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Summary

Summary

The Kaposi’s sarcoma herpesvirus (KSHV/HHV-8), is a human herpesvirus. This virus is the etiological
agent of Kaposi’s Sarcoma and is known to be involved in the pathogenesis of multicentric Castleman’s
disease and pleural effusion lymphomas. Like all herpesviruses, KSHV establishes a lifelong latent
infection in its host organism. Usually, KSHV is not pathogenic for healthy individuals, but for
immunosuppressed patients suffering e.g. from HIV or transplant recipients, it causes significant
morbidity and mortality. To date, the treatments are still limited and no specific drugs which interfere
with the life cycle of KSHV are available. This means, KSHV is still incurable. The key player for the latent
persistence is the latency-associated nuclear antigen (LANA). By tethering the viral genome to the host
nucleosomes, LANA ensures the persistence of the virus throughout the lifetime of its host. The
inhibition of the interaction between LANA and the viral genome should prevent the latent persistence

of KSHV in the infected cells.

In this thesis, the discovery of first inhibitors, which were able to inhibit the interaction between LANA
and the viral DNA is described. Two different screening approaches were applied for the identification
of LANA-DNA inhibitors. A fragment-based screening lead to a first hit. Fragment-growing strategies
were used to grow and optimize this hit regarding functional activity. The elucidation of structure
activity relationships and further characterizations resulted in a validated and very promising
LANA-DNA interaction inhibitor. Further LANA-DNA inhibitors were identified and qualified from a
fluorescence-polarization-based screening of our in-house library. The inhibitors were able to disturb
the LANA-DNA interaction, although they were binding at different binding sites. In a follow-up hit-to-
lead medicinal chemistry optimization study performed on the first hit, further SAR insights and a

significant boost of efficiency against wild-type LANA was achieved.

VI



Zusammenfassung

Zusammenfassung

Das Kaposi's Sarkoma Herpesvirus (KSHV/HHV-8) ist ein humanes Herpesvirus. Dieses Virus ist der
Erreger des Kaposi Sarkoms und ist bekanntermaBen an der Pathogenese der multizentrischen Morbus
Castleman Krankheit und Pleuraerguss-Lymphomen beteiligt. Wie alle Herpesviren verursacht KSHV
eine lebenslange latente Infektion im Wirtsorganismus. Normalerweise ist KSHV fiir gesunde
Menschen nicht pathogen, aber bei immunsupprimierten Patienten, die zum Beispiel an HIV leiden
oder Transplantatempfangern sind, verursacht es eine signifikante Morbiditat und Mortalitdt. Bis
heute sind die Therapien noch begrenzt und es sind keine spezifischen Medikamente verfiigbar, die
den Lebenszyklus von KSHV beeintrachtigen. Das bedeutet, KSHV ist immer noch unheilbar. Der
Hauptfaktor fir die latente Persistenz ist das latenz-assoziierte Kern Antigen (LANA). Durch die Bindung
des Virusgenoms an die Nukleosomen des Wirts stellt LANA die Persistenz des Virus wahrend der
gesamten Lebensdauer des Wirts sicher. Die Hemmung der Interaktion zwischen LANA und dem

Virusgenom sollte die latente Persistenz von KSHV in den infizierten Zellen verhindern.

In dieser Arbeit wird die Entdeckung erster Inhibitoren beschrieben, die die Interaktion zwischen LANA
und der viralen DNA hemmen kénnen. Fiir die erste Identifizierung von LANA-DNA-Inhibitoren wurden
zwei verschiedene Screening-Ansatze angewendet. Ein Fragment basiertes Screening fiihrte zu einem
ersten Hit. Fragment Wachstumsstrategien wurden verwendet, um diesen Hit in Bezug auf funktionelle
Aktivitat zu vergroéfern und zu optimieren. Die Aufklarung von Strukturaktivitdtsbeziehungen und
weitere Charakterisierungen fiihrten zu einem validierten und vielversprechenden LANA-DNA-
Interaktionsinhibitor. Weitere LANA-DNA-Inhibitoren wurden bei einem funktionellen Screening
unserer in-house Library identifiziert und qualifiziert. Die Inhibitoren konnten die LANA-DNA-
Wechselwirkung inhibieren, obwohl sie an unterschiedlichen Bindungsstellen binden. In einer
weiterfihrenden Studie zur Optimierung des zuerst identifizierten LANA Inhibitors, wurden weitere
Struktur Aktivitdt Beziehungserkenntnisse und eine signifikant hohere Effizienz der Inhibitoren gegen

das wild-typ LANA generiert.
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Introduction

1 Introduction

1.1 Human Herpesviridae

The human herpesvirus family consists of eight members and commonly infects all humans. Almost
the whole adult population is infected with one or more herpesviruses."> The known human
herpesviruses are: Herpes Simplex virus type 1 and 2 (HSV-1 and -2/HHV-1 and -2), Varicella-Zoster
virus (VZV/HHV-3), Epstein-Barr virus (EBV/HHV-4), Cytomegalovirus (CMV/HHV-5), Roseolovirus
(HHV-6 and -7), and Kaposi’s Sarcoma-associated herpesvirus (KSHV/HHV-8).>* Each virus has special
characteristics and they can be divided into three different classes. This classification mainly refers to
genome characteristics such as size, genetic organization and replication strategies.*> HSV-1, HSV-2
and VZV belong to the subfamily alpha herpesviruses, CMV, HHV-6 and HHV-7 to beta herpesviruses
and EBV and KSHV to gamma herpesviruses.®’ All of these herpesviruses establish a latent infection
and persist lifelong in the host organism after a primary infection.? In healthy immunocompetent
individuals, these herpesviruses usually do not cause severe diseases. Many people are carrying them
and never have any symptoms.™* Often, the primary infection with a virus causes a short outbreak and
different symptoms like blisters, pain, fever and enlarged lymph nodes can occur. Over time, the
viruses establish a latent infection and in some cases recurrent infection symptoms occur. However,
for immunodeficient as well as very young and very old individuals, herpesviruses can cause several
diseases with differing severities.” Especially for immunosuppressed patients, these herpesvirus
infections often cause mortality and morbidity. Importantly, until now, there are no specific antiviral
drugs for the treatment or for the prevention of herpes viral infections, which interfere with their
lifecycle, available. This means that these infections are still not curable. There are some antiviral drugs
on the market, e. g., Aciclovir, Valaciclovir or Foscarnet, which are used for the treatment of different
symptoms caused by herpesviral infections, but these medications cannot clear the host of the

virus. o1

1.2 Kaposi Sarcoma and Kaposi’s Sarcoma-associated Diseases

Kaposi Sarcoma (KS) was first reported by Moritz K. Kaposi in 1872. He described the KS lesions as an

idiopathic multiple pigmented sarcoma of the skin (Figure 1A).'? At that time the causative agent of KS
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was unknown, however, it was
recognized, that the development of
KS is dependent on several cofactors.
It was also observed that KS is a very
common neoplasm, which occurs in
acquired immune deficiency

13,14 In

syndrome (AIDS) patients.
1994, the human herpesvirus-8
(HHV-8), later termed as Kaposi's

Sarcoma-associated Herpesvirus

(KSHV), was first characterized as

Figure 1: Different clinical manifestations of AIDS-related KS (a,

previously unknown and unique DNA

b, d and e) and classic KS (c). (adapted from E. Cesarman et al., sequences in Kaposi Sarcoma (KS)

2019 tissue.® In this context, KSHV was
identified as the etiological agent of KS. An increased development of KSHV-associated disease is
frequently seen in patients suffering from immunodeficiency, particularly patients with HIV infection
or transplant recipients.’® Additionally, KSHV was also found to be involved in the pathogenesis of two
other diseases, Multicentric Castleman's disease (MCD) and primary effusion lymphoma (PEL).***” The
World Health Organization classified KSHV as a carcinogenic agent Group | in humans.’®**® However,
for healthy individuals KSHV is usually not pathogenic. The seroprevalence of KSHV is dependent on
geographical location. The KSHV prevalence in sub-Saharan Africa reaches over 40% and in some
regions up to 95%. In contrast, in the northern part of Europe, in Asia, and in the most parts of North
America the prevalence is below 10%, while in the Mediterranean regions it is around 20-30%. The
reasons for the geographical variation are not fully understood yet, but it can be assumed that
environmental factors and co-infections play a role.?’ The transmission of KSHV most likely takes place

via saliva and other body secretions.?! As mentioned in the beginning, KSHV and KSHV-associated

diseases are difficult to treat particularly in countries with poor medical care.

1.3 Kaposi’s Sarcoma-associated Herpesvirus

KSHV is one of the nine known human herpesviruses and is also named Human Herpesvirus-8 (HHV-8).
This virus belongs to the class of y,-herpesviruses (Rhadinovirus) and infects mainly B-lymphocytes and

other cell types like endothelial cells and primary mesenchymal stem cells.?? The virus episome exists
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as a double-stranded linear DNA sequence with a coding region of 140 kb.?"* Inside the host cell, the
KSHV genome circulates at the 801-bp-long GC-rich terminal repeat region (TR).?**> The genome
encodes approximately 90 open reading frames (ORFs), 17 micro-RNAs and 14 cellular gene
homologues.?>?*® One important characteristic of KSHV is the “silent” persistence in infected cells,
without being noticed by the immune system of the host organism.?’ During the latent phase, only a
small set of proteins are important for the persistence and were expressed.”®* These transcripts
originate from the same genomic region referred to as the latent gene cluster (Figure 2). This includes
the latency-associated nuclear antigen (LANA/ORF73), v-Cyclin (ORF72), v-FLIP (ORF71), viral

21,30,31

microRNAs and kaposins (K12).

Viral miRNAs Kaposins (K12)  v-FLIP  v-Cyclin LANA

— - < ¢ ¢ —

Latency-associated region on the KSHV genome

Figure 2: The latent gene cluster of KSHV.

All these transcripts are responsible for host cell survival and growth, they control proliferative and
inflammatory signals in the host cells as well as the latent viral genome replication. Furthermore, they

are involved in transcriptional regulation and in stable episome segregation during cell mitosis.>*3?

1.4 The Latency-associated Nuclear Antigen

LANA is the main and most prominent latent viral protein that is expressed in all known forms of
KSHV-associated malignancies.>** This protein is expressed from the open reading frame 73 (ORF73),
which is located in the latency-associated cluster gene region on the KSHV genome (Figure 2). LANA
has a molecular weight of 222-234 kDa and can interact with different cellular and other viral
proteins.®>*® This multifunctional protein is actively involved in viral episome maintenance and
transcriptional regulation associated with viral oncogenes.*** During latency, LANA was found to be
localized in the nucleus forming large aggregate structures, also called LANA speckles.?* The most
important function of LANA is a successful transfer of the viral episome into the dividing daughter cells
to ensure the persistence of the virus in the host organism.***” LANA has the abilitiy to simultaneously
bind the viral episome at the TR region with its C-terminal and host nucleosomes with its N-terminal

domain.3®*°
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internal

repeat unit
viral

N-terminus of
LANA binds to host nucleosomes

Figure 3: Schematic illustration of KSHV LANA interaction with the viral KSHV genome. C-terminus of three
LANA homo dimers bound to the LANA binding sites, LBS1, LBS2 and LBS3 on the viral genome. N-terminus and
C-terminus of LANA are connected via a large internal repeat unit and the N-terminus binds to the host

nucleosomes.

N-terminus and C-terminus are connected by a large internal repeat unit, which is only poorly
structured. The C-terminal domain is highly ordered and binds in a sequence specific manner to the TR
region.*® Additionally, through an oligomerization interface, LANA binds cooperatively to the viral DNA
and forms higher-order oligomers.** The TR region has a length of 78 bp and contains three LANA
binding sites (LBS). These LBS are named LBS1, LBS2 and LBS3 (Figure 3). Each LBS consists of 20 bp.
They show different binding affinities to LANA, whereby LBS1, is placed in the center between the
other two LANA binding sites and has the highest affinity. LBS2 and LBS3 are arranged to either side
and show a hundred fold lower affinity to LANA compared to LBS1.*

LANA shows structural and functional homologies to related viral proteins like the Epstein-Barr nuclear
antigen 1 (EBNA1) from Epstein-Barr virus (EBV) and the E2 protein from human papillomavirus (HPV).
These viral proteins are also sequence-specific DNA binding proteins and have similar functions in the

infected host cells like LANA.***3




Introduction

1.5 Oligomerization-deficient KSHV LANA Mutant

The crystal structure of the C-terminal binding domain of KSHV LANA without its target DNA has been
described by different groups.*** However, crystallization of the wild-type (wt) LANA C-terminal
domain (CTD) in complex with DNA was not successful. The interaction between wt LANA CTD and DNA
results in a quantitative precipitation of both components.*® LANA CTD forms a homodimeric structure
in solution and has a highly basic surface. Additionally, the protein consists of a mainly cationic DNA
binding interface, which binds the viral DNA in a sequence-specific manner, and two additional
positively charged regions on the surface: a so-called lysine patch and an arginine patch. Furthermore,
wild-type LANA CTD has the ability to form higher-order homo oligomers by the interaction of a
hydrophobic patch.

These properties influence the solubility of LANA CTD in presence of DNA and are responsible for the
low solubility. To increase the solubility of the C-terminus of LANA, different point mutations were

inserted into the LANA wild-type CTD sequence (Figure 4).%°

reduction of
surface entropie

K1109A, D1110A charge inversion of Lysine patch

\ K1055E, K1138S, K1140D, K1141D
¥

disturbing
oligomerization ability
A1121E

neutralization of
Arginine patch B
R1039Q, R1040Q

g DNA binding site

Figure 4: Structure of designed oligomerization-deficient LANA mutant. The scheme was modeled using

coordinates of PDB entry 4uzb.

The arginine patch was neutralized by two mutations, R1039Q and R1040Q, and the lysine patch was
charged inverted by K1055E, K1138S, K1149D and K1141D. Additionally, a single point mutation
A1121E was included to disturb the ability to oligomerize and a lysine and an aspartic acid were
substituted, K1109A and D1110A, to reduce the surface entropy. Since, particularly, the LANA-DNA

interaction is of interest, these mutations were not located at the DNA binding region (Figure 4).**°
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Using this multiple point-mutated oligomerization-deficient LANA DNA binding domain (DBD) a
co-crystal structure with its target DNA LBS1 was solved by Hellert et al..*® In this protein-DNA complex,
homodimeric LANA retains its symmetry, whereas the DNA shows significant asymmetry.*° In contrast
to wild-type LANA, the oligomerization-deficient LANA DBD mutant binds to each LBS independently,

without forming higher order oligomers or cooperative binding.*

1.6 Copper-Catalyzed Alkyne-Azide Cycloaddition (CUAAC)

The copper-catalyzed alkyne-azide cycloaddition (CuAAC), also named click reaction, was
independently discovered by the group of K. Barry Sharpless and the group of Morten Meldal in
2002.*"* Since then, a very high number of articles has been published in different fields of organic
chemistry and bimolecular chemistry using this technique.* In general, an alkyne and an azide react in
a copper(l)-catalyzed 1,3-dipolar cycloaddition to a strongly stabilized disubstituted 1,2,3-triazole. For
organic synthesis, click chemistry has clear advantages, the reaction conditions are very simple, a wide
range of solvents can be used and the reaction is insensible in presence of oxygen and water.
Furthermore, other functional groups in the reactants are accepted and do not interfere with the
chemical reaction. For click reactions a high diversity of building blocks are commercially available and
ready for use. The underlying reaction mechanism of a CuAAC reaction is depicted in Figure 5.*° The
key step is the formation of the copper(l) acetylide (blue) intermediate, followed by azide (red)
coordination with a second copper(l) and alkylation of the nitrogen. This regioselective mechanism

finally leads to a 1,4-disubstituted 1,2,3-triazole product.

N "N-R2
J=( [Culs
R !
[Cu] R{—==—ICula
S)
R, N-R2
Cu o ®;
| ]& N‘N % o \c )ﬁ
N u Ry
eyl N\_g_ Io 3-R2
R1/ (Cu] R1——=——1ICu]a

Figure 5: Reaction mechanism of CuUAAC — “click” reaction.
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In the context of drug development, click chemistry is a newer approach for the synthesis of drug like
compounds and offers a lot of advantages in drug design.®® For medicinal chemistry optimization
approaches it is an important toolbox and accelerates the drug discovery process. Furthermore, this
method is very efficient in creating compound libraries using combinatorial chemistry and increases
high throughput synthesis as well as improves quality and diversity of compound libraries. Moreover,
a number of triazole scaffolds are found in biologically active compounds with antiviral and
antibacterial activities.” In conclusion click chemistry is a nice tool for the development of new drug

candidates.

1.7 Fragment-Based Drug Design in Drug Discovery

Title:

Concepts and Core Principles of Fragment-based Drug Design - Review

Authors:

Philine Kirsch, Alwin M. Hartman, Anna K. H. Hirsch and Martin Empting

Bibliographic Data:

Molecules,

Volume 24, 4309, Pages 0 - 22,
November 27, 2019,

Doi: 10.3390/molecules24234309
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Abstract: In this review, a general introduction to fragment-based drug design and the
underlying concepts is given. General considerations and methodologies ranging from library
selection/construction over biophysical screening and evaluation methods to in-depth hit qualification
and subsequent optimization strategies are discussed. These principles can be generally
applied to most classes of drug targets. The examples given for fragment growing, merging,
and linking strategies at the end of the review are set in the fields of enzyme-inhibitor design
and macromolecule-macromolecule interaction inhibition. Building upon the foundation of
fragment-based drug discovery (FBDD) and its methodologies, we also highlight a few new trends
in FBDD.

Keywords: fragment-based drug design; biophysical screening; rule-of-three; ligand efficiency;
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1. Introduction

Fragment-based drug discovery (FBDD) has become of increasing importance and interest in the
past decades, especially in academia [1]. FBDD uses the advantages of biophysical and biochemical
methods for the detection of very small molecules or so-called “fragments” binding to a specific target.
If selected by thorough evaluation, fragment hits provide fascinating and facile starting points for the
generation of drug leads. Initial identification can be achieved by the application of an array of different
biophysical methods, which we discuss in the main part of our review [2]. Typically, FBDD starts with
a screening of a small library of low molecular weight compounds for binding to a particular target.
The key advantage of fragments is their low degree of complexity. Actually, these scaffolds should hit a
sweet spot, which enables them to still be big enough to undergo a few directed attractive interactions
with the protein of interest so that biophysical detection of target binding is possible. On the other
hand, they should retain a sufficiently small size to limit the danger of unfavourable interactions,
such as steric clashes [3]. Hence, fragments that are identified usually represent ideal binding motifs
as desirable starting points for further optimization. The initial fragment hits generally have a weak
binding affinity to their target, usually in a utM-mM range [4]. This can be explained by the fact that
fragments possess fewer heavy atoms able to form multiple attractive interactions with the surface of
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the protein in comparison to larger molecules [5]. Additionally, fragments are small enough for binding
to regions, which are often hard to target; for example; allosteric sites or essential small binding pockets
termed hot spots, which are often central in protein-protein interactions. Enhancing the potency of the
fragments after hit identification can be achieved by fragment linking, merging or growing strategies,
which are key approaches for fragment-based drug design. The benefits of FBDD compared to the
traditional high-throughput screening (HTS) have been well documented, rendering the former as a
valuable alternative method in drug discovery. The main differences between FBDD and HTS are the
specific compositions and the sizes of the libraries, and the assay methods used for hit identification.
Fragment-based biophysical screening techniques require a high degree of sensitivity in order to
detect weak binders, whereas HTS assays need to be more specific to exclude false positives [6].
The ligand efficiencies of small ligands are usually higher than for larger ligands, and generation of lead
compounds starting from fragment hits is primed to result in improved physicochemical properties [7].

2. Library Construction, Preselection, and General Considerations

2.1. General Principles for Library Design

Fragment-based drug discovery usually starts with screening of a relatively small compound
library comprised of compounds with low molecular weights, up to 300 Da, called fragments [8].
The library compounds should be highly structurally diverse so that 500-1000 congeners are sufficient
for sampling a large structural space. Typically, fragments have fewer than 20 heavy atoms and
low molecular complexity [8,9]. In a fragment-based approach, the throughput compared to HTS is
rather low, which is why, the selection and construction of the compound library should be carefully
considered to generate high-quality hits. Additionally, it is essential to take the purpose of a library into
account and deliberately select those dedicated to specific target classes; for instance, using a focused
library for matrix-metalloproteinases (MMPs). To assemble a project-focused fragment library with
a high chemical and structural diversity, there are some criteria which are important to consider.
The outcome of an FBDD project is directly influenced by the composition of the library being
applied [10]. Firstly, commercially available fragments and fragment libraries should be analysed. It is
important to use a library that meets some primary criteria depending on the profile of the respective
target [11]. Usually, commercially available fragment libraries have been selected based on chemical
and size diversity, and different, well-balanced properties to cover most of the important features.
The overall diversity of the library can also be improved by using a pharmacophore-based selection.
Secondly, a set of natural products or natural-product-inspired fragments are often useful and could be
included [12]. Additionally, for future plans it is important to identify a series of non-commercially
available fragments, which came from synthetic chemistry efforts; for example, from an in-house
library or collaborating groups. Such scaffolds can provide a basis for future medicinal chemistry
optimization strategies [13,14].

However, it must be noted that since these fragments are small, they may bind multiple targets,
rendering them less sensitive to target classes. Selectivity can be generated in the course of fragment
optimization [15]. Fragments should ideally hit the sweet spot between low molecular weight and still
being big enough to realize specific interactions to a target [9]. Usually, fragments are more hydrophilic
than compounds found in HTS libraries. Hence, the likeliness of specific hydrogen bonding is increased,
resulting in favorable enthalpy-driven binding [16]. The small size of the compounds usually provides
a suitable starting point and ample opportunities for a medicinal chemist to embark on optimization
efforts facilitating the generation of drug-like molecules.

2.2. The Rule of Three
Typically, fragments obey the rule-of-three (RO3), requiring the following properties [5,17]:

The molecular weight is <300 Da;
The number of hydrogen-bond donors <3;
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Number of hydrogen-bond acceptors <3;
The logP is <3.

Furthermore, a number of rotatable bonds (NROT) <3 and a polar surface area (PSA) <60 can
be beneficial [18]. The rule-of-three is closely related to the prominent Lipinski’s rule of five (RO5),
which makes use of the same molecular descriptors but using a less restricted value of five as the cutoff
(molecular weight <500 Da, number of hydrogen bond donors <5, number of hydrogen bond acceptors
<10, logP < 5). Importantly, the latter was derived to provide a predictor for the oral bioavailability of
a drug candidate at hand, while the former is used to evaluate fragments regarding their suitability
to be optimized into RO5-obeying drug candidates. RO3 as well as RO5, should be considered as
rough guidelines in drug design for achieving orally bioavailable compounds. Importantly, it has to be
noted that eventual drugs and clinical candidates can still have good bioavailability, whilst violating
the Lipinski rules [19]. In line with this notion, library design trends that differ significantly to that
suggested by the RO3 are being more frequently applied, as was reported by Pickett and coworkers [20].

2.3. Application of Electrophilic Fragments

In 2016, Backus et al. have described the use of a chemical proteomic method in order to
perform fragment-based ligand discovery in native biological systems [21]. The authors report on the
quantitative analysis of cysteine-reactive, small-molecule fragments that were screened against human
proteomes and cells. Lysate as well as intact cells were treated with DMSO or an electrophilic fragment
in a first step. In a second step, a cysteine-reactive probe containing an alkyne functional group
was attached through copper-mediated, azide-alkyne cycloaddition with an azide-biotin tag. It was
found that the druggability of the human proteome is larger than previously known, by expanding
the search to proteins which were not known to interact with small molecules. More importantly,
the applicability of reactive electrophilic fragments for the identification of covalent target binders has
been demonstrated in further studies [22].

3. Fragment Hit Identification

The main challenge is to detect and select those fragments which are specifically binding to
the target of interest. There are some tasks necessary for a successful FBDD campaign, such as
carefully selecting the fragment library, applying several orthogonal methods to confirm that the
fragment is binding to the target, and characterizing of the fragment’s binding mode. In this regard,
orthogonal screening methods refer to, e.g., biophysical or biochemical techniques, which interrogate
the ligand-target binding but rely on different measurement principles. This enables identification
of the most promising fragment, which will be used for the generation of a lead compound [3].
Starting a fragment-screening campaign requires a robust screening cascade consisting of different
biophysical binding assays to detect and confirm fragment binding [23]. Because of the low affinity
of fragments, usually, high concentrations up to 1 or 2 mM are used for the primary selection.
Due to the fact, that in a fragment screening the rate of non-specific binding and detection of false
positives is particularly high, at least one orthogonal secondary screening method is required for
hit confirmation [3]. After the primary screen with direct binding techniques, usually, a number of
fragment hits have been identified as target binders. Afterwards, qualified hits can be optimized
by various medicinal chemistry approaches and the new derivatives can be evaluated with the
previously used binding techniques [24]. Compounds with a ligand efficiency (LE, vide infra) of
0.3 are considered good enough to be optimized to a drug that obeys the Lipinski rules for oral
bioavailability [25]. Small fragments having such an LE value might not be detectable by all detection
methods which are usually used for FBDD. Therefore, the usage of different and orthogonal methods
as well as high testing concentrations of the fragments (WM-mM) are required. For this reason,
fluorescence-based competition assays or cell-based assays are usually not suitable for a fragment
screening. Such functional assays are used after a successful hit identification to guide hit qualification
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and optimization. In the following sections, we describe different binding-affinity assays which are
used as key technologies for initial hit identification [26,27]. Every technique has its advantages and
disadvantages, which are discussed accordingly.

3.1. Virtual Screening and Pan-Assay Interference Compounds Filters

Asaprescreen, virtual screening (VS), a computer-based method for predicting binding compounds
from very large compound libraries to a target protein, can be used. The VS approach allows one
to reduce the number of compounds to-be-tested from up to ten million conceivable scaffolds
down to a moderate number around one thousand. Virtual hits can be directly tested in different
biophysical assays or used to inspire the design of a focused library. Because of the increased
accuracy of the computationally programs, virtual screening methods have become more common
in FBDD [20]. Several recent reviews cover this topic in detail [28-30]. Usually, the VS procedure is
designed in a project-specific manner to account for the information available on the target and/or
already-known ligands. Often-used approaches involve purely ligand-based pharmacophore modelling
and structure-based (target-focused) screenings [31]. Nevertheless, given the considerably smaller size
of fragment libraries, VS is usually not required.

Additionally the ligand-based pharmacophore approach, which avoids the need for the
macromolecule target structure, has its utility. In this case, a small library of structurally diverse
compounds, which are known to interact to a specific target are used to calculate and extract the
essential molecular features and functional groups that are important for binding [32,33]. This, of course,
requires a significant amount of knowledge about target-interacting compounds to inform the VS
campaign, which is not always available.

The target-based approach, also called structure-based virtual screening, starts with docking
a defined ligand into a protein target associated with a prediction of the optimal binding mode.
Hence, these methods can give an idea how ligands and fragments could bind to a target protein.
The advantage of this approach is, that only the X-ray structure of the target protein, e.g., holoenzyme,
is needed to conduct the in silico experiment. It should be mentioned, however, that these experiments
are hypothetical and have to be followed up with experimental testing [34].

Finally, machine and deep learning principles can be incorporated into the ligand—as can
receptor-based VS pipelines, especially when dealing with large data sets [35]. Varieties of these
methods have been applied, and the underlying algorithms and concepts range from classical
descriptor-driven approaches, e.g., linear quantitative structure-activity relationships (QSAR),
to complex, bioinformatics-heavy approaches [35,36]. In the future, it will be interesting to see
whether these techniques will hold up to their promise of enabling to design drug molecules from
scratch completely in silico [37].

In addition to virtual screening as a prescreening step, so-called pan-assay interference compounds’
(PAINSs) can be systematically excluded for further experiments. PAINs often cause false-positive
assay results due to unspecific or covalent binding, redox effects, autofluorescence, or degradation.
Especially for the selection of a fragment-based library, it is of high importance to identify and eliminate
PAINs before applying biophysical screening methods. Obviously, there is an exception to this rule
when deliberately using electrophilic fragments for targeting nucleophilic residues in enzymes.

