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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.  
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Zusammenfassung 
 

Das Kaposi’s Sarkoma Herpesvirus (KSHV/HHV-8) ist ein humanes Herpesvirus. Dieses Virus ist der 

Erreger des Kaposi Sarkoms und ist bekanntermaßen 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 für gesunde 

Menschen nicht pathogen, aber bei immunsupprimierten Patienten, die zum Beispiel an HIV leiden 

oder Transplantatempfängern sind, verursacht es eine signifikante Morbidität und Mortalität. Bis 

heute sind die Therapien noch begrenzt und es sind keine spezifischen Medikamente verfügbar, die 

den Lebenszyklus von KSHV beeinträchtigen. Das bedeutet, KSHV ist immer noch unheilbar. Der 

Hauptfaktor für 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 während 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 können. Für die erste Identifizierung von LANA-DNA-Inhibitoren wurden 

zwei verschiedene Screening-Ansätze angewendet. Ein Fragment basiertes Screening führte zu einem 

ersten Hit. Fragment Wachstumsstrategien wurden verwendet, um diesen Hit in Bezug auf funktionelle 

Aktivität zu vergrößern und zu optimieren. Die Aufklärung von Strukturaktivitätsbeziehungen und 

weitere Charakterisierungen führten 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 

weiterführenden Studie zur Optimierung des zuerst identifizierten LANA Inhibitors, wurden weitere 

Struktur Aktivität Beziehungserkenntnisse und eine signifikant höhere Effizienz der Inhibitoren gegen 

das wild-typ LANA generiert. 
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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.1,2 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).1,3 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.4,5 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.6,7 All of these herpesviruses establish a latent infection 

and persist lifelong in the host organism after a primary infection.8 In healthy immunocompetent 

individuals, these herpesviruses usually do not cause severe diseases. Many people are carrying them 

and never have any symptoms.1,4 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.9 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.10,11 

 

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).12 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 

syndrome (AIDS) patients.13,14 In 

1994, the human herpesvirus-8 

(HHV-8), later termed as Kaposi’s 

Sarcoma-associated Herpesvirus 

(KSHV), was first characterized as 

previously unknown and unique DNA 

sequences in Kaposi Sarcoma (KS) 

tissue.14 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.15 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).16,17 The 

World Health Organization classified KSHV as a carcinogenic agent Group I in humans.18,19 However, 

for healthy individuals KSHV is usually not pathogenic. The seroprevalence of KSHV is dependent on 

geographical location. The KSHV prevalence in sub­Saharan 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.20 The transmission of KSHV most likely takes place 

via saliva and other body secretions.21 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 γ2-herpesviruses (Rhadinovirus) and infects mainly B-lymphocytes and 

other cell types like endothelial cells and primary mesenchymal stem cells.22 The virus episome exists 

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

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

2019)16 
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as a double-stranded linear DNA sequence with a coding region of 140 kb.21,23 Inside the host cell, the 

KSHV genome circulates at the 801-bp-long GC-rich terminal repeat region (TR).24,25 The genome 

encodes approximately 90 open reading frames (ORFs), 17 micro-RNAs and 14 cellular gene 

homologues.21,26 One important characteristic of KSHV is the “silent” persistence in infected cells, 

without being noticed by the immune system of the host organism.27 During the latent phase, only a 

small set of proteins are important for the persistence and were expressed.28,29 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 

microRNAs and kaposins (K12).21,30,31 

 

 

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.30,32  

 

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.33,34 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.35,36 This multifunctional protein is actively involved in viral episome maintenance and 

transcriptional regulation associated with viral oncogenes.34,28 During latency, LANA was found to be 

localized in the nucleus forming large aggregate structures, also called LANA speckles.34 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.36,37 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.38,39  
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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.40 Additionally, through an oligomerization interface, LANA binds cooperatively to the viral DNA 

and forms higher-order oligomers.41 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 LBS1.40  

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.42,43 
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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.44,45 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.46 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).46  

 

 

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).46,40  
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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..40 In this protein-DNA complex, 

homodimeric LANA retains its symmetry, whereas the DNA shows significant asymmetry.40 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.40  

 

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 

2002.47,48 Since then, a very high number of articles has been published in different fields of organic 

chemistry and bimolecular chemistry using this technique.49 In general, an alkyne and an azide react in 

a copper(I)-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 5.50 The 

key step is the formation of the copper(I) acetylide (blue) intermediate, followed by azide (red) 

coordination with a second copper(I) and alkylation of the nitrogen. This regioselective mechanism 

