dose-dependent EMSA experiments using LANA DBD mutant and LBS1. (A) Inhibitor I and
compound 19n. (B) Compounds 26a and 31b (C) Compounds 50b and 26b. (D) Compounds 26a and 50a. (E)
Compounds 19n and 50b. (F) Inhibitor I and 50a.
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Figure S3: Gels of dose-dependent EMSA experiments. (A) Inhibitor I and 50a using wild-type LANA CTD
and LBS1. (B) Inhibitor 26a and 50a using wild-type LANA CTD and LBSI.
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Figure S4: Dose-dependent EMSA experiments with compounds 26a, 19n and 50a-b. Curve shows
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complex bands (upper bands) of duplicates = standard deviation. ICso value was calculated using a
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1.4 'H and *C NMR Spectra and High Resolution Mass Spectrometry (HRMS)

Representative 'H and *C of each final compound were depicted in below. The high resolution masses
of all final compounds were measured on a Thermo Scientific Q Exactive Focus (Germany) equipped
with DIONEX ultimate 3000 UHPLC+ focused. For gradient elution, an EC 150/2 NUCLEODUR C18
Pyramid (3 pm) column (Machery-Nagel, Germany) was used with a mobile phase consisting of
acetonitrile containing 0.1% formic acid (FA; [v/v]; eluent A) and water containing 0.1% FA ([v/v];
eluent B). Elution method was used with a total run time of 7.5 min and gradient conditions 10% A to
90% A. Mass spectrometry was used in positive or negative mode using electrospray ionization (ESI).
Measured (upper spectrum) and calculated (lower spectrum) HRMS spectra of each final synthesized
compound were depicted below.
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3-(1-(pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (4):
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methyl 4-(1-(pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoate (5):
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ethyl 4-(1-(pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoate (6):
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4-(1-(pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzamide (7):
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(4-(1-(pyridin-3-yl)-1H-1,2,3-triazol-4-yl)phenyl)methanol (10):
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4-(1-(pyridin-3-yl)-1H-1,2,3-triazol-4-yl)aniline (11):
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N-(4-(1-(pyridin-3-yl)-1H-1,2,3-triazol-4-yl)phenyl)acetamide (12):
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4-(1-(pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzonitrile (13):
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Relative Abundance
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4-(1-(4-methylpyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (19a):

PK_ABES57prep.010.001.1r.esp [—I
Water [ [DMSO
] - ( /
0.40 P
0.353
3 o~
3 ¢
= o
0303
2 7
2 025
= 3
? 3 [
S 020
E 3 &
2 3 7
0.153
0.103
E Rho| 82
- [-e} ©
005 G
= L JL JL L
3 — —
0.85 1.000.93 1.03 4.221.00 3.01
H W0 H Mo
R
13 12 1" 10 9 8 7 6 5 4 3 2 1
Chemical Shift (ppm)
PK_ABE57prep.011.001.1r.esp SIREHHES
SO RD oD o
TOONOHNDOHOOHOM
L_I__AJ_J__I_J
0.035-
0.030-
£ 00253 8
[ ] (lQ
= 3 o d
; 7 o |
8 ] e
5 0020 | 8
§ 3 ":
2 E © e
- <
0.015E 5 3 9{
3 35 p
] v
00104 AL
E |
0.0053

180 160 140 120 100 80 60 40 20
Chemical Shift (ppm)

44

245



Appendix

281.1028 NL:
100 1.13E7
] ABE_57#454-465
90 RT: 4.78-4.89 AV: 12
. T: FTMS - p ESI Full
] ms
80 [120.0000-
: 1000.0000]
70
o
g —
& 607
© -
c -
=] ]
< 50
@ .
= —
3 40-
o .
30
207 282.1062
193 280.6153 282.2787
o 280.0925 281.8543 283.1097 284.2939
281.1033 NL:
100 8.33E5
] CisH12N4 O2 +H:
90— CisH13 N4 O2
] pa Chrg 1
80
70
60
50
40-]
30
203 282.1067
10
B 283.1100 584 1109
0 | A R A LA LA LA LA LA A AL M 'I"'l"'l"'I"'|"'I"’l"'l"’I"']""l"'l"'l"'I"‘]"'I”'I"'I"'
279 280 281 282 283 284
m/z
45

246



Appendix

4-(1-(4-chloropyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (19b):
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Relative Abundance
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4-(1-(4-phenylpyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (19c¢):

ABE_234prep.010.001.1r.esp Water
0.20
2 015
5
= ]
.E -
= ]
E 010 & ~
A (=<} o
= ] I b &
] H355 |
1 ] Ry
7 ©
] ')0300 gs;nnl\‘s o
0.05 0 X o|NN INTNQ
1 wo PN Plosd
] - =iy $
- (-'
0 7 e
1.000.920.96 2.052.07 1.06 3.122.09
I [ H WU 0 H U
R A A e N B e AR AREE T e e e
" 10 9 8 7 6 5 4 3 2 1
Chemical Shift (ppm)
ABE_234prep.011.001.1r.esp S36353553
SOOI D
TOOOOOHOON
L M i S
0.035-3
] o
0.0303 S
] <
= N
oy ]
o 0.025-
s E 8
[ = «©
= = N
g ] 87 5
~(_é0020—: Ng }Q
E DL I
2 G 8 |/
0.0154 —
] %o g
0.0104 @ SRS v 8
3 D 3,-33 O ;
3 38 Sy &
E - s |- 2
] td H
0.0054 5
T L R
180 160 140 120 100 80 60 40 20

Chemical Shift (ppm)

48

249



Appendix

343.1185

(2]
<T>l 11 l<i>l 111

Lia1

H
o

Relative Abundance
(41

w
<i>l 11 l‘T’l L1l

N

342.9491
34‘1 1046 3421083 3143.2947

—-—
o
prra i

3441217

344.2981

345.1252
|

343.1190

-
OO
L1l JCF

o
o
1]

1

w H n (2] ~ (e
Lo bov v bev e toavna Pagaald

N

-
T T T
) T A A

344.1223

345.1257
|

m/z

49

TTTTTT

Lk RAAY AR RALS LAL) RA

345

TrrT

NL:

1.15E8
ABE_234#505-514
RT: 5.30-5.39 AV: 10
T: FTMS + p ESI Full
ms
[120.0000-1000.0000]

NL:

7.89E5

C20H14 N4 Oz +H:
C20H15 N4 O2

pa Chrg 1

250



Appendix

4-(1-(S-methylpyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (19d):
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4-(1-(6-cyanopyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (19e):
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4-(1-(6-chloro-4-methylpyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (19f):
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Appendix

4-(1-(6-(methylamino)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (19g):
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Appendix

4-(1-(6-(isopropylamino)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (19h):
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Relative Abundance

324.1450 NL:
100 4.25E8
PK_616#438-445
90 RT:4.63-4.69 AV: 8
296.1389 T: FTMS - p ESI Full
ms
80 [120.0000-
1000.0000]
70
60
50
40
30
20 298.1454 326.1515
10
| 302.2684 331.2086
290.2592 | | | 309.2264 3221313 | | | 340.1394
324.1455 NL:
1005 8.12E5
] C17H17N5O2 +H:
90 C17H18 N5 02
] pa Chrg 1
80
70
60
50
40
30
20
10
B . 329.1598
0 T Al Rl R R AL | T Lhbdd ekl A R M) MY ikl bl Rdd bl AAM b
290 300 310 320 330 340
59

260



Appendix

4-(1-(6-(phenylamino)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (19i):
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358.1291 NL:
100 7.16E7
] JRI_07#537-544 RT:
90 5.63-5.70 AV: 8 T:
] FTMS + p ESI Full
. ms
80 [120.0000-
- 1000.0000]
70
o
g
€ 60
© -
c .
=
< 50
@ .
= —
< 40
14 ]
30
20 359.1325
107 357.1195 4633003
c: 356.1160 360.1359 36, 1696 [ .
358.1299 NL:
1005 7.86E5
] C20H15N5O2 +H:
90 C20H1s N5 02
. pa Chrg 1
80-
70
60—
50
40-
30
. 359.1332
20—
10
R 360',1366 362.1408 363.1466
O Ayt e L e
356 358 360 362 364
m/z
61

262



Appendix

4-(1-(S-fluoropyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (19j):
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Relative Abundance
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Appendix

4-(1-(6-methoxypyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (19Kk):
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Relative Abundance
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Appendix

4-(1-(6-phenoxypyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (191):
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Appendix

4-(1-(4-phenoxyphenyl)-1H-1,2,3-triazol-4-yl)benzoic acid (19m):
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Appendix

Relative Abundance
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Appendix

4-(1-(4-(pyridin-3-yloxy)phenyl)-1H-1,2,3-triazol-4-yl)benzoic acid (19n):
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Appendix

4-(1-(6-hydroxypyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (190):
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Appendix

4-(1-(3-methylpyridin-4-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (22):
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Appendix

4-(1-(6-(2-hydroxyphenyl)-4-methylpyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (26a):
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Appendix

4-(1-(6-(3-(hydroxymethyl)phenyl)-4-methylpyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid

(26b):
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Appendix

4-(1-(5-(3-(hydroxymethyl)phenyl)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (31a):
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4-(1-(4-chloro-S-phenylpyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (31b):
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Appendix

4-(1-(5-phenylpyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (36a):
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Relative Abundance
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4-(1-(5-(2-methoxyphenyl)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (36b):
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Relative Abundance
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Appendix

4-(1-(5-(3-methoxyphenyl)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (36¢):
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Relative Abundance
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Appendix

4-(1-(5-(4-methoxyphenyl)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (36d):
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Relative Abundance
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4-(1-(5-(3-hydroxyphenyl)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (36e):
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Relative Abundance
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4-(1-(5-(3,4-dimethylphenyl)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (36f):
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Appendix

4-(1-(5-(3,4-difluorophenyl)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (36g):
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4-(1-(5-(4-(hydroxymethyl)phenyl)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (36h):
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Relative Abundance
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4-(1-(5-(3-fluoro-5-methoxyphenyl)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (36i):
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4-(1-(5-(furan-3-yl)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (36j):
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Relative Abundance
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4-(1-(4-methyl-6-phenylpyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (36k):
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4-(1-(6-(4-chlorophenyl)-4-methylpyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (36l):
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Relative Abundance
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4-(1-(4-methyl-6-phenoxypyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (40a):
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4-(1-(6-(2-fluorophenoxy)-4-methylpyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (40b):

Normalized Intensity
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4-(1-(6-(3-fluorophenoxy)-4-methylpyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (40c):
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Relative Abundance
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4-(1-(6-(4-fluorophenoxy)-4-methylpyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (40d):
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4-(1-(4-methyl-6-(phenylthio)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (40e):

Normalized Intensity

Normalized Intensity
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Relative Abundance
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4-(1-(isoquinolin-4-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (43):
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4-(1-(quinolin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (46):
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Relative Abundance
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4-(1-(6-methylisoquinolin-4-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (50a):
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Relative Abundance
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4-(1-(7-chloroisoquinolin-4-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (50b):
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4-(1-(7-(methoxycarbonyl)isoquinolin-4-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (50c):

Normalized Intensity
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PK_JRI111_13C.010.001.1r.esp

3
0,035 o
0.030 MeCN
5
0.02 S
(2]
oo 2g a2
o :
001 I |2 38528838 8
B35 8 .
0.00 } Ki iﬁf,%—’ ‘) T
0 = —
1.00 1.03 1.02 0.96 1.01 4.14 1.02 3.06
H W W W douH o]
e e —
11 10 9 8 7 6 5 4 2 1
Chemical Shift (ppm)
PK_JRI111_13C.011.001.1r.esp SBR3EIRS
[eXoN N oN N N Ne)l
TOOOONOOHOOHN
A e
0.015-
0.010

80

100
Chemical Shift (ppm)

126

327



Appendix

100

Relative Abundance

347.1020

349.1081

| 353.2008

365.2770

373.09I48

375.1082

377.1143

|/ 380.3356
[ 388.2529

—
OO
|IIII? [N

[e ©
o

IIII;IIII?IIII

375.1088

| 380.1231

A aaas Laas nans sy S Lt B S
380 390

127

NL:

1.86E8
JRI_111#509-514
RT:5.34-5.39 AV: 6
T: FTMS + p ESI Full
ms

[120.0000-
1000.0000]

NL:
7.86E5

Co20H14 N4 O4 +H:
C20H15N4Oy4
pa Chrg 1

328



Appendix

References

Kirsch, P.; Jakob, V.. Oberhausen, K.; Stein, S.C.; Cucarro, I.; Schulz, T.F.; Empting, M.
Fragment-Based Discovery of a Qualified Hit Targeting the Latency-Associated Nuclear Antigen
of the Oncogenic Kaposi's Sarcoma-Associated Herpesvirus/Human Herpesvirus 8. J. Med. Chem.
2019, 62, 3924-3939, doi:10.1021/acs.jmedchem.8b01827.

128

329



Appendix

7.4

Supporting Information Chapter E

Supporting Information
©Wiley-VCH 2019
69451 Weinheim, Germany

Phage Display-based Discovery of Cyclic Peptides against
the Broad Spectrum Bacterial Anti-Virulence Target CsrA.