3.2. Biophysical Detection Methods for Fragment Screening

3.2.1. Surface Plasmon Resonance

Surface plasmon resonance (SPR) technique is a very powerful tool for the determination
of binding events [38]. SPR can be used to measure the binding affinity, specificity, and kinetic
parameters of biomolecular interactions between a variety of proteins, DNA/RNA, and small/complex
molecules [39,40]. The target protein is first immobilized on a gold or silver sensor surface.
Subsequently, a solution of probe flows over the target surface and induces an increase in the
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refractive index, if binding to the target occurs [41]. In a nutshell, SPR determines changes in
reflected light before and after probe-target binding [42]. Dose-response analysis can be applied for
determination of dissociation constants Kp and binding stoichiometry [43,44]. Additionally, the rate
constants for association (kon) and dissociation (ko) can be determined. Importantly, this methodology
is well suited for the detection of very weak probe-target interactions mediated by fragments because
of its high sensitivity. The real time monitoring provides the possibility to conduct so-called off-rate
screening (ORS), which provides an easy way to observe how long the molecules are interacting with
the target. Especially for the FBDD approach, this technique was demonstrated to be very effective for
the identification of new fragment hits [45]. The ORS approach provides the possibility to assess the
potency of very weak binders and even analyse crude compounds or reaction mixtures by looking at
the accompanying dissociation kinetics. Noteworthy compounds with slow off rates possibly have a
higher potential to be improved in potency than others [46]. Additionally, the drug residence time of a
ligand in complex with its target protein (fg = 1/kof) can be an important parameter for the functional
efficacy of a compound in complex environments such as whole cells [47].

The immobilization of the target on the SPR biosensor can be achieved for a wide range of
proteins, including challenging ones, such as transmembrane proteins or G-protein receptors [3,48].
SPR is a label-free technique; hence, the detection of false positives due to fluorescence quenching
can be excluded. Additionally, SPR competition assays can be used to gain information on whether a
fragment binds competitively to a known substrate or not. Due to the very low protein consumption,
the possibility to use SPR in a high-throughput mode, and its cost-efficiency, it is very often used and is
effective as a primary selection filter for screenings of large fragment libraries [49,50]. However, direct
information about the binding site or interacting groups of a fragment cannot be derived.

3.2.2. Thermal Shift Assay

The thermal shift assay (TSA) is a very reliable and simple technique, which quantifies the
denaturation temperature of a protein. The stability of a protein correlates with its melting temperature,
which can vary under different conditions; for example, pH-value, buffer composition, amino acid
mutations, or binding of a ligand/fragment. Fluorescence-based TSA techniques are the most common
ones and are usually referred to as thermofluor assays or differential scanning fluorimetry (DSF) [51].
In principle, the fluorescence of a protein solution is measured in a temperature gradient. An added
fluorescence dye (e.g., SYPRO Orange) shows a low fluorescence signal in a polar environment and
a high signal in an apolar environment [52]. By denaturation of a protein, the hydrophobic core is
exposed, which leads to an increase of the fluorescence signal. Consequently, the melting temperature
of the protein can be determined [53,54]. As mentioned before, a ligand—protein interaction can
increase or decrease the melting temperature significantly. Hence, a change of this parameter provides
important information about protein stabilization or destabilization. In any case, it is now commonly
accepted that a change in either direction implies a ligand—protein interaction event [55,56]. Besides the
thermofluor variant of TSA, there are also other detection methods for protein stability, such as
N-[4-(7-diethylamino-4-methyl-3-coumarinyl)phenyl] maleimide (CPM), as a thiol-specific reaction
dye; 4-(dicyanovinyl)julolidine (DCV]), which is rigidity sensitive; or just measuring the intrinsic
tryptophan fluorescence lifetime, which differentiates between folded or unfolded proteins [57-59].
Non-labelling methods based on detecting changes in the fluorescence of tryptophan are especially
easy to use and applicable for all proteins [60,61]. The fluorescence of tryptophan is strongly dependent
on the close environment of the protein. A binding event can influence protein folding and/or stability,
and by detecting changes in tryptophan fluorescence, the chemical and thermal stability can be
determined [60,62]. The nanoDSF technology (Prometheus Series from NanoTemper or nanoDSF
from 2bind molecular interactions), e.g., requires only low sample quantities (5 ug/mL), and the
measurements are independent from any buffer or detergent. Another similar non-labeling TSA
technique for detecting protein stability, called Tycho technology from NanoTemper, relies on protein
native fluorescence. It is a simple and rapid technique to check a protein for quality and stability and for
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analysing ligand—protein binding. An additional advantage of this method is a fast and easy analysis
of the quality of a protein during any step of purification, characterization, or assay development.

However, TSA may not be suitable for all target proteins, due to the indirect readout of the
melting temperature. Nevertheless, a wide range of applicability, easy and fast handling, and the
variable detection methods render this method quite valuable. Due to a high-throughput option and
high sensitivity especially, this technique is a useful and powerful method applicable for FBDD as a
primary screening step [63]. Still, researchers have to be aware of a usually relatively-high number of
false positives. Hence, an orthogonal filtering step is imperative to confirming which compounds are
true binders.

3.2.3. Microscale Thermophoresis

Microscale thermophoresis (MST) has been well-established as a technique to detect specific
probe-target interactions in recent years. It is a biophysical technique for the characterization of any
kind of biomolecular interaction [64,65]. It can be used for proteins, small and complex molecules,
fragments, nucleic acids, liposomes, nanoparticles, or ions. In principle, it detects the change in the
fluorescence of a labelled target in a temperature gradient as a function of the concentration of a
non-fluorescent ligand. The temperature gradient is generated by an IR-laser, and the fluorescence
distribution is monitored inside a capillary. This change in fluorescence is based on two main effects.
First, the temperature gradient can induce a change in fluorescence. This effect can be influenced by a
binding event. Second, thermophoresis of the labelled protein occurs, which is basically the movement
of molecules in a temperature gradient. The specific properties of a biomolecule in solution, such as
size, surface charge, or hydration shell, influence the thermophoretic profile of the molecule [66]. If a
ligand binds to the target, the chemical microenvironment is changed, which leads to a change in
the specific thermophoretic profile of the molecule [67]. The detection of the thermophoretic change
of a target molecule in relation to varying ligand concentrations can be used to calculate Kp values.
In various studies, it has been demonstrated that MST can also detect weak binders, such as fragments,
and is amenable for implementation into HTS campaigns [68,69]. Advantages over other methods are
the very low protein consumption and the large number of compounds that can be screened, thanks to
short experimentation times [70]. Furthermore, it should be mentioned that the samples are measured
directly in solution and there is no need to immobilize proteins, as there is when using, for example, SPR.
For MST, mainly, three simple protein labeling techniques are used. These involve crosslinker reactive
groups like N-hydroxysuccinimide (NHS)-esters for the reaction with primary amines, maleimide
functions for labelling sulfhydryl groups, and Tris-NTA for His-tag labelling. Additionally, the shape
of the MST traces provides information on protein aggregation or denaturation and hints at specific or
unspecific ligand—protein binding during the measurements. Additionally, fluorescence-interfering
compounds can directly be identified when analysing fluorescence homogeneity. Using MST can
maximize the efficacy of fragment screening campaigns due to the large spectrum of applications and
easy handling [69]. All these advantages render this technique applicable and attractive for FBDD [68].

3.2.4. X-ray Methods

Macromolecular X-ray analysis is a key method for FBDD, as it generates very detailed information
about the protein-ligand interaction. By this means, it provides the opportunity to conduct
structure-based-design studies to improve the ligand affinity efficiently [71,72]. Suitable crystals
can be achieved using two different methods, co-crystallization or soaking. To obtain crystals using
the co-crystallization method, the ligand is added to the mixture before crystal formation starts.
In the soaking technique, the ligand is added directly to a mixture with pre-existing crystals [73].
Both methods can be challenging, since not all proteins are easily crystalized and some ligands can
disrupt the crystal lattice. As a prescreening for crystallization, thermal shift assays are often used
to determine which compounds stabilize the protein fold, and are therefore favoured. Binding sites,
which are occupied by a variety of different fragments, can be identified as “hot-spots” of a given target.
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By generating various co-crystals, each with a different fragment, the different modes of binding can
enable rational fragment linking or merging. Co-crystallization usually is historically not used for
a primary screen because it usually requires large amounts (10-50 mg) of highly pure protein [74].
Interestingly, it has become possible to individually screen up to 1000 compounds in less than one
week. This, however, requires dedicated instrumentation and highly streamlined processes; e.g., those
established by XChem at the Diamond light source or with Astex’s Pyramid Discovery Platform [75].

Astonishingly, it has been demonstrated that even low-affinity binders are detectable by this X-ray
technique. Having a co-crystal structure in hand, which resolves the fragment binding site in atomic
detail, truly fosters subsequent optimization efforts [76]. However, determining structure-activity
relationships is not possible by crystallography alone, because it does not provide direct information
about binding affinities.

At Helmholtz Zentrum Berlin (HZB), researchers have developed a workflow for the detection of
hit fragments [77]. Firstly, a fragment library is selected which is to be screened for during the campaign.
There are several academic libraries that can be chosen from; for example, the F2X-Universal Library,
which contains over 1100 compounds, or a sub-selection of 96 fragments called the F2X-Entry Screen.
Commercial libraries can be purchased from, for example, Cambridge, Enamin, LiverpoolChiroChem,
JBS FragXtal Screen, and MedChemExpress—the MCE Fragment Library. Secondly, co-crystals
are formed, and crystallographic data is collected. Thirdly, the data is processed and refined
automatically using the programs XDSAPP and PHENIX [78,79]. Lastly, together with the hits after
the refinement pipeline, PanDDA analysis allows for the identification of binding ligands from weak
signals, which previously would not have been analysable [80].

Another example of a fragment screening platform based on crystallography is FragMAX.
This platform follows, in general, the same protocol as described above: firstly, crystallization
conditions are optimized; secondly, co-crystals are prepared either via co-crystallization or soaking;
and thirdly, data collection and processing lead to hit fragments [81].

3.2.5. Nuclear Magnetic Resonance Methods

The nuclear magnetic resonance (NMR)-based techniques are among the most frequently used
methods for analysing ligands and protein-ligand interactions as well as protein structures and
dynamics in solution [82]. These are, in principle, very robust techniques and can be used in
primary screens for the identification of target binders or to provide deep insights into structural
characteristics of specific ligand—protein interactions [83,84]. Advantages of the NMR-based methods
are that interactions can be determined on a molecular level and in a non-destructive manner [85].
Additionally, Kp values can be determined in the uM-mM range. However, NMR-spectrometers are
expensive instruments, especially those with large magnets providing more than 700 MHz resolution,
and usually need expert support for data processing and analysis. There are three NMR methods,
which are most widely used in the FBDD field.

Saturation-Transfer Difference NMR

Saturation-transfer difference (STD) NMR is a very simple and powerful technique, especially for
detecting weak interactions between ligand and target [86]. Itis applicable for initial screens, evaluations
of hit or lead structures, and for gaining important information on the binding orientation of a ligand
to its target. This ligand-observing method does not require any isotope-labelling of the target protein,
nor does it need high protein concentrations (10-50 uM). The technique relies on the dissociation
mechanism between ligand and protein (Kp pM-mM). In theory, an STD spectrum (Istp) is a difference
spectrum between the bound state (on-resonance, I) and the free ligand state (off-resonance, I,)
spectrum of ligand and protein, Isrp =1 — 1, [87]. By irradiating only the protein, the saturation is
transferred from the protein to the bound ligand. By this means, strongly interacting ligand groups
show a higher enhancement than less strongly or non-interacting groups in the STD spectrum. Based on
this requirement of proximity, the STD effect can give key information about the orientation of the
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ligand to the protein. It is also possible to discriminate between specific or non-specific binders [86,88].
Additionally, dissociation constants in the uM-mM range are detectable by performing dose-response
experiments [82]. Competition experiments with known binders can also be performed and will
provide information whether the fragment in question binds to the same area.

Chemical-Shift Perturbation NMR Spectroscopy

The chemical-shift perturbation NMR method is a protein-observing NMR method. It relies on
the chemical-shift perturbation of amino acid signals caused by covalent or non-covalent interactions
between ligand and protein [89]. For protein detection via NMR, >N and/or 13C-protein labelling is
required. An NMR spectrum of the labelled protein and one with labelled protein in complex with
the ligand have to be measured and compared. Upon ligand-protein binding to a specific site of the
protein, the local chemical environment of the amino acids is affected. By this means, a chemical shift of
these specific amino acid signals is detectable. The sensitivity of this method brings a lot of advantages,
as it can easily detect weak ligand—protein interactions in mM ranges and provides direct information
about which amino acids make up the interaction interface [90]. However, protein-observing NMR
methods are often time consuming, especially with large proteins because a chemical shift mapping of
the single protein is required first. Furthermore, the isotope labelling techniques must be established
for the protein beforehand [3].

19 Fluorine NMR Spectroscopy

19F-NMR spectroscopy can be performed in protein-observing as well as ligand-observing modes.
The former method works similarly to the chemical shift perturbation NMR methods using '°N or
13C-labeled proteins described above and requires the introduction of a fluorinated label into the
biomacromolecule, usually via non-natural amino acids [91]. Chemical shifts of 9F are extremely
sensitive to changes in the local environment induced by protein-ligand interactions or conformational
changes of the protein [92]. Compared to '3C labelling, 'F offers a higher natural abundance and
less signal overlap [93]. Additionally, 1F has a very broad chemical shift range (500 ppm) and less
complexity [94]. The ligand-observed method is used quite regularly, employing specially composed
fluorine-rich compound libraries. For this purpose, labelling of the target protein is not required.
Interestingly, when using fluorine in both protein and ligand simultaneously, information on the
dynamics of the ligand—protein interaction and binding pose can be obtained [95].

3.2.6. Isothermal Titration Calorimetry

Isothermal titration calorimetry (ITC) is a biophysical method to determine thermodynamic
parameters of ligand-target interactions in solution [96]. Typically, this method is used to analyze the
binding of a ligand or small molecule (e.g., fragment) to a macromolecule (e.g., protein or DNA) [97].
An ITC instrument consists of two cells, a reference cell as a control (containing e.g., buffer) and a
sample cell for detecting the specific interaction of interest. The difference in temperature between these
two cells is precisely measured. The sample cell contains the macromolecule, and the ligand or small
molecule is titrated into the mixture. Form the heat measured, which is released due to the binding
event, the enthalpy change (AH) and the Gibbs free energy (AG) can be determined. This allows for the
calculation of the binding affinity (K,) and the change in entropy (AS) [98,99]. Additionally, binding
stoichiometry and interactions between more than two molecules can be studied. The discrimination
between entropy and enthalpy-driven binders especially, is one of the main advantages. Information
about the thermodynamic profile of the binding event can support the understanding of relations
between ligand affinities and physicochemical properties [100]. The enthalpic contribution to a binding
event can be expressed as the enthalpic efficacy index EE (EE = AH/Q, Q = number of heavy atoms,
vide infra). Importantly, fragments mostly bind in an enthalpy-driven manner to the protein surface
and often interact at energetically favoured regions—so called hot spots. These hot spots are usually
polar residues, which are surrounded by apolar amino acids providing a hydrophobic environment.
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Highly enthalpy-driven fragments tend to increase the chances of generating high affinity and selective
binders [101,102]. Unfortunately for FBDD approaches, this method is often not used as a standard
procedure, as fragment interactions are usually too weak for detection [103]. Furthermore, a large
amount of protein is required, and ITC is not applicable for high-throughput screening. However, it is
particularly beneficial for not only gaining insights in the binding affinity of ligand-target interactions,
but the thermodynamic profile of the binding event [104]. Hence, it should be applied as a secondary or
tertiary compound evaluation method driving hit prioritization for subsequent optimization [105,106].

3.2.7. Bio-Layer Interferometry

Bio-Layer Interferometry (BLI) is a real-time, label-free (RT-LF) optical technique that allows for
monitoring the interaction between an immobilized target on a biosensor surface and a ligand in
solution. Binding events can be followed through a shift in wavelength, which is caused by an increase
in optical thickness at the surface. It is possible to determine the affinities of small molecules to targets
via solution competition experiments [107]. However, it is mostly used to screen for biomolecules;
e.g., antibodies [108,109].

4. Fragment-Hit Qualification

4.1. General Considerations

The methodologies described above should help scientists to identify fragment-sized hits for a
given target of interest. In order to embark on a subsequent lead-generation campaign, hits need to be
prioritized to be able to focus medicinal-chemistry resources on the most promising starting points.
Prioritization of fragment hits is subject to a multi-parameter consideration. Obviously, biological
activity is one primary criterion on which to select the starting points for fragment optimization. To this
end, effects observed in the orthogonal screening and functional assays should be evaluated together
in terms of validated target binding and ligand efficiency (LE) or a related metric to allow a proper
comparison. To this end, several quantifiable metrics have been invented to serve as activity-related
guideposts for compound selection and optimization. As fragments are of small molecular weight,
heavy atom count or a related structure-inherent parameter is usually taken into account to evaluate
the quality of the investigated target-ligand interaction. The most straightforward metric in this regard
is ligand efficiency (LE). It reflects the ratio between the Gibbs free energy of binding (AgG) and the
number non-hydrogen atoms (N) (see Equation (1)) [110]. A value of greater than or equal to 0.3 for
the LE is considered a suitable starting point for further optimization.

LE = (AgG)/N with AgG = —RTInK; (1)
It can be simplified to Equation (2) [111].
LE = 1.4(pICsy)/N (2)

Several modifications of this equation exist, replacing, for example, the potency term (AgG)
either by pICsy (as in Equation (2)), the percentage of inhibition, or the enthalpic contribution
of the thermodynamic binding profile (enthalpic efficiency, EE; see also ITC section); another is
exchanging the size parameter (N) by molecular weight or total polar surface area. The EE necessitates
the implementation of potentially cumbersome ITC experiments, but is particularly suited for
discriminating between enthalpy and entropy-driven binders among the set of hits. The former are
considered to form a higher number of oriented, specific, and geometrically well-defined interactions,
rendering enthalpy-driven binding highly desirable.

Furthermore, some metrics have been devised taking other compound parameters into account.
The ligand-lipophilicity efficiency (LLE) or lipophilic efficiency (LiPE) aims at identifying hits of low
hydrophobicity (Equation (3)) [7]. Usually, these compounds can be optimized in an easier fashion,
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as the enlargement process inherently tends to introduce further lipophilic groups into the compound.
Hence, starting from a hydrophilic hit can be advantageous. A special variant of the LLE metric
has been devised at Astex Therapeutics, which is referred to as the LLEAr [112]. In that, potency,
lipophilicity, and compound size are considered at once (Equation (4)) [7].

LLE = pICsg or K; — clogP/D 3)

LLEAT = 0.111 + [(1.37 X LLE)/N] )

Againavalue of LLE T > 0.3 is considered a suitable starting point for hit-to-lead optimization [112].

In the opinion of the authors, enthalpic efficiency (EE) and LLEAt are particularly useful metrics
for the evaluation of fragment hits. The former is, however, not, in any case, a feasible option, as it
depends on the availability of a thermodynamic binding profile, which can be difficult to obtain.
A variety of additional metrics of potential utility are available for implementation in to the drug
discovery pipeline [7].

Additional compound parameters, which should be considered before embarking on an in-depth
hit-optimization campaign, are solubility, synthetic tractability, the availability of commercial analogues,
and the availability of structural information on the binding mode. The latter can be gathered on
the atomic level via X-ray crystallographic analysis of target-ligand complexes or more seldomly
through 2D NMR solution structures [113]. This will allow for the analysis of structure-based binding
pharmacophores and potentially the comparison to already reported structures. However, especially
in early stages of drug discovery projects, such data is often not yet available. Hence, alternative routes
to acquiring structural insights into the ligand binding modality can be worth exploring. If at least a
holoenzyme structure is available, a few indirect methods become exploitable. For example, combining
biophysical methods such as SPR of ITC with single amino acid mutations within the active site of the
enzyme can provide essential information about the binding region of the fragment of interest [114].
Additionally, quite often, target enzymes employ reactive residues in order to perform their biological
function. The signal molecule synthase PqsD from Pseudomonas aeruginosa, for example, utilizes the
thiol nucleophile of the Cys112 side chain in order to generate a thioester-bound anthraniloyl reaction
intermediate through consumption of anthraniloyl-CoA. This enzyme was previously identified as a
suitable anti-biofilm target to tackle P. aeruginosa infections [115]. The covalently blocked active site
intermediate can be generated on an SPR sensor chip by addition of the anthraniloyl-CoA substrate,
and then used for the characterization of fragment hits (Figure 1) [114,116,117]. This enabled researchers,
for example, to classify PqsD inhibitor 1 as an active-site binder.

Substrate Competition via SPR

," s R ¢ G
\ T O
—
Cys112 5
" . - 4
residue is g0
covalently §
blocked in blue ¥
SPR sensogram &
(see Ieft) 0 50 150 Time (s)

Figure 1. Schematic depiction illustrating the SPR-based competition experiment. (Left) The docking
mode of inhibitor 1 bound to the target enzyme PqsD and the active site cysteine (Cys112) are indicated.
(Right) SPR sensorgrams with (blue) and without (red) covalent active-site blockade via substrate
preconditioning (RU = SPR response units) are given. The lack of SPR response (blue) indicates that
inhibitor 1 is binding at the active site [114].
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Other possibilities for setting up informative competition experiments can involve, for example
STD, NMR, or ITC methodologies. It has to be noted, however, that such approaches only
provide low-resolution information of the approximate binding region and usually need to be
supported by docking experiments involving inherent ambiguities. Importantly, the more detailed the
structural information that is available, the more straightforwardly subsequent optimization steps
can be conducted, significantly increasing the chances of success for the fragment-to-lead phase.
Hence, the presence of co-crystal structures is highly favoured for fragment-based drug discovery.

4.2. Enzyme Targeting

A usual ligand-based approach aims at finding new enzyme inhibitors by deriving them from
known structures of their substrates, cofactors, or intermediates. If such a rational design is not
successful, the screening tools described above may yield fragment-based hits as alternative starting
points [118]. Again, fragments have comparatively weak binding affinities and low functional efficacy.
However, the high ligand efficiencies and above-mentioned advantages can pave the way for generating
very potent and selective enzyme inhibitors. Evaluating activity in a functional enzyme assay as early
as possible in the inhibitor identification and optimization pipeline is an essential cornerstone for
a successful medicinal-chemistry campaign. However, in the case of fragment-based drug design,
relatively high concentrations of pure, stable, and soluble enzymes are required for reliable assay
readouts due to the low affinities of fragments.

X-ray crystallography is also a suitable tool for evaluating the potential of a fragment to inhibit an
enzyme after optimization. It is important to have access to robust and high diffraction-quality crystals
of the enzyme [76]. Furthermore, the binding site of the enzyme should be devoid of interfering
endogenous ligands, so that low affinity fragments are able to bind [119]. Well-defined and deep
pockets are often easier to target than shallow grooves [120].

For the identification and characterization of new hot spots for fragment binding,
the aforementioned computational screening methods can be beneficial as docking experiments,
being able to predict initial structure-activity relationships [121].

4.3. Functional Enzyme Assays

For the evaluation of enzymatic inhibitors/optimized fragments and for studying kinetics of the
enzymes, several methods are well-established and easily applicable for a wide range of enzymes.

A very sensitive technique to study enzyme inhibition or kinetics is based on mass-spectrometry
(MS) detection. Via liquid chromatographic-MS (LC-MS), the specific enzymatic reaction products can
be detected and quantified using the reaction mixture aided by LC separation. Benefits of this technique
are that it is label-free and that there is no need for substrate modification [122]. Furthermore, it is
applicable for most enzymatic reactions and for concentration-dependent enzyme inhibition studies.

In case of targeting proteases, the inhibitory effects of inhibitors are often determined by
highly sensitive fluorescence resonance energy transfer (FRET)-based fluorogenic enzyme assays.
Typically, a short peptide sequence similar to the sequence for a natural cleavage site of the target enzyme
is synthesized and labelled at opposite ends with donor and acceptor/quencher molecules within
the FRET distance. The enzymatic activity is determined by monitoring the change in fluorescence
intensity. As soon as the labelled substrate molecule is cleaved by the enzyme and the donor-acceptor
pair drifts apart, the FRET efficiency drops to zero, leading to an increase in fluorescence [123].

For NADH-dependent enzymes, an enzyme-dependent fluorescence recovery after photobleaching
(ED-FRAP) assay can also be used [124]. It relies on the photobleaching of a fluorophore as a product
of an enzymatic reaction; in this case, NADH. The oxidative UV photolysis of NADH to NAD™ is
monitored and correlates with the enzymatic activities. It is applicable for in vitro samples as well as
in living cell experiments as an imaging method [125].

Another tool for determining specific enzymatic activities is the usage of fluorogenic and
chromogenic substrates. In the latter case, substrates increase or decrease the absorption of light at a
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specific wavelength by conversion of the substrate to the product by the enzyme. An often-used example
for a chromogenic substrate is p-nitrophenyl phosphate (pNPP), which is specific for phosphatases.
The phosphatases hydrolyse the pNPP to p-nitrophenol and inorganic phosphorus leading to a yellow
colour of the solution. As a fluorogenic substrate, for example, fluorescein di-phosphate (FDP) can
be used. By hydrolysis of FDP by alkaline phosphatases, non-fluorescent FDP is converted into
highly fluorescent FDP [126]. Of course, the examples given are just a small selection of available
enzyme-assay modalities. In any case, a functional assay should be thoroughly adapted to the targeted
system of interest as it will guide the subsequent hit-to-lead optimization phase.

5. Fragment-To-Lead Optimization

5.1. Growing

The most straightforward approach of turning a fragment-based hit obeying the rule-of-three
into a lead-like compound with rule-of-five characteristics is fragment growing. The aim is to install
novel target-interaction hot spots by increasing the size of the molecule and attaching additional
functional groups. In order to achieve this in a rational design fashion, so-called growth vectors
need to be identified. These are essentially positions of the fragment scaffold to which additional
atoms, functional groups, or even other dedicated binding scaffolds can be attached. In this regard,
the modality of increasing the size of the molecule might play an important role and is characterized by
directionality (geometry), substituent size, and the flexibility of the attachment. Actually, identifying
these growth vectors might pose a first big hurdle in the process, especially if co-crystal structures are not
available. In such scenarios, gaining basic information on inhibitor binding modes, as described above,
is key. In the following example, we show how a combination of different biophysical screening and
evaluation methods allowed for the identification of the first inhibitors of the protein-DNA interaction
between the herpesviral target Latency-associated nuclear antigen (LANA) and its binding sites on the
viral episome [127]. Figure 2 shows the screening cascade used for hit identification. First, an SPR
screening was conducted, yielding 52 positives. Then, an orthogonal DSF (TSA) filter was applied
to preselect 20 target binders. These 20 initial hit compounds were tested for in vitro functionality
using a fluorescent polarization (FP)-based competition assay for the quantitative evaluation of target
interaction inhibition. In this manner, three very promising fragment hits were prioritized for further
optimization and evaluation. In this example fragment 2 has been used for growth vector identification
and fragment growing (Figure 2). Fragment 2 showed a low inhibitory effect of 25% at 1 mM in the
functional interaction inhibition assay, which is promising, considering the size of the fragment hit.

First, initial analogues were generated to identify a suitable growth vector for subsequent
enlargement. That way, it was observed that introducing substituents at the imidazole moiety improves
activity. In particular, compound 4 (Figure 2) could improve the inhibitory effect to 91% at 1 mM.
Additionally, different functional groups at the phenyl ring instead of the NH,-group were tested,
showing that a carboxylic acid (compound 3) improves activity to an ICsy value of 333 uM. These first
derivatisation results of initial hit 2 led to further optimization studies with a combichem approach
using click chemistry. Replacing the imidazole moiety with a triazole core, keeping the carboxylic acid
function at the phenyl ring, and increasing the size of the molecule at the Eastern part led to a small
compound library of 29 new derivatives. This procedure facilitated the discovery of compound 5 by the
introduction of a bulky pyridine ring. Still possessing a fragment-like size, this compound represents
a promising inhibitory activity (ICsy = 17 uM). Additionally, it shows favourable physicochemical
properties (low clogP of 2.00, good solubility) and suitable ligand efficiency (LE = 0.33). Hence, itis a
promising starting point for a follow-up lead-generation campaign. As this example demonstrates,
fragment growing and, in general, compound enlargement can be attempted with and without
structural information. Although, for obvious reasons, the latter usually requires more effort and is
less likely to be successful.
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Figure 2. Fragment screening cascade using: SPR and DSF selection steps, followed by functional
evaluation via fluorescence polarization, which resulted in three fragment hits. Growth vector
identification through initial analoging allowed for growing of fragment 2 into a double-digit micromolar
validated hit.