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

 

 

Figure 5: Reaction mechanism of CuAAC – “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.51 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.52 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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2 Aim and Scope 

 

The options of a therapeutic treatment against KSHV and KSHV-associated diseases is still very 

limited.53 Todays therapeutic approaches range from no treatment to the application of different 

chemotherapeutic agents, radiotherapy or surgical excision of the lesions.54 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 

 

Title:  

 

Fragment-Based Discovery of a Qualified Hit Targeting the Latency-Associated Nuclear Antigen of the 

Oncogenic Kaposi’s Sarcoma-Associated Herpesvirus/Human Herpesvirus 8 

 

Authors: 

 

Philine Kirsch, Valentin Jakob, Kevin Oberhausen, Saskia C. Stein, Ivano Cuccaro, Thomas F. Schulz and 

Martin Empting 

 

Bibliographic Data: 

Journal of Medicinal Chemistry,  

Volume 8, Issue 62, Pages 3924-3939,  

March 19, 2019, 

Doi: 10.1021/acs.jmedchem.8b01827 
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3.2 Chapter B: Discovery of KSHV-LANA Inhibitors via In-House Library 

Screening 

 

Title: 

 

Discovery of Novel Latency-Associated Nuclear Antigen Inhibitors as Antiviral Agents Against Kaposi’s 

Sarcoma-Associated Herpesvirus 

 

 

Authors: 

 

Philine Kirsch,⊥ Valentin Jakob,⊥ Walid A. M. Elgaher, Christine Walt, Kevin Oberhausen, Thomas F. 

Schulz and Martin Empting (⊥ contributed equally) 

 

Bibliographic Data: 
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Publication Date: January 16, 2020, 
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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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Hit-to-Lead Optimization of a Latency-associated Nuclear Antigen Inhibitor 

against Kaposi’s Sarcoma-associated Herpesvirus Infections  

 

Philine Kirsch,1,2,3 Saskia C. Stein,3,4 Aylin Berwanger,1,2,3 Julia Rinkes,1,2,3 Valentin Jakob,1,2,3 Thomas F. 

Schulz3,4 and Martin Empting*,1,2,3 

 

1Department of Drug Design and Optimization (DDOP), Helmholtz-Institute for Pharmaceutical 

Research Saarland (HIPS) - Helmholtz Centre for Infection Research (HZI), Campus E8.1, 66123 

Saarbrücken, Germany. 

2Department of Pharmacy, Saarland University, Campus E8.1, 66123 Saarbrücken, Germany. 

3German Centre for Infection Research (DZIF), Partner Site Hannover-Braunschweig, 66123 

Saarbrücken, Germany. 

4Institute of Virology, Hannover Medical School, Carl-Neuberg-Strasse 1, 30625 Hannover, Germany. 

 

 

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.1,2 The virus was identified as the etiological agent of Kaposi’s 

Sarcoma (KS) and is involved in two other neoplastic diseases, multicentric Castleman’s disease and 

pleural effusion lymphoma.1,3 In healthy individuals, KSHV-associated diseases are rare. However, in 

immunosuppressed patients, e.g., transplant recipients or patients with the acquired 

immunodeficiency syndrome (AIDS), KSHV is highly oncogenic.4,5 However, classic KS mainly can also 

occur in elderly men especially from KSHV-endemic areas and endemic KS in East and Central Africa.6 

The main key player for the establishment and maintenance of the latent infection is the latency-

associated nuclear antigen (LANA).7–9 It is an origin-binding protein, whose C-terminal domain binds to 

the viral genome and whose N-terminal region interacts simultaneously with host nucleosomes.10–12 

This allows the segregation of latent viral episomes during mitosis and their partitioning to daughter 

cells.13 LANA has also additional functions like latent viral replication, transcriptional control and 

survival in the host cell.14–16 The C-terminal DNA-binding domain (DBD) of LANA binds the viral genome 

in a sequence-specific manner.17 Located on the terminal repeats (TRs) are three specific LANA binding 

sites (LBS), LBS1, LBS2 and LBS3. LBS1 has a hundred fold higher affinity to LANA compared to LBS2 

and LBS3.17 In the majority of KSHV-associated cancer cells the viral genome is present and LANA is 

expressed.18 It has been shown, that the persistence of viral DNA is affected by disturbing or influencing 