Valentin Jakob,®1 Ben G. E. Zoller,1 Julia Rinkes,® Yingwen Wu,? Alexander F. Kiefer,
Michael Hust,P!Saskia Helmsing, Andrew M. White,! Peta J. Harvey,® Thomas Durek,
David J. Craik,” Andreas Siebert, Uli Kazmaier® and Martin Empting*

[

[a]

[b]

[e]

[d]

[t]

Abstract: Small macrocyclic peptides are promising candidates for new anti-infective drugs. To date, such peptides have been
poorly studied in the context of anti-virulence targets. Using phage display and a self-designed peptide library, we identified a
cyclic heptapeptide that can bind the carbon storage regulator A (CsrA) from Yersinia pseudotuberculosis and displace bound
The initial disulfide-bridged peptide, showed an ICs, value in the low micromolar range. Upon further characterization,
cyclization was found to be essential for its activity. To increase metabolic stability, a series of disulfide mimetics were designed
and a redox-stable 1,4-disubstituted 1,2,3-triazole analogue displayed activity in the double-digit micromolar range. Further
experiments revealed that this triazole peptidomimetic is also active against CsrA from Escherichia coli. This study is an ideal
starting point for medicinal chemistry optimization of this macrocyclic peptide and might pave the way towards broad-acting
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Peptide Synthesis and Macrocyclization

General information. All resins were purchased from Rapp Polymere. The azide/alkyne building blocks Fmoc-L-
azidoalanine (Fmoc-Aza-OH), Fmoc-L-propargylglycine (Fmoc-Pra-OH) and Fmoc-L-homoazidoalanine (Fmoc-Aha-OH)
were purchased from Carl Roth VG. Fmoc-Val-OH, Fmoc-Ala-OH, Fmoc-Glu(OtBu)-OH, Fmoc-Leu-OH and Fmoc-
Cys(Trt)-OH were purchased from Novabiochem. Fmoc-Ser(tBu)-OH was purchased from TCI.

General Fmoc-SPPS procedure. Most peptides were synthesized manually via solid phase peptide synthesis (SPPS)
using Fmoc chemistry. The resin was swollen for 30 min in DMF. For Fmoc deprotection piperidine/DMF (1:4, v:v) was
added and shaken for 5 min, twice. It was then washed three times with DMF followed by the second round of adding
piperidine/DMF (1:4) with incubating 5 min on a shaker. It was washed five times with DMF, five times with DCM and again
one time with DMF. We used double coupling for each amino acid. The amino acid (4.0 eq.) was solved in DMF together
with 3.9 eq. 3-[Bis(dimethylamino)methyliumyl]-3H-benzotriazol-1-oxide hexafluorophosphate (HBTU) followed by adding
10.0 eq. N-Ethyl-N-(propan-2-yl)propan-2-amine (DIPEA). This solution was pre-activated for 5 min on a shaker. The
activated solution was added to the resin and incubated for 1 h on a shaker. After washing two times with DMF, it was
added an activated amino acid/HBTU/DIPEA/DMF solution again and incubated 1 h on a shaker. The resin was washed
five times with DMF and five times with DCM. This was followed by two deprotection cycles and two coupling cycles of the
next amino acid.

General acetylation procedure. For Acetylation, DMF/DIPEA/Ac,0 (12:8:5, v:v:v) was added to the resin and shaken for
0.5 h. Then it was washed five times with DMF, five times with DCM and again one time with DMF.

General cleavage procedure. For protein cleavage from the solid support and removal of the side chain protecting groups
a cleavage cocktail containing trifluoroacetic acid (TFA)/triisopropylsilane (TIS)/H.O (37:1:1, v:v:v) with a spatula tip of
dithiothreitol (DTT) was added to the resin and incubated 2.5 — 3.0 h on a shaker. The liquid was collected and TFA was
removed under reduced pressure, followed by precipitation with cold (-20 °C) methyl tert-butyl ether (MTBE). The crude
peptide was gained by centrifugation (4600 rpm, 4 °C, 10 min) followed by MTBE washing (3x) and repeated centrifugation.

General cyclisation procedure. For disulfide cyclisation the crude lyophilized peptide was dissolved in H,O/ACN (1:1,
v:v) with a concentration of 1 mg peptide per 1 mL solvent and 1-3 % DMSO was added. The pH was adjusted to 7.7 using
1M aq. ammonium carbonate solution. The solution was stirred for 1-4 days. The reaction was monitored by LC-MS.

General preparative HPLC procedure. The purification was done with a DIONEX UltiMate 3000 UHPLC* focused
(Thermo Scientific), containing pump, diode array detector, and automated fraction collector. We used a VP 250/10
NUCLEODUR C18 Gravity, 5 ym (Macherey-Nagel) column with a gradient from 10-50 % solvent B over 25 min (solvent
A: H20 (0.05 % formic acid), solvent B: ACN (0.05 % formic acid)) and a 5 mL/min flowrate. Pure fractions were checked
by LC-MS, combined and lyophilized.

Ac-V-[CSELC]¢yciic-W-NH> (1); 3-((4R,7S,10S,13S,16R)-16-((S)-2-acetamido-3-methylbutanamido)-4-(((S)-1-amino-
3-(1H-indol-3-yl)-1-oxopropan-2-yl)carbamoyl)-13-(hydroxymethyl)-7-isobutyl-6,9,12,15-tetraoxo-1,2-dithia-
5,8,11,14-tetraazacycloheptadecan-10-yl)propanoic acid.

The linear precursor peptide was synthesized on a Fmoc Trp(Boc) TentaGel® S RAM resin (load: 0.2 mmol/g) in a
0.2 mmol scale manually using Fmoc strategy with two coupling cycles and two deprotection cycles as described in the
“general Fmoc-SPPS procedure”. The cleavage of the peptide from the resin was performed by the “general cleavage
procedure” protocol, where 7 mL cleavage cocktail was used with an incubation of 3 h on a shaker. After lyophilization,
45.7 mg of crude linear product was achieved, which was used for the “general cyclisation procedure” for disulfide
cyclisation of the cysteines for 2 days. For purification, the “general preparative HPLC procedure” has been performed. A
yield of 2.68 mg pure (= 98 %) cyclized peptide (3.05 pmol, 1.53 % according to initial load of the resin) was obtained and
characterized by LC-MS, 'H-NMR, '*C-NMR and HRMS. LC-MS: Column: Phenomenex Luna C18(2), gradient:
MeCN/H,0O + 0.05 % HCOOH, 5 % MeCN increase to 50% MeCN in 5.1 min, flow rate: 0.6 mL/min, tr= 3.75 min, m/z =
878.3 ([M+H]*). HRMS (ESI+) m/z calculated for C3gHs5NgO11S, [M+H]* 878.3530; found: 878.3528.
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H-NMR (500 MHz, dmso-d6, & in ppm): 10.82 (bs, 1 H, Indole NH), 8.41 (bs, 1 H, NH), 8.30 (d, 3J=7.80 Hz, 1 H, NH),
8.15(d, 3J = 8.2 Hz, 1 H, NH), 8.06 (d, 3J= 6.8 Hz, 1 H, NH), 7.99 (d, 3J = 6.6 Hz, 1 H, NH), 7.97-7.92 (m, 2 H, NH), 7.56
(d, 3Js7.36= 7.9 Hz 1 H, H37), 7.30 (d, 33445 = 7.9 Hz, 2 H, H34, NH), 7.12 (m, 2 H, NH, 32H), 7.03 (t, 335,363 = 7.3 Hz, 1
H, H35), 6.95 (t, 3Jas 3537 = 7.4 Hz, 1 H, H36), 4.62-4.56 (m, 1 H, H5), 4.55-4.49 (m, 1H, 13-H), 4.43-4.37 (m, 1H, 28H),
4.28-4.24 (m, 1H, 7H), 4.19 (dd, 3J = 8.8, 6.7 Hz, 1H, 3-H), 4-17-4.09 (m, 2H, 9H, 11H), 3.76-3.62 (m, 2H, 19H), 3.25 (dd,
2J15a,15b= 13.4, 3J155,5= 4.2 HZ, 1H, H153), 3.13 (dd, 2Jgoa,30b= 13.4, 3J303,28= 5.1 HZ, 1H, H30a), 3-06-2.93 (m, 4H, H14,
H15p, H30b), 2.23 (t, 3J2120 = 7.9 Hz, 2H, 21H), 2.00-1.90 (m, 3H, 20H, 16H), 1.88 (s, 3H, 1H), 1.60-1.53 (m, 1H, 24H),
1.52-1.47 (m, 2H, 23H), 0.87 (d, 3J25.24, 3H, 25H), 0.85-0.80 (m, 9H, 17H, 18H, 26H).

13C-NMR (126 MHz, dmso-d6, & in ppm): 173.1 (C22), 172.2 (C29), 171.6 (C4), 171.5 (C10), 170.2 (C6, C8 or C12), 169.8
(C6, C8 or C12), 169.5 (C-2), 169.1 (C6, C8 or C12), 136.1 (C33), 127.4 (C38), 123.6 (C32), 120.9 (C35), 118.5 (C37),
118.3 (C36), 111.3 (C34), 110.1 (C31), 61.2 (C19), 57.6 (C3), 55.9 (C7), 54.0 (C99, 53.6 (C28), 52.8 (C13), 52.5 (C5),
52.0 (C-11), 41.9 (C15), 40.7 (C14), 40.1 (C23), 30.6 (C21), 27.7 (C30), 26.9(C20), 24.3 (C24), 23.1 (C25), 22.6 (C1),
21.6 (C26), 19.3 (C17 or C18), 18.2 (C17 or C18).

H-V-[CSELC]cyciic-W-NH- (2a); 3-((4R,7S,10S5,13S,16R)-4~(((S)-1-amino-3-(1H-indol-3-yl)-1-oxopropan-2-
yl)carbamoyl)-16-((S)-2-amino-3-methylbutanamido)-13-(hydroxymethyl)-7-isobutyl-6,9,12,15-tetraoxo-1,2-dithia-
5,8,11,14-tetraazacycloheptadecan-10-yl)propanoic acid.

The linear precursor peptide was synthesized on a Fmoc Trp(Boc) TentaGel® S RAM resin (load: 0.2 mmol/g) in a
0.1 mmol scale manually using Fmoc strategy with two coupling cycles and two deprotection cycles as described in the
“general Fmoc-SPPS procedure”. The cleavage of the peptide from the resin was done following the “general cleavage
procedure” protocol, where 7 mL cleavage cocktail was used with an incubation of 2.5 h on a shaker. After lyophilization,
87.4 mg of crude linear product was achieved, which was used for the “general cyclisation procedure” for disulfide
cyclisation of the cysteines for 2 days. For purification, the “general preparative HPLC procedure” has been performed. A
yield of 1.03 mg pure (= 93 %) cyclized peptide (1.23 pmol, 1.23 % according to initial load of the resin) was obtained. LC-
MS: Column: Phenomenex Luna C18(2), gradient: MeCN/H,0O + 0.05 % HCOOH, 5 % MeCN increase to 50 % MeCN in
5.1 min, flow rate: 0.6 mL/min, tg= 3.15 min, m/z = 834.4 ([M-H]"). HRMS (ESI+) m/z calculated for C3sHs3NgO10S2 [M-H]
834.3279; found: 834.3311.

Ac-V-[CSELC]cyciic-W-OH (2b); ((4R,7S5,10S,13S,16R)-16-((S)-2-acetamido-3-methylbutanamido)-10-(2-
carboxyethyl)-13-(hydroxymethyl)-7-isobutyl-6,9,12,15-tetraoxo-1,2-dithia-5,8,11,14-tetraazacycloheptadecane-4-
carbonyl)-L-tryptophan.

The linear precursor peptide was synthesized on a Fmoc Trp(Boc) TentaGel® S AC resin (load: 0.2 mmol/g) in a
0.05 mmol scale with a microwave-assisted peptide synthesizer (CEM Liberty Lite) using Fmoc strategy with two coupling
cycles and two deprotection cycles, including acetylation of the N-terminus. The used coupling reagents were Oxyma
(0.5 M) and DIC (0.25 M) in DMF. The cleavage of the peptide from the resin was done following the “general cleavage
procedure” protocol, where 7 mL cleavage cocktail was used with an incubation of 2.5 h on a shaker. After lyophilization,
14.4 mg of crude uncyclized product was achieved, which was used for the “general cyclisation procedure” for disulfide
cyclisation of the cysteines for 3 days. For purification, the “general preparative HPLC procedure” has been performed. A
yield of 1.09 mg pure (= 98 %) cyclized peptide (1.24 pymol, 2.47 % according to initial load of the resin) was obtained. LC-
MS: Column: Phenomenex Luna C18(2), gradient: MeCN/H,O + 0.05 % HCOOH, 5 % MeCN increase to 50 % MeCN in
5.1 min, flow rate: 0.6 mL/min, tg= 3.88 min, m/z = 879.3 ([M+H]*). HRMS (ESI+) m/z calculated for C3gHs4NgO12S> [M-H]
877.3224; found: 877.3251.

Ac-VASELAW-NH, (3a); (4S,7S,10S,13S)-13-(((S)-1-(((S)-1-(((S)-1-amino-3-(1H-indol-3-yl)-1-oxopropan-2-

yl)amino)-1-oxopropan-2-yl)Jamino)-4-methyl-1-oxopentan-2-yl)carbamoyl)-10-(hydroxymethyl)-4-isopropyl-7-

methyl-2,5,8,11-tetraoxo-3,6,9,12-tetraazahexadecan-16-oic acid. This linear peptide was synthesized on a Fmoc
4
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Trp(Boc) TentaGel® S RAM resin (load: 0.2 mmol/g) in a 0.1 mmol scale manually using Fmoc strategy with two coupling
cycles and two deprotection cycles as described in the “General Fmoc-SPPS procedure” followedby the “general
acetylation procedure”. The cleavage of the peptide from the resin was done following the “general cleavage procedure”
protocol, where 7 mL cleavage cocktail was used with an incubation of 2.5 h on a shaker. For purification, the “general
preparative HPLC procedure” has been performed. A yield of 3.24 mg pure (= 98 %) peptide (3.97 pmol, 3.97 % according
to initial load of the resin) was obtained. LC-MS: Column: Phenomenex Luna C18(2), gradient: MeCN/H,O + 0.05 %
HCOOH, 5 % MeCN increase to 50 % MeCN in 5.1 min, flow rate: 0.6 mL/min, tg= 3.57 min, m/z = 816.5 ([M+H]*). HRMS
(ESI+) m/z calculated for C3gHs7NgO+1 [M-H] 814.4099; found: 814.4125.