5.2. Merging

If two ligands or fragments bind to overlapping regions of the target protein, motifs of both can
be merged into one compound. Ideally, the favourable affinity-mediating features of both compounds
work additively or even synergistically when fused into one unit. Fragment merging can be attempted
when obvious structural similarities of the two ligands in question are present. For example, if it is
plausible to assume that both share a certain prominent binding motif or coordinate to an active-site
transition metal, but do otherwise not align well, they might diverge into different regions of the active
site. The geometry and attachment patterns of the combined binding groups is key for productive
cooperative binding. Hence, several possible merging opportunities should be explored to identify
the optimal shape of the resulting merged compound. Here, and especially in cases where the
to-be-merged compounds share no obvious structural similarity, structural data of ligand—-target
complexes are necessary to guide this approach. Again, X-ray co-crystal structures as well as NMR
solution structures deliver the most reliable and detailed source of information. Nevertheless, wet-lab
experiment-guided docking studies may also provide insights robust enough to justify the syntheses
of merged compounds. One such example is provided below. In previous studies, two distinct
inhibitor classes of the bacterial target enzyme PqsD were identified (Figure 3) [114,128]. Docking as
well as SPR competition experiments suggested that fragment 1 (vide supra) and compound 6 had
overlapping binding sites and shared a common phenylmethanol feature. Hence, compound 7 was
synthesized to merge both units into one scaffold [129]. Unfortunately, the resulting fused molecule
did not show better potency on the target enzyme than the frontrunner compound 6. Nevertheless,
the substantial modifications applied to the inhibitor were tolerated and brought about respectable
activity. This example nicely illustrates the general strategy and emphasises the need for structural
information, which has to be acquired beforehand.
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Figure 3. An example of a compound merging attempt. Fragment 1 and compound 6 were merged,
guided by an SPR-informed docking poses, yielding inhibitor 7. If X-ray structures for the individual
inhibitors were available, this attempt could be improved by adjusting the merging modality [129].
Light blue: carbon atoms of inhibitor 1 and carbons resembling an overlapping motif in inhibitor 6.
Light green: the other carbon atoms of inhibitor 6. Blue: nitrogen. Red: oxygen. Hydrogen omitted
for clarity.

5.3. Linking

For a fragment linking approach, two or more fragments have to bind to different but adjacent
sites of the enzyme active site [3]. This approach is similar to the fragment merging strategy laid out
above. However, it introduces one additional component into the ligand system: a linker moiety.
Finding the right linker motif, which orients the individual fragment units in the favourable geometry
in relation to each other without introducing too much flexibility whilst maintaining the binding poses
of both fragments, can be very challenging. If successful, the combination of two fragments with rather
low affinity could result in significantly higher affinity and has the potential to result in “superadditive”
contributions of both binding motifs. The challenge in fragment linking is the exploration of the
binding mode of both fragments and the identification of an optimal linker. Only in this case, the overall
reduced so-called rigid body entropy translates into synergistically-improved affinity. By binding of a
fragment to a target protein, rotational and translational entropy are lost. This entropy penalty has to
be overcompensated by attractive interactions formed between the ligand and the target. When two
fragments bind in parallel to adjacent sites, each has to pay this entropy penalty. When these two
fragments are linked together in an ideal way, the resulting singular compound only encounters the
loss of rigid body entropy once. Hence, the affinity observed will be much greater than only the
sum of the individual affinities [130]. The additional binding energy gained is often also referred
to as linker energy. To overcome the challenges associated with fragment linking, we pioneered a
synergistic combination with dynamic combinatorial chemistry (DCC). For this proof-of-concept study,
we used the model enzyme endothiapepsin [131]. Generally, such aspartic proteases are found in
fungi, vertebrates, plants, and retroviruses such as HIV. The class of enzymes plays a causative role in
diseases such as malaria, Alzheimer’s disease, hypertension, and AIDS. X-ray crystal structures of
endothiapepsin in complex with fragment inhibitors 8 and 9 (PDB IDs: 4KUP and3T7P) identified
by DCC were used as a starting point for fragment linking studies facilitated by DCC. Hits 8 and
9 displayed ICs, values of 12.8 uM and 14.5 uM and LEs of 0.27 and 0.29, respectively. These hit
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compounds are not typical small fragments. However, as was previously mentioned, also structures
which do not follow the RO3 principles can be used in FBDD approaches. After superimposing the
binding modes of the two hit structures, it was envisioned that these moieties could possibly be linked,
since they occupy different pockets in the protein. The linking of 8 and 9 should, therefore, generate an
inhibitor that occupies multiple binding pockets of endothiapepsin (Figure 4).

HN NH, i HN NH, i i NH, NH
@l/’\rrm"/ @)\/k'rnw/ \"'NTI)\/[@
[¢] o o

8 10

IC50 12.8 uM fragment linking inspired IC50 0.054 pM
by molecular modeling

NH,

N AN, Z N
9 1"

Figure 4. Structures of hits 8 and 9 and linked bisacylhydrazone linked inhibitors 10 and 11 [131].

Using molecular modelling, an acylhydrazone motif was selected as a suitable linker structure.
The acylhydrazone linker provides H-bond donor and acceptor sites, which could enhance the binding
affinity. Acylhydrazones can be formed in a reversible fashion from the condensation reaction between
hydrazides and aldehydes. Reversibility is key for DCC, as it allows an external stimulus, such as
a protein target, to influence the equilibrium. In the so called target-directed DCC, the target can
stabilize certain members of the dynamic combinatorial library (DCL), giving rise to an amplification of
ligands with high affinity at the cost of other DCL members (Figure 5). In this way, a moderate number

of molecules can be screened for, without having to synthesize, purify, and analyse each molecule
separately [132,133].

Target (e.g. protein)

it |
- - =y

4
q = ] q d q _ i q
"
—
| = ¢ =y
Initial building blocks Library of interchanging species Selection of best binder

Figure 5. Schematic representation of target-directed dynamic combinatorial chemistry.

The homo-bis-acylhydrazones 10 and 11 were hits from the DCC experiments and were synthesized
and evaluated accordingly. Compared to compound 9, the potency of inhibitor 10 was increased
240-fold, yielding an ICs( value of 0.054 uM and a LE value of 0.29. For inhibitor 11 an ICs of 2.1 uM
and a LE value of 0.25 was determined (Figure 4) [106]. Obviously, only the symmetric linking modality
resulted in efficient cooperative binding.

6. Conclusions

FBDD has become a respectable alternative to high-throughput screening of large compound
libraries. Due to the moderate instrumentation requirements as well as general cost-effectiveness,
this approach is attractive for both the academic and industrial drug discovery settings. However, as laid
out in this review, expertise from fields of organic chemistry, biophysical screening, structural biology,
compound profiling, and hit qualification have to work together right from the beginning to facilitate
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successful fragment-based drug discovery. Hence, integrated medicinal chemistry teams have to be
established on site in order to tackle the challenges occurring en route to lead-like compounds or even
preclinical candidates. The importance of structural data and an in-depth qualification of fragment
hits cannot be emphasized enough in order to enable rationally guided fragment growing, merging,
or linking trials. If all ends meet up, FBDD represents a facile, target-driven strategy for finding suitable
starting points ideal for lead generation circumventing HTS.
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Aim and Scope

2 Aim and Scope

The options of a therapeutic treatment against KSHV and KSHV-associated diseases is still very
limited.>®* Todays therapeutic approaches range from no treatment to the application of different
chemotherapeutic agents, radiotherapy or surgical excision of the lesions.>* Importantly, a specific
treatment, which can interfere with the latent phase of the KSHV life cycle is not available, yet. This
means, KSHV is a disease, which is currently still incurable and therefore innovative anti-KSHV drugs
are urgently needed.

The objective of this thesis was the discovery of the first LANA-DNA interaction inhibitors. This should
be achieved by using two different approaches and a subsequent hit-to-lead optimization of a qualified
LANA-DNA inhibitor.

In the first part of this work, a fragment-based approach should be used to identify first LANA-DNA
interaction inhibitors. In a previous work at HIPS-DDOP, a fragment library was screened using SPR and
DSF screening methods (see section 1.7) to identify first LANA binders. Additionally, a functional
fluorescence polarization-based LANA-DNA interaction inhibition assay was established. The aim of
this work was the functional evaluation and medicinal chemistry optimization of hit compounds.
Furthermore, the design and synthesis of more potent as well as establishment of a structure-activity-
relationships were additional goals. The most active compounds should be further characterized and
prioritized through biophysical and biochemical characterization using different techniques such as
electrophoretic mobility shift assay (EMSA), microscale thermophoresis (MST) and saturation transfer
difference (STD) NMR. These efforts are shown in Chapter 3.1.

In the second part of this work, the in-house HIPS library should be employed to identify further
LANA-DNA interaction inhibitors. For a first selection the fluorescence polarization-based LANA-DNA
interaction inhibition assay should be used to perform a functional screening. Further work aimed at
the biological and biophysical characterization and prioritization of selected hit compounds. The
results were described in Chapter 3.2.

The third part of this work covered hit-to-lead optimization studies of the best and most promising
LANA inhibitor, which resulted from the previous fragment-based approach (Chapter 3.1). As co-crystal
structures of inhibitors in complex with LANA were not available, a rational ligand-based design should
be used for medicinal chemistry optimization. The synthetic efforts towards successful fragment
growing delivered new and more potent structures as demonstrated by functional as well as

biochemical and biophysical evaluation. The optimization efforts are described in Chapter 3.3.
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3 Results

3.1 Chapter A: Fragment-Based Discovery of first KSHV-LANA Inhibitors
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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 carcmogenlc agent Group I by the World
Health Organization.””” 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 patients.’
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

< ACS Publications  © 2019 American Chemical Society

3924

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 nucleosome.™ 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 productive replication,
they are not effective against KS or other KSHV associated
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Figure 1. Illustration 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.

ma]ignancies.” 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
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(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 EBNAL1 protein,
the functional homologue of LANA in Epstein—Barr virus
(E.B\/').[3 However, these conceptually related studies as well
as experiments with a DNA-binding site mutant of LANA
provid]e4a 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
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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 uM. Compounds that showed a response higher than 9
p-refractive index units were selected from this screening,
which yielded $2 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. Generally, 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 melting temperature for LANA. A decrease of

DOI; 10.1021/acs jmedchem. 8b01827
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Scheme 1. Synthesis of Hit I and 1H-Imidazole-1-yl Derivatives”
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1Ry = 2-NH;, R; = Me
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: Ry = 2-NH;, Benzimidazole
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R3=2-COOH, 3-COOH,
4-COOH, X: |, Br

&
L
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16: Ry = 2-COOH
17: Ry = 3-COOH
18: Ry = 4-COOH

“Reagents and conditions: (a) K;POy, Cul abs. DMF, 110 °C, 24 h; (b) SnCl;, EtOH, 80 °C, 30 min; (c) H,S0,, AcOH, Ac,0, 1t, 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 T, >
+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)
(2al008-1146) 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 peint 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 K105SE, K11388, K1140D, K1141D, R1039Q,
R1040Q, Al121E, K1109A, and DI1110A shows a high

solubility also in the presence of oligonucleotides representing
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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 53
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 uM: 15.69 + 9.3 RU; DSF at S00 gM: 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.

DO 10,021 acs jmedchem 8bo 827
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Scheme 2. Synthesis of Azide Intermediates and Reaction of Aryl Azides with Different Alkynes Using Click Chemistry and

Derivatives”
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X . 36: R, = GH.0Ac, R; = 4-COO0H, X = CH
phenyt4-methanal, 4-phenal, 36: Ry = GOOMe, Rs = 4:COOH, X = CH
Z-pyridine 37: R, = cyclopentanal, R = 4-COGH, X = CH

38: R, = CaHs, Ry = 4-COOH, X = CH
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Ry = CHzOH, R; = 4-COOMe, X = CH
Ry = CHzOMe, Ry = 4-COOMe, X = CH
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Ry = S-aniling, Ry = 4-CO0H, X = CH

Ry = 4-aniline, R; = 4-CO0H, X = CH

R4 = phanyl-4+-methanal, Rz = 4-CO0H,
X=CH

i Ry = 4-anilole, Rz = 4-CO0H, X = CH

Ry = 3-aniline, Ry = H, ¥ = CH

Ry = d-benzeic acid, Rz = 2-NH,, X = CH
Ry = 4-benzoic acid, Rs = 4-NH,, X = CH
Ry = 4-benzoic ackd, Ry = 4.0H, X = CH
Ry =4-benzoic acid, Rz =H, X =N

51: 2-NH, R; = cyclohexy!

B2: 3-NH, Ry = cyclohaxyl

53: 4-NH, Ry = eyclohaxyl

54: 3-NH, R = methyimorpholine
55; 3-NH, Rz = methylbenzene

“Reagents and conditions: (a) TMSN,;, CuBr, TBHP, MeCN, 0 °C = rt, 16 h; (b) concd H,80, or coned HCI, NaNO,, NaN;, H,0, 0 °C, 1.5 h;
(¢) SOCL,, MeOH, 0 °C — rt, 16 h; (d) CuSO,-SH,0, sodium ascorbate, H,O/fert-BuOH (1:1), DIPEA, rt, 16 h; () Cs,CO,, DMEF, § b, 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(II) 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 (coned H,SO,
or coned 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,:
5H,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 Biolegical 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

DO 10,1020 ack jrmedchem 8h01827
J. Med, Chemn, 2019, 62, 3924-3530
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Table 1. Inhibitory Activities of 1H-Imidazole-1-yl
Derivatives in FP Assay at 1 mM

r;,N
|

42
3

W n m e

1 H 2-NH:z 25+£9%
11 Me 2-NH: 91 = 8%
12 Br 2-NH: 13+£4%
13 Benzimidazole  2-NH: 32+£9%

8 H 2-NHAc 32+16%
9 H 3-NH: n. i.

10 H 4-NH: i,

2 H 2-NO2 T4 £ 16 %
3 3-NO2 21 £ 16 %
4 4-NO2 22+16%
14 H 2-OMe 15+12 %
15 H 2-OH 51£13%
16 H 2-COOH 333 £ 59 M
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 providing an ICg, value of 333 £ 59 uM, with a
restriction that the maximum effect leveled out at 50%
displacement. Considering 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
compound—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(I)-catalyzed alkyne-
azide cycloaddition as a straightforward synthetic method for
the rapid generation of a reasonable number of new
derivatives. This prototypic click chemistry provides very
efficient and robust reactions under mild conditions and has
become a powerful tool in drug discovery.”” 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=M,
RZT\ ﬁf‘%

L

3

ICs(LBS2)

Cpd Ri Rz [uM] or
Inhibition [%]*

26 B 2.C00H  12£10%
27 H 3-COOH 98 +1%
28 H 4.COOH  35£3%
» -{) 2cooH 1341 %
B () Co0H  43:17%
31~ ) 4-COOH  232%10uM

“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 (ICs, value of 232 + 10 M) with a significant
improvement over inhibitor 16 and additionally provided the

DOE; 100020 acs jmedchem B8h01827
A, Med, Chem, 2019, 52, 3324-3930
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Table 3. Inhibitory Activities of Further 1,2,3-Triazole Derivatives in FP Assay

A

N=N,

b’l‘/}_"h

1Cs0 1Cs0
Cpd R R2 (LBS2)  Cpd R R2 (LBS2)

[uM] [uM]

-~ NH3
32 ___SH  CcooH 79+2 42 ‘fj COOH 109+3
3 N COOH 3042 43 -Qw COOH 1441
2
34 O~ COOH 21031 44 T o COOH 274
s ° coon n.i 45 Q B COOH  20£3%¢
8] o
36 1? COOH 163430 46 R e H n. i
A _ b )
OH HN
37 @ COOH 159+2 51 é\o COOH n. i
3 < COOH 694441 52 =~ HVC COOH n.i
|
o
39 __OH (COOMe B84+53 53 @ f\(\ COOH n.i
—
0 - g F" NS .
40 ___O— COOMe 237433 54 | COOH n.i
s '\,
NHz N
41 TR COOH 2841 55 il COOH ni
C ACA®

“Inhibition (%) at S00 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: 1C;, 79 + 2 uM, 33: IC,,
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 IC;; 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 ICg, value of 27 % 4
uM. 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 ($1—55) were synthesized.
Unfortunately, none of these derivatives were active regardless
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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 azide
benzenes. Compounds 47 and 48 were similar to the previous
compounds 41 and 43 showing good ICy; 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 ICy 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,
HOOC
Cpd  Ri ICs0(LBS2) [uM]
NH
a7~ 18+3
s L 19+ 1
NH2
w L 5243
OH
s0 ) 17+ 1

Qualification of Obtained Optimized Hits. Compar-
ison of the Inhibition of the Interaction between LANA and
LBS1, 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 1C;, values are
summarized in Table 5. Notably, we observed IC;; 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 coefficient of a given compound between octanol
and water. It provides information about its hydrophaebicity,
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 5). 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 yM. 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 LBS1 for
comparing the results with the results of our previous FP
assay (Figure 5A) and a longer oligonucleotide containing
both of the LBSI and LBS2 sequences (Figure 5B). 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 ICy; 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,
IC;0 17 £ 1 gM). The single LBS1 probe (Figure 5A) could be
displaced almost completely and the combined LBS1-LBS2
probe (Figure 5B) 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 59 and S10; calculated ICs; values see Figure S11, ICs,
(LANA DBD mutant) 426 + 2 uM and IC,, (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
athinity 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 K,
for the binding of compound 50 to LANA was determined to
be 23 + 1 uM. 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 ICy, Values Obtained by Using LBS1, 2, or 3 as Fluorescent Probes, ¢ log P, and LE

Cpd structure 1Cs0 LBS1 ICs0 LBS2 ICso LBS3 clogP LE
N=N
. it S D NASOH 10433 uM  159+2puM  39+4uM 1.80 0.26
N n o\
42 wooc—{ N N ]36+27pM 1093 puM  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
nooc— N =
43 S 19+55uM 14+ 1uM 1241 uM 2.78 0.32
ZNHy
N=N  NH,
a7 rooo{ A 25E1uM 18+43uM  26+1pM 278 0.32
/ N:hlj
50 rooc—_ 20+ 3 uM 17+ 1 uM 19 43 uM 2.00 0.33

measurement, samples contained a 40-fold excess of the
compound (1 mM) relative to the LANA DBD mutant (25
M) 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) LBSI and (B) LBSI + 2 as probes. Representative EMSA
gels of one independent experiment are shown containing unbound
control (GST + LBSI or LBS1 + 2), bound control (DMSO + LANA
+ LBSI or LBSI + 2), and compounds (Cpd + LANA + LBSI, 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
GIn1015. Due to the symmetrical assembly of the LANA
dimer, each GIn101S from either of the two protein chains can
contribute to inhibitor binding by acting as hydrogen-bond
donors to the carboxyl group. Furthermore, GInl1073 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 Glul015. 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.

B 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,
Sprockhével, 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)
purification was performed on a reversed-phase column (C18 column,

Chemical shifts (8) are reported in parts per million (ppm) relative to
each reference solvent. The chemical shifts recorded as & values in

5 um, Macherey-Nagel, Germany). For gradient elution a mobile
phase consisting of acetonitrile containing 0.05% formic acid (FA) (v/
v) and water containing 0.05% FA (v/v) was used. The syntheses
were not optimized regarding yields. 'H and *C NMR were recorded
on a Bruker Fourier spectrometers (300/500 or 176/126/75 MHz).

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
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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) & 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 (75 MHz, CDCly) 6 ppm: 12535,
128.65, 129,62, 130.66, 133.70, 137.23.

Procedure Il: General Synthesis of (1H-Imidazol-1-yllanilines 1
and 9—13. 1-(Nitrophenyl)-1H-imidazole derivatives (1 equiv) were
dissolved in ethanol and treated with tin(II) chloride (5 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,
CDCly) 8 ppm: 3.80 (br. s, 2 H), 6.91-7.02 (m, 2 H), 7.20-7.31 (m,
2 H), 7.34-7.43 (m, 2 H), 779 (5, 1 H); “C NMR (75 MHz,
CDCLy) & ppm: 11635, 11854, 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-
yl)aniline 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
mmel, 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 (5, 1 H), 7.24 (5,
1 H), 7.43=7.51 (m, 1 H), 7.51=7.54 (m, 1 H), 7.74 (s, 1 H), 8.25
(d, ] = 8.20 Hz, 1 H); *C 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
mmel), and CuCl (5 mg, 0.05 mmel, 5 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, J = 829 Hz, 1 H), 7.30-7.48 (m, 3 H), 7.88 (5, | H); “C NMR
(75 MHz, methanol-d,} § ppm: 56.58, 113.90, 122.15, 122.30, 126.91,
127.62, 128,75, 130.77, 139.18, 154.33.

2-(1H-Imidazol-1-yl)phenol (15). 1-(2-Methoxyphenyl)-1 H-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 NaHCO, 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 025 mmol, 90%). '"H NMR (300 MHz,
DMSO-dg) 6 ppm: 6.91 (td, ] = 7.59, 1.40 Hz, 1 H), 6.98—7.11 {m, 2
H), 7.16—7.26 (m, 1 H), 7.33 (dd, J = 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,)
8 ppm: 11690, 119.54, 124.75, 125.25, 128.47, 150.23.

Procedure Ill: General Procedure of (1H-lmidazol-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 III using 2-iodobenzoic acid, N1,N2-dimethylethane-1,2-
diamine, K,CO;, CuCl, 1H-imidazole, and DMF. 'H NMR (500
MHz, DMSO-d,) § ppm: 740 (br. s, 1 H), 7.57 (br. 5, 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. 5, 1
H); "C NMR (126 MHz, DMSO-d,) 8 ppm: 119.23, 12021, 123.52,
12637, 127.64, 130.14, 130.25, 135.58, 13845, 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(l) bromide (77 mg, 0.5 mmol) were added, and the
mixture was cooled to 0 °C. At 0 °C TMSN; (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, J = 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 MHg,
CDCLy) & ppm: 138.1, 125.6, 125.2, 119.1, 1183, 1158,

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. Sedium 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. M$§ (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 (15 mL). Sodium nitrite (469 mg, 6.8 mmaol,
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 L, 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, 1:0-95:5) to yield
the product (305 mg, 1.7 mmol, 94%). MS (ESI+) m/z 178 (M + H).

Pracedure IV: General Synthetic Procedure for (1H-1,2,3-Triazol-
1-yllbenzoic 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), 7.91 (d, ] = 8.70 Hz, 2 H),
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851 (s, 1 H); “C NMR (126 MHz, DMSO-d,) 6 ppm: 12647,
126.53, 129.84, 13038, 132.29, 133.35, 135.36, 166.62.

Frocedure 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
abtain 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, $: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-d;) & ppm: 7.39 (dd, J = 7.39 Hz, ] =
739 Hz, 1 H), 7.50 (dd, J = 7.50 Hz, J = 7.50 Hz, 2 H), 7.95 (d, ] =
745 Hz, 2 H), 8.16 (5, 3 H), 941 (5, 1 H}; “C NMR (75 MHz,
DMSO-d;) 6 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 (5 mL) and stirred at 90 °C for 5 h.
After cooling to room temperature 1 M HCl 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, CDCL,)  ppm 1.03=1.16 {m, 2 H) 1.19=1.35 (m, 4 H) 1.73
(d, ] = 12.05 Hz, 1 H) 1.77—1.83 (i, 2 H) 1.83—1.90 (m, 2 H) 4.20
(d, ] =6.26 Hz, 2 H) 5.48 (br. s, | H) 6.73—6.86 (m, 2 H) 7.15-7.23
(m, 1 H) 7.46 (dd, J = 7.71, .30 Hz, 1 H) 7.92 (d, ] = 8.54 Hz, 2 H)
818-833 (m, 3 H); '*C NMR (126 MHz, CDCL,) & ppm 25.68,
2635, 29.76, 34.68, 37.24, T0.54, 11296, 11693, 117.54, 117.56,
11999, 127.89, 129.59, 130.78, 13136, 139.93, 14530, 149.43,
165.47.

4-(4-(3-((2-Morpholincethyl)amino)phenyl)-1H-1,2,3-triazol-1-
yllbenzoic Acid (54). 4-(4-(3-Aminophenyl)-1H-1,2,3-triazol-1-y1)-
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 (5 mL) and stirred at 90
“C for 5 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,) & ppm: 2.57—2.63 (m, 4 H), 2.81 (t, ] = 5.87 He, 2 H),
3.72—3.76 (m, 5 H), 3.81 (br. 5, 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), 8.22 (s, 2 H), 8.24 (s, 1 H); PC NMR (126
MHz, CDCly) & ppm: 53.88, 57.08, 62,69, 66.97, 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‘Aminophen)r|}-lH‘|,2,3‘lria7ﬂ|-llyljbenzoic 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 5 h. After
cooling to room temperature 1 M HCl was added and the mixture

DOl 10.1021/acs jmedchem 8b01827
A Med, Chern, 2019, 62, 3924-3939

44



Results

Journal of Medicinal Chemistry

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 chromatagraphy
(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,
3 H), 7.35 (d, ] = 7.63 Hg, 3 H), 7.89-7.92 (m, 2 H), §.18—8.21 (m,
2 H), 822 (s, 1 H); “C NMR (126 MHz, CDCl,) § ppm: 35.19,
65.86, 112.36, 115.36, 116.14, 117.26, 119.81, 12670, 128.57, 128.60,
128,90, 12894, 12991, 130.29, 130,78, 13133, 131.36, 137.67,
140.10, 147.00, 14890, 165.32.

Expression and Purification of His-Tagged Oligomeriza-
tion-Deficient Mutant of the KSHVY LANA C-Terminal DNA-
Binding Domain (DBD; aa1008—1146). For the expression of
KSHV His-tagged oligomerization-deficient LANA DBD (aal(008—
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 z"'\.KTAxpress
(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, U.K.). 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%
DMSQ in buffer).

We immobilized the wild-type LANA C-terminal domain (LANA
CTD (2a934—1162))on CMDS500 sensor chips using standard amine
coupling with ddH,0 as immobilization buffer at 25 °C. The
carboxymethyl dextran surface was first prepared with sodium borate
(1 M, pH 9.5) (5 injections) and was activated with a 7 min injection
of a 1:1 ratio of 0.4 M 1l-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
uL/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
#M. 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
S1.

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 uM 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 T, > + 0.5 “C and Ty < =1 “C were selected
for further investigations. Results are shown in Figure 52
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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
hlter 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 53.

Microscale Thermophoresis (MST). According to the MST
(nanotemper-technologies.com) guided procedure, the His-tagged
oligomerization-deficient LANA DBD (2a1008—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 NacCl,
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 gM final) for 1 h at RT in the dark in a reaction
volume of 15 pL. 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 0.05 mg/mL
poly(dI-dC). After the initial incubation period the 5'-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 gL 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 57 and S8,

Saturation-Transfer Difference (STD) NMR. The STD experi-
ments were recorded at 298 K on a Bruker Fourier spectrometer (S00
MHz). The samples contained a 40-fold excess of compound {1 mM
final} relative to the C-terminal His-tagged oligomerization-deficient
LANA DBD (2al008-1146) mutant (25 uM 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 D0 containing 5%
DMSO-d;;. 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 i = (I — I,y )/ Iy 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 $0 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. Amberl0: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
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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 512); (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 Amberl0:-
EHT force field.
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ABSTRACT: With the aim to develop novel antiviral agents
against Kaposi's Sarcoma Herpesvirus (KSHV), we are targeting
the latency-associated nuclear antigen (LANA). This protein plays
an important role in viral genome maintenance during latent
infection. LANA has the ability to tether the viral genome to the
host nucleosomes and, thus, ensures latent persistence of the viral
genome in the host cells. By inhibition of the LANA-DNA
interaction, we seek to eliminate or reduce the load of the wiral
DNA in the host. To achieve this geal, we screened our in-house
library using a dedicated fluorescence polarization (FP)-based
competition assay, which allows for the quantification of LANA—
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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 1C;;, 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.