LANA.15 The inhibition of the interaction between LANA and viral DNA could lead to a reduction or loss 

of viral genomes in the infected cells. Today’s treatment of KSHV and KSHV-associated diseases is 

difficult and still limited.19,20 It is clear, that there is an urgent need for specific drugs, which interfere 

with novel steps in the KSHV lifecycle. In view of its central role during latent viral persistence, LANA is 

considered to be a very promising target for the development of specific antiviral therapeutics against 

KSHV.  
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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.11 Further inhibitor scaffolds have been identified using a 

functional screen and an in-house compound library.21 Starting with a fragment-based drug discovery 

approach, we successfully developed a fragment-sized inhibitor I 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 IC50 value of 17 ± 1 µM 

in our FP-assay using a LANA DNA binding domain (DBD) mutant and 435 ± 6 μM in the EMSA studies 

using the wild-type LANA C-terminal domain (CTD). 

 

 

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 I when bound to LANA. 

Based on the STD-NMR studies and docking results we suggested that the nitrogen at the pyridine core 

acts as a hydrogen bond acceptor and protons 2, 3 and 4 are not in direct interaction with the protein 

surface, hence these positions should be further investigated as potential growth vectors. 

Furthermore, two glutamines are presumably involved in hydrogen-bond interactions with the 

carboxyl group. However, it was not clear whether the carboxylic acid function is necessary for 

binding.11 

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

medicinal chemistry 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 I 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 I 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(I)-

catalyzed azide-alkyne cycloaddition (CuAAC) click chemistry. First, region A was modified and 

variations of the carboxylic acid were introduced. As a second step, we have modified the pyridine 

moiety, region B. From our previous results we assumed that the nitrogen at the pyridine motif is 

essential for binding and functions as hydrogen bond acceptor. STD-NMR data revealed that Proton 1 

interacts tightly with LANA while proton 2 is also in close proximity to the protein surface. However, 

our docking studies suggested that the latter might be at least partially solvent exposed. In contrast, 

protons at position 3 and 4 did not show direct contact with the LANA surface according to their weak 

STD-NMR effects. These observations inspired us to investigate positions 2, 3 and 4 as potential growth 

vectors in the presented study.  

 

Results and Discussion 

Chemistry 

Modifications of region A. 3-azidopyridine 2 was generated by a standard azidation method using 3-

aminopyridine 1, NaNO2 and NaN3 in a mixture of EtOAc and 6M HCl.11,22 In a second step, as depicted 

in scheme 1, various commercially available ethynylbenzene derivatives were used in a standard 

copper-catalyzed CuAAC reaction with 3-azidopyridine to provide the triazoles 3 - 5, 8, 10, 11, and 13.11  
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Scheme 1. Modification of region A.a 

 

aReagents and conditions: a) NaNO2, NaN3, EtOAc, 6M HCl, 0°C → rt, 2 h; b) corresponding ethynylbenzene, CuSO4•5H20, Na-

Ascorbate, DIPEA, MeOH, H2O, rt, 16 h; c) 1. SOCl2, DMF, 60°C, 1 h, 2. EtOH, DIPEA, rt, 16 h; d) 1. SOCl2, DMF, 60°C, 1 h, 2. 

NH4OH, rt, 16 h; e) 2 M NaOH, MeOH, rt, 16 h; f) Actyl chloride, Et3N, 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 aq. ammonia solution. The hydrolysis 

of 3-chloro-4-methylester intermediate 8 with NaOH in ethanol produced the corresponding acid 9. 

The N-acetyl analogue 12 was synthesized from amine 11 with acetyl chloride under basic conditions. 

 

Modifications of region B. Compound 16 bearing an additional CH2-linker between triazole and 

pyridine core was synthesized starting from (bromomethyl)benzene 14, which was converted to the 

azide 15 using NaN3 in DMSO23, 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 NaNO2 and NaN3 in 6 M HCl and EtOAc 

(Scheme 2). The subsequent CuAAC click reaction with 4-ethynylbenzoic acid provided the target 

molecules 19a-n and 22. The hydroxypyridine 19o 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.a 

 

aReagents and conditions: a) NaN3, Et3N, DMSO, rt, 16 h; b) 4-ethynylbenzoic acid, CuSO4•5H20, Na-Ascorbate, DIPEA, MeOH, 