Ac-A-[CSELC]¢yciic-W-NH: (3b); 3-((4R,7S,10S,13S,16R)-16-((S)-2-acetamidopropanamido)-4-(((S)-1-amino-3-(1H-
indol-3-yl)-1-oxopropan-2-yl)carbamoyl)-13-(hydroxymethyl)-7-isobutyl-6,9,12,15-tetraoxo-1,2-dithia-5,8,11,14-
tetraazacycloheptadecan-10-yl)propanoic acid. The linear precursor peptide was synthesized on a Fmoc Trp(Boc)
TentaGel® S RAM resin (load: 0.2 mmol/g) in a 0.2 mmol scale manually using Fmoc strategy with two coupling cycles
and two deprotection cycles as described in the “general Fmoc-SPPS procedure” followed by the “general acetylation
procedure”. The cleavage of the peptide from the resin was done following the “general cleavage procedure” protocol (in
this case TFA/TIS/H,O/Anisole 95:2:2:1 as cleavage cocktail), where 3 mL cleavage cocktail was used with an incubation
of 3 h on a shaker. After lyophilization, the crude uncyclized product was used for the “general cyclisation procedure” for
disulfide cyclisation of the cysteines for 3 days. For purification, the “general preparative HPLC procedure” has been
performed. A yield of 1.07 mg pure (= 92 %) cyclized peptide (1.26 pymol, 0.63 % according to initial load of the resin) was
obtained. LC-MS: Column: Phenomenex Luna C18(2), gradient: MeCN/H,O + 0.05 % HCOOH, 5 % MeCN increase to
50 % MeCN in 5.1 min, flow rate: 0.6 mL/min, tg= 3.38 min, m/z = 850.4 ([M+H]"). HRMS (ESI+) m/z calculated for
C36H51N901182 [M-H]' 848.3071; found: 848.3097.

Ac-V-[CAELC]cyciic-W-NH; (3¢c); 3-((4R,7S,10S,13S,16R)-16-((S)-2-acetamido-3-methylbutanamido)-4-(((S)-1-amino-
3-(1H-indol-3-yl)-1-oxopropan-2-yl)carbamoyl)-7-isobutyl-13-methyl-6,9,12,15-tetraoxo-1,2-dithia-5,8,11,14-
tetraazacycloheptadecan-10-yl)propanoic acid. The linear precursor peptide was synthesized on a Fmoc Trp(Boc)
TentaGel® S RAM resin (load: 0.2 mmol/g) in a 0.05 mmol scale with a microwave-assisted peptide synthesizer (CEM
Liberty Lite) using Fmoc strategy with two coupling cycles and two deprotection cycles as described in the “general Fmoc-
SPPS procedure”, including acetylation of the N-terminus. The used coupling reagents were Oxyma (0.5 M) and DIC
(0.25 M) in DMF. The cleavage of the peptide from the resin was done following the “general cleavage procedure” protocol,
where 7 mL cleavage cocktail was used with an incubation of 2.5 h on a shaker. After lyophilization, the crude uncyclized
product was used for the “general cyclisation procedure” for disulfide cyclisation of the cysteines for 7 days. For purification,
the “general preparative HPLC procedure” has been performed. A yield of 3.44 mg pure (=98 %) cyclized peptide
(3.99 pymol, 7.98 % according to initial load of the resin) was obtained. LC-MS: Column: Phenomenex Luna C18(2),
gradient: MeCN/H20 + 0.05 % HCOOH, 5 % MeCN increase to 50 % MeCN in 5.1 min, flow rate: 0.6 mL/min, tg= 3.80
min, m/z = 862.4 ([M+H]"). HRMS (ESI+) m/z calculated for C3sHssNgO10S, [M-H] 860.3435; found: 860.3463.

Ac-V-[CSALC]cyciic-W-NH; (3d); (4R,7S,10S,13S,16R)-16-((S)-2-acetamido-3-methylbutanamido)-N-((S)-1-amino-3-
(1H-indol-3-yl)-1-oxopropan-2-yl)-13-(hydroxymethyl)-7-isobutyl-10-methyl-6,9,12,15-tetraoxo-1,2-dithia-
5,8,11,14-tetraazacycloheptadecane-4-carboxamide. The linear precursor peptide was synthesized on a Fmoc
Trp(Boc) TentaGel® S RAM resin (load: 0.2 mmol/g) in a 0.2 mmol scale manually using Fmoc strategy with two coupling
cycles and two deprotection cycles as described in the “general Fmoc-SPPS procedure” followed by the “general
acetylation procedure”. The cleavage of the peptide from the resin was done following the “general cleavage procedure”
protocol (in this case TFA/TIS/H,O/Anisole 95:2:2:1 as cleavage cocktail), where 7 mL cleavage cocktail was used with
an incubation of 4.5 h on a shaker. After lyophilization, 45 mg of crude uncyclized product was achieved, which was used
for the “general cyclisation procedure” for disulfide cyclisation of the cysteines for 10 days. For purification, the “general
preparative HPLC procedure” has been performed. A yield of 0.8 mg cyclized peptide (Purity: =271 %; 0.98 umol,0.49 %
according to initial load of the resin) was obtained. LC-MS: Column: Phenomenex Luna C18(2), gradient: MeCN/H,O +
0.05 % HCOOH, 5 % MeCN increase to 50 % MeCN in 5.1 min, flow rate: 0.6 mL/min, trg= 3.82 min, m/z = 820.3 ([M+H]").
HRMS (ESI+) m/z calculated for C3sHs3NgOgeS, [M-H] 818.3329; found: 818.3356.

Ac-V-[CSEAC]¢yciic-W-NH: (3e); 3-((4R,7S,10S,13S,16R)-16-((S)-2-acetamido-3-methylbutanamido)-4-(((S)-1-amino-
3-(1H-indol-3-yl)-1-oxopropan-2-yl)carbamoyl)-13-(hydroxymethyl)-7-methyl-6,9,12,15-tetraoxo-1,2-dithia-

5,8,11,14-tetraazacycloheptadecan-10-yl)propanoic acid. The linear precursor peptide was synthesized on a Fmoc
Trp(Boc) TentaGel® S RAM resin (load: 0.2 mmol/g) in a 0.1 mmol scale manually using Fmoc strategy with two coupling
cycles and two deprotection cycles as described in the “general Fmoc-SPPS procedure” followed by the “general
acetylation procedure”. The cleavage of the peptide from the resin was done following the “general cleavage procedure”
protocol, where 5 mL cleavage cocktail was used with an incubation of 2 h on a shaker. After lyophilization, 44 mg of crude
uncyclized product was achieved, which was used for the “general cyclisation procedure” for disulfide cyclisation of the
cysteines for 3 days. For purification, the “general preparative HPLC procedure” has been performed. A yield of 1.21 mg
pure (= 98 %) cyclized peptide (1.45 pmol, 1.45 % according to initial load of the resin) was obtained. LC-MS: Column:
Phenomenex Luna C18(2), gradient: MeCN/H,O + 0.05 % HCOOH, 5 % MeCN increase to 50 % MeCN in 5.1 min, flow

5
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rate: 0.6 mL/min, tr= 3.10 min, m/z = 834.3 ([M-H]"). HRMS (ESI+) m/z calculated for C35H49NgO11S; [M-H]" 834.2915;
found: 834.2944.

Ac-V-[CSELC]cyciic-A-NH; (3f); 3-((4R,7S,10S5,13S,16R)-16-((S)-2-acetamido-3-methylbutanamido)-4-(((S)-1-amino-
1-oxopropan-2-yl)carbamoyl)-13-(hydroxymethyl)-7-isobutyl-6,9,12,15-tetraoxo-1,2-dithia-5,8,11,14-
tetraazacycloheptadecan-10-yl)propanoic acid. The linear precursor peptide was synthesized on a Fmoc Ala
TentaGel® S RAM resin (load: 0.2 mmol/g) in a 0.1 mmol scale manually using Fmoc strategy with two coupling cycles
and two deprotection cycles as described in the “general Fmoc-SPPS procedure” followed by the “general acetylation
procedure”. The cleavage of the peptide from the resin was done following the “general cleavage procedure” protocol,
where 5 mL cleavage cocktail was used with an incubation of 2.5 h on a shaker. After lyophilization, 63 mg of crude
uncyclized product was achieved, which was used for the “general cyclisation procedure” for disulfide cyclisation of the
cysteines for 3 days. For purification, the “general preparative HPLC procedure” has been performed. A yield of 6 mg pure
(298 %) cyclized peptide (7.86 uymol, 7.86 % according to initial load of the resin) was obtained. LC-MS: Column:
Phenomenex Luna C18(2), gradient: MeCN/H,O + 0.05 % HCOOH, 5 % MeCN increase to 50 % MeCN in 5.1 min, flow
rate: 0.6 mL/min, tr= 2.99 min, m/z = 761.3 ([M-H]"). HRMS (ESI+) m/z calculated for C3oH50NgO11S, [M-H]" 761.2985;
found: 761.2985.

Ac- — -[CSELC]¢yciic-W-NH; (4a); ((4R,7S,10S,13S,16R)-16-acetamido-10-(2-carboxyethyl)-13-(hydroxymethyl)-7-
isobutyl-6,9,12,15-tetraoxo-1,2-dithia-5,8,11,14-tetraazacycloheptadecane-4-carbonyl)-L-tryptophan. The linear
precursor peptide was synthesized on a Fmoc Trp(Boc) TentaGel® S RAM resin (load: 0.2 mmol/g) in a 0.1 mmol scale
manually using Fmoc strategy with two coupling cycles and two deprotection cycles as described in the “general Fmoc-
SPPS procedure” followed by the “general acetylation procedure”. The cleavage of the peptide from the resin was done
following the “general cleavage procedure” protocol, where 5 mL cleavage cocktail was used with an incubation of 2.75 h
on a shaker. The solution was suspended in 1.5 mL DCM. At-20 °C TFA (300 pL, 40 eq.) was added and incubated
overnight. After lyophilization, 24 mg of crude uncyclized product was achieved, which was used for the “general cyclisation
procedure” for disulfide cyclisation of the cysteines for 2 days. For purification, the “general preparative HPLC procedure”
has been performed. A yield of 0.77 mg pure (= 98 %) cyclized peptide (0.99 pymol, 0.99 % according to initial load of the
resin) was obtained. LC-MS: Column: Phenomenex Luna C18(2), gradient: MeCN/H20 + 0.05 % HCOOH, 5 % MeCN
increase to 50 % MeCN in 5.1 min, flow rate: 0.6 mL/min, tg= 3.39 min, m/z = 777.3 ([M-H]"). HRMS (ESI+) m/z calculated
for C33H46N801082 [M-H]' 877.2700; found: 877.2720.

Ac-V-[CSELCl]cyciic — -NH: (4b); (4R,7S5,10S,13S,16R)-16-((S)-2-acetamido-3-methylbutanamido)-10-(2-
carboxyethyl)-13-(hydroxymethyl)-7-isobutyl-6,9,12,15-tetraoxo-1,2-dithia-5,8,11,14-tetraazacycloheptadecane-4-
carboxylic acid. The linear precursor peptide was synthesized on a Fmoc Cys(Trt) TentaGel® S RAM resin (load:
0.2 mmol/g) in a 0.1 mmol scale manually using Fmoc strategy with two coupling cycles and two deprotection cycles as
described in the “general Fmoc-SPPS procedure” followed by the “general acetylation procedure”. The cleavage of the
peptide from the resin was done following the “general cleavage procedure” protocol, where 7 mL cleavage cocktail was
used with an incubation of 2.5 h on a shaker. After lyophilization, 55.9 mg of crude uncyclized product was achieved, which
was used for the “general cyclisation procedure” for disulfide cyclisation of the cysteines for 3 days. For purification, the
“general preparative HPLC procedure” has been performed. A yield of 0.27 mg pure (= 89 %) cyclized peptide (0.39 pmol,
0.39 % according to initial load of the resin) was obtained. LC-MS: Column: Phenomenex Luna C18(2), gradient:
MeCN/H,0O + 0.05 % HCOOH, 5 % MeCN increase to 50 % MeCN in 5.1 min, flow rate: 0.6 mL/min, tz= 2.99 min, m/z =
690.3 ([M-HJT). HRMS (ESI+) m/z calculated for C27H4sN7010S, [M-H] 690.2591; found: 690.2608.