I(apmi's sarcoma herpesvirus (KSHV, also known as
HHV-8) is a human y,-herpesvirus that was identified
as the etiological agent of Kaposi's sarcoma (KS) and two
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-
associated disease is infrequent in otherwise healthy individ-
uals; however, KSHV also causes "classic” KS mainly in elderly
men from KSHV-endemic areas and “endemic” KS in East and
Central Africa” " No specific treatments directed against the
latent phase of the KSHV life cycle and KSHV-associated
diseases are available.” For the latent persistence and the
rggu]almn of KSHV in the human host, the ]atznq’-aswdateﬂ
nuclear antigen (LANA) plays an important role. " All
KSHV-infected tumor cells express LANA, which is hence used
as a biomarker for diagnostics by immunohistochemistry,'™"'
It functions as an origin-binding protein via tethering the viral
genome with its C-terminus and the host nucleosome with its
N-terminus.*~'* LANA ensures a stable and latent persistence
of the viral genome in the human cells. ” There are three
adjacent LANA binding sites (LBSs) located in the terminal
repeat (TR region on the viral genome, which are referred to
as LBS1, LBS2, and LES3."'" Previous studies showed that

@ KXKN American Chemical Saciety
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disruption of LANA expression leads to a reduction of wiral
DNA copies.” On the basis of these findings, we aim to
prevent latent KSHV persistence and reduce the viral load of
infected cells thrg}ugh inhibition of the interaction between
LANA and the viral genome.'” In a previous work, we
discovered first inhibitors that interfere with the LANA-DNA
interaction using a fragment-based drug-discovery approach.'”
The functional activity of our LANA—DNA interaction
inhibitors was evalvated using a fluorescence palarization
(FP)-based competition assay as a rapid and quantitative
method. The most promising fragment-sized inhibitor I
showed an 1C.; value of 17 + 1 gM (Figure 1). Additionally,
target binding was confirmed via microscale thermophoresis
(MST) and saturation transfer difference (STD)-NMR
experiments as well as in an electrophoretic mobility shift
assay (EMSA) measuring the interaction between the LANA
DNA-binding domain (DBD) and DNA  aligonucleotides
IﬂPl’E‘.‘il:l'.It:il‘lg LES] and LHSZ.”'
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Figure 1. Previously discovered LANA—DMNA interaction inhibitor 1
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 disturh 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 applicability by determining their cytotoxic potential
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
nonoverlapping binding sites for twe 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
biclogical activities. We used an FP-based competition assay,
which we have established and described previously.'” By this
assay, we are able to quantitatively assess the functional activity
of compounds in terms of LANA—DNA interaction inhibitien,
We employ a mutant of the C-terminal DED of LANA, which
is multimerization deficient. A fluorescence-labeled double-

was done in two steps as shown in Figure 2ZA. The frst
screening step was carried out at a single fixed concentration
(100 pM) for preselection. Then, a three-point dose-
dependency test was perdormed 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-te-high throughput
screening method, we modified assay conditions slightly. For
the primary screening, we used the same concentrations of
LANA DBED mutant and LBS2 probe as described before.'
The library compounds were screened in two independent
experiments at a final concentration of 100 uM. 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 chromophores 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 51). Next, we tested the 86 primary
actives in a concentration-dependent three-point test in two
independent FP-based experiments at final concentrations of
100 pM, 50 g, and 10 pM (Figure 52—54), By this means,
we were able to focus on well-behaved compounds that can
display a concentration-dependent inhibition of the LANA—
DNA interaction and aveid being misguided by a strong initial
effect in the spot test, The largest of the three classes (class T)
comprises 64 Z-ureidothiophene-3-carboxylic acid  deriva-

stranded DMNA oligomer is used as the probe. Hit identification tives. "™ This scaffold was previously described as a dual
A Inhouse HIPS-library B Class|
(670 cpds) x_(cm"'
= W
R'_(ﬁ_}_li}x -U-HNH
R O-.‘TI"-\.H.-R
FP-based competition Class Il
assay (@ 100uM)
{86 primary actives) M}j
¥ G
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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
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antibacterial and antiviral inhibitor for methicillin-resistant
Stdphy!ucw:cm ALreis {MRI:;‘\] and human lmmunc}dcﬁcimcy
virus type 1 (HIV-1) co-infections.”’ The antibacterial activity
can be attributed to the inhibition of RNA polymerase
(RMAP) activity, which is an essential enzyme for bacterial
viability. RNAP is responsible for the transeription of double-
stranded DMA into sing]e-stranded RMNA. 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 i]‘LI‘Ii.b'itUTti.:l Mditionz]]yJ we identified a unique
compound in our LANA=DNA interaction inhibition assay
possessing an indole-2-carboxylic acid scaffold {class IIT}).

Based on these results, we selected representative examples
from class [ (compounds 1—4, Table 1) and class 11
(compounds 5—8, Table 1), which show suitable concen-
tratiun-dzpsndznt activity and structural d'wen_iit'y 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

up to 100 gM or 125 uM with and without addition of LANA
DB mutant. I]'n]::c}rt:n‘tlﬂ].rJ for none of our hit curn]:luundﬁ we
observed fluorescence quenching or enhancement. Represen-
tative curves show the results of compounds 1-9 (Figures
3A—C and $6—514). Curves were fitted to a four-parameter
dose—response model using OriginPro 2018 to caleulate 1€,
values. Gr’:ntmﬂ}g the observed IC, 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 DED mutant. For all hit compounds, we
observed a significant binding response {Figure S16A~1). 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 DMA or florescence-interfering effects.

Within class 1 {1—4), compound 1 showed the lowest 1C,
value of 24 + 1 M and the lowest MW (Table 1). The IC,,
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
516A—C). Hit 4 showed a relatively high response value (42
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Figure 3. [A—C) Dose-dependent FP-based competition experiments for hit compounds 1—9. Curves were based on normalized data points
(inhibition from 0—100%) from FP values of duplicates + standard deviation; (D) Mean of SPR response values (RU) of duplicates + standard
deviation of the screened compounds at 100 gM injected over an immobilized LANA DBD mutant.
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Figure 4. SPR sensorgrams (black) of the hit compounds 1 (A), 6 (B), and 9 (C) at concentrations of 1.6—100.0 gM using immobilized LANA.

Global fitting of the association and dissociation curves (red).

RUY}, 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
1C g, value, and good SPR response for further characterization.
For class II (5—8), hit compound 8 showed the highest
inhibitory activity (1C;, value, 11 #+ 2 uM). Moreover, all hits
displayed prominent SPR responses and binding curves
(Figure S16E—H). Interestingly, sensorgram of compound 6
revealed a slow disseciation interaction with LANA ameng this
set compounds (5-8) and a potential high affinity.
Accordingly, we choose compound & for further evaluation
as it represents class 11 preferably, having the lowest MW, low
1Cy value (30 + 2 pM), and favorable binding kinetics.
Furthermore, compound 6 showed the highest solubility in our
assay conditions. In addition, compound 9 (class 111} showed
also high activity (1Cs, value, 11 + 1 gMY}, as well as binding
response, and was selected for further investigations,

Mext, we evaluated compounds 1, 6 and 9 for affinity to
LANA and determined binding kinetics using SPR. Com-
Puundx 6 and 9 showed high amnit‘y to LANA (KD values, 9—
10 iM) and about 13-fold stronger than compound 1 (Kpj

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
off-rate (see Figure S17—519 and Table 52 for detailed results
including Langmuir isotherms and kinetic parameters). The
dissociation rate constant (k) and the ligand—protein
residence time (1/k,;) are known to pla?' 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-specific and was observed
previously for other protein targets.”** 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
cumpuund—LﬂN}\. binding by the SPR sl:u.dy, W Were
interested in studying the LANA-ligand interactions and
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I and hit 6 in complex with LANA DBD mutant. The respective protons of each

compound are highlighted with a corresponding color, inhibitor T in red and hit 6 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 6 with final concentration of 250 uM; spectrum 4, off
resonance spectrum of inhibitor I mixed with hit 6, each with a final concentration of 250 uM; spectrum 3, STD spectrum of inhibitor I mixed with
hit 6, inhibitor T with a final concentration of S00 M and hit 6 with a final concentration of 250 uM; spectrum 2, STD spectrum of inhibitor T
mixed with hit 6, each with a final concentration of 250 uM; spectrum 1, STD spectrum of inhibitor I mixed with hit 6, inhibitor I with a final

concentration of 125 uM and hit 6 with a final concentration of 250 uM.

getting insights into the mode of binding. To this end, we
performed ligand-observed STD-NMR studies using com-
pounds 1, 6, and 9 in a competition experiment with our
previously discovered inhibitor 1 (Figure 1). STD-NMR
competition experiments can provide important information
on the putative binding of the hit compounds to the target in
the absence of any structural data of the protein.”” In our
previous work, we observed a defined binding orientation for
inhibitor I to LANA where the pyridine moiety of inhibitor 1
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 M) of
compound 1, 6, or 9 and different concentrations (125 M,
250 uM, and 500 M) of inhibitor I. The observed STD
spectra for hit 6 in competition to inhibitor I is shown in
Figure S. Spectrum 6 (red) shows the off resonance spectrum
of inhibitor 1, and spectrum § (blue) shows the off resonance
spectrum of compound 6. The next spectrum (4) is the off
resonance spectrum of inhibitor I mixed with 6. The spectra
13 show the STD signals with fixed concentration of 250 uM
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
compound 6 have identical peak intensities regardless any
concentration of inhibitor I. 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

Figure 526). Unfortunately, we were not able to observe STD-
NMR data for compound 9.

It is quite possible that compounds 1 and 6 bind in different
binding modes and on different binding sites of LANA
considering the huge DNA binding 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 4343
6 147 £ 12 85+3
9 2049 7+6
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However, also scaffolds found in classes [ (1) and 111 (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 1T, 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 (K,,) results were comparable to the
inhibitory activity (ICy, values). Furthermore, we performed
STD-NMR cumputiliun l:xPL‘l'llmL‘ﬂt!{ with prcviuusl}r discov-
ered inhibitor 1. We found that compounds 1 and & 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 & only show a marginal cytotoxicity and in
contrast compound % 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 pwﬁuus]}r.'\" '

FP-Based Library Screening. The in-house HIPS small molecule
library contained 670 compounds dissolved in DMSO to 10 mM
stock solutions, The flucrescence polarization assay was performed as
descnibed pll:viuua:l:.r” with slight medifications. 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 L0 pM of each compound. The three-
point secondary screcning was carried out with final compound
concentrations of 10 gM, 30 pM, and 100 M. LANA DBD mutant
was used with a final concentration of 200 nM, and fluorescent-
labeled LBSI oligomer was used with a final concentration of 10
nM." IC;;, determination of the final screening hits was performed as
described pl‘E\."iDLlSl}'."l Curves were fit to a four-parameter dose=
response model using OriginPro 2018 to calculate 1C, values, For
data reliability, high contrel (HC) comprising 24 samples with LANA
DBD mutant, LBS2 probe, and DMSO (5% [v/v] final} in buffer
without any compound and low contral (L)} 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] tween 20, pH 7.4) containing 5% [v/v] DMSO was used as the
running huffer 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.

The system was initially primed with borate buffer 100 mM (pH 2.0);
then the carboxymethyldextran matrix was activated by a 1:1 mixture
of N-ethyl-N'-{ 3-(dimethylamino )propyl Jcarbodiimide hydrochloride
(EDC) 100 mM and N-hydroxysuccinimide (NHS) 100 mM at a flow
rate of 10 gL min™' for 7 min. The LANA protein (aal008=11448)
was diluted to a final concentration of 30 g mL™" in 10 mM sodium
acctate butfer (pH 4.0) and was injected at a flow rate of 10 4L min "~
for 7 min. Monreacted surface was quenched by 1 M ethanolamine
hydrochloride (pH 8.3) at a fow rate of 25 L min~" for 3 min. A
series of 7 buffer injections was run initially on both reference and
active surfaces to equilibrate the system re;ull‘jng in a stahle
immebilization level of approximately 5000 micro-refractive index
units (uRIU). 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 yL min~". Single-cycle kinetics were applied for K,
determination, The association time was set to 60 s, and the
dissociation phase was recorded for 120 5. 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 { U, Concentration-dependent SPR experiments
were performed at final compound concentrations of 100 @M, 30 p,
25 uM, 125 pM, 625 pM, and 3125 pM. The K 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 ($00
MHz). The samples contained 5 pM (final concentration) C-
terminally His-tagged oligomerization-deficient LANA DED
(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 T consisted of 5 mM
HEPES, 125 mM NaCl, pH 85, in O containing 108 [riv]
DMSE0-dy, 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 30 ms Gauss-shaped pulses, each separated by a 1 ms delay,
For all experiments, a constant concentration of 250 uM of 1 was
wied combined with different concentrations of inhibitor 1 (125 HM,
250 uM, and 500 gM). The STD buffer for experiments using
compound & and inhibitor 1 consisted of 20 mM Tris-Cl, 150 mM
MaCl, pH 74, in D,0 containing 10% [v/v] DMSO-d, The
experiments were recorded with a carrier set at —2 ppm for the on-
resonance and =40 ppm for the off-resonance iradiation. Selective
protein saturation was carried out at 1.5 s wsing a train of 50 ms
Gauss-shaped pulses, each separated by a | ms delay. For all
experiments, a constant concentration of 230 pM of 6 was used
combined with different concentrations of inhibitor 1 (125 gM, 250
uM, and 300 ub).

Cytotoxicity Assay, HepG2 and Hek193 cells (2 % 107 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 DMS0 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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3.3 Chapter C: Hit-to-Lead Optimization of a LANA Inhibitor against KSHV
Infections
The following persons contributed experimentally to this chapter:

Philine Kirsch: designed and synthesized target compounds, performed FP-based competition assay

for functional evaluation of all target compounds, performed STD-NMR experiments

Saskia C. Stein: performed EMSA experiments for functional evaluation of target compounds,

expressed and purified CTD LANA wild-type.
Aylin Berwanger: was involved in the synthesis of target compounds.
Julia Rinkes: was involved in the synthesis of target compounds.

Valentin Jakob: expressed and purified LANA DBD mutant.

This part of the thesis has been submitted to European Journal of Medicinal Chemistry on 11 February

2020.
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against Kaposi’s Sarcoma-associated Herpesvirus Infections
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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
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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.

Keywords: hit-to-lead optimization, latency-associated nuclear antigen (LANA), Kaposi’s Sarcoma
Herpesvirus (KSHV), fluorescence polarization (FP)-based interaction inhibition assay, electrophoretic

mobility shift assay (EMSA), CuAAC, STD-NMR

Introduction

Kaposi’'s Sarcoma Herpesvirus (KSHV) is a human gamma herpesvirus and establishes a lifelong latent
infection in B-cells and endothelial cells.”* 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.*? In healthy individuals, KSHV-associated diseases are rare. However, in
immunosuppressed patients, e.g., transplant recipients or patients with the acquired
immunodeficiency syndrome (AIDS), KSHV is highly oncogenic.”® However, classic KS mainly can also
occur in elderly men especially from KSHV-endemic areas and endemic KS in East and Central Africa.®
The main key player for the establishment and maintenance of the latent infection is the latency-
associated nuclear antigen (LANA).” 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.'®™*2
This allows the segregation of latent viral episomes during mitosis and their partitioning to daughter
cells.”® LANA has also additional functions like latent viral replication, transcriptional control and
survival in the host cell.**™® The C-terminal DNA-binding domain (DBD) of LANA binds the viral genome
in a sequence-specific manner.'” 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." In the majority of KSHV-associated cancer cells the viral genome is present and LANA is
expressed.’® It has been shown, that the persistence of viral DNA is affected by disturbing or influencing
LANA." 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.*>*° 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.
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In a study previously published by us in 2019, we described the discovery of first inhibitors, which
interfere with the LANA-DNA interaction."* Further inhibitor scaffolds have been identified using a
functional screen and an in-house compound library.?! Starting with a fragment-based drug discovery
approach, we successfully developed a fragment-sized inhibitor | capable to compete with the viral
DNA (Figure 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 ICso value of 17 £ 1 uM
in our FP-assay using a LANA DNA binding domain (DBD) mutant and 435 + 6 uM in the EMSA studies
using the wild-type LANA C-terminal domain (CTD).

Gln

Growth possibiliy ?

Inhibitor 1

Figure 1: Previously described LANA-DNA interaction inhibitor I and its predicted binding node which provides

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

We confirmed target binding using microscale thermophoresis (MST) and saturation transfer
difference (STD)-NMR experiments. Additionally, the STD-NMR experiments and molecular docking
studies provided important information on the putative orientation of Inhibitor | 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.™

Based on these findings, we embarked on structure-activity relationship (SAR) studies and further

medicinal chemistry optimization to improve the potency of our hit compounds. Herein, we report our
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recent advances in improving our LANA-DNA-interaction inhibitors using compound | as a starting
point. Unfortunately, our efforts in solving a co-crystal structure of inhibitor I in complex with LANA
have not been successful to date. This renders unambiguous experiment-supported structure-based
optimization 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.

Design Concept

Based on the previously applied STD-NMR and docking studies we modified Inhibitor I in a step-by-
step manner. Inhibitor | was divided in two regions, the benzoic acid part A and the pyridine core B
(Figure 1). The triazole core was not yet modified in order to exploit the robust and facile Copper(l)-
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.

Results and Discussion
Chemistry

Modifications of region A. 3-azidopyridine 2 was generated by a standard azidation method using 3-
aminopyridine 1, NaNO, and NaNs in a mixture of EtOAc and 6M HCIL.**? 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."*
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Scheme 1. Modification of region A.°

N=N
Y Ry 7

1 2

3:R, = H, R, = COOH 10: R, = H, R, = CH,0H

4:R, = COOH, R, = H o 11:R; = H, Ry = NH, .
5.Ry = H, R, = COOMe d 12 R1=H,R2=NHAc:| )
6: R = H, R, = COOEt 13:R; = H, R, = CN
7:Ry=H, Rp = CONHp ~—

8: Ry = Cl, Ry = COOMe

9:R, = Cl, R, = COOH e

9Reagents and conditions: a) NaNO2, NaNs, EtOAc, 6M HCl, 0°C - rt, 2 h; b) corresponding ethynylbenzene, CuSO4¢5H20, Na-
Ascorbate, DIPEA, MeOH, H20, rt, 16 h; c) 1. SOClz, DMF, 60°C, 1 h, 2. EtOH, DIPEA, rt, 16 h; d) 1. SOCl2, DMF, 60°C, 1 h, 2.
NH4O0H, rt, 16 h; ) 2 M NaOH, MeOH, rt, 16 h; f) Actyl chloride, EtsN, DCM, DMF, rt, 16 h.

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 ag. 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.

Modifications of region B. Compound 16 bearing an additional CH,-linker between triazole and
pyridine core was synthesized starting from (bromomethyl)benzene 14, which was converted to the
azide 15 using NaN; in DMSO?®, 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
corresponding commercially available amines 18a-n and 21 with NaNO, and NaN; 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.
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Scheme 2: Azide synthesis and CuAAC click reaction.”
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17a, 18a, 19a: R; = Me, Ry = H, Rg = H, X = N 17j, 18], 19j: Ry =H, Ry = F, Rg = H, X = N
17b, 18b, 19b: R, = Cl, R, =H, Ry =H, X =N 17k, 18k, 19k: Ry = H, Ry = H, R; = OMe, X =N —]
17c, 18¢, 19¢: Ry = Ph, R, = H, Rz =H, X =N 171,181, 191: R, = H, Ry = H, Ry = OPh, X = N
17d, 18d, 19d: R; = H, R, = Me, R3 = H, X = N 17m, 18m, 19m: R, = H, R, = H, Ry = OPh, X = CH d)
17e,18e,19e: Ry =H,R;=H,R3=CN, X =N 17n,18n, 19n: R, = H, R, = Me, R3 = O-3-pyridine, X = CH
17f, 18f, 19f: R, = Me, Ry = H, R3 = Cl, X = N 190:R;=H,Ry=H,R3=OH,X=N <« |

179, 189, 19g: Ry = H, R; = H, R3 = NHMe, X =N
17h, 18h,19h: Ry = H, R, = H, R3 = NHiPr, X =N
17i, 18i, 19i: Ry = H, R, = H, R3 = NHPh, X =N

N=N
HaN A N3 N \\
\ ©) \ b) 0 N
/N R /N _
HO
22

20 21

9Reagents and conditions: a) NaNs, EtsN, DMSO, rt, 16 h; b) 4-ethynylbenzoic acid, CuSO4¢5H20, Na-Ascorbate, DIPEA, MeOH,
H20, rt, 16 h; c) NaNO2, NaNs, EtOAc, 6M HCl, 0°C = rt, 2 h; d) 48% aq. HBr, 80°C, 12 h.

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(Phs), 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 pyridine-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. Subsequently, phenyl-
substituted compounds 35a-k were achieved via Suzuki coupling using corresponding boronic acids

and Pd(P(Ph3)4

63



Results

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

Route 1:
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H,Rp=Br, Rg=H

32b, 33b, 34b: Ry = Me, R, = H, Ry = CI

N \\N
HO /R
R

N=N

f
0 36a-l Re 35a-1

35a,36a: Ry =H,R,=Ph,R3=H 359, 36g:R4 = H, R, = 3,4-difluorophenyl, R; = H

35b, 36b: Ry = H, R, = 2-methoxyphenyl, Rz = H 35h, 36h: Ry = H, R, = 4-(hydroxymethyl)phenyl, R3 = H

35c¢, 36¢: Ry = H, R, = 3-methoxyphenyl, Ry = H 35i, 36i: Ry = H, Ry = 3-fluoro-5-methoxyphenyl, R; = H

35d, 36d: Ry = H, R, = 4-methoxyphenyl, R3 = H 35j, 36j: Ry = H, Ry = 3-furanyl, R3 = H

35e, 36e: Ry = H, R, = 3-hydroxyphenyl, R3 = H 35k, 36k: Ry = Me, R, = H, Rz = Ph

35f, 36f: Ry = H, R, = 3,4-dimethylphenyl, R3 = H 351, 36l: Ry = Me, R, = H, R3 = 4-chlorobenzene

9Reagents and conditions: a) corresponding boronic acid, Na2COs, Pd(P(Phs)s, 1,4-dioxan, H20, 90 °C, 16h; b) NaNO2, NaNs,
EtOAc, 6M HCl, 0°C > rt, 2 h; ¢) 4-ethynyl benzoic acid, CuSO4*5H20, Na-Ascorbate, DIPEA, MeOH, H20, rt, 16 h; d) NaNO-,
NaNs, EtOAc, 6M HCI, 0°C > rt, 2 h; e) 4-ethynyl benzoate, CuSO4¢5H20, Na-Ascorbate, DIPEA, MeOH, H20, rt, 16 h; f)

corresponding boronic acid, Na2COs, Pd(P(Phs)s, 1,4-dioxan, H20, 90 °C, 16h; g) 2 M NaOH, MeOH, rt, 16 h.

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.
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Scheme 4: Synthesis of target compounds via Ullmann Reaction.?

_N R —N N N=NC R
Br ) X b) X c) N 3
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37 38a-e 39a-e Rz 40a-e

38a,39a,40a:R;=H,R,=H,R3=H,X=0  38d,39d,40d: R; =H,R,=H,R;=F, X=0
38b, 39b, 40b: Ry =F, R, =H,R;=H,X=0  38e, 3%, 40e: Ry =H, R, =H, Rz =H,X = S
38c, 39¢,40c: Ry =H, R, =F, Ry=H,X=0

9Reagents and conditions: a) corresponding phenol or thiophenol, Cs2C03, Cul, DMF, 130 °C, 16 h; b) NaNO2, NaNs, EtOAc,
6M HCl, 0°C - rt, 2 h; c) 4-ethynyl benzoic acid, CuSO45H20, Na-Ascorbate, DIPEA, MeOH, H20, rt, 16 h.

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 synthesized 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).

Scheme 5: Synthesis of isoquinoline derivatives.®
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R Ri R,

47a-c 48a-c 49a-c 50a-c

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

9Reagents and conditions: a) NaNO2z, NaNs, EtOAc, 6M HCl, 0°C = rt, 2 h; b) 4-ethynyl benzoic acid, CuSO4¢5H-0, Na-
Ascorbate, DIPEA, MeOH, H20, rt, 16 h; c) NaN3, Na2C0O3,CuSO4¢5H20, Na-Ascorbate, L-proline, DMF, H20, 85 °C, 24 h
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A direct transformation of bromo isoquinolines 47a-c into the corresponding azides using NaNs, Cu(l)
and Na,CO; at 85°C over night as described in literature was not efficient.?* 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 intermediates 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.

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.** All
compounds showing an ICso values greater than 250 uM were further tested in an orthogonal 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 significance of the carboxylicacid 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 participating in hydrogen bonding. The results are shown in

Table 1.

Moving the carboxylic acid from para (inhibitor 1) to meta position (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 compounds. These results indicate that the
carboxylic acid in para position 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).
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Table 1: Inhibition activities of compounds with modification in region A demonstrating that p-carboxylic acid

FP Assay (LBS2)“ FP Assay (LBS2)

is essential for inhibitory activity.

Cpd R 1Cs0 Cpd R 1Cs0

HO

o}
Inhibitor | >—< :%% 17+1uM 9
HO " o

7

n.i.
cl

o _-

OH
(0] HO
4 >; >250 uM 10 L@% n.i.
O/
5 ) < >§ n.ib 11 HZN@ 250 uM
(0]
(o]

=
=
N
=

HN

O,

>250 uM

HoN
7 O ni. 13 N
o

9Fluorescence-polarization assay using LBS2 as probe, data representing average of duplicates + standard deviation; ®No

¢

inhibition.

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 pyridine 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 ICs, values of 86 = 6 uM (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, ICso 86 + 6 uM), further increasing the size from chlorine (19b) to phenyl
(19c¢) improves ICs values to 29 + 1 uM uM and 18 + 4 uM, respectively. This observation might hint
at a steric ortho effect. The additional bulky phenyl ring strongly hinders the rotation of the bond
between triazole and pyridine and, therefore, might fix the nitrogen in the pyridine core in a more
favorable orientation. In EMSA experiments, 4-substituted compounds 19b (EMSA: 94% inhibition @
500 uM) and 19¢ (EMSA: 100% inhibition @ 500 uM) showed a higher efficiency compared to Inhibitor |
(EMSA: 83% inhibition @ 500 uM).'* 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 | were not perfectly mirrored by the
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FP 1Cso values, which presumably is rooted in the usage of different DNA probes (LBS1 vs LBS2,

respectively).

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

compounds

N=N
HO
FP Assay (LBS2)° EMSA (LBS1)®
cpd R 1Cs0 inhibition @ 500 pM
/N
16 }(/EJ >250 uM n.d.d
N
~N
19a \ 86+ 6 uM 39%
=
SN
19b \ 29+ 1uM 94 %
=
Cl
)
19c = 18 + 4 uM 100 %
22 I n.ic n.d.
_N

9Fluorescence-polarization assay using LBS2 as probe, data representing average of duplicates * standard deviation;

bElectrophoretic mobility shift assay using LBS1 as probe; ‘No inhibition; INot determined.

Nevertheless, the results for compounds 19b and 19c 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 | was grown in position 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, ICs, of
45 + 5 uM; EMSA: 78% inhibition @ 500 uM) 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.
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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

S N—(=N
o 7
Ry

HO Ry
FP Assay (LBS2) EMSA (LBS1)

cpd R1 R2 1Cso0 Inhibition @ 500 pM
19d H Me 45+ 5uM 78 %
19j H F n.i. n. d.
36a H @ >250 uM n.d.
36f H Q n.i. n.d.
36g H @F >250 uM n. d.

F

0—
36b H @ n. i n.d.
36¢ H @o/ 110+ 32 uM n.i
36d H @ n.i n. d.

0]

/

/
36i H bo n.i n..d
F
36e H bOH 153 +7 uM 20%
31a H @OH >250uM n. d.
36h H @ >250 uM n. d.
HO
36j H = 19+ 2 uM 34%
O

31b cl @ 38+3puM 100 %

9Fluorescence-polarization assay using LBS2 as probe, data

bElectrophoretic mobility shift assay using LBS1 as probe; No inhibition; “Not determined.

representing average of duplicates + standard deviation;
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However, compounds with an additional hydroxyl function attached to the phenyl ring (36e, ICs, of

153 + 7 uM, EMSA: 20% inhibition @ 500 uM) showed moderate activity.

Moving from a phenyl 36a to a smaller and more polar furanyl residue 36j the potency was restored
(ICs0 0f 19 £ 2 uM). Unfortunately, in EMSA experiments we observed only a weak effect (34% inhibition
@ 500 uM ) 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 ICsy of 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 synthesized (Table 3 and 4). The direct attachment of a nitrile group to the pyridine
was tolerated (19e: 1Csp 52 £ 37 uM, EMSA: n. i.). Moving to chlorine, hydroxy or methoxy group we
observed a significant loss in activity (19f: ICso >250 uM; 190: ICs0 214 + 24 pM and 19k: 1C5o 218 + 192
KM). Also in EMSA experiments 19j (75% inhibition @ 500uM) and 19k (11% inhibition @ 500uM) did
not show a significant effect. An increase in activity was observed by introducing bulkier substituents
and an additional methyl group for Ri. In detail, an unpolar bulky phenyl or p-chlorophenyl was
accepted in position 2 and we observed ICso values of 36 + 5 uM for 36k and 58 + 7 uM for 36l and
moderate inhibition in EMSA. Analogues 26a and 26b with polar hydroxyl groups attached at the
phenyl showed good potency with ICso values of 21 + 3 uM and 25 + 1 uM, 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 phenylamine (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 phenylamine analogue 19i showed a moderate activity of ICso of 110 uM

and 29% inhibition in EMSA.

