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Chapter 1

Introduction

This chapter provides a brief overview of the drug discovery and development process’s

beginning phase - from identifying an unmet medical need to hit identification and lead

optimisation strategies. Moreover, an introduction of the target virus (Chikungunya

virus (CHIKV)), its impact on human lives, and current research strategies for identifying

antiviral compounds against this alphavirus are given. This chapter aims to provide the

reader with an understanding of the basic concept employed throughout this thesis, its

motivation, and its scientific goal.

1.1 Drug Discovery and Development

Drug discovery is a process of identifying chemical compounds with the potential for

future drug candidates. Despite the constantly rising costs of new drug development,

as of November 2021, more than 20,000 FDA-approved drugs have been on the market

[1–3]. Developing a new drug is highly time- and resource-consuming, which takes ap-

proximately twelve to fifteen years and, on average, $2.5 billion to launch a new drug

on the market [4]. Nevertheless, the current SARS-CoV-2 pandemic has shown the far-

reaching consequences of the lack of treatment options on human health, society, and

the economic system [5–7]. This high unmet need for new therapeutics can be found

especially for re-emerging or emerging viral diseases, making identifying novel antiviral

drugs highly desirable.

Commonly, modern drug discovery initiates with the recognition of a disease or clinical

condition without suitable treatment options, the selection and validation of a druggable

target protein, and the screening of chemical libraries with relevant in vitro assays for

identification of hits with biological activity. Next, various hit optimisation techniques
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Chapter 1 Introduction

generate a new lead compound from the identified hits. After thoroughly lead optimisa-

tion in efficacy (in cell and animal models), pharmacokinetics and safety, the novel lead

reaches the development phase with human clinical trials (see Figure 1.1.1). Realistically,

there are no discrete stages in drug discovery and development, and it is commonly a

continuous process with overlapping strategies [8, 9].

Figure 1.1.1: Overview of the drug-discovery process; unmet medical need (UMN); key
opinion leader (KOL); structure-activity relationship (SAR); genome wide association studies
(GWAS); high-throughput screening (HTS); proof of mechanism (POM); pharmacokinetics
(PK); pharmacodynamics (PD) [9].

The following chapters elaborate on the phases of the drug discovery process that are

relevant for this research project - from the hit discovery via screening and scaffold

hopping to lead development and lead optimisation. Further, the Chikungunya fever

(CHIKF), its causing agent CHIKV, and the lack of treatment options are discussed.

The unmet medical need of the CHIKF makes the CHIKV a critical target for antiviral

research.

1.1.1 Hit Discovery and Confirmation Process

A ’hit’ is broadly defined as a chemical entity which shows the desired activity against

the chosen target in a screening assay. Subsequently, the identified hits are counter-

screened to eliminate false-positive results and to identify promiscuous or frequent hit-

ters by follow-up assays [10]. Hits form the basis of the following lead generation and

optimisation phases where the chemical compound is optimised for meeting drug-like

criteria.

2



Chapter 1 Introduction

1.1.1.1 Screening Paradigms for Novel Hit Identification

For hit identification, various screening paradigms exist, some of which will be briefly

discussed. Commonly, novel compounds are found by HTS if a suitable assay can be de-

veloped. The entire compound libraries are screened directly against the drug target or in

cell-based assays within this screening method. No prior knowledge of structural require-

ments for activity is needed to perform an HTS - making it a powerful tool for identifying

novel chemical entities for otherwise unmet targets [9, 11]. Nevertheless, drawbacks in

the traditional HTS methods include the limitations in reaching new chemical space - as

the compounds are determined by the library composition, which contains only a small

amount of the estimated ≥1060 possible molecules [12, 13]. Further, a high rate of false-

positives (e.g., promiscuous compounds or frequent hitters) and an unknown frequency

of false-negative results are known concerns in HTS studies [14, 15].

Fragment- and focused-based screening are interesting alternatives to HTS for detecting

novel chemical compounds if no suitable biochemical assay can be developed [16, 17].

Fragment-based screening uses libraries with fragment-like molecules for which the ’Rule

of Three’ is primarily applicable (molecular weight (MW): <300, number of hydrogen

bond donor (HBD): ≤3, number of hydrogen bond acceptor (HBA) ≤3, ClogP: ≤3,

number of rotatable bonds (NROT): ≤3, and polar surface area (PSA) ≤60) [18]. The

fragments are evaluated at higher concentrations, and the retrieved hits are subsequently

used as building blocks for synthesising potent novel leads [19].

Focused-based screening, on the other hand, evaluates a smaller set of compounds which

are likely to possess activity against the desired target based on data-driven expecta-

tions (e.g., compounds that have already shown activity against a similar target, other

compounds with comparable scaffold and already assessed activity against the target).

Additionally, in silico methods are a powerful tool to prioritise compounds for focused

screening [10, 16].