H2O, rt, 16 h; c) NaNO2, NaN3, 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(Ph3)4 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.  
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Scheme 3: Synthesis of target compounds via Suzuki coupling using two different routes.a 

 

aReagents and conditions: a) corresponding boronic acid, Na2CO3, Pd(P(Ph3)4, 1,4-dioxan, H2O, 90 °C, 16h; b) NaNO2, NaN3, 

EtOAc, 6M HCl, 0°C → rt, 2 h; c) 4-ethynyl benzoic acid, CuSO4•5H20, Na-Ascorbate, DIPEA, MeOH, H2O, rt, 16 h; d) NaNO2, 

NaN3, EtOAc, 6M HCl, 0°C → rt, 2 h; e) 4-ethynyl benzoate, CuSO4•5H20, Na-Ascorbate, DIPEA, MeOH, H2O, rt, 16 h; f) 

corresponding boronic acid, Na2CO3, Pd(P(Ph3)4, 1,4-dioxan, H2O, 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, Cs2CO3 and CuI to 

obtain the aminopyridine-phenoxy intermediates 38a-e.  
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Scheme 4: Synthesis of target compounds via Ullmann Reaction.a 

 

aReagents and conditions:  a) corresponding phenol or thiophenol, Cs2CO3, CuI, DMF, 130 °C, 16 h; b) NaNO2, NaN3, EtOAc, 

6M HCl, 0°C → rt, 2 h; c) 4-ethynyl benzoic acid, CuSO4•5H20, Na-Ascorbate, DIPEA, MeOH, H2O, 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.a 

 

aReagents and conditions:  a) NaNO2, NaN3, EtOAc, 6M HCl, 0°C → rt, 2 h; b) 4-ethynyl benzoic acid, CuSO4•5H20, Na-

Ascorbate, DIPEA, MeOH, H2O, rt, 16 h; c) NaN3, Na2CO3,CuSO4•5H20, Na-Ascorbate, L-proline, DMF, H2O, 85 °C, 24 h 
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A direct transformation of bromo isoquinolines 47a-c into the corresponding azides using NaN3, Cu(I) 

and Na2CO3 at 85°C over night as described in literature was not efficient.24 LCMS-guided reaction 

monitoring showed the formation the primary amine and other side products. For this reason, we 

extended the reaction time until we detected full conversion into the corresponding primary amine 

48a-c with the aim to subsequently transform these 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.11 All 

compounds showing an IC50 values greater than 250 µM 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 carboxylic acid in the Western 

part of the molecule (region A) by varying its position, attaching additional groups or substituting it by 

other polar functional groups capable of participating in hydrogen bonding. The results are shown in 

Table 1. 

Moving the carboxylic acid from para (inhibitor I) 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 

is essential for inhibitory activity. 

 

  FP Assay (LBS2)a   FP Assay (LBS2) 

Cpd R IC50  Cpd R IC50  

Inhibitor I 
 

17 ± 1 µM 9 

 

n.i. 

4 

 

>250 µM 10 
 

n.i. 

5 
 

n.i.b 11 
 

>250 µM 

6 

 

n.i. 12 
 

n.i. 

7 
 

n.i. 13 
 

>250 µM 

aFluorescence-polarization assay using LBS2 as probe, data representing average of duplicates ± standard deviation; bNo 

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 IC50 values of 86 ± 6 µM (19a) to 18 ± 4 µM (19c). 

The size of the introduced residue seems to play an important role. While a small methyl group is not 

favorable, but accepted (19a, IC50 86 ± 6 µM), further increasing the size from chlorine (19b) to phenyl 

(19c) improves IC50 values to 29 ± 1 µM µM and 18 ± 4 µM, 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 µM) and 19c (EMSA: 100% inhibition @ 500 µM) showed a higher efficiency compared to Inhibitor I 

(EMSA: 83% inhibition @ 500 µM).11 Additionally, we shifted the nitrogen of the pyridine core from 

meta (19a) to para position (22) which resulted in an inactive compound. The improvements in the 

EMSA assay for compounds 19b-c over our initial hit compound I were not perfectly mirrored by the 
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FP IC50 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  

 

 

  FP Assay (LBS2)a EMSA (LBS1)b 

cpd R IC50  inhibition @ 500 µM  

16 
 

>250 µM n.d.d 

19a 
 

86 ± 6 µM 39 % 

19b 

 

29 ± 1 µM 94 %  

19c 

 

18 ± 4 µM 100 % 

22 
 

n.i.c n.d. 

aFluorescence-polarization assay using LBS2 as probe, data representing average of duplicates ± standard deviation;  

bElectrophoretic mobility shift assay using LBS1 as probe; cNo inhibition; dNot 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 I 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, IC50 of 

45 ± 5 µM; EMSA: 78% inhibition @ 500 µM) 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 

(R2) showed a significant decrease in activity. 