Additionally, a series of compounds was synthesized with a more flexible and bulky phenoxy group in
position 2 (Table 5). The phenoxy analogue 19I, 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 (R1) at the pyridine
core 40a an increase in activity compared to 191 was observed leading to a moderate ICso of
198 + 8 uM. The fluorinated analogues 40b-d also showed moderate activities like compound 40a
while the o-flour analogue 40b possessed the best ICso of 64 = 2 uM. For the m- (40c) and p-flour (40d)
derivatives ICsos of 122 + 3 uM and 134 + 2 uM were observed, respectively. Unfortunately, all these

compounds showed no effect in EMSA experiments.
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Table 4. Inhibitory activities of analogues modified in position 2. Attaching polar hydroxyl benzene groups

increases inhibitory activity.

N=N
s N—~¢N
o \ R,
Ry

HO
FP Assay (LBS2) EMSA (LBS1)
cpd R1 R2 1Cs0 Inhibition @ 500 pM
19e H CN 52 +37 uM n.i.
19f Me Cl >250 uM n.d.
190 H OH 214 £24 uM 75 %
19k H OMe 218 £+192 uM 11%
36k Me @ 3645 UM 36 %
36l Me @Cl 587 uM 30%
HO
26a Me 7L© 21+3uM 100 %
OH
26b Me 25+1uM 100 %
S/
19¢g H ;H n.i n.d.
19h H }iN)\ >250 uM n.d.
H
19i H £ Q 110 +20 uM 29 %
N

9Fluorescence-polarization assay using LBS2 as probe, data representing average of duplicates + standard deviation;

bElectrophoretic mobility shift assay using LBS1 as probe; ‘No inhibition; “Not determined.

Exchanging the oxygen linker by a sulfur (40e, ICso 175 + 10 uM) was tolerated (compare with 40a, ICso

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 phenoxy residue (19n) yielded a highly

potent compound with an ICso of 19 + 1 uM showing also full inhibition in the EMSA experiments.
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Table 5. Inhibitory activities of Phenoxy analogues. Shifting nitrogen to the phenoxy residue improves

inhibitory efficiency.

N=N
HO
FP Assay (LBS2) EMSA (LBS1)

cpd 1Cs0 inhibition @ 500 uM

R2

191 \\N Q n. i. n.d.
Z 0

40a ﬂ Q 198 +8 puM ni.
70

=N
. .
40b on 64 +2 M ni.
F
=N .
40c Q\ 122 £3 uM n.i.

F
40d \\N /@ 134 +2 uM n.i.
70
=N .
40e w /© 175 £10 uM n.i.
7S

19m @ /© n.i. n.d.
(0]
/N
19n &@ Q 19+1puM 100 %
O

9Fluorescence-polarization assay using LBS2 as probe, data representing average of duplicates + standard deviation;

bElectrophoretic mobility shift assay using LBS1 as probe; °No inhibition; “Not determined.

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 synthesized isochinoline analogues (Table 6). In general,
isoquinoline analogues were pleasingly effective. The unsubstituted isochinoline 43 showed an FP ICsg
value of 33 + 1 uM and 96% inhibition in EMSA experiments. Moving from isoquinoline to quinoline

46 resulted in a slight loss in activity compared to 43 (46, ICso 70 £+ 34 uM, 61% inhibition in EMSA).
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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
FP Assay (LBS2) EMSA (LBS1)
Cpd R 1Cs0 inhibition @ 500 pM
)
43 Z 33+ 1uM 96%
B
46 - 70 + 34 uM 61%
)
50a Z 8+ 1uM 100%
[y
=
50b 174+ 1uM 100%
cl
Y
=
50c >250 uM n. d.
0”0”7

9Fluorescence-polarization assay using LBS2 as probe, data representing average of duplicates + standard deviation;

bElectrophoretic mobility shift assay using LBS1 as probe; ¢No inhibition; 9Not determined.

Attaching an additional methyl (50a) or chlorine (50b) at the isoquinoline motif was beneficial for the

inhibitory effect. Noteworthy, 50a showed the lowest FP ICsp of 8 + 1 uM reported to date, while 50b

also possessed a decent ICso of 17 + 1 uM. Furthermore, in EMSA experiments 100% inhibition was

detected for both compounds at 500 uM. Finally, an isoquinoline methylester analogue 50c was

inactive, however.

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 19c, 31b, 26a-b, 19n, 50a, and 50b, which possessed the

best ICso values in the FP-based assay and showed strong inhibitory effects at 500 M in EMSA using

the LANA DBD mutant.
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First, these compounds were initially tested for inhibition at 250 pM using LANA DBD mutant (Figure
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 I. Inhibitor | and the compounds 19c, 31b, and 26b
showed no inhibitory effect on the LANA,,~DNA interaction at 250 uM. However, strong inhibitory
effects were observed at this concentration for compounds 26a, 19n, 50a, and 50b as observed by the

disappearance of the bands for the LANA,.«-DNA complex (upper band, Figure 2A).

A B
DMSO | 19¢ 31b 26a 26b 19n 50a 50b DMSO | 19¢ 31b 26a 26b 19n 50a 50b
LANA-DNA LNAOFA
— complex

complex

freeoNA—bhu---c-—--. freeDNA—’.'-.~.~““u
= - =

GST LANA,,., GST LANA,,

Figure 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.

We also determined the inhibitory activity of our best compounds against the interaction between
wild-type LANA CTD (aa934-1162) and viral LBS1 (Figure 2, B) in EMSA. The compounds were also
tested at 250 uM. Unfortunately, no inhibitory effect was observed for compounds I, 19¢, 31b, 26a-b,
19n, and 50b. However, Compound 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 (Figure 2, A), in EMSA experiments using the LANA DBD mutant and LBS1 as a probe to
determine the ICso values. The results are listed in Table 7 and detailed information can be found in

the supporting information.
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Table 7: Comparison of most efficient LANA-DNA inhibitors.

FP-Assay”’ FP-Assay FP-Assay EMSA®
Cpd Structure ICs (LBS2) ICs (LBS1) ICso (LBS3) ICso (LBS1)
(LANAmut) (LANAmut) (LANAmut) (LANAmut)
N=N -
N
Inhibitor | OVQ& @ 17 + 1 uM 20+3uM 19 + 3 uM 426 +2 uM
HO
N=N N
N~
19¢ OYm \ 18+4uM  524+2uM  42+3pM  n.i at 250 pM®
HO
N=N
N \\N
31b ° o 38+3uM 55+7uM  45+4pM  n.i.at250 pM
HO
N:NN ~n M2
26a OYQ& w 21+3puM 30+2puM 34+3uM 156 + 27 pM
HO
N=N -
26b OYQ&NW 25+ 1uM 64 + 1 uM 63 + 8 uM n.i. at 250 pM
HO
N:N\ _N
N
19n OYW (ol 1951 1541 M 25+ 1 uM 64 + 12 UM
HO
N=N N
NPLEE
50a 0@8 8+ 1uM 942 uM 8+ 1uM 53 +43 UM
HO
N:NN N
NS
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9Fluorescence-polarization assay using LBS1, LBS2 and LBS3 as probe, data representing average of duplicates + standard

deviation; YElectrophoretic mobility shift assay using LBS1 as probe; °No inhibition at 250 uM.

As reported earlier by us, inhibitor | showed an ICso in FP assay (LBS2) of 17 £ 1 uM and an ICso in EMSA

of 426 + 2 uM using LANA DBD mutant.™ The observed ICs values using LBS2 for the most promising

inhibitors were basically in the same range. Additionally, we also tested the most promising inhibitors

in FP assay using LBS1 and LBS3, respectively. Compound 50a showed a 2-fold better ICso 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 (ICso values of 64 + 12 uM and 53 + 3 puM). Interestingly,

compounds showing increased ICso values of 50-60 uM against LBS1 and LBS3 in FP assay were also not
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effective in EMSA at 250 uM. Excepted is however inhibitor I, which showed also ICso values around 20

MM against LBS1 and LBS3, but no effect at 250 uM in EMSA.

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

B
A Inhibitor | 50a
100
omso s & § § §3 s 0,5 ICy, of 60 £ 4 uM .
R R A MY in EMSA using
Al T PR 2 o wt LANA
peesirss [~ W g
mmplex_’ =
5 601 N=N
= L N~N
S B \
E 40 4 50a \
20 4
et S B B B B B B e
— , .
GST LANA,,and LBS1 =
¢ [uM]
C Inhibitor | 50a D Inhibitor | 50a
Dmsosgsgssfg Dmsosssgsss§
I3 o | S e Lo 14 3 L3 I 3 LS el
¥ Y&y &Y ¥ &y &Y Ey
LANA-DNA LANA-DNA
complex > | Wt e W e MMM LN

iDNA—>~ " ““
freeDNA—>.~--“-..-’ yes e d wa -

GST LANA,,.and LBS1+2 GST LANA_ . and LBS2+1+3

Figure 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 - 100%) representing intensities of LANA-DNA-
complex bands (Figure 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.

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 435 + 6 pM against

wild-type LANA CTD in EMSA) these results represent a huge potency improvement.'* Furthermore,
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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."” 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 (Figure 3, Cand D). We compared the effects of inhibitor I and Compound 50a in this setup.
As expected, inhibitor | showed no inhibitory effects in both experiments. However, Compound 50a
was still able to significantly inhibit the LANA LBS1+2 interaction at a concentration of 62.5 uM
(Figure 3, C) and additionally inhibited the LANA LBS2+1+3 interaction at 125 uM (Figure 3, D). These

results provide a basis for testing these inhibitors in cell based assays in the future.

The similar ICso 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 mutations, which are all located outside
of the DNA binding site.” 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. Figure 4 illustrates the LANA DBD surface (blue) and its single

point mutations (yellow) bound to double-stranded DNA (red).

K1055E
| K1140D

AL121E___

R1040Q—_

R1039Q

Figure 4: lllustration of the nine single point mutations (yellow) of oligomerisation interface and basic patch
LANA mutant (blue) bound to DNA (red) assuming that our inhibitors bind at the LANA-DNA interaction

interface.
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The distribution of these mutations distant from the DNA-interaction interface combined with the
observed similar 1Cso 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 experiments in order to

identify further growth vectors.

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 parallel, 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 | by the obtained SAR in the present study and we were able to enlarge inhibitor I in the
suggested direction. 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 strongest STD effects. In Figure 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 (Effectst = 1/10). The results suggest that compound 50a has a binding orientation to LANA

similar to that of inhibitor 1.1

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 | showed a slightly stronger effect of 100%.* 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.
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Figure 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.

Furthermore, proton 6 located in the triazole core shows a stronger STD effect of 85% (47% in
inhibitor 1),"* which leads us to suspect that the triazole is also now interacting more favorably 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 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.
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Conclusion

In this study we synthesized a series of new derivatives of our LANA inhibitor I'* 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 previously discovered fragment-sized inhibitor I, medicinal
chemistry optimization lead to new inhibitors with improved potency. In particular, the replacement
of the pyridine core (inhibitor 1) 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 interaction 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 (ICsop 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 information 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.

Experimental Section

All reagent-grade chemicals were purchased from commercial suppliers and were used as received.
The purifications were performed using automated column flash chromatography (CombiFlash Rf+,
Teledyne ISCO, Lincoln, NE, USA) on silica gel 0.04 — 0.063 mm (RediSep Rf Kartuschen, Axel Semrau,
Spocklhével, Germany) or using preparative high performance liquid chromatography (HPLC, Ultimate
3000 UHPLC+ focused, Thermo Scientific) on a reversed-phase column (C18 column, 5 um, Macherey-
Nagel, Germany). The solvents used for column flash chromatography were EtOAc and cyclohexane or
DCM and MeOH. The solvents used for HPLC 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). Reaction progress was monitored
by TLC on TLC Silica Gel 60 F,s, plates (Merk, Darmstadt, Germany) or by a reversed-phase liquid

chromatography mass spectrometer (LCMS). *H and *C NMR were recorded on a Bruker Fourier
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spectrometers (500 or 126 MHz). Chemical shifts (8) were reported in parts per million (ppm) relative
to the corresponding reference solvent. The chemical shifts recorded as & 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)
combined with a DIONEX ultimate 3000 UHPLC+ focused and results 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 °C and 6 M HCI
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 NaHCOj; solution and was extracted with EtOAc (2x). 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 HCI (5 mL). The crude product (245 mg, 2 mmol, 50%) was used
as obtained in the next step without further purifications. Rs = 0.37 (PE/EtOAc 7:3)

General procedure for synthesis of amino isoquinolin derivatives (GP2) for compounds 48a-c: Under
argon atmosphere the appropriate bromo isoquinoline (1 eq.), L-proline (0.1 eq.), sodium 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 temperature and EtOAc and sat. aqueous NaHCOj; 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 isoquinoline was synthesized according to GP2 using 4-
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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 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
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 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 preparative HPLC. *H NMR (500 MHz, DMSO-ds) & ppm 7.66 (br. s.,
1H)7.68-7.79 (m, 1H)7.88 -8.06 (m, 1 H)8.19 (d, /=7.63 Hz, 1 H) 8.41 (d, /=8.24 Hz, 1 H) 8.53 (s., 1
H) 8.76 (s., 1 H) 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

General procedure for Suzuki coupling (GP4) for compounds 24a-b, 29a-b, 35a-l: 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 pressure to obtain the crude. The purification was
done using automated 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
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
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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-l: 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-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, J/=2.21 Hz, 1 H) 9.07 (d, /=1.98 Hz,
1 H)9.22(d, J=2.29 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

General procedure for Ullmann reaction (GP6) for compounds 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 NaHCOs 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. Compound 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 purification 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.*®**

Fluorescence Polarization (FP) assay: The FP assay was performed, analyzed and evaluated as

described previously.*

Electrophoretic mobility shift assay (EMSA): The EMSA was performed, analyzed and evaluated as

described previously.*
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Saturation-Transfer Difference (STD) NMR: The STD experiments 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 (aa1008-1146) mutant and a final compound concentration of
500 uM. 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-ds. 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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Appendix A. Supplementary Data

Supplementary data to this article is available. Synthetic procedures and characterizations of all
synthesized compounds, representative *H, *C NMR spectra and high resolution mass spectra of all
final compounds, concentration-dependent FP experiments of compounds 19¢, 31b, 26a-b, 19n and
50a-b using LBS1, LBS2 and LBS3, concentration-dependent EMSA gels for compounds I, 19n, 26a-b,
31b, 50a-b, as well as curves from dose-dependent EMSA experiments for ICso calculation for

compounds 26a, 19n and 50a-b.
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4 Final Discussion

The aim of this thesis was the discovery of the first LANA-DNA interaction inhibitors. LANA plays a key
role for the latent persistence of KSHV in human host cells. The inhibition of the interaction between
LANA and the viral genome should lead to a loss of the viral genome over time, which will prevent the
persistence of KSHV in the human host. Hence, LANA is considered to be a very promising target for

the development of anti-KSHV drugs.

We successfully discovered the first LANA-DNA interaction inhibitors using two different strategies
(Chapter 3.1 and 3.2): a fragment-based drug design approach and an in-house library screening. One
central part was the design, synthesis and biological evaluation of novel and improved LANA-DNA
interaction inhibitors. Furthermore, a set of biochemical and biophysical methods were utilized to
characterize the most promising hit compounds. Both hit identification strategies will be discussed

below.

In the second part (Chapter 3.3), initial hit-to-lead optimization studies have been performed on the
basis of the qualified fragment-sized inhibitor from Chapter 3.1 and further SAR insights were
obtained. Medicinal chemistry optimizations were conducted aiming at growing the fragment into a
drug-like compound. Most promising inhibitors were further characterized and prioritized using
previously applied biophysical and biological methods. By this means, we successfully discovered a

highly potent inhibitor against wild-type LANA.

For clear understanding, the compounds mentioned and discussed in the following part of the thesis
are denominated with the capital letter A, B or C referring to the respective manuscript of the Chapter

and the corresponding Arabic number of the numbering in the respective manuscript.

4.1 Identification of first LANA-DNA Interaction Inhibitors

4.1.1 Fragment-based Drug Design

In the first part of this thesis, a fragment-based drug discovery (FBDD) approach was applied, which
has a lot of advantages for drug discovery. Usually, a macromolecule-macromolecule interaction like
the LANA-DNA interaction is difficult to target or even undruggable by small organic molecules.>® LANA

has no well-defined binding pocket, but only a rather flat and huge binding site. Hence, it is quite
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difficult to identify interaction hot spots. In general, using fragment screening campaigns, low affinity
binders can be discovered by different biochemical and biophysical approaches and subsequent
medicinal chemistry efforts can be used to generate potent inhibitors.’®*” In recent years, notable
progress has been made using FBDD for inhibiting protein-protein interactions, which are also
macromolecule-macromolecule interactions and considered to be challenging to target.® Another
interesting benefit of using FBDD is that potentially allosteric sites can be targeted by these small
molecules. This can provide an alternative mode-of-action facilitating to inhibit such macromolecule-
macromolecule interactions. Addressing an allosteric site usually results in conformational changes in
the protein, which modulate its functionality.”® Targeting an allosteric site on the LANA surface could
prevent, e. g., LANA dimer formation, which subsequently would hinder DNA binding. However, based

on our results we assume that our compounds are more likely competitive inhibitors.

We analyzed 720 fragment-sized compounds using SPR and TSA to detect protein binding, which also
allows to detect very week binding fragments. This resulted in the identification of 20 LANA binders,
which were further evaluated regarding functionality. Functional LANA-DNA interaction inhibition was
determined using a fluorescence polarization (FP)-based competition assay resulting in three
fragment-sized hit compounds. For further medicinal chemistry optimizations we chose Hit A1 showing
an inhibitory effect of 25% inhibition at 1 mM. Even though the activity of hit A1 was not very high, the
small size and the low molecular weight served as a good starting point and provided a lot of
possibilities to optimize this fragment regarding size and potency. The other two identified hit
compounds showed slightly lower responses in SPR and less prominent changes in melting
temperature of the protein in TSA. These inferior outcomes prompted us to first focus on optimizing
hit A1. However, the other two hit scaffolds are still quite interesting and will be further explored in

future studies.

A main part in this chapter was the design, synthesis and functional evaluation as well as the SAR
elucidation of newly synthesized inhibitors towards LANA-DNA interaction. A first series of derivatives
based on the structure of Al was synthesized and evaluated for functionality. The goal was the
identification of a potential growth vector to increase the size and the potency. To summarize this, 14
new derivatives have been synthesized and for compounds A1l and A16 an increase of activity was
observed. Attaching a methyl group at the imidazole moiety (A11) increased the activity and we
decided, growing the fragment in this position seemed to be favorable and should be further explored.
Furthermore, the carboxylic acid analogue A16 increased the activity significantly. The positive effect
of negatively charged carboxylic acid function is very plausible considering the highly positively charged

DNA interaction interface of the LANA surface. Based on these first findings, a combinatorial chemistry
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approach was applied. The imidazole could be easily exchanged by a triazole because of their structural
similarities. Moving to a triazole core was beneficial, because new target compounds could be easily
synthesized using Copper(l)-catalyzed azide-alkyne cycloaddition (CUAAC, click reaction). Furthermore,
our combinatorial chemistry approach using click chemistry facilitated the synthesis of a reasonably
sized and diverse compound library in a short time to establish an SAR. Moreover, a lot of building
blocks for click reactions are commercially available and usually not expensive. First, we could confirm
that the triazole was tolerated and the attachment of a bulky phenyl residue at the triazole (A31)

increased the activity significantly.

On the basis of these results, a small compound library was synthesized via click chemistry by keeping
the carboxylic acid in para position constant, while a variety of different groups attached to the triazole
core was introduced. Overall, 29 new compounds have been synthesized at this step and the activity
(ICso values) could be improved into the double-digit uM range. We selected six of the LANA-DNA
inhibitors with different activities for further evaluation and characterization. In the former FP-based
competition assays, LBS2 was used as fluorescent probe. It has been reported by other groups that
LBS1 has a 100-fold higher affinity to LANA compared to LBS2 and LBS3. Interestingly, ICso values for
most tested compounds were similar in competition with LBS1, 2, and 3. This was surprising and
underscore the suitability of our compounds to displace LANA from all three possible binding sites on
the viral DNA. Additionally, as an orthogonal LANA-DNA interaction inhibition assay, EMSA
experiments with the six inhibitors were conducted. For these experiments LBS1 and a combination of
LBS1 and LBS2 was used as probe. In both EMSA experiments similar results were observed and the
pyridine analogue A50 showed the strongest inhibitory effect compared to the other inhibitors. The

physicochemical properties and biological activities of compound A50 are summarized in Figure 6.

N FP-Assay (LBS2): IC;, 17 £ 1 puM
o}/Q/&,N ( ‘*/N EMSA (LANA,,,, LBS1): IC;, 435 * 6 pM
Kp (MST): 23 £1 uMm

clogP: 2.00

Ligand Efficiency: 0.33

Figure 6: LANA-DNA interaction inhibitor A50 observed from fragment-based screening.
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Along with the highest ligand efficiency of 0.33 and a low clogP of 2.00, compound A50 was considered
to be the most efficient inhibitor at this stage. Target binding was also confirmed via MST and a Kp
value of 23 + 1 uM was determined. Taken all these results together, Inhibitor A50 is a very promising
starting point for further hit-to-lead medicinal chemistry optimization studies in order to generate a

highly potent and druglike LANA-DNA inhibitor.

4.1.2 In-House Library Screening

As a different approach for the identification of further LANA-DNA inhibitors, we screened our HIPS
in-house library. As a first filter, we used our functional FP-based competition assay, which was also
used in the previously fragment-based approach. Hence, compounds with the ability to inhibit the
LANA-DNA interaction could be identified directly. Using primary protein binding assays like SPR or
TSA, which we used first in the fragment-based screening were not necessary. The in-house library
compromised 670 druglike compounds which were already optimized for specific targets from
different projects at HIPS. Applying a primary one-spot screen followed by a secondary three-point
dose-dependent screening, three different compound classes were identified and out of each class
compounds were selected for further evaluation. ICso values were determined in the lower double-
digit micromolar range. Additionally, using SPR, the binding affinity to LANA was confirmed for these

hit compounds. The most promising hit compounds out of each class were selected: B1, B6 and B9

(Figure 7).
cl
. COOH FOOH ¢l
9 o
cl & | ,© Q—NH N
cl H H FsC o cl
B1 B6 B9
FP-Assay (LBS2): IC;, 24 + 1 pM FP-Assay (LBS2): IC5, 30 + 2 uM FP-Assay (LBS2): IC55 1141 uM
Kp (SPR): 131 £ 9 uM Kp (SPR): 9.9 % 0.4 uM K (SPR): 9.3 £ 0.4 pM

Figure 7: LANA-DNA interaction inhibitors B1, B6 and B9 observed from HIPS in-house library screening.

These compounds were previously found to be active against other nucleic acid binding proteins, what
makes the observed activity for inhibiting the LANA-DNA interaction quite plausible. Nevertheless, it
can be assumed that the binding selectivity to one specific target is not very high. In cells, compounds

can interact with many different biomolecules or other small molecules and especially unselective
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compounds often cause a lot of unexpected and unintentional interactions leading to various side
effects. In a drug discovery, achieving selectivity is one important objective that should be considered.
However, these new identified LANA inhibitors are primary screening hits, which could be further
optimized regarding higher activity and selectivity to LANA and, thus, serve as starting points for future
hit-to-lead optimization studies. Primary structural simplification, followed by rationally growing and
optimizing the compounds could improve the efficiency and selectivity. Beyond this, the established
screening and hit evaluation procedure is a very simple, fast and generic method for the identification

of new LANA-DNA interaction inhibitors suitable for other compound libraries as well.

4.1.2.1 Putative Binding Mode of Discovered Inhibitors in Complex with LANA

Solving a co-crystal structure of A50 in complex with LANA would have been an essential asset for
unambiguous structure-based optimization of our inhibitors with improved activities providing
important information on the binding site and the binding mode of our inhibitors. On the basis of a co-
crystal, we would be able to identify interactions between the functional groups of our inhibitors and
the amino acids of LANA. Unfortunately, all efforts to solve a co-crystal structure failed. However, using
STD-NMR in combination with molecular docking experiments, we were able to deduce information
on the inhibitor-target interaction and suggest a putative binding mode. We concluded that the
pyridine nitrogen acts as an important proton acceptor and the proton of position 1 (see Figure A6 and
A7) seems to be the closest to the LANA surface. In contrast, positions 2, 3 and 4 are exposed and could
serve as possible growth vectors. The carboxylic acid seems to interact with two glutamine residues
and the triazole core with a positively charged lysine. Nevertheless, these results have to be confirmed
by co-crystal structures. Furthermore, we were interested, if Inhibitor A50 and Inhibitors B1, B6 and
B9 were binding at the same position on the LANA surface. Therefore, STD-based competition
experiments were performed. With these experiments, we showed that the inhibitors were able to
bind simultaneously to the LANA surface implying that they are binding to different binding sites. These
findings are plausible considering the large LANA-DNA binding interface and the relatively small size of
the inhibitors. If we could solve co-crystal structures of LANA in complex with the individual inhibitors
in future studies, compound linking or merging strategies could be used to generate highly potent

inhibitors by combining them.
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4.1.2.2 Comparison of LANA-DNA Inhibitors

In conclusion, both approaches successfully led to potent and very promising LANA-DNA inhibitors.
The identified inhibitors showed ICso values in the lower uM rage and LANA binding was confirmed
while determined Ky values were usually in agreement with the inhibitory activities. Interestingly, all
inhibitors were decorated with a carboxylic acid function, which seems to be important for LANA
binding. However, inhibitor A50 has a significantly lower molecular weight compared to inhibitors B1,
B6 and B9. The compounds B1 and B6 do also interact with other nucleic acid binding proteins, which
makes them quite unselective. To increase the selectivity and activity to LANA, further optimization
efforts need to be undertaken. Furthermore, the physicochemical properties like solubility need to be
optimized, too. Under our assay conditions, A50 showed a 10-fold higher solubility compared to B1,
B6 and B9. Because, of the promising physicochemical properties of inhibitor A50 including molecular
weight and a good water solubility, inhibitor A50 was considered to be the most promising starting
point for a follow up hit-to-lead optimization. Furthermore, we already conducted SAR studies while
the synthetic access to this scaffold was firmly established. Also the in chapter 3.1 revealed possible
binding mode of A50 providing several possibilities for medicinal chemistry optimizations via fragment
growing strategies. Nevertheless, the other inhibitors were also interesting due to the fact that they
are addressing different binding sites on LANA. Medicinal chemistry optimizations should be

conducted starting first with simplification, followed by in-depth SAR studies.

4.2 Hit-to-Lead Optimization a LANA Inhibitor

As described in the previous chapters, LANA-DNA inhibitor A50 was identified and validated as a
promising hit to undergo more extensive optimization in a hit-to-lead process (chapter 3.3). The goal
was the improvement of inhibitory activity by using fragment growing strategies. From previous
experiments it was not clear how essential the carboxylic acid in the Western part of the molecule was
for binding. Additionally, positions 2, 3 and 4 at the pyridine core were identified as possible growth
vectors. In this chapter, | aimed at increasing the potency of our inhibitors in a step-by-step manner
starting from inhibitor A50. In this process, additional SAR insights have been gathered and potent
inhibitors were generated. The target compounds were evaluated first using FP-based interaction

inhibition assay followed by EMSA experiments.

Exchanging the carboxylic acid was detrimental for activity for every tested derivative and we

concluded, that the carboxylic acid is essential for inhibitory activity and should be kept constant for
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further optimization steps. Now, we focused on modifications at the pyridine core. By growing the
compound in position 4, we observed that the inhibitory effect was correlating to the size of the
attached residue improving from methyl to phenyl. We hypothesized, that this effect is at least partly
due to a steric ortho effect. A bulky residue hinders the rotation of the bond between pyridine and
triazole, which presumably brings the nitrogen of the pyridine core, acting as proton acceptor, in a
favorable angle to the LANA surface. As a next step, the pyridine core was grown in position 3 by
introducing different aromatic rings with varying substitutions. In conclusion, a small methyl residue
was tolerated, but all compounds decorated with more bulky substituted phenyl residues showed only
moderate or a complete loss of activity. Interestingly, making additional use of an ortho substituent
improved activity (C31b). Subsequently, further improvements were observed by growing A50 in
position 2. Different functional groups were introduced, as well as small and big residues were
attached. In general, most of these modifications were accepted and additional polar hydroxyl
substituents (26a-b) boosted the inhibitory potency. Furthermore, the phenoxy analogue €19n, which
had the nitrogen shifted into the second phenyl ring, was highly potent. Also in these series of
compounds, exploiting the ortho effect had a positive influence on the inhibitory activity. To further
explore this ortho effect, a series of isoquinoline analogues was designed resulting in very efficient
compounds. The best LANA inhibitor to date, C50a, showed a potent ICso of 8 + 1 uM in FP-assay and
full inhibition in EMSA (at a concentration of 500 uM).