General Fmoc-SPPS procedure for triazole-bridged peptides 5a, 5b, 5¢c. The amino acids were coupled via two
coupling cycles. For proteinogenic amino acids a solution of the Fmoc protected amino acid (4.0 eq), HBTU (3.9 eq) and
DIPEA (8.0 eq) was used. For non-proteinogenic amino acids a solution of the amino acid (3.5 eq), HATU (3.9 eq) and
DIPEA (8.0 eq) was used. The resin was shaken 1 h at room temperature before every coupling step was followed by
washing steps with DMF (5 x 6 mL) and DCM (5 x 6 mL). Fmoc deprotection was achieved by a reaction with 20 %
piperidine in DMF for 5 min at room temperature, followed by a second deprotection step under same conditions. A solution
of DMF/DIPEA/Ac,0O (5:3:2) was given on the resin and shook 30 min at room temperature for the Acetylation of the
peptide. The cleavage of the peptide from the resin and removal of the side chain protecting groups was done with a
cleavage cocktail of TFA/H.O/anisole/TES (47:1:1:1). The mixture was shaken at room temperature for 3 h. After
precipitation, the obtained solid was washed with MTBE (4 x 2 mL) and dried by freeze-drying.

Copper-catalyzed azide-alkyne cycloaddition (CuUAAC). The linear peptide (1.0 eq) was dissolved in argon-flushed H,O
(1 mL/mg). CuSQO4-5H,0 (2.0 eq), Na-ascorbate (4.0 eq) and DIPEA (8.0 eq) were added and the reaction mixture stirred
under argon at room temperature overnight. The solvent was removed by freeze-drying and the macrocyclic peptide was
purified by preparative HPLC.

Ac-V-[Pra-SEL-Aza]cyciic-W-NH (1,4-triazole) (5a); 3-((3S,6S,95,125,15S,2)-15-((S)-2-acetamido-3-

methylbutanamido)-3-(((S)-1-amino-3-(1H-indol-3-yl)-1-oxopropan-2-yl)carbamoyl)-12-(hydroxymethyl)-6-

isobutyl-5,8,11,14-tetraoxo-11H-4,7,10,13-tetraaza-1(1,4)-triazolacyclohexadecaphane-9-yl)propanoic acid. The
6
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linear precursor peptide Ac-V-Pra-SEL-Aza-W-NH; was synthesized manually on a Fmoc Trp(Boc) Tenta Gel S RAM
resin (0.20 mmol/g) at 0.10 mmol scale. According to the general Fmoc-SPPS procedure for triazole-bridged peptides, the
following amino acids and building blocks were used: Fmoc-L-Aza-OH (0.35 mmol, 3.5 eq), Fmoc-Leu-OH (0.4 mmol,
4.0 eq), Fmoc-Glu(OtBu)-OH (0.4 mmol, 4.0 eq), Fmoc-Ser(tBu)-OH (0.4 mmol, 4.0 eq), Fmoc-Pra-OH (0.35 mmol,
3.5eq) and Fmoc-Val-OH (0.4 mmol, 4.0 eq). Fmoc-L-Aza-OH and Fmoc-Pra-OH were used together with HATU
(0.39 mmol, 3.9 eq) and DIPEA (0.8 mmol, 8.0 eq), while all other amino acids were used together with HBTU (0.39 mmol,
3.9 eq) and DIPEA (0.8 mmol, 8.0 eq). The product was received as a white solid (32.6 mg, 37.0 ymol, 37 % according to
the initial load of the resin). According to “Copper-catalyzed azide-alkyne cycloaddition” the macrocyclic peptide was
prepared by a reaction of 27.0 mg (30.6 umol, 1.0 eq) linear precursor peptide, 15.4 mg CuSO4-5H,0 (61.2 ymol, 2.0 eq),
24.4 mg Na-ascorbate (122 ymol, 4.0 eq) and 41.5 yL DIPEA (245 pmol, 8.0 eq). The solvent was removed by freeze-
drying. The macrocyclic peptide was purified by preparative HPLC (H2O:ACN 9:1—1:1) and was received as a pure
(= 98 %) white solid (5.10 mg, 5.79 pmol, 19 %). The characterization was done by LC-MS, IR, 'H-NMR, "*C-NMR, 2 D
NMR and HRMS (m/z). LC-MS: Column: Phenomenex Luna C18(2), gradient: MeCN/H,O + 0.05 % HCOOH, 5 % MeCN
increase to 50 % MeCN in 5.1 min, flow rate: 0.6 mL/min, tr= 3.49 min, m/z = 879.5 ([M-H]"). HRMS (ESI+) m/z calculated
for C40H55N12011 [M"’H]+ 881 .4270; found: 881.4236.

19_4g 20
o 21 OH

H-NMR (500 MHz, CDsOD, & in ppm): 10.0 (bs, 1 H, Indole NH), 8.46-8.55 (m, 1 H, NH), 8.27-8.35 (bs, 1 H, NH), 8.08
(d, 3Jnms = 8.24 Hz, 1 H, NH), 7.76 — 7.81 (m, 1 H, NH), 7.65 (s, 1 H, H15), 7.60 (d, 3Js035 = 7.78 Hz 1 H, H39), 7.54 (d,
SUnn7=8.24 Hz, 1 H, NH), 7.34 (d, 3Jss.37 = 8.09 Hz, 1 H, H36), 7.09 (dd, 3Js736/38 = 7.68 Hz, 1 H, H37), 7.01-7.04 (m, 1 H,
H38), 7.01 (s, 1 H, H34), 4.94-5.01 (m, 1 H, H13), 4.73-4.82 (m, 3 H, H5/H14/H30), 4.59 (bs, 1 H, NH), 4.49 (d, 3J1415=
3.74 Hz, 1 H, H14), 4.30-4.34 (m, 2 H, H7/H9), 4.26-4.30 (m, 1 H, H3), 3.97-4.08 (m, 2 H, H11/H21), 3.76 (dd, 2J212210 =
3.74 Hz, 3J217= 11.4 Hz, 1 H, H21), 3.60-3.65 (M, 2 H, H23), 3.38 (dd, 2J17a.17 = 3.74 Hz, 3J175= 11.4 Hz,, 1 H, H17), 3.19-
3.26 (m, 1 H, H17), 3.16 (dd, J320.30= 3.66 Hz, 32530 = 4.88 Hz, 2 H, H32), 2.02-2.19 (m, 2 H, H18/OH), 2.00 (s, 3 H, H1),
1.77-1.94 (m, 2 H, H22), 1.52-1.68 (m, 3 H, H25/H26), 0.97 (dd, 3J1e20,18 = 6.48 Hz, 6 H, H19/H20), 0.92 (d, 3J27.26 = 6.10
Hz. 3 H, H27), 0.87 (d, ®Jas.26 = 6.10 Hz, 3 H, H28).

13C-NMR (126 MHz, CDsOD, & in ppm): 176.9 (C24), 175.3 (C31), 174.6 (C29), 173.8 (C2), 173.7 (C4), 173.1 (C12), 172.7
(C10), 171.1 (CB/C8), 138.2 (C16/C35), 128.9 (C40), 126.2 (C15), 125.0 (C34), 122.7 (C37), 120.1 (C39), 119.6 (C38),
112.4 (C36), 111.3 (C33), 63.5 (C21), 60.4 (C3), 57.0 (C7/C9), 55.9 (C30), 55.3 (C5), 54.3 (C11), 53.7 (C13), 51.3 (C14),
39.9 (C25), 32.1 (C18), 29.2 (C23), 28.6 (C32), 26.7 (C17/C22), 26.2 (C26), 23.5 (C27), 22.6 (C1), 21.6 (C28), 19.9 (C20),
18.8 (C19).

Ac-V-[Aza-SEL-Pra]cyciic-W-NH. (1,4-triazole) (5b); 3-((3S,6S,95,125,158S,2)-15-((S)-2-acetamido-3-
methylbutanamido)-3-(((S)-1-amino-3-(1H-indol-3-yl)-1-oxopropan-2-yl)carbamoyl)-12-(hydroxymethyl)-6-

isobutyl-5,8,11,14-tetraoxo-11H-4,7,10,13-tetraaza-1(4,1)-triazolacyclohexadecaphane-9-yl)propanoic acid. The
linear precursor peptide Ac-V-Aza-SEL-Pra-W-NH; was synthesized on a microwave-assisted peptide synthesizer
(Liberty Lite) using Fmoc Trp(Boc) Tenta Gel S RAM resin (0.20 mmol/g) at 0.05 mmol scale. The engaged amino acids
were used in concentrations of 0.2 M in DMF. The used coupling reagents were Oxyma (0.5 M) and DIC (0.25 M) in DMF.
The product was received as a white solid (32.0 mg, 36.3 umol, 73 % according to the initial load of the resin). According
to “Copper-catalyzed azide-alkyne cycloaddition” the macrocyclic peptide was prepared by a reaction of 32.0 mg (36.3
pmol, 1.0 eq) linear precursor peptide, 18.6 mg CuSQO4-5H,0 (74.5 ymol, 2.05 eq), 28.2 mg Na-ascorbate (142 umol,
3.92 eq) and 55 uL DIPEA (317 ymol, 8.7 eq). The solvent was removed by freeze-drying. The macrocyclic peptide was
purified by preparative HPLC (H.O:ACN 9:1—1:1) and was received as a white solid (6.42 mg, 7.29 ymol, 15 %). The
characterization was done by LC-MS, "H-NMR, "*C-NMR and HRMS (m/z). LC-MS: Column: Phenomenex Luna C18(2),
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gradient: MeCN/H,0 + 0.05 % HCOOH, 5 % MeCN increase to 50 % MeCN in 5.1 min, flow rate: 0.6 mL/min, trg= 3.52
min, m/z = 879.4 ([M-H]"). HRMS (ESI+) m/z calculated for C4oHssN12011 [M+H]* 881.4270; found: 881.4253.

TH-NMR (500 MHz, CDs0OD, & in ppm): 7.64 (d, 3Js38 = 7.9 Hz, 1 H, H39), 7.58 (s, 1 H, H16), 7.34 (d, 3Jss37 = 8.1 Hz, 1
H, H36), 7.15 (S, 1 H, H34), 7.09 (t, 3J37,36/38= 7.3 HZ, 1 H, H37), 7.02 (t, 3J38,37/39= 74 HZ, 1 H, H38), 5.13-5.09 (m, 1 H,
H5), 4.75-4.66 (m, 3 H, H13/H17./H30), 4.62-4.55 (m, 2 H, H9, H11), 4.36 (t, 3J175= 3.5 Hz, 1 H, H17,), 4.21 (d,3J = 7.3
HZ, 1 H, H3), 411 (dd, 2J21a,21b =115 HZ, 3Jz1a,7 =42 HZ, 1H, H21a), 4.03 (dd, 2J325,32b =95 HZ, 3J32a,3o =56 HZ, 1H,
H323), 3.81-3.77 (m, 1H, H32b), 3.74 (dd, 2J21a,21b = 11.5, 3Jz1b,7 = 3.0, 1 H, H21b), 3.43 (dd, 2J14a,14b= 15.2 HZ, 3J14a,13=
3.9 Hz, 1 H, H14,), 3.25-3.18 (m, 1 H, H14y), 2.97-2.90 (m, 1H, H23,), 2.85-2.78 (m, 1H, H23y,), 2.31 (br.s, 2 H, H18/OH),
2.12-2.03 (m, 2H, H22), 2.01 (s, 3 H, H1), 1.69-1.61 (m, 1H, 26H), 1.58-1.54 (m, 2 H, 25H), 0.97 (dd, 3J1012015 = 6.8 Hz, 6
H, H19/H20), 0.92 (d, 3J2726 = 6.5 Hz. 3 H, H27), 0.87 (d, 3J25.26 = 6.4 Hz, 3 H, H28).

13C-NMR (126 MHz, CD;0D, 5 in ppm): 177.1 (C24), 175.6 (C31), 174.6 (C29), 174.0 (C2), 173.9 (C4), 173.9 (C12), 173.6
(C10), 172.3 (C8), 171.1 (C6), 138.1 (C35), 138.1 (C15), 129.0 (C40), 125.0 (C34), 124.8 (C16), 122.6 (C37), 120.1 (C39),
119.7 (C38), 112.4 (C36), 111.7 (C33), 63.5 (C21), 60.7 (C3), 57.1 (C7/C9), 56.1 (C30), 55.9 (C13), 55.4 (C5), 54.8 (C11),
51.5(C17), 41.1 (C25), 31.9 (C18), 28.8 (C23), 28.6 (C32), 28.1 (C14/C22), 26.2 (C26), 23.5 (C27), 22.5 (C1), 21.5 (C28),
19.8 (C20), 18.9 (C19).