 

   FP Assay (LBS2) EMSA (LBS1) 

cpd R1 R2 IC50 Inhibition @ 500 µM  

19d H Me 45 ± 5 µM 78 % 

19j H F n. i. n. d. 

36a H 

 

>250 µM n. d. 

36f H 

 

n.i. n. d. 

36g H 

 

>250 µM n. d. 

36b H 

 

n. i. n. d. 

36c H 

 

110 ± 32 µM n. i. 

36d H 

 

n. i. n. d. 

36i H 

 

n. i. n. .d 

36e H 

 

153 ± 7 µM 20 % 

31a H 

 

>250µM n. d. 

36h H 

 

>250 µM n. d. 

36j H 

 

19 ± 2 µM 34 % 

31b Cl 

 

38 ± 3 µM 100 % 

aFluorescence-polarization assay using LBS2 as probe, data representing average of duplicates ± standard deviation;  

bElectrophoretic mobility shift assay using LBS1 as probe; cNo inhibition; dNot determined. 
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However, compounds with an additional hydroxyl function attached to the phenyl ring (36e, IC50 of 

153 ± 7 µM, EMSA: 20% inhibition @ 500 µM) showed moderate activity.  

Moving from a phenyl 36a to a smaller and more polar furanyl residue 36j the potency was restored 

(IC50 of 19 ± 2 µM). Unfortunately, in EMSA experiments we observed only a weak effect (34% inhibition 

@ 500 µM) 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 IC50 of 38 ± 3 µM 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: IC50 52 ± 37 µM, EMSA: n. i.). Moving to chlorine, hydroxy or methoxy group we 

observed a significant loss in activity (19f: IC50 >250 µM; 19o: IC50 214 ± 24 µM and 19k: IC50 218 ± 192 

µM). Also in EMSA experiments 19j (75% inhibition @ 500µM) and 19k (11% inhibition @ 500µM) did 

not show a significant effect. An increase in activity was observed by introducing bulkier substituents 

and an additional methyl group for R1. In detail, an unpolar bulky phenyl or p-chlorophenyl was 

accepted in position 2 and we observed IC50 values of 36 ± 5 µM for 36k and 58 ± 7 µM for 36l and 

moderate inhibition in EMSA. Analogues 26a and 26b with polar hydroxyl groups attached at the 

phenyl showed good potency with IC50 values of 21 ± 3 µM and 25 ± 1 µM, respectively. Furthermore, 

the efficiency of these two analogues in our EMSA studies was high with a full inhibition @ 500 µM. 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 IC50 of 110 µM 

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 19l, 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 19l was observed leading to a moderate IC50 of 

198 ± 8 µM. The fluorinated analogues 40b-d also showed moderate activities like compound 40a 

while the o-flour analogue 40b possessed the best IC50 of 64 ± 2 µM. For the m- (40c) and p-flour (40d) 

derivatives IC50s of 122 ± 3 µM and 134 ± 2 µM 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. 

 

 

   FP Assay (LBS2) EMSA (LBS1) 

cpd R1 R2 IC50 Inhibition @ 500 µM 

19e H CN 52 ± 37 µM n.i. 

19f Me Cl >250 µM n.d. 

19o H OH 214 ± 24 µM 75 % 

19k H OMe 218 ± 192 µM 11 % 

36k Me 
 

36 ± 5 µM 36 % 

36l Me 
 

58 ± 7 µM 30 % 

26a Me 

 

21 ± 3 µM 100 % 

26b Me 
 

25 ± 1 µM 100 % 

19g H 
 

n.i. n.d. 

19h H 
 

>250 µM n.d. 

19i H 

 

110 ± 20 µM 29 % 

aFluorescence-polarization assay using LBS2 as probe, data representing average of duplicates ± standard deviation;  

bElectrophoretic mobility shift assay using LBS1 as probe; cNo inhibition; dNot determined. 