So far, for the LANA inhibitor discovery and optimization process, a LANA DBD mutant was used. As
descried in the introduction, this mutant was not modified at the LANA DNA binding site. Nevertheless,
LANA inhibitors necessarily should also be able to inhibit wild-type LANA. Therefore, the most efficient
inhibitors showing the best ICso values in the FP-based assay and full inhibition in EMSA at 500uM
(C19¢, C31b, C26a-b, C19n, C50a-b) were further evaluated. Using wild-type LANA CTD, only the
isoquinoline analogue C50a was able to inhibit the protein-DNA interaction (at 250 uM) and from dose-

dependent experiments a promising 1Cso of 60 + 4 uM was calculated.

By comparing the inhibitory activities of our initially discovered inhibitor A50 and the new promising
frontrunner C50a, we generated a 2-fold improved ICs value in FP-based assay and a 7-fold more

potent ICso in EMSA experiments using LANA DBD mutant (Table C1) and wild-type LANA CTD (Table 1).
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Table 1: Comparison LANA-DNA inhibitors A50 and C50a.

FP-Assay EMSA
Cpd Structure MW
ICs0 (LANA i, LBS2) ICso (LANA,:, LBS1)

N=I

N~
A50 o \_/ 266.26 g/mol 17+ 1uM 435+ 6 uM

HO
N=N

Gt
C50a OYQ/b B 330.35 g/mol 8+ 1M 60 £ 4 UM

In addition, dose-dependent EMSA experiments with inhibitor A50 and C50a using LBS1+2 and
LBS2+1+3 as probes showed also, that C50a can effectively inhibit the interaction between LANA and

the full length of the LBSs at lower micromolar concentrations, whereas for A50 was not that effective.

It is encouraging that such a still small inhibitor, can interfere with the wild-type LANA CTD nucleic-
acid interaction and is able to compete with the DNA in the lower micromolar range. The potential to
generate even more potent inhibitors starting from lead inhibitor C50a is encouraging. Furthermore,
with the additional SAR information, we were able to corroborate the previously observed binding
mode from STD-NMR and molecular docking experiments of A50. Unfortunately, solving a co-crystal
structure still failed despite all the efforts that were undertaken by us and our collaborators (T. Krey,
MHH). Therefore, it is impressive, that we were able to optimize our inhibitors with 7-fold
improvement against wild-type LANA applying a chemistry-driven optimization using FP-competition
assay and EMSA experiments as SAR drivers. For further optimization and growing studies, again, a
putative binding mode of C50a could be deduced from STD-NMR experiments. We hypothesize that
the binding orientation of A50 and C50a were quite similar. Proton 1 showed the strongest
enhancement for both compounds. For inhibitor C50a stronger STD effects of protons from the benzoic
acid and triazole regions compared to A50 were detected. This suggests that the whole molecule is
closer to the LANA surface and binds in a more favorable orientation. Due to the ortho effect of the
isoquinoline of C50a, proton 2 seems to be more exposed as equivalent proton 2 from the pyridine
ring of A50. Furthermore, lower STD effects were observed from the second ring of the isoquinoline.
These positions should be further exploited as new potential growth vectors. These insights open up

new possibilities for further medicinal chemistry optimizations.
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5 Conclusion and Outlook

The aim of this thesis was the development of first inhibitors targeting the interaction between LANA
and the viral DNA. Indeed, effective LANA-DNA interaction inhibitors were identified by two different
approaches. Furthermore, in a hit-to-lead optimization campaign a more potent inhibitor has been
generated with the ability to disturb also wild-type LANA interaction with viral DNA in the lower micro
molar range. The potent inhibitory effect of the still small sized inhibitor C50a is encouraging and the
promising results that were obtained in this study will serve as an excellent starting point for the
further development of LANA-DNA inhibitors with greater potency and selectivity. In the future, these
LANA inhibitors could be used as therapeutic agents against latent KSHV infections and KSHV-

associated diseases.

LANA has structural and functional homologies to the viral proteins EBNA1 from EBV and E2 from HPV.
In a quite similar approach to ours, small-molecule EBNA1-DNA interaction inhibitors were discovered
in the group of Lieberman et al.*° From a fragment-based approach two low affinity fragments were
identified. Based on co-crystal structure fragment linking strategies and medicinal chemistry
optimizations were used to generate highly potent inhibitors. EBNA1 inhibitors showed high selectivity
in multiple cell-based assays and were able to block tumor growth and expression of EBV RNA in mice.
These results are astonishing. A comparison of the potencies of these EBNA-1 inhibitors (ICso of
0.388 uM; ALPHA assay) and our best LANA inhibitor C50a (ICso of 8 uM; FP assay) let us suggest, that
we were not too far away from generating similar activities. Hence, we feel encouraged to continue
optimizations of our LANA-DNA inhibitors. In our opinion the potential to develop antiviral agents

against KSHV on the basis of our still small LANA inhibitors is very high.

The next milestone in this project would be to demonstrate activity in a cell-based virus infection assay.
The impact of our compounds are currently tested by our collaborators in the lab of Thomas Schulz
(MHH) by analyzing the loss of the viral genome in KSHV infected cells over time. Additionally, the
pharmacokinetic properties of the inhibitors should be determined and, when necessary, optimized

by additional modifications.

Furthermore, solving a co-crystal structure of the most promising inhibitors in complex with LANA
would provide the opportunity for a structure-based optimization, which might accelerate the whole
optimization process. Additionally, the putative binding mode of A50 and C50a, deduced from

STD-NMR and molecular docking results could be confirmed by this means. Furthermore, it would be
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also of high interest to identify the different binding sites of A50, B1 and B6 on LANA to enable linking

or merging of the different inhibitor scaffolds.

As it stands, the question whether our inhibitors are sufficiently potent or big enough to disturb the
strong interaction between LANA and the viral genome in a complex cell system is still unanswered.
However, it is already encouraging that such small inhibitors were able to inhibit this macromolecular-

macromolecular interaction in vitro.

A different approach to eliminate LANA in the KSHV infected cells might provide the so-called PROTAC
(proteolysis targeting chimera) strategy.® It exploits the ubiquitin proteasome system (UPS) of the
mammalian cells and thus can be used to achieve a targeted protein degradation. The degradation of
LANA within the infected cells would also prevent the latent persistence of KSHV. For this approach,
the synthesis and evaluation of a PROTAC-based LANA degraders has to be established. These
conjugates should consist of two independent binding moieties, one binding to the target protein LANA
and one binding to the E3 ligase.®? If these two motifs are linked together in an appropriate manner,
the resulting compound should be able to induce ubiquitination of the target protein LANA. The
ubiquitinylated LANA would be recognition by the proteasome and, hence, be eliminated from the cell
by proteolytic degradation. One example for a putative PROTAC-based LANA degrader is shown in
Figure 8. The LANA inhibitor C50a (black) is connected by a linker (red) to a known E3 ligase ligand,

e. g. pomalidomide (blue).
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Figure 8: Design of a possible PROTAC-based LANA degrader.

To date, a few promising studies have been published in the field of antiviral PROTACs, but such
approaches are relatively underexploited.®®®* Such a targeted protein degradation strategy could serve

as a relatively new and innovative approach in the area of antiviral drug discovery.
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1. Materials and Methods

1.1. Chemistry

i

; N

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

1-(3-nitrophenyl)-1H-imidazole (3): 3 was prepared according to general procedure 1 using 3-bromo
nitrobenzene (150 mg, 0.74 mmol), K;CO; (122 mg, 0.89 mmol), CuCl (7.0 mg, (.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
abtained crude was purified by column chromatography (PE:EE 1:9) to yield the title compound (43
mg, 0.23 mmol, 31 %) 'H NMR (300 MHz, DMSO-) & ppm 7.32 (m,J = 8.75 Hz, 2 H) 7.75 (m, J =
875 Hz, 2 H) 7.84 - 7.96 (m, | H) 8.23(1,./ = 1.72 Hz, 1 H) 9.70 (1, J = 1.35 Hz, 1 H); “C NMR (75
MHz, DMSO-ds) 8 ppm 119,72, 120,43, 120,39, 121.03, 123.40, 134.25, 139.41, 140,05,

)

N_g
O,N :

1-{4-nitrophenyl}-1H-imidazole

1-(4-nitrophenyl)-1H-imidazole (4): 4 was prepared according to general procedure 1 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-ds) & ppm 7.18 (s, 1
H) 7.86 - 8.02 (m., 3 H) 8.24 - 8.45 (m, 2 H) 8.50 (s, | H); "C NMR (75 MHz, DMSO-d;) & ppm 117.86,
120,37, 125.50, 130.78, 136.03, 141.67, 145.27.
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@N‘-!/N
MO,
4-methyl-1-(2-nitrophenyl)-1H-imidazole

4-methyl-1-(2-nitrophenyl)- 1 H-imidazole (5): 5 was prepared according to general procedure I using
2-lod—nitrobenzene (400 mg, 1.60 mmol), K;CO; (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 obtamed 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).

SN
4-bromo-1-(2-nitrophenyl)-1H-imidazole

4-bromo-1-(2-nitrophenyl)-1H-imidazole (6): 6 was prepared according to general procedure [ using
2-lod-nitrobenzene (120 mg, 0.48 mmol), K:CO; (79 mg, 0.57 mmol), Cul (12 mg, 0.05 mmol), 4-
bromo-1A-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).
Y
NO,
1-(2-nitrophenyl)-1 H-benzo|[d]imidazole
1-(2-nitrophenyl}-1H-benzo|d]imidazole (7): 7 was prepared according to general procedure 1 using
2-lod-nitrobenzene (100 mg, 0.40 mmol), K:CO: (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/z 240
(M+H).
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o
NH
2-(4-methyl-1H-imidazol-1-yljaniline

2-(4-methyl-1H-imidazol-1-ylaniline (11): 11 was prepared to the general procedure Il 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,
CDCly) 8 ppm 2.32 (s, 3 H) 3.70 (br. 5., 2 H) 6.72 - 6.95 (m, 3 H) 7.10 (dd, J = 7.68, 1.26 Hz, | H) 7.17
-7.26 (m, 1 H) 7.56 (br. s, 1 H); ""C NMR (75 MHz, CDCIs) & ppm 15.66, 116,30, 118.55, 123.67,
125,44, 127.06, 129.58, 141.86, 142.87.

Br

C:Nd/
NH;

2-(4-bromo-1H-imidazol-1-yl)aniline

N

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), SnClz (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, CDCIs) & ppm 3.73 (br. 5., 2 H) 6.75
-6.91 (m,2H)7.05-7.16 (m, 2 H) 7.18 - 7.33 (m, | H) 7.52 (d.J = 1.49 Hz, 1 H); '“C NMR (75 MHz,
CDCl3) & ppm 116,19, 116,55, 118.66, 119.32, 122.49, 127.04 , 130.31, 137.37, 141.79,

: N ‘_j'N
MNH,
2-(1H-benzo[dlimidazol-1-yl)aniline

2-(1H-benzo|d]imidazol-1-yl)aniline (13): 13 was prepared to the general procedure Il using 4-methyl-
1-(2-nitrophenyl)-1 H-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, CDCI¥) 6 ppm
3.65 (br.s., 2 H) 6.83 - 6.96 (m, 2 H) 7.19 (dd, J = 7.82, 1.49 Hz, 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, CDCl:) & 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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i

@,N‘x’?

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

3-(1H-imidazol-1-yl)benzoic acid (17): 17 was prepared according to general procedure 11 using 3-
bromo—benzoic acid, N1 N2-dimethylethane-1,2-diamine, K:COs, CuCl, 1H-imidazole and DMF. 'H
NMR (500 MHz, DMSO-ds) & ppm 7.13 (br. 5., | H) 7.65 (d, J = 6.56 Hz, 1 H) 7.84 (br. 5., 1 H) 7.91
(br.s., 2 H) 8.10 (br. 5., 1 H) 8.34 (br. 5., 1 H); “C NMR (126 MHz, DMSO-d) 5 ppm 118,18, 120,78,
124.62, 127.57, 130.14, 130.25, 135.77, 137.15, 166.64.

N

: Ny
HOOC

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

4-(1H-imidazol-1-yl)benzoic acid (18): 18 was prepared according to general procedure 111 using 4-
bromo-benzoic acid, N1, N2-dimethylethane-1,2-diamine, K:CO,, CuCl, 1H-imidazole and DMF. 'H
NMR (500 MHz, DMSO-ds) & ppm 7.15 (br. s., 1 H) 7.81 (br. 5., 2 H) 7.87 (br. 5., 1 H) 8,05 (br. 5., 2
H) 8.40 (br. 5., 1 H); C NMR (126 MHz, DMSO-ds) 8 ppm 117.66, 119.63, 130.22, 130.92, 135.55,
139.91, 166.42.

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-d;) & ppm
7.74(d,J=626Hz, 1 H)8.04 (s, | H)8.01 (s, 1 H) 8.18 (br.s., | H) 8.42 (br.s., | H)8.97 (br.s., | H)
13,43 (br, s, 1 H); “C NMR (126 MHz, DMSO-¢k) 8 ppm 120,52, 123.45, 124,22, 129,16, 130.39,
134.68, 136.86, 166.39,
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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-d;) &
ppm 8.03 (br. s., 1 H) 8.07 (br. s., 2 H) 8.14 (br. 5., 2 H) 8.96 (br. 5., 1 H); *C NMR (126 MHz, DMSO-
de) 6 ppm 119.86, 123.43, 131.09, 134.81, 139.54, 166.48.

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)
dppm 7.28 - 7.41 (m, | 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);
'3C NMR (75 MHz, DMSO-ds) 8 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.

N=N
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-d)
dppm4.62 (s, 2 H) 5.35 (br.s., 1 H) 7.73 (t,J = 7.86 Hz, 1 H) 8.02 (d, J = 7.78 Hz, 1 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. 5., 1 H); "*C NMR (75 MHz, DMSO-d;) 8 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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t;]:N OH
N

)~
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) & ppm 4.63 (s., 2 H) 5.37 (s., | 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_ NH,

et
HOOC/©/

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

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, / = 8.55 Hz, 2 H) 6.34 (s, 1 H); "C
NMR (126 MHz, DMSO-ds) 6 ppm 31.73, 118.59, 121.53, 129.20, 137.31, 138.39, 166.93.

=N [0 =3

P
HOOCO

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

Z-z

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) 8 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.

o]

s o
HOOC/©/

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

Z-2

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) 8 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, | H); “C
NMR (75 MHz, DMSO-d) 8 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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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) & ppm 3.91 (s., 3 H) 8.16 (br. 5., 4 H) 9.65 (s., 1 H); *C NMR (126 MHz, DMSO-d;) & ppm
52.10, 120.43, 127.59, 131.05, 139.00, 139.78, 160.48, 166.44.

|'\1=N OH
Jonds
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-ethynyleyclopentan-1-ol as starting material. 'H NMR
(500 MHz, DMSO-ds) & ppm 1.72 (s., 2 H) 1.86 (s., 2 H) 1.91 (d, J = 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., | H); *C NMR (126 MHz, DMSO-
ds) & ppm 23.31, 40.61, 77.35, 119.58, 131.11, 139.74, 155.99, 166.47.

N=N

N
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-
ds) d ppm 0.81 (br.s., 2 H) 0.98 (br.s., 2 H) 1.97 - 2.12 (m, 1 H) 8.00 (s., 2 H) 8.11 (5., 2 H) 8.66 (s., 1
H) 13.18 (br.s., | H); *C NMR (126 MHz, DMSO-ds) 8 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=N"" on

o
MeQOC

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

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 aleohol as starting material. "H NMR (500
MHz, DMSO-dk) & ppm 3.89 (s, 3 H) 4.62 (s, 2 H) 5.39 (br.s.. | H) 8.05 - 8.23 (m, 4 H) 8.83 (s, 1 H):
BC NMR (126 MHz, DMSO-ds) 8 ppm 52.44, 54.92, 119,76, 121.15, 129.18, 131.01, 139.94, 149.58,
165.38.

=N o~

N
o
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-d;) 8 ppm 3.32 (s, 3 H) 333 (5, 3 H) 4.56 (5,2 H) 8.08 - 8.12 (m, 2 H) 8.14 - 8.18
(m, 2 H) 8.96 (s, 1 H); *C NMR (126 MHz, DMSO-d;) & ppm 52.25, 57.32, 64.62, 119.70, 122.19,
129.13, 130.82, 139.64, 145.19, 165.17.

N=y  NH,
e O

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

4-(4-(2-aminophenyl)-1/1-1,2,3-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 (1,./ = 7.02 Hz, | 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, | H)8.08 - 8.31 (m, 5 H)9.31 (s, | Hx; "C NMR (126 MHz, DMSO-d;) 6 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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MN=py

N E 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) & ppm 5.28 (br.s., 2H) 6.58 (s, | H)y 7.04 (s, 1 H) 7.08 - 7.16 (m, | H) 7.21 (s., 1 H) 8.15
(s, 2 H) 8.11 (s, 2 H) 9.27 (5., 1 H): "C NMR (126 MHz, DMSO-d;) & 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,

s
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-ethyny! aniline as starting material. 'H NMR (500 MHz,
DMSO-d;) 8 ppm 6.70 (d,.J = 8.24 Hz, 2 H) 7.63 (d, / = 8.39 Hz, 2 H) 8.04 - 8.10 (m, 2 H) 8.14 - 8.17

(m, 2 H)9.14 (s, 1 Hk: "C NMR (126 MHz, DMSO-dy) 6 ppm 114.52, 117.32, 119.42, 119.64, 126.46,
130.30, 131.12, 139.69, 148.52, 166.44,

N=N

fegta o ¥
HOOC

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

4-(4-(4-(hydroxymethyl)phenyl)-1/-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. 5., 1 H) 7.45 (m, J
=809 Hz, 2 H) 7.92 (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) ®C NMR (126 MHz, DMSO-ds) & 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
|
MN__#
1Ly 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 (5., 3 H) 7.08 (5., 2 H) 7.88 (5., 2 H) £.10 (s., 2 H) 8.17 (5., 2 H) 9.33
(5., 1 H) 13.21 {br. 5., 1 H); "C 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. 'TH NMR (500 MHz, DMSO-d.) & ppm 5.24
{br. s, 2H) 6.50 - 6.65 (m, | H) 6.98 - 7.07 (m, 1 H) 7.07 - 7.17 (m, 1 H) 7.22(t,.J = 1.83 Hz, | 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, | H); "C NMR (126 MHz, DMSO-d)
& ppm 113.87, 114.07, 119.21, 119.66, 120.54, 128.57, 130.20, 131.16, 139.34, 148.35, 149.57.

N=n HzN

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-di) & ppm 548 (br. s, 2H) 6.71 (. J =748 Hz, 1 H) 695 (d, J =824 Hz, 1 H) 7.18 -
741 (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) & ppm 116.05, 116,69, 121.81, 123.73, 125.30, 125.66, 130.03, 130.24, 134.71, 142.64, 14548,
167.06.
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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) & 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) 8 ppm 113.81, 120.26, 121.60, 125.13, 125.76, 130.07,
134.68, 145.85, 149.57, 167.10.

N=N

N
HOOC
OH

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

4-(1-(4-hydroxyphenyl)-1/-1,2,3-triazol-4-yl)benzoic acid (49): 49 was synthesized according to
procedure V using 4-azido phenol 23 and 4-cthynyl benzoic acid as starting material. '"H NMR (500
MHz, DMSO-ds) 8 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. |

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&N =N
HOOC \ 7

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) & ppm 7.59 - 7.80 (m, 1 H) 8.07 (br. s.. 4 H) 8.40 (d, / = 8.24 Hz, 1 H) 8.75 (br. 5., |

H) 9.22 (br. s, 1 H) 9.53 (s, 1 H); "C NMR (126 MHz, DMSO-ds) & ppm 121.17, 124.81, 125.38,
127.99, 130.24, 134.03, 141.35, 146.68. 149.94, 167.35.

S13

114



Appendix

N=py
N, H
HOOC \,)\©/ N
4-(4-(3-({cyclohexylmethyl)amino)phenyl)-1H-1,2, 3-triazal-1-yl)benzoic acid

4-(4-(3-((cyclohexylmethyl)amino)phenyl)-1H-1,2 3-triazol-1-yl)benzoic  acid (52): 52 was
synthesized according to procedure VI using 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) 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, CDCly) &
ppm 104 - 119 (m, 2 H) 1.20 - 1.40 (m, 4 H) 1.73 (d, /= 12.21 Hz, | H) 1.76 - 1.87 (m, 4 H} 3.81 (br.
s. 1 Hy4.19(d, S = 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)
7.91(d,J=8.55Hz, 2 H)8.22 (s, | H) 8.24 (d, J = 8.54 Hz, 2 H); '*C NMR (126 MHz, CDCls) 8 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-((cyclohexylmethyllamino)phenyl)-1H-1,2,3-triazol-1-yl)benzoic acid

4-(4-(4-(({cvclohexylmethyl)amino)phenyl)-1H-1,2 3-triazol-1-yl)benzoic acid (53): 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, CDCIl5)
dppm 1.10(d,/ =11.90 Hz, 2 H) 1.23 - 1.37 (m, 4 H) 1.72 {d. /= 12.21 Hz, 1 H) 1.77 - 1.81 (m, 2 H)
1.86 (d, /= 1190 Hz, 2 H) 3.83 (br.s.. | H) 4.18 (d, /= 6.10 Hz, 2 H} 6.78 (m, ./ = 8.39 Hz, 2 H) 7.72
(m,J=839Hz, 2H) 7.87-7.92(m, 2 H) 8.12 (5, 1 H) 8.22 (d, J = 8.55 Hz, 2 H); "C NMR (126 MHz,
CDCl:) 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 [008-
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 ODsw 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
in lysis buffer (100 mM NalPO4, 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 cyele.
After removal of cellular debris by centrifugation (19000 rpm, 1 h, 4 °C) the lysate was filtered through
a 0.22 pM 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 | mL/min,
washed with a linear washing gradient (2,5 mL/min) starting from 100% lysis buffer to 100% wash
buffer {100 mM NaH:POu, 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:PO:, 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
Healtheare) 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.

SPR with 500uM of each compound

40,00

SPR Response [Ru)
5
=2

=]
]

10.00
Cutoff: 9 Ru

ol Ll JM[U““M“& J..u.J.IMIIlLMJJ..L..JJ_l.__..|.|__u...._.LL

Maybridge Compounds Asinex Compounds

0.00

Figure S51: 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 Tw = + 0.5 °C and Tw < -1 °C were selected for further investigations
(20 compounds).

TSA with 500uM of each SPR hit

1
Cutalt:
T, #05°C I
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s R LB EEEEEREEED [
.1 —
Cutaff:
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aMaybridge SPR hit
mhsinex SPR hit
| Compound interfered with Sypro Orange
-25 4

Figure 52: 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.

517

118



Appendix

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

LBSI sense S-TCCCGCCCGGGCATGGGGCC
LBS1 sense flc S TCCCGCCCGGGCATGGGGCC fle
LBS! _antisense 5-GGCCCCATGCCCGGGCGGGA
LBS2 sense 5-CGCCGCCGGGGCCTGCGGCG
LBS2 sense flc 5’-CGCCGCCGGGGCCTGCGGCG  fle
LBS2 anti 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
increasing 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.

S18

119



Appendix

180 o
- ulm\»«]
o - : s mmay ” * 206 M LANA,
. . A 400 oM LANA]
120 .
s o "t‘—, CANAIM K [aM]
1 N o
- 134 w1
w0
W o\ X 26 2517
w4 ' - 0 aLse
L -
e
wl i
0001 001 a1 \
c v
] AN A,
204
W wd LC
0o 4 =
o
)
w
e
o
] -
o ) "o 1% mo
Wil

.5 nMLBSZ A
ol i ) * 10nMLBS2 fic
. -3 4 15nMLBS2 i
LBS2 8¢ foM] Wy (W]
s 22
10 Wi
15 20124
.*f-h.
on LA ]
c (kM)
0% Dvbd |
08 %OMS0 |

7% 0vS0 |

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
,w_i -1 : — | LBS1vs LBSZ fic DNA ICy; [nM]
NG ] e LBS1 vs. LBS2_flc 12241
81 ? ) LBS2 vs. LBS2_flc 193+3
E .l + LBS3 vs. LBS2_flc 425428
2 | {
=
£ a0 \ n
* C LBS1: 5-TCCCGCCCGGGCATGGGGCC-3'
4 \ L] -
“ Iy S LBS2: 5'-CGCCGCCGGEGCCTGCGGCG-3'
N L
o9 B S LBS3: 5'-CCGLGLCGGGLCCTGAGGLG-3'
om DI“ |I
c [uM]

Figure S54: 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
(inhibitien from 0 - 100%) representing averaged FP values of duplicates £ standard deviation, B: [Csp values
[nM] caleulated 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 (%0 inhibition 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 [Cs; 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
LE=14 WAH

pl(:'su = —]Dg (leu [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 S TCCCGCCCGGGCATGGGGCC

LBS!_antisense 5-GGCCCCATGCCCGGGCGGGA

LBS142 sense 5 -GGGGACGCCGCCGGGGCCTGCGGCGCCTCCCGCCCGGGCATGGGGCC

LBS1+2_antisense 5-GGCCCCATGCCCGGGCGGGAGGCGCCGCAGGCCCCGGCGGCGTCCCC

Competitor_sense S-GAGGCGGCGCGCGGGGACGCCGCCGGGGCCTGCGGCGCCTCCCGCCCGGGCATGGGGCC
Competitor_antisense 5'-GGCCCCATGCCCGGGCGGGAGGCGCCGCAGGCCCCGGCGGCGTCCCCGCGCGCCGCCTC

/4y

FIFFFS

,{"x"

&

e Uu -
free e“ “ Hu

bound

+GST +LANA +GST +LANA

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)
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Figure S7: Two independent EMSA experiments using LBS1 as probes. Unbound control: GST+LBS]1, 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
Gel 1 Gel 2 Gel 1° (%] Gel 2° %] %] deviation
%]
LANA +LBS1+DMSO | 7082303 7273467 4349 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 2941 33.96 31.68 23
LANA+LBS1+47 3220508 2636996 19.67 2341 21,54 1.9
LANA+LBSI1+50 1278539 1252071 7.69 11,11 9.40 1,7
GST+DMSO+LBSI1 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 2° [%] [%] deviation
%,
LANA +LBS1+DMSO | 7700812 5974719 0.00 0.00 54,04 10._t|'>
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 03
LANA+LBS1+43 9040171 9815636 15,73 72,70 31,68 23
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 |
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 2° |%] %] deviation
[%]
LANA +LBSI+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 3992 54
LANA+LBS1+47 9410393 3529022 35,07 42,71 38.89 3.8
LANA+LBSI+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 1" [%] Gel 2° (%] |%e] deviation
[%e]
LANA +LBSI+DMSO | 6346736 1904508 0,00 0,00 0,00 0,0
LANA+LBS1+37 6394300 2067054 0,28 291 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 2045 51.51 35,98 15,5
LANA+LBS1+47 12194399 4622428 34,90 48,66 41,78 69
LANA+LBS1+50 17995263 5431572 69,53 63,15 66,34 32
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 1Csq 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+LBSI1 top band) / (LANA+DMSO+LBS1 top band + GST+DMSO+LBSI top band)
*100 [%)] (equation 3)

Figure 89: Two independent EMSA experiments using LBS1 as probes. Unbound control: GST+LBSI, bound
control: DMSO+LANA+LBSI and compound 50+LANA+LBSI. A: Gel | 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 pM, 250 uM and 125 pM.
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Figure S10: Two independent EMSA experiments using LBS1 as probes. Unbound control: GST+LBSI., bound
control: DMSO+wild-type LANA+LBSI and compound 50+wild-type LANA+LBSI. 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, ImM, 500 pM, 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'ali'.ted Normfli.zed M.eln ::':::;:

Gel 1 Gel 2 Gel 1" [%] Gel 27 %] %] %]

LANA +LBS1+DMSO 12600282 11705533 100,00 100,00 100,00 0.0
LANA+LBS1+ 50(2 mM) 490249 367666 749 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+LBSI1 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).