Ac-V-[Pra-SEL-Aha]cyciic-W-NH; (1,4-triazole) (5¢); 3-((3S,6S,95,125,15S,2)-3-((S)-2-acetamido-3-
methylbutanamido)-15-(((S)-1-amino-3-(1H-indol-3-yl)-1-oxopropan-2-yl)carbamoyl)-6-(hydroxymethyl)-12-
isobutyl-4,7,10,13-tetraoxo-11H-5,8,11,14-tetraaza-1(1,4)-triazolacycloheptadecaphane-9-yl)propanoic acid. The
linear precursor peptide Ac-V-Pra-SEL-Aha-W-NH, was synthesized on a microwave-assisted peptide synthesizer
(Liberty Lite) using Fmoc Trp(Boc) Tenta Gel S RAM resin (0.20 mmol/g) at 0.05 mmol scale. The engaged amino acids
were used in concentrations of 0.2 M in DMF. The used coupling reagents were Oxyma (0.5 M) and DIC (0.25 M) in DMF.
The product was received as a white solid (35.5 mg, 39.7 umol, 79 % according to the initial load of the resin). According
to “Copper-catalyzed azide-alkyne cycloaddition” the macrocyclic peptide was prepared by a reaction of 35.5 mg
(39.7 ymol, 1.0 eq) linear precursor peptide, 20.4 mg CuSQO45H,0 (81.7 ymol, 2.06 eq), 33.2 mg Na-ascorbate
(168 ymol, 4.2 eq) and 55 pL DIPEA (317 pmol, 8.0 eq). The solvent was removed by freeze-drying. The macrocyclic
peptide was purified by preparative HPLC (H,O:ACN 9:1—1:1) and was received as a pure (= 98 %) white solid (8.45 mg,
9.4 ymol, 19 %). The characterization was done by LC-MS, 'H-NMR, *C-NMR and HRMS (m/z). LC-MS: Column:
Phenomenex Luna C18(2), gradient: MeCN/H,O + 0.05 % HCOOH, 5 % MeCN increase to 50 % MeCN in 5.1 min, flow
rate: 0.6 mL/min, tg= 3.48 min, m/z = 895.4 ([M+H]*). HRMS (ESI+) m/z calculated for C4oHssN12011 [M+H]* 895.4426;
found: 895.4406.
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H-NMR (500 MHz, CDs0D, & in ppm): 7.66 (d, 3Ju30= 7.8 Hz, 1 H, H40), 7.39 (s, 1 H, H16), 7.32 (s, 1 H, H35), 7.05 (d,
3Ja738= 8.0 Hz, 1 H, H37), 7.00 (t, 3Ja0 380 = 7.3 Hz, 1 H, H39), 6.94 (t, 3as 57130 = 7.4 Hz, 1 H, H38), 4.85-4.81 (m, 1H, H5),
4.44-4.37 (m, 2H, H9, H31), 4.25-4.18 (m, 2H, H9, H31), 4.13 (d, 3J13.14 = 6.1 Hz, TH, H13), 4.08 (dd, 3J11.6 = 4.1 Hz, 1H,
H11), 3.89 (dd, 2J220.220 = 10.3 Hz, 3J2207 = 5.2 Hz, 1H, H22,,), 3.54-3.33 (m, 3H, H22,, H15), 3.19-3.06 (m, 4H, H18, H33),
2.58 (br.s, 1H, H24), 2.49-2.40 (m, 1H, H14,), 2.23 (br.s, TH, H23), 2.06-2.00 (m, 1H, H19), 1.99 (s, 3H, H1), 1.89-1.81
(m, 1H, H14p), 1.66-1.52 (m, 3H, H26, H27), 0.94 (dd, %J201s0r21.16 = 6.6 Hz, 4.6 Hz, 6H, H20, H21), 0.91 (d, 3Jz027 = 5.8
Hz, 3H, H29), 0.87 (d, 3Jzs27 = 6.0 Hz, 3H, H28).

13C-NMR (126 MHz, CDsOD, & in ppm): 176.9 (C25), 176.0 (C32), 174.8 (C4 or C8 or C30), 174.7 (C4 or C8 or C30),
173.5 (C2 or C6 or C10), 173.4 (C2 or C6 or C10), 173.3 (C2 or C6 or C10), 172.2 (C12, C4 or C8 or C30), 138.0 (C36),
128.5 (C17, C41), 125.3 (C16, C35), 122.5 (C39), 120.0 (C38), 119.6 (C40), 112.3 (C37), 111.4 (C34), 62.4 (C22), 60.0
(C3), 57.2 (C7), 56.6 (C31), 54.9 (C5 or C9 or C11), 54.8 (C5 or C9 or C11), 53.6 (C13), 45.7 (C15), 39.7 (C26), 32.0
(C19), 31.2 (C14), 28.9 (C23, C24), 28.4 (C33), 26.1 (C27), 23.4 (C29), 22.4 (C1), 19.7 (C20 or C21), 18.7 (C20 or C21).

Ac-V-[Pra-SEL-Aza]cyciic-W-NH; (6a); (4S,7S,10S,13S)-13-(((S)-1-(((S)-1-(((S)-1-amino-3-(1H-indol-3-yl)-1-
oxopropan-2-yl)Jamino)-3-(5-methyl-1H-1,2,3-triazol-1-yl)-1-oxopropan-2-yl)amino)-4-methyl-1-oxopentan-2-
yl)carbamoyl)-10-(hydroxymethyl)-4-isopropyl-7-methyl-2,5,8,11-tetraoxo-3,6,9,12-tetraazahexadecan-16-oic

acid, Ac-V-[Pra-SEL-Aha]cycii-W-NH2 (6b); (4S,7S,105,13S)-13-(((S)-1-(((S)-1-(((S)-1-amino-3-(1H-indol-3-yl)-1-
oxopropan-2-yl)Jamino)-4-(5-methyl-1H-1,2,3-triazol-1-yl)-1-oxobutan-2-yl)Jamino)-4-methyl-1-oxopentan-2-
yl)carbamoyl)-10-(hydroxymethyl)-4-isopropyl-7-methyl-2,5,8,11-tetraoxo-3,6,9,12-tetraazahexadecan-16-oic acid
and Ac-V[Aha-SEL-Pra]cycic-W-NH: (6¢); 3-((3S,6S,95,12S,15S,2)-15-((S)-2-acetamido-3-methylbutanamido)-3-
(((S)-1-amino-3-(1H-indol-3-yl)-1-oxopropan-2-yl)carbamoyl)-12-(hydroxymethyl)-6-isobutyl-5,8,11,14-tetraoxo-
11H-4,7,10,13-tetraaza-1(4,1)-triazolacycloheptadecaphane-9-yl)propanoic acid.

Each peptide was manually synthesized by Fmoc-SPPS using Rink amide-MBHA resin (0.8 mmol loading, 100-200 mesh,
Chempep Inc). Fmoc-protected amino acids (Fmoc-Trp(Boc)-OH, Fmoc-Leu-OH, Fmoc-Glu(OtBu)-OH, Fmoc-Ser(tBu)-
OH, Fmoc-Val-OH) were purchased from either Mimotopes or CSBio, and the azide and alkyne precursors (Fmoc-Aza-
OH, Fmoc-Aha-OH and Fmoc-Pra-OH) were purchased from Chem-Impex International Inc. The peptides were
synthesized on a 0.25 mmol scale and the resins were first swelled in DMF for 30 min prior to Fmoc deprotection (standard
condition used throughout assembly: 20 % piperidine, 5 mL, 15 min). Each amino acid was coupled using 4.0 eq. of amino
acid, 4.0 eq. of benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) and 8.0 eq. of N,N-
diisopropylethylamine (DIPEA) in 3 mL of DMF, shaken for 45 min. The resin was washed with DMF (3 x 5 mL) and DCM
(3 x5 mL) between each deprotection and coupling step. Following assembly of the sequences, the N-terminus was
acetylated using acetic anhydride/DMF (1:4, 6 mL) and 2 eq. of DIPEA, shaken for 45 min. The resin was then washed
thoroughly in DMF (5 x 5 mL) and DCM (5 x 5 mL), dried under a stream of N, and stored in a desiccator overnight.

The crude peptide-bound resin was next subject to ruthenium-catalyzed azide-alkyne cycloaddition (RUAAC) to install the
1,5-disubstituted 1,2,3-triazole bridge. For each analogue, 75 pmol of resin-bound peptide (6a: 160 mg; 6b: 170 mg; and
6¢ 170 mg; based on initial resin loading) was loaded into a glass vessel and suspended in 2 mL of anhydrous DMF. The
mixture  was  sparged with argon for 30min prior to the additon of 50mol%  of
chloro(pentamethylcyclopentadienyl)(cyclooctadiene)ruthenium(ll) (14.2 mg, 37.5 umol). The reaction was heated to 80 °C
for 18 h under an atmosphere of argon. The resin was thoroughly washed with DMF (3 x5 mL), 0.5 % sodium
diethyldithiocarbamate trihydrate in DMF (w/v, 3 x 5 mL), MeOH (3 x 5 mL), and DCM (5 x 5 mL) and dried under N.. The
peptides were next cleaved from the resin by suspending the resin in 5 mL of TFA/TIS/H,O (95:2.5:2.5, v/viv) for 2 h,
followed by precipitation with cold Et,O before being redissolved in 50 % MeCN and lyophilized. The peptide was next
purified to >95 % purity by preparative RP-HPLC on a Shig]adzu Prominence system with a Phenomenex Gemini C-18
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column (5 ym, 250 x 10 mm) using a gradient of 20-50 % Solvent B (Solvent A: H,O with 0.05 % trifluoroacetic acid;
Solvent B: 95 % acetonitrile with 0.05 % trifluoroacetic acid) at 3 mL/min. The lyophilized peptides were obtained as a
white solid (6a: purity: = 95 %*, 0.67 mg, 0.76 pmol, 1.0 % overall yield based on the initial resin loading; 6b: purity: = 98 %,
1.72 mg, 1.92 ymol, 2.6 %; and 6c: purity: = 98 %, 1.40 mg, 1.56 ymol, 2.1 %) and further characterized by LC-MS, 'H-
NMR and HRMS.

6a: HRMS (ESI+) m/z calculated for C4oHssN12011 [M+H]* 881.4270; found: 881.4280.

6b: LC-MS: Column: Phenomenex Luna C18(2), gradient: MeCN/H,O + 0.05 % HCOOH, 5 % MeCN increase to 50 %
MeCN in 5.1 min, flow rate: 0.6 mL/min, tg= 3.52 min, m/z = 895.4 ([M+H"). HRMS (ESI+) m/z calculated for C41HsgN12011
[M+H]* 895.4426; found: 895.4428.

6¢c: LC-MS: Column: Phenomenex Luna C18(2), gradient: MeCN/H,O + 0.05 % HCOOH, 5 % MeCN increase to 50 %
MeCN in 5.1 min, flow rate: 0.6 mL/min, tg= 3.52 min, m/z = 895.4 ([M+H]*). HRMS (ESI+) m/z calculated for C41HsgN12011
[M+H]* 895.4426; found: 895.4402.

N-N  HN"TO
i \/:EN\'(j\
O
H,N N0
H
6a
7
HN
Table S1. NMR chemical shifts of 6a.
Residue H N Ha HB Others
1 Val 8.08 1141 404 197 0.88 Hy1; 0.87 Hy2; 59.8 Ca; 30.0 CB; 17.7 Cy1; 18.3 Cy2; Ac: 1.97 3H, 21.7 CH3

2 Pra 873 1235 473 3.02,3.16 7.63 Hd; 25.5 CB; 133.3 Co

3 Ser 7.87 1181 420 3.75,3.85 56.1 Ca; 60.3 CB

4 Glu 840 120.9 3.86 1.91(2H) 2.16 Hy (2H); 56.1 Ca; 26.4 CB; 33.3 Cy

5Lleu 773 1186  4.09 1.25(2H) 1.39 Hy; 0.74 H81; 0.77 H82; 52.5 Ca; 39.5 CB; 24.3 Cy; 20.6 Cd1; 22.2 C62
6 Aza 8.08 1255 5.04 4.39(2H) 52.2 Cq; 47.3 CB

7Trp 793 1235 474 3.14,3.32 128.9 Ne1; 7.13 H51; 9.98 He1; 7.58 He3; 7.41 H{2; 7.06 HZ3; 7.16 Hn2; 27.0 CB; 124.6 Cd1;
118.4 Ce3; 112.0 C¢2; 119.4 CC3; 122.03 Cn2; NH2: 7.09 H1, 7.43 H2, 108.0 N
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LI
HNLO ©
@)
NH 6b
ez
HN
Table S2. NMR chemical shifts of 6b.
Residue H N Ha HB Others
1 Val 8.07 1256 3.94 1.91 0.81 Hy1; 0.83 Hy2; 60.0 Ca; 29.8 CB; 18.3 Cy1; 17.9 Cy2; Ac: 1.95 3H, 21.6 CHs
2 Pra 8.78 1235 477 3.38,3.11 7.54 Hd; 25.6 CB; 131.7 Cd
3 Ser 8.59 1182 4.26 3.89, 3.81 57.1 Ca; 60.7 CB
4 Glu 7.87 119.3 437 2.07,1.85 2.29 Hy (2H); 52.2 Ca; 27.2 CB; 30.5 Cy
5Leu 7.95 119.8 3.98 1.45,1.35 1.41 Hy; 0.73 H51; 0.79 H32; 53.9 Ca; 39.2 CB; 24.3 Cy; 21.4 Cd1; 21.7 Cd2
6 Aha 8.33 121.8  4.40 2.24,1.82 4.16 Hy1; 4.25 Hy2; 50.7 Ca; 31.7 CB; 44.1 Cy
7 Trp 7.99 1214 462 3.27,3.13 129.1 Ne1; 7.14 H51; 10.01 He1; 7.55 He3; 7.34 H(2; 7.02 H{3; 7.09 Hn2; 27.2 CB; 124.6

Cd1; 118.3 Ce3; 112.0 CZ2; 119.3 CZ3; 122.0 Cn2; NH2: 7.02 H1, 7.46 H2, 108.2 N

O O
N o) OH
N o Y OH
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HN
Table S3. NMR chemical shifts of 6c.