 

Exchanging the oxygen linker by a sulfur (40e, IC50 175 ± 10 µM) was tolerated (compare with 40a, IC50 

198 ± 8 µM). 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 IC50 of 19 ± 1 µM 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. 

 

 

  FP Assay (LBS2) EMSA (LBS1) 

cpd R2 IC50 inhibition @ 500 µM 

19l 
 

n. i. n. d. 

40a 

 

198 ± 8 µM n. i. 

40b 

 

64 ± 2 µM n. i. 

40c 

 

122 ± 3 µM n. i. 

40d 

 

134 ± 2 µM n. i. 

40e 

 

175 ± 10 µM n. i. 

19m 

 

n.i. n. d. 

19n 

 

19 ± 1 µM 100 % 

aFluorescence-polarization assay using LBS2 as probe, data representing average of duplicates ± standard deviation;  

bElectrophoretic mobility shift assay using LBS1 as probe; cNo inhibition; dNot 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 IC50 

value of 33 ± 1 µM and 96% inhibition in EMSA experiments. Moving from isoquinoline to quinoline 

46 resulted in a slight loss in activity compared to 43 (46, IC50 70 ± 34 µM, 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. 

 

 

  FP Assay (LBS2) EMSA (LBS1) 

Cpd R IC50 inhibition @ 500 µM 

43 

 

33 ± 1 µM 96% 

46 

 

70 ± 34 µM 61% 

50a 

 

8 ± 1 µM 100% 

50b 

 

17 ± 1 µM 100% 

50c 

 

>250 µM n. d. 

aFluorescence-polarization assay using LBS2 as probe, data representing average of duplicates ± standard deviation;  

bElectrophoretic mobility shift assay using LBS1 as probe; cNo inhibition; dNot 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 IC50 of 8 ± 1 µM reported to date, while 50b 

also possessed a decent IC50 of 17 ± 1 µM. Furthermore, in EMSA experiments 100% inhibition was 

detected for both compounds at 500 µM. 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 IC50 values in the FP-based assay and showed strong inhibitory effects at 500 µM in EMSA using 

the LANA DBD mutant. 
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First, these compounds were initially tested for inhibition at 250 µM 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 I and the compounds 19c, 31b, and 26b 

showed no inhibitory effect on the LANAmut-DNA interaction at 250 µM. 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 LANAmut-DNA complex (upper band, Figure 2A). 

 

 

Figure 2: EMSA gels with inhibitor I, 19c, 31b, 26a-b, 19n, 50a-b. Compounds were tested at a final 

concentration of 250 µM 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 µM. Unfortunately, no inhibitory effect was observed for compounds I, 19c, 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 IC50 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. 

Cpd Structure 

FP-Assaya 

IC50 (LBS2) 

(LANAmut) 

FP-Assay 

IC50 (LBS1) 

(LANAmut) 

FP-Assay 

IC50 (LBS3) 

(LANAmut) 

EMSAb 

IC50 (LBS1) 

(LANAmut) 

Inhibitor I 

 

17 ± 1 µM 20 ± 3 µM 19 ± 3 µM 426 ± 2 μM 

19c 

 

18 ± 4 µM 52 ± 2 µM 42 ± 3 µM n.i. at 250 µMc 

31b 

 

38 ± 3 µM 55 ± 7 µM 45 ± 4 µM n.i. at 250 µM 

26a 

 

21 ± 3 µM 30 ± 2 µM 34 ± 3 µM 156 ± 27 µM 

26b 

 

25 ± 1 µM 64 ± 1 µM 63 ± 8 µM n.i. at 250 µM 

19n 

 

19 ± 1 µM 15 ± 1 µM 25 ± 1 µM 64 ± 12 µM 

50a 

 

8 ± 1 µM 9 ± 2 µM 8 ± 1 µM 53 ± 43 µM 

50b 

 

17 ± 1 µM 14 ± 1 µM 15 ± 1 µM 93 ± 8 µM 

aFluorescence-polarization assay using LBS1, LBS2 and LBS3 as probe, data representing average of duplicates ± standard 

deviation; bElectrophoretic mobility shift assay using LBS1 as probe; cNo inhibition at 250 µM. 