Intensities | Intensities Normalized Normalized Mean Standard

Top Band Gel 1 Gel 2 Gel1' [%] | Gel2 (%] | [%] | 9eviation
%]
LANA +LBS1+DMSO 746156 754214 100.00 100,00 100,00 0,0
LANA+LBSI+ 50(2 mM) 36663 50134 9,37 12,47 10,92 1,5
LANA+LBS1+ 50(1 mM) 160620 106993 2520 19,53 22,37 2.8
LANA+LBS1+50(0.5 mM) 360528 337027 50,74 48,13 49,44 1,3
LANA+LBS1450(0.25 mM) 607872 568304 8234 76,89 79.61 2.7
LANA+LBS1+50(0.125 mM) 717155 743068 96.30 98,61 97,45 1,2
GST+DMSO+LBSI1 36663 50134 0,00 0,00 0,00 0,00

“equation 3
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Figure 511: 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. [Cso (LANA DBD mutant) 426 + 2 pM,
ICsy (LANA CTD wild-type) 435 £ 6 pM.
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2.8. Saturation-Transfer Difference NMR (STD-NMR)
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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 I, 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.

Chemical l\l\(:!:icu'::r Response [RU] Tw[°C]
Formula: 2 (SPR @ 500 pM) | (DSF @ 500 pM)
|g/mol]
Hit 1 CyHoNs 159,19 15.69+ 9.3 -1.80 + 1.41
Hit 1a CsHiN 109,13 1266+ 2.1 136415
Hit 1b CioHuNO: 177,20 1473+ 1.9 -1.55+0.83
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3. High Resolution Mass Spectrometry (HRMS)

HRMS were measured on a Thermo Scientific () Exactive Focus (Germany) equipped with DIONEX
ultimate 3000 UHPLC" focused, For gradient eluation, an EC 150/2 NUCLEODUR C18 Pyramid (3
pum) 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 lonisation (ESI). Measured
(upper spectrum) and caleulated (lower spectrum) HRMS spectra of each final synthesized compound
were depicted below.
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1-(2-nitrophenyl)-1H-imidazole (2)
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1-(3-nitrophenyl)-1H-imidazole (3)
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1-(4-nitrophenyl)-1H-imidazole (4)
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2-(1H-imidazol-1-yl)aniline (1)
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2-(4-methyl-1H-imidazol-1-yl)aniline (11)
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2-(4-bromo-1H-imidazol-1-yl)aniline (12)
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2-(1H-benzo|d]imidazol-1-yl)aniline (13)
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N-(2-(1H-Imidazol-1-yl)phenyl)acetamide (8)
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2-(1H-Imidazol-1-yl)phenol (15)
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2-(1H-imidazol-1-yl)benzoic acid (16)
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189.06460 NL:
1007 2.21E7
B PK_336#476-500
90 RT:2.15-2.26 AV:25
3 T: FTMS + p ESI Full
=1 ms
803 [120.0000-
. 1000.0000]
70—
g
& 60
b= ]
c .
F] 3
& 50
2
g 40+
@ ]
304
20
] 190.06781
10—
o-1188.99591 | 189.13364 189.40939 190.00219
100+ 189.06585 NL:
] 8.86E5
7 CioHg Nz Oz +H:
90 CioHgN202
] pa Chrg 1
80
70
60
50
40—
30
20
3 190.06921
10
G_I URAARS RARES T T LIRS AR T L LA RARRS T
189.0 189.5 190.0
m/z

540
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Appendix

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

O

N/

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

189.06481

Relative Abundance
w
T

. 190.06810

] 188.99613 | 189.13393 190.00243

189.06585

] 190.06921

541

NL:

3.52E7
PK_356#478-501
RT:2.16-2.26 AV: 24
T: FTMS + p ESI Full
ms

[120.0000-
1000.0000]

NL:

8.86E5

CioHg N2 O2 +H:
CigHgN202

pa Chrg 1
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Appendix

4-(1H-imidazol-1-yl)benzoic acid (18)
M\

o
HOOC

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

189.06464 NL:
100 4.37E7
3 PK_357#472-493
90 RT:2.13-2.23 AV: 22
4 T:FTMS + p ESI Full
80: ms
B [120.0000-
] 1000.0000]
70
g8 3
S 607
° 7]
c -
2 507
R
% 40—
o
30
20
] 190.06794
10
ol 188.99584 | 189.13384 189.40941 190.00227
- 189.06585 NL:
003 8.86E5
J CioHg Nz Oz +H:
90 CigHgN202
] pa Chrg 1
80
70—
60
50
40
304
20
3 190.06921
10
c = T I | T L) T T | T I I | I T T T
189.0 189.5 190.0
m/z

542
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Appendix

2-(1H-1,2,3-triazol-1-yl)benzoic acid (26)
=\
L
COOH
2-(1H-1,2,3-triazol-1-yl)benzoic acid

190.05995

Relative Abundance

191.06321

189.99035 | 190.12964 190.97793 l

190.06110

191.06446

543

ML AR LAAbS RALLE LAAA LAY LAY LAARE ML) RAAL LA
190.5 191.0

NL:

1.14E8
PK_393#944-954
RT:4.24-428 AV: 11
T: FTMS + p ESI Full
ms

[120.0000-
1000.0000]

NL:

8.93E5
CgH7N3Op +H:
CgHgN3 02

pa Chrg 1

144



Appendix

3-(1H-1,2,3-triazol-1-yl)benzoic acid (27)

=\
N
N"N

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

100+ 190.05982

Relative Abundance
w
o
11

R 190.00256

190.12923 190.40741

191.06308

190.97787 J 191.12789

190.06110

191.06446

s44

NL:
2.96E7
PK_394#982-995
RT:4.41-4.47 AV: 14
T:FTMS + p ESI Full
ms

[120.0000-
1000.0000]

NL:

8.93E5

CaH7N3 Oz +H:
CgHgN3z 02

pa Chrg 1
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Appendix

4-(1H-1,2,3-triazol-1-yl)benzoic acid (28)

HOOC :

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

Relative Abundance
w
[=]
1l

190.05979

N, =

191.06306

190.12876 190.40765 190.71096 190.97787 | 191.14158

190.06110

191.06446

NL:

4.73E7
PK_395#973-988
RT:4.38-4.44 AV: 16
T:FTMS + p ESI Full
ms

[120.0000-
1000.0000]

NL:

8.93E5
CogH7N3zO2 +H:
CgHgN3 02

pa Chrg 1
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Appendix

2-(4-phenyl-1H-1,2,3-triazol-1-yl)benzoic acid (29)

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

100+ 266.09029
90

Relative Abundance
(4]
[=]
I

207 267.09349

] 266.93597
— 265.97541 | 266.20578 266.66640 267.19315

266.09240

207 267.09576

546

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

CisHi1 N3Oz +H:
CisH12N3 Oz

pa Chrg 1
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Appendix

3-(4-phenyl-1H-1,2,3-triazol-1-yl)benzoic acid (30)
N

[‘\15
-0

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

10 266.09049 NL:
2.21E8
PK_341#1232-1253
9 RT: 5.53-5.62 AV:22
T: FTMS + p ESI Full
80 ms
[120.0000-1000.0000]
7
8
G 6
©
[
é 50
[}
2
g 40
lid
3
2 267.09369
1
266.93624
0 265.97546 || 266.20558 266.66679 267.19327
266.09240 NL:
10 8.36E5
CisH11 N3 Oz +H:
9 CisH12N302
pa Chrg 1
8
7
6
5
4
3
2 267.09576
1
c'l T | Ak i Bavid 5ds T T l"l'l T T l'l T T T ]'l'
266.0 266.5 267.0 267.5
m/z
S47
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Appendix

4-(4-phenyl-1H-1,2,3-triazol-1-yl)benzoic acid (31)

N=N
1y e
HOOC

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

266.09043

Relative Abundance
(4]
[=]
I

207 267.09360

] 266.20595 266.93611 | 267.19273 268.09669
266.09240

207 267.09576

7] 268.09911
O T LA L LA L] L R L i L
268.0

RRLEAE B T
267.0 267.5

m/z

R R R bl Rkl bbbl b
266.0 266.5

548

NL:

4.55E7
PK_1104#1238-1248
RT: 5.57-5.61 AV: 11
T: FTMS + p ESI Full

ms
[120.0000-1000.0000]

ML:

8.36E5

CisH11 N3Oz +H:
CisHy2N3 Oz

pa Chrg 1
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Appendix

4-(4-(hydroxymethyl)-1H-1,2,3-triazol-1-yl)benzoic acid (32)

N
HOOCO/

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

220.07024 NL:
1007 3.94E7
; PK_400#885-902
90 RT:3.98-4.05 AV: 18
3 T: FTMS + p ESI Full
-1 ms
807 [120.0000-
] 1000.0000]
70—
@ ]
g -
@ 607
© 7
= -
3 .
< 50
2 7
£ 40
@ ]
30—
20
] 221.07343
10—
c: 219.97120 || 220.15668 220.50329 220.93301 Jz;:1_.1513;r
220.07167 NL:
100 8.81E5
7 CioHg N3 O3 +H:
90 CioHigN303
] pa Chrg 1
80
70
60
50
40
30
20
3 221.07502
10
0- MLRARAS RAARS RAARS RAALE RARLE LAALE RRALS RAAR] A RARAS LA LALEY T ™
220.0 2205 221.0 2215
m/z

549
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Appendix

4-(4-(aminomethyl)-1H-1,2,3-triazol-1-yl)benzoic acid (33)

N=N NH,

I

NJ‘/
HO

[o]
4-(4-(aminomethyl}-1H-1,2,3-triazol-1-yl)benzoic acid

217.07141

Relative Abundance
() -y w [=}] -~ [=4] w a
[=]

n

218.07477

-y

217.15677 217.61658 217.85914

217.07310

w

(=]

=~

[=:]

w

£

w

ny

-

218.07645

OIIII?IIII?IIII?II\I?IIII‘?IIII?IIII?IIII?IIII?IIII$nllII?IIII?II\I?IIII?IIII?II\I‘?II\I?II\I?IIII?IIII'

m/z

S50

NL:

2.76E6

PK_397 Neg#368-394
RT: 1.67-1.79 AV: 27
T: FTMS - p ESI Full

ms
[120.0000-1000.0000]

NL:

8.80ES

Cm Hm N4 02 +H:
CioHgN4O2

pa Chrg -1
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Appendix

4-(4-(methoxymethyl)-1H-1,2,3-triazol-1-yl)benzoic acid (34)

o
HOOC

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

234.08558

Relative Abundance
(4]
T

123398072 | 3, 15044

234.56058

235.08880

234.99842 l 235.16723

234.08732

235.09067

$51

NL:

5.32E7
PK_42841000-1018
RT: 4.50-4.58 AV:19
T: FTMS + p ESI Full
ms
[120.0000-1000.0000]

NL:

8.71E5

C11H11 NaOg+H:
C11HizN303

pa Chrg 1
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Appendix

4-(4-(acetoxymethyl)-1H-1,2,3-triazol-1-yl)benzoic acid (35)

o

=N
'E' \2‘/0{
Hooc/g

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

262.08025 NL:
1007 7.15E7
. PK-330#1038-1052
90 RT: 467-473 AV: 15
] T: FTMS + p ESI Full
EO: ms
B [120.0000-1000.0000]
70
@ ]
Q -
& 60+
© ]
c .
=2 4
< 50
2 3
g 40—
T ]
304
20
] 263.08342
10
c: 262.19304 262.64306 262.91356
100 26208223 NL:
003 8.60E5
] C12H11 N3 O4 +H:
90— Ci2H12N3 04
] pa Chrg 1
80
70—
60
50
40
30
20
] 263.08559
10
C_ LLAARAS RARAE RARAE RALRE LAARE RLLAY RAARE RAALE RALEE LARLE RAALS M aa AL RARLE LA
262.0 262.5 263.0 263.5

miz

552
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Appendix

4-(4-(methoxycarbonyl)-1H-1,2,3-triazol-1-yl)benzoic acid (36)

e
HODCQ/

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

Z-z

248.06471 NL:

1003 6.17E7
3 PK_396#1042-1060
90 RT: 4.68-4.76 AV:19
3 T: FTMS + p ESI Full
80— ms
] [120.0000-1000.0000]
704
@ ]
g -
@ 607
° .
c -
=2 -
& 50
2
< 407
@ ]
30—
20
] 249.06788
10—
o] 248.16841 248.58347 248.91544 | 249.21945
100+ 248.06658 NL:
] 8.69E5
3 Ci1HaN3 Q4 +H:
907 Ci11HwoNz204
] pa Chrg 1
80
70
60
50
40
30
20
3 249.06994
10
0- URARRE AR L LRRSAR BARARI IREARE B LA RRRAR T MLRARE
248.0 2485 249.0
m/z
553

154



Appendix

4-(4-(1-hydroxycyclopentyl)-1H-1,2,3-triazol-1-yl)benzoic acid (37)

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

274.11661

Relative Abundance
(4]
T

] 275.11976

3 274.23715 274.71869  275.06435 || 275.24037

274.11862

] 275.12197

e
274.0

554

NL:

6.86E7
PK_398#1051-1063
RT:4.72-4.77 AV:13
T: FTMS + p ESI Full
ms
[120.0000-1000.0000]

NL:

B.43E5

CiaHis N3 O3 +H:
C1aH1sN3 O3

pa Chrg 1
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Appendix

4-(4-cyclopropyl-1H-1,2,3-triazol-1-yl)benzoic acid (38)

N
<2<
HOOCJ@/

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

Z-z

100 230.09083

Relative Abundance
(4]
T

. 231.09406

- 229.99825 || 230.18282  230.55373

230.09240

3 231.09576

L RARRS LA L R AR LA LARAN LALES LR LARRS REALE LAAES AR L
230.0 230.5 231.0
m/z

$55

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:

B.64E5

Ci2H11 N3Oz +H:
Ci2H12N3 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

o
MeQOC

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

234.08564 NL:

100; 5.28E7
3 PK_435#1022-1035
90+ RT:4.60-4.66 AV: 14
3 T: FTMS + p ESI Full
EO: ms
E [120.0000-1000.0000]
70
@ ]
Q =
S 60
=] ]
c .
3 7
< 50
R
g 40—
[+ ]
304
20
. 235.08884
104
G: 233.99068 || 234.18103 234.56092 234.99851 ) 235.16715
100 234.08732 NL:
7 8.71E5
] C11H11 NaOg+H:
90} C11H12N3 O3
3 pa Chrg 1
80
70
60
50
40
30
20
B 235.09067
10
c - I L) T 1 T T I | I I T T I I I L) 1 T
234.0 234.5 235.0 2355
miz
556

157



Appendix

methyl 4-(4-(methoxymethyl)-1H-1,2,3-triazol-1-yl)benzoate (40)

N and
MeOOCJ@/

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

100+

Relative Abundance
(4]
T

248.10107

247.99751

248.20470 248.61971

249.10427

248.94064
249.18338

2481

0297

249.10632

sy L
248.0

m/z

LAY A KA AR U
2485

e
249.0

557

M MAaa i L
2495

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:

B.62E5

Ci2H1aN3 O3 +H:
Ci12H14 N3 03

pa Chrg 1
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Appendix

4-(4-(2-aminophenyl)-1H-1,2,3-triazol-1-yl)benzoic acid (41)

N=N  NH,
HOOC@N =

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

281.10122 NL:
100+ 3.09E8
] PK_42541172-1185
90 RT:5.25-5.31 AV: 14
3 T: FTMS + p ESI Full
EO: ms
B [120.0000-1000.0000]
704
@ .
(=3 -
& 60+
b= ]
c .
3 I
< 50
2
g 40+
@ .
304
20 282.10453
10
G: 280.97598 || 281.22573 281.72721 282.27607
100 281.10330 NL:
] 8.33E5
] CisHi2 N4 Oz +H:
90— CisH1aN4O2
3 pa Chrg 1
80
70—
60
50
40
30
20 282.10666
10
C_ T LABAAR RAARE LALAL RALAY RAAL) RARAE BRAA] RAAAS LUAR) LALE RAAAY RALES RALAS BRAA] RAALY LA RARLS MALLE M
281.0 2815 282.0 282.5
m/z
$58
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Appendix

4-(4-(3-aminophenyl)-1H-1,2,3-triazol-1-yl)benzoic acid (42)

N=N
AN NH,
HOOC

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

281.10153 NL:
1003 9.43E7
R PK-392#971-991
90 RT:4.36-4.45 AV: 21
] T:FTMS + p ESI Full
-1 ms
80 [120.0000-
] 1000.0000]
70—
g
& 60
-] .
< .
=] ]
S 50
s
= .
T 407
T
30
207 282.10470
10—
- 281.99274
o 280.99102 | g 59609 281.72731 . 282.21908
281.10330 NL:
100; 8.33E5
3 CisH12N4 02 +H:
907 CisH1aN4 Oz
] pa Chrg 1
80
70
60—
50
404
30
20; 282.10666
104
C_-" URARRE RARLE RAARE RALLE RALLE LAY RLAAE RLLLE RALEE RS RLLLY M e T
281.0 281.5 282.0
miz
559
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Appendix

4-(4-(4-aminophenyl)-1H-1,2,3-triazol-1-yl)benzoic acid (43)

N=N

Lo
HOOC NH,

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

281.10125

Relative Abundance
[4,]
T

282.10444

281.99267
280.99084 || 281.22616 281.72704 282.21901

281.10330

207 282.10666

bR LAAAE AR RARAE LA RAARE MRS RARLE LA LALAE AAAAE RALE RARM M
281.0 281.5 282.0
m/z

560

NL:

1.31E8
PK_460#968-991
RT:4.35-4.45 AV: 24
T: FTMS + p ESI Full
ms

[120.0000-
1000.0000]

NL:

8.33E5
CisH12N4O2 +H:
CisH1aN4sO2

pa Chrg 1
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Appendix

4-(4-(4-(hydroxymethyl)phenyl)-1H-1,2,3-triazol-1-yl)benzoic acid (44)

N=N

/@’M\}\@\/OH
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
3 T: FTMS + p ESI Full
EO: ms
E [120.0000-1000.0000]
704
g
& 60+
b= ]
c .
F] I
& 507
2
g 40+
@ .
304
20 297.10420
104
0 1 29596549 || 296.23624 296.96832 | 297.24003
8 296.10297 NL:
100 8.25E5
] CisHia N3 O3 +H:
90 CisHi1a N3 O3
J pa Chrg 1
80
70
60
50
40
30
20 297.10632
10
G_"I""I W ™ T T T
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.__# /
Jor P o
HOOC

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

296.10083 NL:
100+ 1.44E8
] PK_408#1226-1239
90 RT:5.51-557 AV: 14
] T: FTMS + p ESI Full
80: ms
B [120.0000-1000.0000]
70
@ ]
o -
& 60
© ]
c .
=
< 50
7
g 40—
T ]
304
20 297.10407
10
c: 295.96571 || 296.23528 206.96793 | 297.23872
a 296.10297 NL:
1003 8.25E5
3 CisH1aN3 O3 +H:
90+ CisH1a N3 O3
7 pa Chrg 1
80
70—
60
50
40
30
20 297.10632
10
c_p''|"-|"-'|“'|"'|"'I LARA AR MR R LA LARARLAARLE RARAY RALAL LRAARE Al RAAR LALLM
295.5 296.0 296.5 297.0 2975
miz
$62
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Appendix

Relative Abundance

3-(1-phenyl-1H-1,2,3-triazol-d-yDaniline (46)

NH,

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

237.11179 NL:
mo: 3.45E8

3 PK-379#1091-1108
90 RT: 4.90-4.98 AV:18

3 T: FTMS + p ESI Full
80: ms

E [120.0000-1000.0000]
704
60
50
40
30—
20

] 238.11497
10

o 1 237.01778 | 237.20840  237.59637 238.21307
237.11347 NL:
1003 8.46E5

] CiaHiz Ng +H:
90 CiaHiaNg

] pa Chrg 1
80
70—
60
50
40
30
203 238.11683
107

C - I | T T | T T 1 | L) T T T |
237.0 2375 238.0 238.5
m/z

563
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Appendix

4-(1-(2-aminophenyl)-1H-1,2,3-triazol-4-yl)benzoic acid (47)

N=N H2N

U
HOOC

©

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

Relative Abundance
w
o
11

281.10135

280.97605 )| 281.22607

282.10463

281.72722 282.21861

281.10330

282.10666

s64

NL:

1.52E8
PK_434#1143-1156
RT:5.14-5.20 AV: 14
T: FTMS + p ESI Full

ms
[120.0000-1000.0000]

NL:

8.33E5

CisHiz2Ng Oz +H:
CisH13 N4 O2

pa Chrg 1
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Appendix

4-(1-(4-aminophenyl)-1H-1,2,3-triazol-4-yl)benzoic acid (48)

N=N

N
HOOC
NH,

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

100+

Relative Abundance
w
T

281.10117

280.99074

281.22675 281.72631

282.10442

282.21843

283.110?49

281.10330

282.10666

283,1]1001

T
282.5

565

L
283.0

NL:

1.06E8
PK_496#1053-1066
RT:4.73-4.79 AV: 14
T: FTMS + p ESI Full
ms
[120.0000-1000.0000]

NL:

8.33E5

CisH12 N4 Oz +H:
CisHi3N4O2

pa Chrg 1
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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

Relative Abundance
W
T

20 283.08858

R 282.21088 282.71493 284‘(::914?

282.08732

207 283.09067

. 284,q9403

L L
284.0

566

NL:

1.61E8
PK-483#1078-1093
RT: 4.85-4.91 AV: 16
T: FTMS + p ESI Full

ms
[120.0000-1000.0000]

NL:

8.34E5

C]s H|1 N303 +H:
CisH12N303

pa Chrg 1
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Appendix

Relative Abundance

100+

90
80

SN
HOOC

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

N=N

267.08567

266.93614 || 267.20090

4-(1-(pyridin-3-y1)-1#-1,2,3-triazol-4-yl)benzoic acid (50)

=N

L~

268.08885

267.97807

267.08765

268.09101

567

T
268.0

NL:

2.35E7
PK_427#1061-1079
RT:4.77-4.85 AV: 19
T: FTMS + p ESI Full

ms
[120.0000-1000.0000]
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4-(4-(2-((cyclohexylmethyl)amino)phenyl)-1H-1,2,3-triazol-1-yl)benzoic acid (51)

N=N  HN
HOOC@'N =

4-(4-(2-((cyclohexylmethyl)amino)phenyl)-1H-1,2,3-triazol-1-yl)benzoic acid
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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
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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
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4-(4-(3-((2-Morpholinoethyl)amino)phenyl)-1H-1,2,3-triazol-1-yl)benzoic acid (54)
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e

4-(4-(3-((2-morpholinoethyl)amino)phenyl)-1H-1,2,3-triazol-1-yl)benzoic acid
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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
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7.2 Supporting Information Chapter B
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1 Screening Results
1.1 FP-based Spot Test Screening @ 100 uM
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Figure 51: Results of spot test FP-based assay. Compounds were tested at 100 pM and threshaold 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 52: Results of dose-dependent FP-based screening (Class |, Part 1).
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Figure S4: Results of dose-dependent FP-based screening (Class I1).
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2 Compound Characterization
2.1 FP-based ICsq 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 (aal008-1146). (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 1Csp values.

140 -
. B oexp. 1
Hit 1 o exp 2
1204 # i
100 -
T
= &0
o =
o e
60 &
s
:’H\(WL ay A R
H.Nlmcll'll L 1 Fe
40+ s R e
20 T T T
1 10 100

Conc. [uM]

Figure 56: Results of dose-dependent FP-assay for Hit 1.
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Figure 57: Results of dose-dependent FP-assay for Hit 2.
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Figure 58: Results of dose-dependent FP-assay for Hit 3.
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Figure 59: Results of dose-dependent FP-assay for Hit 4.
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Figure 510: Results of dose-dependent FP-assay for Hit 5.
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Figure 511: Results of dose-dependent FP-assay for Hit 6.
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Figure 512: Results of dose-dependent FP-assay for Hit 7.
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Figure 513: Results of dose-dependent FP-assay for Hit 8.
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Figure 514: Results of dose-dependent FP-assay for Hit 9.
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2.2 Surface Plasmon Resonance (SPR) Studies
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Figure 515: Sensorgram of the immabilization procedure for LANA (1008-1146) DBD mutant on
CMDS00M sensor chip: (1) Four injections of cleaning solution, (2) activation solution, (3) LANA 1008-

1146, 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 51: SPR response values (RU) of the tested compounds at 100 puM injected over an immaobilized
LANA DBD mutant.

Compaund Response (RU)
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 86+0.1
4 431 41.5 42.3+0.8
5 210 233 221112
] 11.6 12.7 12.2+06
7 9.6 10.6 10.1£05
8 20.1 22.2 21211
9 8.4 9.7 9.1+0.7
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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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Figure 519: (A) Sensorgrams averlay (black) of 9 at concentrations of 1.6-50.0 uM running over an
immobilized LANA DBD mutant. Global fitting of the association and dissaciation curves (red); (B)

Langmuir binding isotherm (Ko value: 9 + 1 uM).

Table 52: The kinetic parameters of compounds 1, 6 and 9 binding to LANA.

Compound  Rmax (RU) Kon (M2s%) kogr (5) Ko (uM) Res sd
1 A6+ 32 52+0.3x107 0.068 + 0.002 131.0+5.0 1.5
6 10+1 6.0+0.2x10° 0.059 + 0,001 9.9+04 0.8
9 17+1 6.0+ 0.3 % 10° 0.055 + 0.002 93204 1.7

Rmar: maximurmn analyte binding capacity; ks.: association rate constant; ko dissociation rate constant;

Kp: 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 520: Off resonance NMR spectrum of Inhibitor | at a concentration of 250 M.
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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 | (final concentration of 500 uM) mixed with Hit 1 (final

concentration of 250 pM).
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Figure S24: STD-NMR spectrum of Inhibitor I (final concentration of 250 pM) mixed with Hit 1 (final

concentration of 250 pM).

Figure $25: STD-NMR spectrum of Inhibitor I (final concentration of 125 pM) mixed with Hit 1 (final

concentration of 250 uM).
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Figure S26: STD-NMR competition experiments with inhibitor | 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 1 mixed with
hit 1, each with a final concentration of 250 uM; Spectrum 3: STD spectrum of Inhibitor | mixed
with hit 1, inhibitor | with a final concentration of 500 uM and hit 1 with a final concentration
of 250 puM; 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 I mixed with hit 1, inhibitor I

with a final concentration of 125 uM and hit 1 with a final concentration of 250 uM.
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Figure $28: 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 pM) mixed with Hit 6 (final
concentration of 250 pM).
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Figure 529: 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 530: STD-NMR spectrum of Inhibitor I (final concentration of 125 uM) mixed with Hit 6 (final
concentration of 250 pM).
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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 puM.