Residue H N Ha HB Others
1 Val 8.02 1245  4.07 2.02 0.87 Hy1; 0.86 Hy2; 62.2 Ca; 32.6 CB; 21.2 Cy1; 20.1 Cy2; Ac 1.96 3H, 24.4 CH3
2 Aha 8.70 1244  4.08 2.27,2.61 3.71 Hy (2H); 46.1 Ca; 32.3 CB; 54.8 Cy
3 Ser 8.18 1177 423 3.96, 3.79 59.5 Ca; 63.2 CB
4 Glu 7.88 1185 4.15 2.00 (2H) 2.36 Hy2 (2H); 57.6 Ca; 28.7 CB; 33.3 Cy
5Leu 7.58 118.1 4.11 1.02,1.24 1.43 Hy; 0.69 H31; 0.72 Hd2; 56.2 Ca; 42.9 CB; 26.8 Cy; 24.8 Cd1; 23.0 C52
6 Pra 7.98 117.0 462 2.89 (2H) 7.43 Hd; 26.84 CB; 134.7 Cd
7 Trp 7.68 1211 4.62 3.16, 3.31 128.8 Ne1; 7.14 H51; 10.0 He1; 7.5 He3; 7.41 HZ2; 7.06 HZ3; 7.16 Hn; 29.8 CB; 127.3

Cd1; 121.1 Ce3; 114.6 CC2; 122.1 CZ3; 124.6 Cn2; NH2: 7.03 H1, 7.33 H2, 107.7 N
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Table S4. Key facts about the synthesis of the individual peptides. Starting from the used resin over cleavage cocktail and cyclization and yield.

Peptide Resin Approach Manually/ Cleavage cocktail Crude linear Cyclisation Yield after Purityt@
synthesizer peptide yield prep HPLC
1 Fmoc Trp(Boc) 0.2 mmol Manually TFA/TIS/H20 (37:1:1) 45.7 mg ACN/H20 (1:1) 2.68 mg 298%
TentaGel® S +DTT,7mL,3h 1 mg/mL, 2 %
RAM DMSO, 2 days
2a Fmoc Trp(Boc) 0.1 mmol Manually TFA/TIS/H20 (37:1:1) 87.4mg ACN/H20 (1:1) 1.03 mg 298%
TentaGel® S +DTT,7mL,25h 1 mg/mL, 2 %
RAM DMSO, 2 days
2b Fmoc Trp(Boc) 0.05 mmol Synthesizer ~ TFA/TIS/H20 (37:1:1) 14.4 mg ACN/H20 (1:1) 1.09 mg 298%
TentaGel® S AC +DTT,7mL,25h 1 mg/mL, 2 %
DMSO, 3 days
3a Fmoc Trp(Boc) 0.1 mmol Manually TFA/TIS/H20 (37:1:1) n.d. - 3.24 mg 298%
TentaGel® S +DTT,7mL,25h
RAM
3b Fmoc Trp(Boc) 0.2 mmol Manually TFA/TIS/H20/Anisole n.d. ACN/H20 (1:1) 1.07 mg 295%
TentaGel® S (95:2:2:1), 3mL, 3 h 1 mg/mL, 2 %
RAM DMSO, 3 days
3c Fmoc Trp(Boc) 0.05 mmol Synthesizer ~ TFA/TIS/H20 (37:1:1) n.d. ACN/H20 (1:1) 3.44 mg 298%
TentaGel® S +DTT,7mL,25h 1 mg/mL, 3 %
RAM DMSO, 7 days
3d Fmoc Trp(Boc) 0.2 mmol Manually TFA/TIS/H20/Anisole 45mg ACN/H20 (2:1) 0.8 mg 291%!
TentaGel® S (95:2:2:1) + DTT, 0.17 mg/mL, 1 %
RAM 7mL,45h DMSO, 10 days
3e Fmoc Trp(Boc) 0.1 mmol Manually TFA/TIS/H20 (37:1:1) 44 mg ACN/H20 (1:1) 121 mg 298%
TentaGel® S +DTT,5mL,2h 1 mg/mL, 2 %
RAM DMSO, 3 days
3f Fmoc Ala 0.1 mmol Manually TFA/TIS/H20 (37:1:1) 63 mg ACN/H20 (1:1) 6 mg 298%
TentaGel® S +DTT,5mL,25h 1 mg/mL, 2 %
RAM resin DMSO, 3 days
4a Fmoc Trp(Boc) 0.1 mmol Manually TFA/TIS/H20 (37:1:1) 24 mg ACN/H20 (1:1) 0.77 mg 298%
TentaGel® S +DTT,5mL, 2.75h 1 mg/mL, 2 %
RAM DMSO, 2 days
4b Fmoc Cys(Trt) 0.1 mmol Manually TFA/TIS/H20 (37:1:1) 55.9 mg ACN/H20 (1:1) 0.27 mg 292%
TentaGel® S +DTT,7mL,25h 1 mg/mL, 2 %
RAM resin DMSO, 3 days
5a Fmoc Trp(Boc) 0.1 mmol Manually TFA/H2O/anisole/TE 32.6 mg CuAAC 5.1 mg 298%
TentaGel® S S (47:1:1:1), 3h
RAM
5b Fmoc Trp(Boc) 0.05 mmol Synthesizer TFA/H2O/anisole/TE 32 mg CuAAC 6.42 mg 298%
TentaGel® S S (47:1:1:1), 3h
RAM
5c Fmoc Trp(Boc) 0.05 mmol Synthesizer TFA/H2O/anisole/TE 35.5mg CuAAC 8.45mg 298%
TentaGel® S S (47:1:1:1), 3h
RAM
6a/6b/6c Rink amide- 0.25 mmol Manually TFA/TIS/H0 160 mg / RuAAC 0.67 mg/ 295% /
MBHA resin (95:2.5:2.5, vIviv), 170 mg/ 1.72mg/ 298% /
2h 170 mg 1.4 mg 298%

[a] Determined by LC-MS. [b] This peptide was very poorly soluble, therefore the cyclization reaction had to be diluted and carried out with a higher
ACN amount. This also prolonged the cyclization time significantly. In addition, many side products were formed, which could not be separated
easily, which explains the lower purity of 2 91 %.
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Appendix

Expression of Yersinia CsrA-biot-Hise

The expression protocol of Yersinia CsrA-biot-Hise has already been published by Christine Maurer et al.l'l Two plasmids
were transformed into electro competent E. coli BL21 by performing a double transformation. On the one hand pET28a
with pAKH172_biotag insert for overexpression of His- and biotin-tagged CsrA and on the other hand pBirAcm for
overexpression of biotin ligase for in vivo biotinylation at the lysine residue of the biotintag. pET28a has a kanamycin
resistance, pBirAcm a chloramphenicol resistance. The amino acid sequence for the CsrA-biot-Hiss construct is
MLILTRRVGE TLMIGDEVTV TVLGVKGNQV RIGVNAPKEV SVHREEIYQR IQAEKSQPTT YLEGLNDIFE
AQKIEWHELE HHHHHH. Biotin tag and His tag are underlined. The molecular weight of the CsrA-biot-Hiss monomer is
10.2 kDa.

4 L of LB medium, containing 50 ug/mL kanamycin and 17 pg/mL chloramphenicol, were inoculated with an overnight
preculture. This main culture was grown at 37 °C and 180 rpm until an O.D. 600 of 0.6 was reached. Then, 10 mL 5 mM
biotin (50 pM end concentration), 3 mL 3 M MgCl> (10 mM end concentration) and 1.19 mL 0.84 M IPTG (1 mM end
concentration) per liter of culture was added. The culture was grown again at 37 °C, 180 rpm overnight. Cells were
harvested by centrifugation (4 °C, 6200 rpm, 20 min). The pellets were resuspended in 4.5 mL/g wet cells lysis buffer
(50 mM dipotassium hydrogen phosphate trihydrate, 300 mM sodium chloride, 10 mM imidazole, pH 8.0) containing
cOmplete™ (EDTA-free protease inhibitor cocktail, Roche). Afterwards the cells were disrupted by one passage through
a microfluidizer. After centrifugation of the homogenisate (4 °C, 19000 rpm, 1 h), the supernatant was sterile-filtered
through 0.22 um membrane filter. For purification an AKTAxpress™ device with a 1 mL HisTrap™ HP column was used,
which was equilibrated with 20 mL lysis buffer (4 mL/min flowrate). The clear lysate was loaded on the column with
1 mL/min. This was followed by two washing steps, first 15 mL of high salt buffer (50 mM dipotassium hydrogen phosphate
trihydrate, 1 M sodium chloride, 10 mM imidazole, pH 8.0), second 20 mL of binding buffer (50 mM dipotassium hydrogen
phosphate trihydrate, 300 mM sodium chloride, 30 mM imidazole, pH 8.0). Next, a linear gradient from 0 to 70 % elution
buffer (25 mM dipotassium hydrogen phosphate trihydrate, 150 mM sodium chloride, 125 mM imidazole, pH 8.0) within
56 min was chosen. For the final elution step, it was switched to 100 % elution buffer and the fractions were collected. The
CsrA-containing fractions were concentrated via Vivaspin® 20 spin filters (3 kDa MWCO, Sartorius™), before the buffer
was exchanged to storage buffer (50 mM dipotassium hydrogen phosphate trihydrate, 300 mM sodium chloride, ad DEPC-
treated water (RNase-free), pH 8.0) with a PD10 desalting column. The concentration was determined by UV spectroscopy
with NanoDrop™ (250 = 8480 M-'cm™!, monomer). If required, the united fractions were concentrated again with Vivaspin®
20 spin filters (3 kDa MWCO, Sartorius™) to adjust a monomer concentration of about 200 uM. Glycerol (10 % end
concentration) was added to the protein and divided into aliquots, flash frozen in liquid nitrogen and stored at -80 °C. About
2 mg protein per liter of main culture were yielded.
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Expression of E. coli CsrA-Hisg

The amino acid sequence for the E. coli CsrA-Hiss construct is MLILTRRVGE TLMIGDEVTV TVLGVKGNQV
RIGVNAPKEV SVHREEIYQR IQAEKSQQSSY HHHHH. The molecular weight of the CsrA-Hiss monomer is 7.68 kDa.
The construct is present in pET21a+ with an ampicillin resistance. The expression protocol of E. coli CsrA-Hiss is based
on Dubey et al..?!

TB medium, containing 100 pg/mL ampicillin, were inoculated with an overnight preculture. This main culture was grown
at 37 °C and 180 rpm until an O.D. 600 of 0.6 was reached. Then, 1.19 mL 0.84 M IPTG (1 mM end concentration) per
liter of culture was added. The culture was grown again at 37 °C, 180 rpm overnight. Cells were harvested by centrifugation
(4 °C, 6200 rpm, 20 min). The pellets were resuspended in 4.5 mL/g wet cells lysis buffer (50 mM potassium dihydrogen
phosphate, 300 mM sodium chloride, 10 mM imidazole, 10 % glycerol, pH 8.0) containing cOmplete™ (EDTA-free
protease inhibitor cocktail, Roche). Afterwards the cells were disrupted by ultra-sonification (current = 50 %, every 30 sec
and 5 cycles, break between every 5 cycles). After centrifugation of the homogenisate (4 °C, 19000 rpm, 1 h), the
supernatant was sterile-filtered through 0.22 um membrane filter. For purification an AKTAxpress™ device with a 1 mL
HisTrap™ HP column was used, which was equilibrated with 20 mL lysis buffer (4 mL/min flowrate). The clear lysate was
loaded on the column with 1 mL/min. This was followed by three washing steps, first washing buffer 1 (50 mM potassium
dihydrogen phosphate, 300 mM sodium chloride, 20 mM imidazole, 10 % glycerol, pH 8.0), second two times washing
buffer 2 (50 mM potassium dihydrogen phosphate, 300 mM sodium chloride, 50 mM imidazole, 10 % glycerol, pH 8.0).
The elution was done with elution buffer (50 mM potassium dihydrogen phosphate, 300 mM sodium chloride, 250 mM
imidazole, 10 % glycerol, pH 8.0) and the fractions were collected. The CsrA-containing fractions were concentrated via
Vivaspin® 20 spin filters (3 kDa MWCO, Sartorius™), before the buffer was exchanged to storage buffer (50 mM
dipotassium hydrogen phosphate trihydrate, 300 mM sodium chloride, ad DEPC-treated water (RNase-free), pH 8.0) with
a PD10 desalting column. The concentration was determined by UV spectroscopy with NanoDrop™ (e2s0 = 2980 M-'cm™,
monomer). If required, the united fractions were concentrated again with Vivaspin® 20 spin filters (3 kDa MWCO,
Sartorius™) to adjust a monomer concentration of about 200 uM. Glycerol (10 % end concentration) was added to the
protein and divided into aliquots, flash frozen in liquid nitrogen and stored at -80 °C.
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Phage Display

A more detailed description of oligomer design, cloning, library packaging and phage display can be found in Jakob et al.
methods book chapter.P!

In brief, an oligomer was designed, which encodes for a very small peptide library, which has the structure XCXXXCX.
There are two fixed cysteine positions in it and X encodes for any amino acid except cysteine. The oligomer was
synthesized by Ella Biotech GmbH. This library was cloned into the phagemid pHAL30“ (Figure S1) where it displays
2.48 - 108 different peptides. The library was packed into M13K07 phages, which are able to present the peptides on their
surface to a protein target.
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Figure S1. A) Vector map of pHAL30, B) Schematic drawing of pHAL30 with cloned peptide library. lacZ promoter: promoter of the bacterial lac
operon; RBS: ribosome binding site; pelB: signal peptide sequence of bacterial pectate lyase Erwinia caratovora, mediating secretion into the
periplasmic space; glll: gene encoding for the phage protein 111.14

Under oxidative conditions, the cysteines are forming a macrocycle over the disulfide bond. For selection of potential CsrA
binders, phage display was established. For this process, CsrA_biot_Hise was bound to a streptavidin-coated ELISA plate
well. After blocking with BSA / milk powder, the pre-selected library, where BSA and streptavidin binders were excluded,
was added. Unspecific binders were eliminated with a plate washer (Tecan Hydroflex), where PBS pH 7.4 containing
Tween-20 was used. After the third panning round the clones were separated on agar plates. 32 clones were sequenced
and checked for plausibility. Criteria for selection were an intact sequence with low tryptophane content and one glutamic
acid, while carboxyl groups are beneficial for binding to positively charged surfaces on CsrA. We identified two interesting
sequences containing a glutamate residue within the macrocycle. Peptide 1 (Ac-V-[CSELC]cycic-W-NH2) could be
successfully synthesized. Synthesis and macrocyclization of the alternative sequence
Ac-H-[CQEVCleyeic-P-NH:2 yielded only dimerized product (data not shown). Nevertheless, this finding underscores the
potential ionic interaction between the glutamate side chain and basic residues on the protein surface.