 

As reported earlier by us, inhibitor I showed an IC50 in FP assay (LBS2) of 17 ± 1 µM and an IC50 in EMSA 

of 426 ± 2 μM using LANA DBD mutant.11 The observed IC50 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 IC50 of 8−9 µM 

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 (IC50 values of 64 ± 12 µM and 53 ± 3 µM). Interestingly, 

compounds showing increased IC50 values of 50-60 µM against LBS1 and LBS3 in FP assay were also not 
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effective in EMSA at 250 µM. Excepted is however inhibitor I, which showed also IC50 values around 20 

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

As described above, only compound 50a showed an inhibitory effect at a concentration of 250 µM in 

EMSA using wild-type LANA CTD (Figure 3 A). A dose-response EMSA experiment with wild-type LANA 

CTD yielded an IC50 value of 60 ± 4 µM (Figure 3 B).  

 

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. IC50 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 (IC50 of 435 ± 6 μM against 

wild-type LANA CTD in EMSA) these results represent a huge potency improvement.11 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.17 Each LBS is able to associate with one LANA dimer. Hence, LANA and the LBS1+2 

oligomer can form a trimeric complex while the LBS2+1+3 oligomer gives rise to a quaternary complex. 

In order to test the efficacy of our inhibitors against the formation of these higher-order aggregates, 

dose–dependent EMSA experiments using LBS1+2 and LBS2+1+3 with the LANA DBD mutant were 

performed (Figure 3, C and D). We compared the effects of inhibitor I and Compound 50a in this setup. 

As expected, inhibitor I showed no inhibitory effects in both experiments. However, Compound 50a 

was still able to significantly inhibit the LANA LBS1+2 interaction at a concentration of 62.5 µM 

(Figure 3, C) and additionally inhibited the LANA LBS2+1+3 interaction at 125 µM (Figure 3, D). These 

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

The similar IC50 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.25 The goal of generating and using this mutant was to disturb the higher 

oligomerization in solution, which resulted in improved handling characteristics of the protein and 

better solubility of LANA-DNA complexes. Figure 4 illustrates the LANA DBD surface (blue) and its single 

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

 

Figure 4: Illustration 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 IC50 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 I 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 (EffectSTD = I/I0). The results suggest that compound 50a has a binding orientation to LANA 

similar to that of inhibitor I.11 

The nitrogen of the pyridine ring presumably acts as a proton acceptor and thereby anchors proton 1 

close to the LANA surface. The proton in position 2 showed also a strong STD effect of 89%. The 

corresponding proton in inhibitor I showed a slightly stronger effect of 100%.11 The bulky isoquinoline 

moiety and the additional methyl group cause an ortho effect, which hinders the rotation of the bond 

between the triazole core and the isoquinoline. We hypothesize, that this effect brings the nitrogen in 

an even more favorable orientation to the LANA surface and in turn leaves proton 2 now slightly more 

exposed.  
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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 I),11 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 I11 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 I) by a methyl-isoquinoline (50a) led to an increase of inhibitory potency 

of 7-fold against the wild-type LANA CTD interaction with viral LBS1. Moreover, compound 50a was 

also able to inhibit the 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 (IC50 60 ± 4 µM) 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, 

Spocklhövel, Germany) or using preparative high performance liquid chromatography (HPLC, Ultimate 

3000 UHPLC+ focused, Thermo Scientific) on a reversed-phase column (C18 column, 5 μm, 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:H2O 1:9  9:1). Reaction progress was monitored 

by TLC on TLC Silica Gel 60 F254 plates (Merk, Darmstadt, Germany) or by a reversed-phase liquid 

chromatography mass spectrometer (LCMS). 1H and 13C NMR were recorded on a Bruker Fourier 
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spectrometers (500 or 126 MHz). Chemical shifts (δ) were reported in parts per million (ppm) relative 

to the corresponding reference solvent. The chemical shifts recorded as δ 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 1H and 13C 

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 HCl 

was added. Sodium nitrite (1.7 eq.) was dissolved in water and added slowly. The reaction mixture was 

stirred for 30 min at 0 °C. Subsequently, sodium azide (1.7 eq.) in water was added slowly at 0 °C. The 

mixture was stirred at room temperature for 2 h. TLC control indicated full conversion and the mixture 

was basified with saturated NaHCO3 solution and was extracted with EtOAc (2×). The combined organic 

layers were dried over sodium sulfate and concentrated under reduced pressure to give the crude. The 

crude product was used as obtained in the next step without further purifications. Compound 2 is 

presented as an example. 3-azidopyridine (2): The azide was synthesized according to GP1 using 

pyridin-3-amine 1 (376 mg, 4 mmol), sodium nitrite (1.7 eq., 469 mg, 6.8 mmol), sodium azide (1.7 eq., 