Table S3: Cytotoxicity Assay — HepG2 cells

HepG2 Relative viability after 48 h [%]
Compound Concentration [uM]

Experiment 1 Experiment 2
1 100 84.91 144.76
6 100 155.94 138.43
9 100 27.35 14.59

Table S4: Cytotoxicity Assay — Hek293 cells

Hek293 Relative viability after 48 h [%]
Compound Concentration [pM]

Experiment 1 Experiment 2
1 100 41.66 45.56
6 100 82.55 87.18
9 100 1145 2.34
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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. Ry=0.37 (PE/EtOAc 7:3)

4-(1-(pyridin-3-y1)-1H-1,2,3-triazol-4-y)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-d;) 8 ppm 7.66 (br. s., 1 H) 7.68
-7.79 (m, 1 H) 7.88 - 8.06 (m, 1 H) 8.19 (d, /=7.63 Hz, 1 H) 8.41 (d, /=8.24 Hz, 1 H) 8.53 (s., 1 H) 8.76
(s., 1 H)9.25 (s., 1 H)9.55 (s, 1 H) 13.23 (br. s., 1 H); “C NMR (126 MHz, DMSO-ds) 8 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, /=8.32, 4.81 Hz, | H) 8.01 - 8.18 (m, 4 H) 8.30 - 8.46 (m, | H) 8.74 (d. /=4.12 Hz, 1 H) 9.21
(br.s., 1 H)9.56 (s, 1 H); 3C NMR (126 MHz, DMSO-ds) 8 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
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 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. NaHCO; 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, J=7.10 Hz, 3 H) 4.35 (q, /=7.17 Hz, 2 H) 7.71
(dd, /=8.32,4.81 Hz, | H) 8.10 (s, 4 H) 8.36 - 8.47 (m, 1 H) 8.74 (dd, J=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) 8 ppm 7.44 (br. s., 1 H) 7.72 (dd, J=8.01, 435 Hz, 1 H) 8.02 (s,
4 H) 839 (d, J=8.09 Hz, 1 H) 8.76 (br. s., 1 H) 9.23 (br. 5., 1 H) 9.50 (s, 1 H); '*C NMR (126 MHz,
DMSO-d;) 6 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 eg., 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) 8 ppm 3.89 (s, 3 H) 7.72 (ddd, /=8.28, 4.77, 0.69 Hz, 1 H) 8.00 (d, J=8.09 Hz, | H)
8.02 - 8.07 (m, 1 H) 8.12 (d, /=1.53 Hz, 1 H) 8.38 (ddd, /=8.28, 2.63, 1.45 Hz, 1 H) 8.75 (dd, /=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-d) & ppm 52.39,
121.91, 123.82, 124.72, 127.09, 128.00, 128.97, 132.26, 132.93, 133.13, 134.66, 141.31, 14518,
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 GPS 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, /=8.32, 4.81 Hz, 1 H) 7.88 - 8.03 (m, 2 H) 8.09 (d, /=1.37 Hz, | 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, /=2.44 Hz, 1 H) 9.59 (s,
1 H) 13.53 (br. 5., | H); *C NMR (126 MHz, DMSO-ds) & ppm 122.18, 124.19, 125.20, 127.45, 128.47,
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 eg., 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-d;) 8 ppm 4.55
(d, /=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, /=8.24, 4.73 Hz, | 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-dq) 8 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. ag. NaHCO;
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) 6 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.
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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)phenyDacetamide (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) 8 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) 8 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, (.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-d) 8 ppm 7.72 (dd, J=8.24, 4.73 Hz, 1 H)
8.01 (d, J=8.39 Hz, 2 H) 8.08 - 8.17 (m, 2 H) 8.35 - 8.44 (m, 1 H) 8.75 (d, J=4.27 Hz, 1 H) 9.19 (br. s.,
1 H) 9.59 (s, 1 H); C NMR (126 MHz, DMSO-ds) & 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), EtaN (0.1 mL) and NaN; (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 MgSO,4 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. Ry= 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 mmeol) 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-d;) 8 ppm 5.88
(s, 2 H) 7.86 (br. s., | H) 7.94 - 7.99 (m, 3 H) .00 - 8.04 (m, 2 H) 8.27 (d, J=7.93 Hz, 1 H) 8.81 (s.,
1 H) 8.85 (s, 1 H) 8.93 (s., 1 H); 3C 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. Rr=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.,
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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. Ry=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. Ry = 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 HC1 (2.4 mL). The crude product (141 mg, 1.05 mmol, 75%)
was used as obtained in the next step without further purifications. Ry=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.
Ry=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. Ry = 0.46
(PE/EtOAC 7:3)

5-azido-N-isopropylpyridin-2-amine (18h): The azide was synthesized according to GP1 using
N-isopropylpyridine-2,3-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 HCI (5 mL). The crude product
(308 mg, 1.78 mmol, 90%) was used as obtained in the next step without further purifications. Rs= 0.75
(PE/EtOAc 7:3)

5-azido-/V-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. Ry= 0.78
(PE/EtOAc 7:3)
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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. Ry= 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 HC1 (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 HCI (7 mL). The crude product (90 mg, 0.45 mmol,
83%) was used as obtained in the next step without further purifications. Rr= 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 HCI (10 mL). The crude product (190 mg, 0.89 mmol,
83%) was used as obtained in the next step without further purifications. Rr= 0.35 (PE/EtOAc 7:3)

4-(1-(4-methylpyridin-3-y1)-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, DMSOQ-ds) § ppm 2.32
(s, 3 H) 7.60 (d. /=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); 3C 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-d;) 8 ppm 7.97
(dd, J=4.96,420Hz, 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); 3C NMR (126 MHz, DMSO-de) 8 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 (19c¢): 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, DMSOQ-ds) 6 ppm 7.17
-7.25(m, 2 H) 7.31 - 7.40 (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, /=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, 12521, 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-y1)-1H-1,2,3-triazol-4-yl)benzoic acid (19d): The triazole was synthesized
according to GP3 using 4-cthynylbenzoic 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) 8 ppm 2.46
(s, 3 H) 8.00 - 8.13 (m, 4 H) 8.25 (s, 1 H) 8.59 (s, 1 H) 9.01 (s., 1 H) 9.51 (s, 1 H) 13.04 (br. s., 1 H);
C NMR (126 MHz, DMSO-d;) 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) 3 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, | 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-cthynylbenzoic acid (78 mg, (.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-ds) & 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, /=4.73 Hz, 3 H) 6.64 (d, /=9.00 Hz, 1 H) 7.05 (d,./=4.73 Hz, 1 H) 7.89
(dd, J=8.93,2.67 Hz, | H) 8.00 - 8.14 (m, 4 H) 8.49 (d, /=2.59 Hz, 1 H) 9.21 (s, 1 H) 13.01 (br. 5., 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-dg) & ppm 1.17 (s, 3 H) 1.19 (s, 3 H) 4.06 (dq, J=13.35, 6.59 Hz, | H) 6.62 (d, /=9.00 Hz,
1 H) 6.94 (d, /=7.48 Hz, | H) 7.85 (dd, ./=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) 5 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) 6 ppm 6.96 (s, | H) 7.04 (d, J=8.85 Hz, 1 H) 7.32 (1, J=7.71 Hz, 2 H) 7.72 (d, J=8.24
Hz, 2 H) 8.06 (s, 4 H) 8.10 (dd, /=R.93, 2.67 Hz, 1 H) 8.68 (d, J=2.59 Hz, 1 H) 9.31 (s, 1 H) 9.48 (s,
1 H); *C NMR (126 MHz, DMSO-d;) & 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 18]
(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, DMSQ-ds) 8 ppm 7.97
-8.11 (m, 4 H) 8.46 (dt, J/=9.50, 2.35 Hz, 1 H) 8.79 (d, /=2.59 Hz, 1 H) 9.14 (s, 1 H) 9.55 (s, 1 H); *C
NMR (126 MHz, DMSO-ds) & 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-d;) 5 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, J=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) & 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-d;)  ppm 7.18
-7.24 (m, 2 H) 7.24 - 7.30 (m, 1 H) 7.32 (d, /=8.85 Hz, 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
7
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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
(3,4 H) 9.40 (s, 1 H); *C NMR (126 MHz, DMSO-ds) & 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) 6 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) 6 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, /=9.61 Hz, 1 H) 7.99 (d, /=3.05 Hz, 1 H) 8.00 - 8.04 (m, 2 H) 8.04 -
.08 (m, 2 H) 8.12 (d, /=2.75 Hz, 1 H) 9.21 (s, 1 H), 12.59 (br. s, 1 H); *C NMR (126 MHz, DMSO-
ds) 8 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. Ry= 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-ds) & ppm 2.32 (s, 3 H) 7.60 (d, /=5.04 Hz, 1 H) 8.07 (s, 5 H) 8.66 (d, /=5.04 Hz, 1 H)
8.73 (s, 1 H) 9.20 (s, 1 H) 13.07 (br. 5., 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+) m/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. Ry= 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 HCI
(5 mL). The crude product (77 mg, 0.32 mmol, 98%) was used as obtained in the next step without
further purifications. Ry = 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-dy) 8 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, J=8.39, 1.53 Hz, 1 H) 8.42 (s, 1 H) 8.84 (s, 1 H) 9.25 (s, | H) 13.22 (br. s,
1 H); *C NMR (126 MHz, DMSO-ds) & ppm 17.77, 117.98, 118.97, 119.25, 122.74, 124.48, 125.32,
128.01, 130.18, 131.67, 132.00, 143.23, 144.53, 146.02, 157.43, 158.77, 167.09

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,
1 H) 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) 6 ppm
17.45, 62.85, 122.49, 124.45, 12494, 125.27, 125.33, 127.85, 128.72, 130.17, 132.25, 137.28, 143.31,
143,35, 145.79, 145.95, 156.97, 167.50

(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+) m/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 mmaol),
sodium carbonate (3 eq., 227 mg, 2.17 mmol, ) and tetrakis (triphenylphosphine) palladium (0.1 eq.,
78 mg, 0.07 mmol) in |,4-dioxan:water (1:1, 7 mL). 29b was obtained as yellow o0il (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.
Rr=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. Ry= 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 mmeol) 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-dy) 8 ppm 4.63 (s, 2 H) 5.35 (br. s., | H) 7.47 (d, J=7.63 Hz, 1 H) 7.54 (t,
J=7.63 Hz, 1 H) 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. 5., 1 H) 9.65 (s, 1 H); *C NMR (126 MHz, DMSO-ds) & 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-(d4-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) 6 ppm 7.53 - 7.62 (m, 5 H) 8.07 (s, 4 H) 8.85 (s, | 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 HCI1 (2.4 mL). The crude product (60 mg, 0.3 mmol, 34%) was
used as obtained in the next step without further purifications. Ry=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 HCI (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.
Rr=0.82 (PE/EtOAc 7:3)

methyl  4-(1-(5-bromopyridin-3-y1)-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-cthynylbenzoate (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%).
34b 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-y1)-1/-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 ABEI8&1

methyl 4-(1-(5-(3-methoxyphenyl)pyridin-3-y1)-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 methy! 4-(1-(5-bromopyridin-3-yl)-14-1,2,3-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+) m/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, 0.11lmmol) 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+) m/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)-1/-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)-1/-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 GP5 using methyl 4-(1-(5-phenylpyridin-3-y1)-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 prep. HPLC."H NMR (500 MHz, DMSO-ds) 8 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, J=2.21 Hz, 1 H) 9.07 (d, /=1.98 Hz, 1 H) 9.22 (d, /=2.29
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Hz. 1 H) 9.64 (s, 1 H);*C NMR (126 MHz, DMSO-de) 8 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-y1)-1H-1,2,3-triazol-4-yl)benzoic acid (36b): The synthesis was
done according to GPS 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) & ppm 3.84 (s, 3 H) 7.14 (d,
J=0.92 Hz, 1 H) 7.23 (d, /=7.78 Hz, 1 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 (1, /=2.14 Hz, 1 H) 8.85 (d, J=1.83 Hz, 1 H) 9.16 (d, J=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 GPS5 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 (m, 4 H) 8.64 (t, /=2.21 Hz, | H) 9.08 (d, /=1.98 Hz, 1 H)
9.22 (d, J=2.44 Hz, 1 H) 9.64 (s, 1 H); ’C NMR (126 MHz, DMSO-ds) 8 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-y1)-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)-1H-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, | H) 7.37 (t,/=7.78 Hz, 1 H) 7.99 - 8.15 (m, 4 H) 8.59 (t, J/=2.14 Hz, 1
H) 8.99 (d, J=1.83 He, 1 H) 9.21 (d, /=2.44 Hz, 1 H) 9.65 (s, 1 H); *C NMR (126 MHz, DMSO-d;) &
ppm 114.06, 115.09, 115.91, 117.89, 121.30, 125.24, 125.38, 130.18, 130.37, 133.35, 136.63, 137.00,
139.81, 146.72, 147.52, 158.17, 167.12

4-(1-(5-(4-methoxyphenyl)pyridin-3-yl)-1/7-1,2,3-triazol-4-yl)benzoic acid (36d): The synthesis was
done according to GP5 using methyl 4-(1-(5-(4-methoxyphenyl)pyridin-3-y1)-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) 8 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, /=3.51 Hz, 4 H) 8.59 (s, 1 H) 9.03 (d, J=1.98 Hz,
1 H) 9.15 (d, J/=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 GP5 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) 8 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=2.21 Hz, 1 H) 9.04 (d, J/=1.98 Hz, 1 H) 9.17 (d, J=2.29 Hz, 1 H) 9.62 (s, 1 H); "*C NMR (126 MHz,
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DMSO-d;) 8 ppm 19.63, 19.96, 113.18, 118.16, 121.76, 124.97, 125.54, 125.67, 128.60, 130.62, 130.82,
133.49, 133.85, 136.95, 137.77, 137.81, 139.98, 147.19, 147.90, 167.54

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 GPS5 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, 1 H)7.78 - 7.85 (m, 1 H) 8.04 - 8.10 (m, 5 H) 8.69 (1, /=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) 8 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-d;) & ppm 4.59 (s,
2H) 532 (br.s., 1 H) 7.51 (m, /=8.39 Hz, 2 H) 7.88 (m, /=8.24 Hz, 2 H) 7.99 - 8.10 (m, 4 H) 8.64 (t,
J=221 Hz, 1 H)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) 8 ppm 62.47, 110.60, 118.11, 125.26, 126.97, 127.20, 128.29, 130.09, 133.43, 133.92,
136.37, 139.71, 140.40, 143.54, 147.51, 151.49, 151.85, 154.97, 167.77

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 GP5 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) 5 ppm 3.89 (s,
3 H) 6.99 (dt, /=10.95,2.23 Hz, 1 H) 7.35 (t, /=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, /=221 Hz, 1 H) 9.11 (d, J=1.98 Hz, 1 H) 9.25 (d, /=2.44 Hz, 1 H) 9.62 (s, 1 H); “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 GP5 using methyl 4-(1-(5-(furan-3-yl)pyridin-3-y1)-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-d;) 8 ppm 2.54 (s, 4 H) 7.23 (s, 1 H) 7.88 (s, 1 H) 8.02
-8.10 (m, 5 H) 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); 3C NMR (126 MHz,
DMSO-d;) 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 GP5 using 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) 8 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) 8 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 (36l): The
synthesis was done according to GP5 using methyl 4-( 1-(6-(4-chlorophenyl)-4-methylpyridin-3-y1)-1H-
1,2,3-triazol-4-yl)benzoate 351 (22 mg, 0.05 mmol). The mixture was extracted with DCM and 1 M HC1
and after purification using prep HPLC a white solid (5 mg, 0.01 mmol, 20%) was obtained. 'H NMR
(500 MHz, DMSO-d;) & 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,
2 H) 8.25 (s, 1 H) 8.83 (s, 1 H) 9.23 (s, 1 H); '*C NMR (126 MHz, DMSQ-ds) & ppm 1.63, 17.94, 108.
81, 119.67, 123.13, 124.80, 125.74, 129.14, 129.45, 130.59, 132.93, 135.13, 136.76, 143.92, 146.31,
167.54

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)
in 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 (38¢): 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)
in 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)
in 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 GP6é
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/EtOACc 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. Ry = 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. Ry = 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. Ry= 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. Ry= 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 HC| 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-d;) 3 ppm 2.27 (s, 3 H) 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, | 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. 5., 1 H); "C NMR
(126 MHz, DMSO-ds) & 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-d;) & ppm 2.29 (s, 3 H) 7.08 (dd, /=8.01, 1.75 Hz, 1 H) 7.10 - 7.15
(m, 1 H) 7.18 (dt,/=10.15,2.33 Hz, 1 H) 7.30 (s, | 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, 12531, 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 (8,3 H) 7.25 (s, | 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-d;;) & ppm 17.25, 112.61,
116,32, 116.51, 123.44, 124.70, 12531, 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-d;) 8 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. 5., 1 H); 3C 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 HCI (2.4 mL). The crude product (143 mg, 0.84 mmol, 84%) was used as obtained
in the next step without further purifications. Ry= 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-d;) & 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. s., 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 HCI (2.0 mL). The crude product (107 mg, 0.63 mmol, 91%) was used as
obtained in the next step without further purifications. Rr= 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) 8 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, | H)
9.53 (d, /=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 HCI (4 mL). The crude product (74 mg,
0.40 mmol, 91%) was used as obtained in the next step without further purifications. Ry = 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, (.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. Ry = 0.47 (PE/EtOAc
7:3)
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methyl 4-azidoisoquinoline-7-carboxylate (49c): The azide was synthesized according to GP1 using
methyl 4-aminoisoquinoline-7-carboxylate 48¢ (33 mg, (.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 HCI (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 (50a): The triazole was
synthesized according to GP3 using 4-cthynylbenzoic 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) 6 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, | H) 9.52 (s, 1 H); "C NMR
(126 MHz, DMSO-ds) 6 ppm 21.94, 119.93, 125.32, 125.44, 128.14, 130.17, 130.38, 130.98, 134.28,
139.55, 143.45, 146.00, 154.14, 167.13

4-(1-(7-chloroisoquinolin-4-yl)-1-1,2,3-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) 8 ppm 7.92 - 7.99 (m, 2 H) 8.05 - 8.11 (m, 4 H) 8.56 (d, /=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 121.63, 124.31, 125.16, 125.36, 127.03,
128.45,129.19, 130.14, 131.55, 133.15, 133.23, 139.53, 146.19, 153.76, 166.36

4-(1-(7-(methoxycarbonyl)isoquinolin-4-y1)-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) 6 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=8.93,1.75 Hz, 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 ICsp values. Compounds were tested in two
independent experiments using LBS1_flc, LBS2 flc and LBS3_fle, respectively, as fluorescent probe.

19

216



Appendix

& LBS2|
wlp g 11 ¥ 1 wasi
o
80 T_ n
z i
_ﬂ§u )
E:
fa Sy
P E 26a
$
a A =
01 1 1'0 160
conc. [pM]

polarization (%]

conc. [uM]

= LBS2|
® LBS1
A LBS3

01 ; 1'0 100
conc. [pM]

LBS2|
® LBS1
A LBS3|

polarization [%)]
g
1

4 otp

19¢
204

01 1 10 100
conc. [uM]

1 = LBS:
1004 - L e LBS1
A LBS:
.

604
2
1"l _oong
&

i ¥
g 26b

204

L
0 v
01 1 0 100
conc. [UM]

polarization [%]

polarization [%]

conc, [uM]

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, LBS2 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
in Figure S2 and S3. Curves are shown with normalized data points (inhibition from 0 - 100%)
representing intensities of LANA-DNA-complex bands. ICsp 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 LBSI1. (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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GST LANA wild-type GST LANA wild-type

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
normalized data points (inhibition from 0 - 100%) representing averaged intensities of LANA-DNA-
complex bands (upper bands) of duplicates = standard deviation. ICsp value was calculated using a
four-parameter dose-response model.
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1.4 'Hand “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.

23

220



Appendix

3-(1-(pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (4):
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1-4-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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Relative Abundance
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N-(4-(1-(pyridin-3-yl)-1H-1,2,3-triazol-4-yl)phenyl)acetamide (12):
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Relative Abundance
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Relative Abundance
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Relative Abundance
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4-(1-(4-methylpyridin-3-yl1)-1H-1,2,3-triazol-4-yl)benzoic acid (19a):
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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 (19¢):
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Relative Abundance
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4-(1-(5-methylpyridin-3-y1)-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):

Normalized Intensity

MNormalized Intensity

0.6

Ind
@

o
FS

o
w

0.2

0.1

PK_ABE110prep.010.001.1r.esp

~
S
L+
-
©
o
~
> 2 -
- b
r | I
1 [ T L1
AN
1.00 0.94 4.120.97 3.3
— ool d =

©

PK_ABE110prep.011.001.1r.esp

180

160

140

120

5
Chemical Shift (ppm)

100 80
Chemical Shift (ppm)

54

60

40.01
39.84
39.67
39.60
39.51
39.34
39.17
39.01

40

20

251



Appendix

315.0636 NL:
100+ 1.44E8
3 ABE_110#513-518
90 RT: 5.38-5.43 AV: 6
] T: FTMS + p ESI Full
. ms
80 [120.0000-1000.0000]
70
3 7
& 607
=} =]
5
2 50
F -
3 407
@ -
3 317.0605
30
207 315.2268
] 316.0671
103 314.8983 318.0640
o 314053 | / 316.2475 | 317.2503 | 319.0675
315.0643 NL:
100 6.31E5
] Ci5H11 CINg O2 +H:
90— CisH12Cl1 N4 O3
] pa Chrg 1
80
70
60
50
20
] 317.0614
30
207 316.0677
10
3 318.0647
. 319.0681
Ol
314 315 316 317 318 31
m/z
55

252



Appendix

a-(

Normalized Intensity

Normalized Intensity

1-(6-(methylamino)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (19g):
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Relative Abundance
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Relative Abundance
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4-(1-(6-(isopropylamino)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (19h):
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Relative Abundance
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Appendix

4-(1-(6-(phenylamino)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (19i):
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Relative Abundance

358.1291

359.1325

] 357.1195
] 356.]1 160 360.|1 359

361.1626

363.|3093

358.1299

%IIII%!III%IIII%‘IIII

w
o

N
o
AN NN AN

359.1332

-
o

360,11 366

o

356 358 360
m/z

61

LA LA RAAMY LAAAY o

362.1408 363.1466
i e e L S

362

364

NL:

7.16E7
JRI_07#537-544 RT:
5.63-5.70 AV: 8 T:
FTMS + p ESI Full
ms

[120.0000-
1000.0000]

NL:

7.86E5

C20H15 N5 Oz +H:
C20H1 N5 02

pa Chrg 1

259



Appendix

4-(1-(5-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 (19k):
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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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Relative Abundance
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4-(1-(4-phenoxyphenyl)-1H-1,2,3-triazol-4-yl)benzoic acid (19m):
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Relative Abundance
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ic acid (19n):

4-(1-(4-(pyridin-3-yloxy)phenyl)-1H-1,2,3-triazol-4-yl)benzo
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Relative Abundance
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4-(1-(6-hydroxypyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (190):

Normalized Intensity

MNormalized Intensity

0.55+
0.50=
0.453
0.40=
().35:
0.30-
0.253
0.20
0.15=
0.10+

0.05-

PK567.010.001.1r.esp

—9.21

0.13+
0.12
0.11=
0.10-
0.09-
0.08-
0.07=
0.06~
0.053
0.04 =3
0.03-
0.02-

0.01-

PK567.011.001.1r.esp

#9——166.98

——161.76

1

———146.01

17

—125.20

—121.39

Q@

hemical Shift (ppm)

-40.01
39.85
39.68
39.51
39.34
39.17

;

40.10

~

39.01

L 13514

160

140

120

100

80

60

40

20

Chemical Shift (ppm)

72

270



Appendix

Relative Abundance
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4-(1-(3-methylpyridin-4-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (22):
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Relative Abundance
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ic acid (26a):

4-(1-(6-(2-hydroxyphenyl)-4-methylpyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzo
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Relative Abundance
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4-(1-(6-(3-(hydroxymethyl)phenyl)-4-methylpyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid
(26b):
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Relative Abundance
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4-(1-(5-(3-(hydroxymethyl)phenyl)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (31a):
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Relative Abundance
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4-(1-(4-chloro-5-phenylpyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (31b):
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Relative Abundance
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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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Appendix

Relative Abundance

345.1228 NL:
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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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Appendix

Relative Abundance
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Appendix

4-(1-(5-(4-methoxyphenyl)pyridin-3-yl)-1f-1,2,3-triazol-4-yl)benzoic acid (36d):
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Appendix

Relative Abundance
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Appendix

4-(1-(5-(3-hydroxyphenyl)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (36e):
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Appendix

Relative Abundance
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Appendix

ic acid (36f):

4-(1-(5-(3,4-dimethylphenyl)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzo
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Relative Abundance
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1007 2.43E8
] JRI_51#598-602 RT:
90 6.22-6.26 AV:5T:
] FTMS - p ESI Full ms
] [120.0000-
80 1000.0000]
70 371.1496
60—
50
40
30
] 345.1497
203 373.1562
107 / /
. / 369.1360 | | /
o] { 357.9110 1.1l{ 380.3356 398.1965
371.1503 NL:
1007 7.72E5
] C22H1a N4 Oz +H:
90— C22H1gN4s O3>
1 pa Chrg 1
80
70
60
50
40+
30+
20
10
E |_376.1646
c "'| T LAAd |} I | T T T T | | LA | T T | 1 T 1 T ] T T 1 T | T LA | T | T
340 350 360 370 380 390 400
m/z
95

293



Appendix

4-(1-(5-(3,4-difluorophenyl)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (36g):
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Appendix

Relative Abundance
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Appendix

4-(1-(5-(4-(hydroxymethyl)phenyl)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (36h):
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Appendix

Relative Abundance
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Appendix

ic acid (36i):

4-(1-(5-(3-fluoro-5-methoxyphenyl)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzo!

LLE—
"]
68'c— 85
(2]
869
86°
00°L 3
[ =
Se- b=
66L =
i T o=
il WL A O g
80'8— = 2
198 P
goge L /23
a 116 Sa
2 el J/3
= SZ'6 NS
3 - ST6 =
8 296——— 3
g -
&
Q
n
o
o
=i
b4
[\%
—— . e
2] o w
« e < (<)
o o o

Aysuaju| pazijeulon

5

6
Chemical Shift (ppm)

10

1"

Ly'6E
+9'6€
18'6E
I L66€
€L 0y
(o]
2 €201
0€°0F 90°6p—
Ly'OY
£p'95—
29°0€L
a
@
@
3
Q
S
a
o
S
o
)
14
o
b3
[+%
T T T T
=3 0 =)
I = =
o = =
o 5] =]

Aysusju| pazijewoN

160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
Chemical Shift (ppm)

170

100

298



Appendix

Relative Abundance

363.1132 NL:
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Appendix

4-(1-(5-(furan-3-yl)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (36j):
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Appendix

Relative Abundance

333.0975 NL:
100 1.80E7
3 JRI_27#518-530 RT:
90 5.41-553 AV: 13 T:
] FTMS - p ESI Full ms
B [120.0000-
80 1000.0000]
702 331.0841
60
50— 333.2999
40 [
3 331.3396 .‘
30 | .‘
20 ;' | 334.1000
] 332.0875 (
104 ‘
(1300383 | | 32,5308} | 3351038 336.3100 "
333.0082 :
100 8.05E5
. CigH12Ng O3 +H:
90— CisH13N4s O3
] pa Chrg 1
80
707
60
50~
407
30
20 334.1016
10
E 335.1049 33 105
G|ll|l|l|ll|ll|||l|ll|ll|||l|ll||ll
330 331 332 333 334 335 336
m/z
103

301



Appendix

4-(1-(4-methyl-6-phenylpyridin-3-y1)-1H-1,2,3-triazol-4-yl)benzoic acid (36k):
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Appendix

Relative Abundance
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Appendix

4-(1-(6-(4-chlorophenyl)-4-methylpyridin-3-y1)-1H-1,2,3-triazol-4-yl)benzoic acid (36l):
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Appendix

Relative Abundance
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Appendix

4-(1-(4-methyl-6-phenoxypyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (40a):
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Relative Abundance
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Appendix

4-(1-(6-(2-fluorophenoxy)-4-methylpyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (40b):
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Appendix

Relative Abundance
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Appendix

4-(1-(6-(3-fluorophenoxy)-4-methylpyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (40c):
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Appendix

Relative Abundance
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Appendix

4-(1-(6-(4-fluorophenoxy)-4-methylpyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (40d):

PK_JRI104prep.010.001.1r.esp S_ DMSO
[-+]
| ;
0.55-
0.50-
0.454
i I~
., 0407 o
Z E
& 0.357
c 3
_‘g? 0.30- -
© 9 -
E 0.254 7
o
2 3 ]
0.204 o
3 ol5 & L
N~
0.154 N
] [
= © [
0.05- ] I T
. | L L
0.84 1.00 0.934.02 4.94 3.01
— 4 4 d U U
13 12 11 10 9 8 7 6 5 4 3 2 1
Chemical Shift (ppm)
PK_JRI104prep.011.001.1r.esp SBRELIATS
QDDA D
TOOONOOM
[ B ]
0.0653
0.0604
0.055-
0.050-
2 0.045
]
2 3
£ 0.040-
B E =]
= 0.0357 & S w
[ = ~ & T R
g =g ~
z g | I
|
———————
AL AR R A 4 . A e ettt A A e et e
160 140 120 100 80 60 40 20

Chemical Shift (ppm)

114

312



Appendix

Relative Abundance
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Appendix

ic acid (40e):

4-(1-(4-methyl-6-(phenylthio)pyridin-3-yl)-1H-1,2,3-triazol-4-yl)benzo)

DMSO
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Relative Abundance
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Relative Abundance
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ic acid (46):

4-(1-(quinolin-3-yl)-1H-1,2,3-triazol-4-yl)benzo
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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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Relative Abundance
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4-(1-(7-(methoxycarbonyl)isoquinolin-4-yl)-1H-1,2,3-triazol-4-yl)benzoic acid (50c):
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Relative Abundance
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