CsrA coating amount of the wells, detergent amount in PBS buffer as well as washing stringency with the plate washer
were optimized. Before each panning round, the wells were coated with either 4 ug or 40 ug CsrA_biot_Hiss. The better
results were obtained with 4 ug. 0 ug CsrA was used as negative control. Before phage elution with trypsin, PBS containing
different amounts of Tween-20 (0.05 %, 0.1 % or 0.2 %) was tried to rinse the wells with the plate washer. Since the
variation effect was not significant, 0.1 % Tween-20 was chosen as the detergent amount. The number of washing cycles,
however, had a significant impact on the results. Tested were 2/4/6, 4/8/10 and 10/10/10 washing cycles. The first number
corresponds to the number of washing cycles after the first panning round, the second after the second and the third after
the third round. The more washing rounds were used, the more sequences containing frame shifts or predominantly
hydrophobic amino acids (i.e., more than one tryptophan residues) were found. This was the case for the 4/8/10 and
10/10/10 variant. If, on the other hand, fewer washing cycles were used (2/4/6), a large proportion of pHAL30 origin empty
vector containing no peptide encoding sequence was found, but also a few desired peptide sequences as potential binders.
Peptide 1 was one of those useful sequences.
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Fluorescence Polarization Assay

The fluorescence polarization assay has been established by Maurer et al.l'l Fluorescence polarization was recorded using
a CLARIOstar microplate reader (BMG LABTECH, Ortenberg, Germany) with an extinction filter at 485 nm and emission
filter at 520 nm. Gain adjustment was performed before starting each measurement to achieve maximum sensitivity. The
FP values were measured in millipolarization units (mP). The assay was performed two times in duplicates and the ICso
value was calculated using sigmoidal logistic fit in Origin. Fluorescein-labeled RNA (for Yersinia CsrA: 5'-
UUCACGGAGAA(flc]; for E. coli CsrA: 5-AGACAAGGAUGU(flc]) was obtained from Sigma Aldrich in HPLC purity. The
results of the dose-dependent measurement are shown in Figure S3 and S4.

A 20 mM peptide in DMSO stock solution was diluted with assay buffer (10 mM HEPES, 150 mM NacCl, 0.005 % (v/v)
Tween-20, ad DEPC-treated H,O (RNase free water), pH 7.4) in a way that 3 mM peptide in 15 % DMSO was achieved
(21 pL 20 mM peptide in DMSO + 119 uL assay buffer). Afterwards, a 1:2 dilution series containing 12 steps was utilized
by diluting 70 pL of assay buffer containing 15 % DMSO with 70 pL of the peptide in assay buffer with 15 % DMSO from
this solution, starting from 3 mM ended in 1,46 uM. Using a 12-channel pipette, 10 yL of each concentration were
transferred to a 384 well microtiter plate (black, flat bottom, Greiner Bio-One) in two replicates and another 10 pL of 1.2 yM
(2.4 uM for E. coli CsrA) of the corresponding CsrA-biot-Hise protein (in assay buffer) were added to each well and quickly
centrifuged to be preincubated for 1 h on a Duomax 1030 shaker under light exclusion. 10 uyM fluorescein-labelled RNA
(RNAflc) was diluted with assay buffer to a concentration of 45 nM obtaining an end concentration of 15 nM in the assay.
After short centrifugation the plate was incubated for 1.5 h on the shaker under light exclusion. The final concentrations in
the assay were 400 nM (800 nM for E. coli CsrA) CsrA-biot-Hiss (monomer concentration), 5 % DMSO, 15 nM RNAflc and
1000 pM to 0.49 uM peptide.

Furthermore, a high control was prepared to check for the homogeneity of fluorescence for the complex between protein
and RNAflc, a low control to verify the homogeneity of fluorescence for the free RNAflc as well as a blank to exclude any
deviation due to the matrix of the assay. For the high control components were 10 yL of 15 % DMSO in assay buffer,
10 yL of protein and 10 yL of RNAflc, for the low control corresponding 10 pL of 15 % DMSO in assay buffer, 10 yL of
assay buffer and 10 pL of RNAflc and the blank consisted of 10 pL of 15 % DMSO in assay buffer and two times 10 pL of
assay buffer. These three controls were measured in 24-lets.

Moreover, a fluorescence control was performed for the peptides measured to check for the possibility of fluorescence
quenching. Therefore, the first component was 10 yL of the dilution series of the corresponding peptide, second
component was 10 L of assay buffer and third component was 10 pL of RNAflc.

Thereby, fluorescence intensity was calculated by determination of the sum of blank corrected based on raw data parallel
and perpendicular for the highest concentration on the one hand and for the lowest concentration on the other hand.
Afterwards, the average of these two values was determined and the deviation from fluorescence intensity to the average
value should be under 20 % for no fluorescence quenching. This was the reason why the 1000 uM and 500 uM value was
not included in the assay for 3d and 5a.
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Figure S2. A) Preparation plate (96-well plate, clear, v-bottom, non-binding) scheme and B) measuring plate (Greiner 386 well, black, flat bottom).
Transferring in duplicates with 12-channel pipette from preparation plate to measuring plate
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Figure S3 (part 1). Results of the dose-dependent fluorescence polarization assay with competition inhibition curves used to determine the half
maximal inhibitory concentration (ICso) for peptides 2a-3f with Yersinia CsrA_biot Hiss. The assay has been performed two times in duplicates.
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Figure S3 (part 2). Results of the dose-dependent fluorescence polarization assay with competition inhibition curves used to determine the half
maximal inhibitory concentration (ICso) for peptides 4a-6¢ with Yersinia CsrA_biot_Hiss. The assay has been performed two times in duplicates.
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Appendix

Microscale Thermophoresis Assay (MST)

The MST assay was performed according to the protocol of the Monolith NT™ His-Tag labelling Kit RED-tris-NTA and
was used for Peptide 1 only. The Yersinia CsrA-biot-Hiss monomer concentration was adjusted with assay buffer (10 mM
HEPES, 150 mM NaCl, 0.005 % (v/v) Tween-20, ad DEPC-treated H,O (RNase free water), pH 7.4) to 200 nM in a volume
of 100 pL, mixed with 100 yL 100 nM dye (Nano RED) and incubated for 30 min in the dark at room temperature. The
sample was centrifuged for 10 min at 4 °C and 15000 g. This was the ready-labelled protein. A 20 mM peptide DMSO
stock solution was diluted with assay buffer to 2 mM, that the highest end concentration in the assay was 1000 yM with
5 % DMSO. 20 uL of the 2 mM peptide was transferred into a first PCR tube and 10 uL of assay buffer containing 10 %
DMSO was transferred into each next PCR tube 2-16. For the serial dilution series of the peptide, 10 L of the ligand from
tube 1 were transferred to tube 2 with a pipette and mixed by pipetting up-and-down several times. The procedure was
repeated for tube 3-16 and 10 uL from tube 16 were discarded. Finally, 10 pL of the labelled protein were added to each
PCR tube, mixed with a pipette and incubated in the dark for 45 min. All 16 dilutions were loaded into Monolith NT™
Standard Capillaries and measured in the Monolith NT.115™ device with 60 % excitation power and 40 % MST power.
The protein concentration in the assay was 50 nM. The assay was performed three times in duplicates and the Ky value
of 10.5 £ 1.4 yM was calculated using sigmoidal logistic fit in Origin.

900 _ m  Peptide 1

890 o

- s [\
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Figure S5. Dose-dependent MST interaction curve of peptide 1 with Yersinia CsrA_biot_Hiss used to determine the dissociation constant
(Ka).

Calculation of the Error Bars in Fluorescence Polarization and MST Assay

Error bars are calculated with TINV function of Microsoft Excel, which returns the two-tailed inverse of the Student’s t-
distribution multiplied with the standard deviation of the mean of the measurements:

TINV(probability, deg_freedom) - (STDEV of the mean)

The argument probability is set to 95 % and the degree of freedom to 4.
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NMR analysis and structure calculations

NMR analysis of peptide 1 was performed with a 2 mM solution in 50 % H,O/50 % d3-acetonitrile (298 K, pH 3.4) on a
Bruker Avance |ll 600 MHz spectrometer. 2D Spectra included TOCSY, ROESY, and natural abundance heteronuclear
correlation spectroscopy ('°N- and "3C-HSQC). TOCSY spectra were also recorded at variable temperatures (283 — 303 K)
to determine amide proton temperature coefficients. Spectra were referenced to residual acetonitrile at 1.94 ppm. All
spectra were processed using TopSpin v3.6 and assigned using CcpNMR Analysis.

Preliminary structures were calculated in CYANA based upon ROESY-derived distance restraints. Several dihedral angle
restraints were also added as predicted by TALOS-NE! along with a single hydrogen bond pair after consideration of
preliminary structures and amide proton temperature coefficients. A final ensemble of 20 structures were generated within
CNSI8! using torsion angle dynamics and refinement and energy minimization in explicit water solvent. MolProbity!”! was
used to assess stereochemical quality (summarised in Table S5).

Table S5. Statistical analysis of peptide 1 structures!®

Experimental restraints

total no. distance restraints 45
intraresidue 22
sequential 23
medium range, i-j<5 2
hydrogen bond restraints 2

dihedral angle restraints
phi 5
psi 1

Deviations from idealized geometry
bond lengths (A) 0.012 + 0.001

bond angles (deg) 1.161 £ 0.107

impropers (deg) 1.14+£0.15

NOE (A) 0.033 + 0.005

cDih (deg) 0.032 £ 0.104

Mean energies (kcal/mol)

overall -194 £ 13

bonds 39+04

angles 9.0+1.8
improper 3.3+0.7
van Der Waals -145+2.2

NOE 0.05+0.02

cDih 0.01 +£0.03

electrostatic -977 £ 33

Violations

NOE violations exceeding 0.2 A 0

Dihedral violations exceeding 2.0 A 0

Rms deviation from mean structure, A
backbone atoms 0.79+0.37
all heavy atoms 1.81+0.70
Stereochemical quality™
Residues in most favoured Ramachandran region, % 80.0+11.0

Ramachandran outliers, % 00

Unfavourable sidechain rotamers, % 0.0+0.0

Clashscore, all atoms 0.0+£0.0

Overall MolProbity score 1.2+0.3

[a] All statistics are given as mean + SD.
[b] According to MolProbity!”
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In silico Investigations

General. All in silico experiments were performed with Molecular Operating Environment (MOE) by Chemical Computing
Group (CCG) release 2020.09 employing the Amber10:EHT force field.[!

Homology Model Building. Homology model of Yersinia pseudotuberculosis CsrA in complex with RNA was built using
the first entry of NMR-solution structure 2MFH from Pseudomonas fluorescens in complex with RNA-oligo ucaggacau.
The template structure 2MFH was chosen from the available structures in the PDB based on the following requirements:
resolved C-terminal residues and complex with short RNA oligo.

The sequence of the template structure (P. fluorescens, Sec1) and the target sequence (Y. pseudotuberculosis, Sec2)
share an identity of 71% and homology of 89% as shown by following blast result:

Score Expect Method Identities Positives Gaps

91.7 bits(226) 3e-32 Compositional matrix adjust. 41/58(71%) 52/58(89%) 0/58(0%)

Sec2 MLILTRRVGETLMIGDEVTVTVLGVKGNQVRIGVNAPKEVSVHREEIYQRIQAEKSQP 58
MLTILTR+VGE++ IGD++T+T+LGV G QVRIG+NAPK+V+VHREEIYQRIQA + P

Secl MLILTRKVGESINIGDDITITILGVSGQQVRIGINAPKDVAVHREEIYQRIQAGLTAP 58

The built-in “homology model” function of MOE was used with standard parameters, while RNA atoms were used as
environment to successfully yield a model in complex with RNA.

Docking. Docking was performed using the built-in “Docking” function of MOE. NMR structures of peptide 1 (all 20 entries
of PDB ID 7M7X, BMRB ID 30895) were used as ‘ligand” structures and the above-mentioned homology model as
“receptor”. The docking site was defined by involving protein residues in 4.5 A proximity to the RNA atoms as well as the
C-terminal residues of one of the two identical RNA-interaction sites. The resulting selection was as follows:

>CsrAYP_1|Chain A|Translational repressor|Y.pseudotuberculosis HomologyModel
MLILTRR-—E——— === mm——mm o m oo
>CsrAYP_1|Chain B|Translational repressor|Y.pseudotuberculosis HomologyModel
———————————————————— T-L--K--Q-R----APK-VSVHR-EIYQRIQAEKSQPT

Placement algorithm was “Triangle Matcher” with “London dG” as Scoring function generating 10 initial poses for every
peptide 1 conformer (entry). Refinement method was “Induced Fit” with “GBVI/WSA dG” as Scoring function and 5 keeper
poses.