442 mg, 6.8 mmol), EtOAc (8 mL), 6 M HCl (5 mL). The crude product (245 mg, 2 mmol, 50%) was used 

as obtained in the next step without further purifications. Rf = 0.37 (PE/EtOAc 7:3) 

General procedure for synthesis of amino isoquinolin 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 NaHCO3 solution were added. The mixture was 

extracted with EtOAc (3x), the combined organic layers were dried over sodium sulfate and 

concentrated under reduced pressure to obtain the crude. The obtained products were used as 

obtained without further purification. Compound 48a is presented as an example. 6-

methylisoquinolin-4-amine (48a): The amino 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 HCl and the product was precipitated. The solids were collected, 

washed with water, and dried under vacuum to obtain the crude product. The products were purified 

using preparative HPLC. The solvents used were water (containing 0.05% [v/v] FA) and MeCN 

(containing 0.05% [v/v] FA) (gradient elution, MeCN:H2O 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. 1H NMR (500 MHz, DMSO-d6)  ppm 7.66 (br. s., 

1 H) 7.68 - 7.79 (m, 1 H) 7.88 - 8.06 (m, 1 H) 8.19 (d, J=7.63 Hz, 1 H) 8.41 (d, J=8.24 Hz, 1 H) 8.53 (s., 1 

H) 8.76 (s., 1 H) 9.25 (s., 1 H) 9.55 (s, 1 H) 13.23 (br. s., 1 H); 13C NMR (126 MHz, DMSO-d6)  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 NaHCO3 solution 

were added. The mixture was extracted with EtOAc (3x), the combined organic layers were dried over 

sodium sulfate and concentrated under reduced pressure to obtain the crude. The purification was 

done using automated flash chromatography (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.1H NMR (500 MHz, DMSO-d6)  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, J=1.98 Hz, 

1 H) 9.22 (d, J=2.29 Hz, 1 H) 9.64 (s, 1 H); 13C NMR (126 MHz, DMSO-d6)  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 CuI (0.05 eq.) were added. The mixture was stirred for 16 h at 

130 °C. LCMS control indicated full conversion and the mixture was cooled to room temperature. 

EtOAc and sat. aqueous NaHCO3 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 CuI (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; aa1008−1146) mutant and GST-tagged KSHV LANA C-

terminal domain (CTD; aa934-1162) were described previously and the protocol was adopted.10,11 

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

described previously.11 

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

described previously.11 
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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 µM (final concentration) His-tagged 

oligomerization-deficient LANA DBD (aa1008−1146) mutant and a final compound concentration of 

500 µM. 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 

D2O containing 10% [v/v] DMSO-d6. 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 1H, 13C NMR spectra and high resolution mass spectra of all 

final compounds, concentration-dependent FP experiments of compounds 19c, 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 IC50 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.55 LANA 

has no well-defined binding pocket, but only a rather flat and huge binding site. Hence, it is quite 



Final Discussion 

 

89 
 

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.56,57 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.58 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.59 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 A1 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 A11 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(I)-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 

(IC50 values) could be improved into the double-digit µM 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, IC50 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. 

 

 

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 KD 

value of 23 ± 1 µM 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. IC50 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).  

 

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 IC50 values in the lower µM rage and LANA binding was confirmed 

while determined KD 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, I 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 C19n, 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 IC50 of 8 ± 1 µM in FP-assay and 

full inhibition in EMSA (at a concentration of 500 µM). 

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 IC50 values in the FP-based assay and full inhibition in EMSA at 500µM 

(C19c, 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 µM) and from dose-

dependent experiments a promising IC50 of 60 ± 4 µM 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 IC50 value in FP-based assay and a 7-fold more 

potent IC50 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. 

Cpd Structure MW 
FP-Assay 

IC50 (LANAmut, LBS2) 

EMSA 

IC50 (LANAwt, LBS1) 

A50 

 

266.26 g/mol 17 ± 1 µM 435 ± 6 µM 

C50a 

 

330.35 g/mol 8 ± 1 µM 60 ± 4 µM 

 

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.60 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 (IC50 of 

0.388 µM; ALPHA assay) and our best LANA inhibitor C50a (IC50 of 8 µM; 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.61 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.62 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). 

 

 

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.63,64 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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