The resulting 100 docking poses (5 poses x 20 entries) were sorted according to the refinement/binding score. The 10
best-scoring poses were sorted according to the “rmsd_refine” parameter indicating binding hypothesis with minimal
deviation from the initial (experimental) solution geometry. By this means, we selected the optimal pose scoring in number
8 of 100 regarding refinement/binding score and 3 of 100 regarding the “rmsd_refine” parameter.

Analysis and Visualisation. The pose derived by the docking procedure described above was analysed using the “Ligand
Interactions” function of MOE for generating a 2D depiction of the interaction profile (see Figure 3¢ from the main text).
Graphic processing for manuscript figures was done using YASARA structure (YASARA Biosciences GmbH)'® and POV-
Ray 3.7.0.

22

351



Appendix

Analytical LC-MS

For analytical LC-MS, all samples were solved in Methanol. The measurements of compounds 1-5¢ and 6b, 6¢ were done
with a DIONEX UltiMate 3000 UHPLC" focused (Thermo Scientific), containing RS Pump, RS Autosampler, Diode Array
Detector, Column Compartment (heated to 40 °C) and ISQ EC Mass Spectrometer. We used a HYPERSIL GOLD 1.9UM
100 x 2.1MM COLUMN (Thermo Scientific). The gradient was 5-50 % solvent B over 4.2 min (solvent A: H,O containing
0.05 % formic acid, solvent B: ACN containing 0.05 % formic acid followed by 50 % solvent B for 0.8 min all with a flowrate
of 0.6 mL/min.

The graphs show the HPLC chromatogram measured at 220 nm and the total ion count in the mass track. The
chromatogram was used to determine the purity of the respective peptide. The mass spectrum from the main peak of the
mass track is also shown.

Compounds 6b and 6c were additionally analysed and 6a was only analysed on a Shimadzu Prominence LC-MS system
using an Agilent Zorbax 300SB-C18 column (5 um, 150 x 2.1 mm) with a flow rate of 0.6 mL/min. The samples were
analysed using a linear gradient of 0-60 % solvent B in 30 min (Solvent A: H,O with 0.05 % formic acid; Solvent B: 95 %
acetonitrile with 0.05 % formic acid) and the elutants were monitored by absorbance at 214 nm and 280 nm and low
resolution ESI-MS.
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H—V-[CS ELC]cycIic-W-NHZ (2a)
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Ac-V-[CSELCleysic-W-OH (2b)

1900 % BZO1 #240 BZO103f Uv_VIS_1
1,000
500 |
] RT:3.88
0. T
-600 I ————— - S— —
0.00 1.00 2.00 3.00 4.00 5.10
120 . Apex Peak #1 Scan: #973 RT. 3.88 min NL: 3.81E+005 + C ESI sid=0.00 Full ms [400.000-1250.000]
1| %
100 ] 879.35046
80
60 -
: 44046350 650 46353
40
1|439 45660
20 881 48483
1|6833 675.24487 775 99300 OOF24719
o4 A d. 1 PR L
] m/z
-20 - r T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
400 500 625 750 875 1,000 1,125 1,250
25

354



Appendix

Ac-VASELAW-NH; (3a)
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Ac-A-[CSELCleycic-W-NH: (3b)
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Ac-V-[CAELCleycic-W-NH: (3c)
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Ac-V-[CSALCleycic-W-NH: (3d)
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AC—V-[CS EAC] cyclic-W-NH2 (39)
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Ac-V-[CSELCleycic-A-NH: (3f)
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Ac- — -[CSELC]cycIIC'W‘NH2 (43)
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Ac-V-[CSELC]eysic — -NH2 (4b)

B 7 BZO2 #367 [manually integrated] BZ0148_f Uv_VIS_1

\RT:2.99

Apex Peak #1 Scan: #762 RT: 2.99 min NL: 5.78E+005 - ¢ ESI sid=0.00 Full ms [400.000-1250.000]
%

690.29364

401 691.46572

20 ] 692.36664

693.33984

miz

=20 ..
400 600 800 1,000 1,200 1,250

33

362



Appendix

Ac-V-[Pra-SEL-Aza]cycic-W-NH: (1,4-triazole) (5a)
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Ac-V-[Aza-SEL-Pra]cycic-W-NH: (1,4-triazole) (5b)
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Ac-V-[Pra-SEL-Aha]cycic-W-NH2 (1,4-triazole) (5¢)
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Ac-V-[Pra-SEL-Aza]cycic-W-NH: (1,5-triazole) (6a)
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Ac-V-[Aha-SEL-Pra]cycic-W-NH: (1,5-triazole) (6¢)
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"H-NMR and "*C-NMR Spectra

Compounds 1, 5a-5¢ were dissolved in 0.5 mL DMSO-d6 and measured with Bruker Fourier spectrometer model
Ultrashield Plus 500 (500 MHz for 'TH-NMR and 126 MHz for '3 C-NMR). Chemical shifts are given in parts per million (ppm)
and referenced against the residual proton or carbon resonances of the >99% deuterated solvents as internal standard.
Coupling constants (J) are given in Hertz (Hz). Data are reported as follows: chemical shift, multiplicity (s = singlet, d =
doublet, t =triplet, g = quartet, m = multiplet, dd = doublet of doublets, dt =doublet of triplets, br = broad and combinations
of these) coupling constants, and integration. NMR spectra were evaluated using MestReNova.

The 1,5-triazole analogues 6a, 6b, and 6¢c were analyzed on a Bruker AVANCE IIl 600 MHz spectrometer equipped with
a cryogenically cooled probe. The samples were prepared in 500 L of H,O/D,0 (9:1 v/v, ~2 mM, pH 3.4) and 'H and "°C
experiments were acquired at 298 K (referencing to H,O at 4.70 ppm). The spectra were manually assigned using
CCPNMR analysis 2.4.2.
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AC—V-[CSELC]cycIIc-W-NHZ (1 )
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Ac-V-[Pra-SEL-Aza]cycic-W-NH: (1,4-triazole) (5a)
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Appendix

Ac-V-[Aza-SEL-Pra]cycic-W-NH: (1,4-triazole) (5b)
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Appendix

Ac-V-[Pra-SEL-Aha]cycic-W-NH2 (1,4-triazole) (5¢)
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Appendix

Ac-V-[Pra-SEL-Aza]cycic-W-NH: (1,5-triazole) (6a)

"H NMR spectra of 6a (600 MHz, H,O/D,0 (9:1), pH 3.4)
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Ac-V-[Pra-SEL-]eycic-W-NH2 (1,5-triazole) (6b)

"H NMR spectra of 6b (600 MHz, H,0/D,0 (9:1), pH 3.4)
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Appendix

Ac-V-[Aha-SEL-Pra]cycic-W-NH: (1,5-triazole) (6¢)

"H NMR spectra of 6¢ (600 MHz, H,O/D,0 (9:1), pH 3.4)
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Appendix

2D NMR Spectra

Ac-V-[Pra-SEL-Aza]cycic-W-NH: (1,4-triazole) (5a)
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Appendix

['H, 3C]-HMBC (full)
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Appendix

FTIR Spectra

IR spectra were measured on a PerkinEImer Spectrum 100 FT-IR Spectrometer. The samples were measured as solid.

Ac-V-[Pra-SEL-Aza]cycic-W-NH: (1,4-triazole) (5a)

Spectrum

%T

1 T

3500 3000 2500 2000 1500 1000 600
cm-1

Green curve: before CUAAC

Purple curve: after CUAAC
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Appendix

HRMS

Compounds 1 and 5a-5¢ were solved in HoO/ACN (1:1) (v/v). HRMS was done with a DIONEX UltiMate 3000 UHPLC*
focused (Thermo Scientific), containing pump, autosampler, column compartment heated to 30 °C, diode array detector,
and Q exactive focus. We used an EC 150/2 NUCLEODUR C18 Pyramid, 3 um (Macherey-Nagel) column with a gradient
from 90-5 % solvent B over 9 min and 1.5 min constant 5 % solvent B (solvent A: H,O (0.05 % formic acid), solvent B:
ACN (0.05 % formic acid)) and a 0.5 mL/min flowrate.

Compounds 6a, 6b and 6c were analyzed by HRMS on a Shimadzu interfaced UPLC coupled to an AB Sciex 5600
TripleTOF MS using time-of-flight-MS (TOF-MS) scanning. The samples were run over a linear gradient of 20-40%
acetonitrile in H,O (v/v) on an Agilent Zorbax C18 column (100 x 2.1 mm, 1.8 ym) at 40 ‘C and a flow rate of 0.2 mL/min.
The electrospray voltage was 5500 V with a source temperature of 500 ‘C. The data was processed using Analyst v1.6.3
software by AB Sciex.
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Appendix

Ac-V-[CSELCJeycic-W-NH2 (1)
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Appendix

H-V-[CSELCJoyoic-W-NHz (2a)

BZO_peptide2a #382 RT: 3.97 AV: 1 NL: 1.28E9

T: FTMS - p ESI Full ms [200.0000-2000.0000]
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Appendix

Ac-V-[CSELCleysic-W-OH (2b)

BZO_peptide2k #444 RT. 473 AV: 1 NL: 1.13E9
T: FTMS - p ESIFull ms [200.0000-2000.0000]
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Appendix

Ac-VASELAW-NH; (3a)

BZO_peptide3a #424 RT. 452 AV: 1 NL: 313E9

T: FTMS - p ESIFull ms [200.0000-2000.0000]
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Appendix

Ac-A-[CSELCleycic-W-NH: (3b)

BZO_peptide3s #420 RT. 447 AV: 1 NL: 1.27E9
T: FTMS - p ES Full ms [200.0000-2000.0000]
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Appendix

Ac-V-[CAELCleycic-W-NH: (3c)

BZO_peptide3c #432 RT: 4.69 AV: 1 NL: 1.52E9
T: FTMS - p ESIFull ms [200.0000-2000.0000]
860.3463

1500000000
1400000000
1300000000
1200000000
1100000000
1000000000

900000000

800000000

700000000

Relative Abundance

600000000
500000000
400000000
300000000
200000000

100000000
17216964

237.6538 364.5051 451.1207 518.8118 826.369 89‘6‘3222 1101.7419 1194.3151  1322.4426 1620.8860 ‘1758.2465

200 300 400 500 600 700 80 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
miz

BZO_peptide3c #432 RT: 4.69 AV: 1 NL: 1.52E9
T: FTMS - p ESI Full ms [200.0000-2000.0000]
860.3463

1500000000

1400000000

1300000000

1200000000

1100000000

1000000000

900000000

800000000

700000000 861.3488

Relative Abundance

600000000

500000000

400000000

300000000 862.3468

200000000

100000000 8633468
859.6769 860.9960 n 8643483 ge5.3488
: e

LN L A L M i LA At ks s g M A A R M A R A R i A A i

T T T ™
855 856 857 858 859 860 861 862 863 864 865 866 867 868

55

384



Appendix

Ac-V-[CSALCleycic-W-NH: (3d)

BZO_peptide3d #438 RT: 473 AV: 1 NL: 6.51E8
T: FTMS - p ESI Full ms [200.0000-2000.0000]
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Appendix

Ac-V-[CSEAC]eycic-W-NH: (3e)

peptide_3e_2#416 RT:4.34 AV: 1 NL: 2.10E9

T: FTMS - p ESIFull ms [200.0000-2000.0000]
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Appendix

Ac-V-[CSELCleycic-A-NH: (3f)

BZO_peptide3{#388 RT: 420 AV: 1 NL: 1.93E9
T: FTMS - p ESI Full ms [200.0000-2000.0000]
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Appendix

Ac- = -[CSELCleyeic-W-NH: (4a)

BZO_peptideda #414 RT. 447 AV: 1 NL: 1.62E9
T: FTMS - p ESIFull ms [200.0000-2000.0000]
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Appendix

Ac-V-[CSELC]eyeic — -NH2 (4b)

BZO_peptide4b #398 RT. 425 AV: 1 NL: 1.91E9
T: FTMS - p ESIFull ms [200.0000-2000.0000]
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Appendix

Ac-V-[Pra-SEL-Aza]cycic-W-NH2 (1,4-triazole) (5a)

JRI-238 #331-403 RT: 4.17-4.93 AV: 73 NL: 5.73E6 M+HT*
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Ac-V-[Aza-SEL-Pra]cycic-W-NH: (1,4-triazole) (5b)

3Z0187f #407-436 RT: 4.36-4.64 AV: 30 NL: 1.94E8
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Ac-V-[Pra-SEL-Aha]cycic-W-NH2 (1,4-triazol

BZO153f #399-445 RT: 4.22-4.66 AV: 47 NL: 2.37E8
T: FTMS + p ESI Full ms [200.0000-2000.0000]
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Ac-V-[Pra-SEL-Aza]cycic-W-NH: (1,5-triazole) (6a)

] +TOF MS: 40.4224 min from Sample 1 (AW20201120-HIPS-1) of AW20201120-HIPS-1.wiff
2=7.02037541190030590e-004, t0=2.24993812096684090e-001 (DuoSpray ())
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Ac-V-[Pra-SEL-Aha]cycic-W-NH: (1,5-triazole) (6b)

I +TOF MS: 35.8161 min from Sample 1 (AW20201120-HIPS-3) of AW20201120-HIPS-3.wiff
2=7.02038473672900050e-004, t0=2.66690287444262260e-001 (DuoSpray ())
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Ac-V-[Aha-SEL-Pra]cycic-W-NH2 (1,5-triazole) (6¢)

I +TOF MS: 37.3870 min from Sample 1 (AW20201120-HIPS-4) of AW20201120-HIP S-4.wiff Max. 4.2e6 cps
a=7.02032059616674560e-004, t0=4.05833526422661110e-002 (DuoSpray ())
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