Computational approaches are integral in modern drug discovery and development pro-

cesses as they are time and economically efficient and often outperform traditional meth-

ods [20–22]. The wide range of methods of the computer-aided drug design (CADD)

can be divided into structure-based drug design (SBDD) and ligand-based drug de-

sign (LBDD). Depending on the availability of structural information of the target

or the knowledge of the mode of action, different approaches are used to perform a

computational-driven virtual screening [23]. One of the strategies in structure-based vir-

tual screening is the prediction of the activity of a virtual library according to the dock-

ing ability in the three-dimensional target protein [9, 24]. Pharmacophore-based virtual

screening, on the other hand, is also applicable for LBDD as the generated (ligand-based)

3



Chapter 1 Introduction

Figure 1.1.2: 3D and 2D pharmacophore model of hit 1 of the CHVB-compound series.
Hydrogen bond donor (HBD): green; hydrogen bond acceptor (HBA): red; aromatic ring
(AR): purple; hydrophobic interactions (H): yellow.

pharmacophore models are used as a query for the screening of an extensive compound

library [25–27]. A pharmacophore can be considered an abstract description of steric and

electronic molecular features that are (predicted as) necessary for the biological activity

[28, 29]. Figure 1.1.2 gives an example of a pharmacophore model with its pharmacophore

features.

1.1.1.2 Scaffold Hopping for Novel Hit Identification

Another possible approach to identify a new hit compound is a scaffold hop (or lead hop).

Scaffold hopping is a computer-aided search for compounds with different central core

structures of a bio-active molecule while retaining the desired activity. This is a common

approach to access new territories of chemical space, reach free intellectual properties, and

gain chemical structures with potentially improved characteristics for drug development

(e.g., improved synthetic accessibility, toxicity or absorption, distribution, metabolism,

and excretion (ADME) properties), while keeping the same activity profile [30–32].

A similar approach is the bioisosteric replacement. While the scaffold hop replaces the

core framework of a molecule to identify similar novel potent compounds, the bioisos-

teric replacement approach involves "swapping" functional groups of the compound with

their bioisosteres to improve the druggability of the compound [33]. Harris L. Friedman

first described bioisosteres as molecules that: "...fit the broadest definition of isosteres

and have the same type of biological activity..." [34]. Isosteric molecules or substructures

possess the same number of atoms and valence electrons and can be defined more broadly

as chemical entities with similar physiochemical properties [35, 36]. Alfred Burger ex-

tended this definition of bioisosteres to molecules with near similar molecular shapes and

volumes, approximately the same distribution of electrons, similar physical properties,

and the capability of similar biological activity [36, 37]. He further classified bioisosteres

into classical and nonclassical bioisosteres, where the former includes groups with the
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same valence electrons as well as ring equivalents. In contrast, the groups in the latter

do not possess the same number of atoms or follow the same steric or electronic rules as

the classical bioisosteres but yield similar biological activity (see Table 1.1) [36, 38].

Table 1.1: Example of classical and nonclassical bioisosteres [39].

Classical Bioisosteres

−O− −S− −Se− −CH2− −NH−
Nonclassical Bioisosteres

C

O

C

C
NC CN

S

O
C

N

O

S

O

O

S N

O

O R

As bioisosteric replacement is generally used for lead optimisation and scaffold hopping,

both methods can be seen as twin concepts. These two approaches replace a part of

a bioactive molecule with a substructure to keep the bioactivity. Therefore, combining

these methods can increase the structural diversity of a drug design project [33].

1.1.2 Lead Generation

Lead generation, also referred to as hit to lead optimisation, aims to refine the discovered

hit to an optimised lead compound with improved potency, selectivity, and physicochem-

ical characteristics. In this stage, suitable synthesis strategies are established to gain

access to the desired compound, and appropriate in silico, in vitro, and in vivo assays

are conducted to screen the compound for possible deficiencies in important drug-like

properties [9, 40].

An overview of some key characteristics considered in the lead generation phase is shown

in Table 1.2. This table should give an idea of the various parameters considered in

lead generation. As drug development is a continuous process and every hit series faces

different challenges, the investigated properties may vary from this list or are investigated

in the next phase (lead optimisation).

A common strategy during the lead generation is an intensive and systematic SAR inves-

tigation around the chemical scaffold of the compound with the aim of identifying specific

structural characteristics of a compound series that are associated with its biological ac-

tivity (e.g., lipophilicity, hydrophilicity, flexibility, size). Multiple chemical modifications

of the hit compounds are made and evaluated for their biological activity. The identi-

fied characteristics give an insight into the structural and chemical requirements of the

compound series for high biological activity [8, 28, 49].
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Table 1.2: Some Key Properties Evaluated During the Lead Generation Process.

Drug
Properties

Possible
Parameters

Purpose

Potency EC50
a Lowest efficacious dose desirable [41]

Selectivity SIb Minimisation side effects associated
with other targets or toxicity

[41]

Patent status – Hit compound structures must be
patentable

[41]

Physicochemistry Aqueous solubility
LogD7.4

c
Desired drug-like properties for per-
formability of in vitro assays and suf-
ficient in vivo delivery of drug

[42, 43]

Metabolism Half-life timed Prediction of relative clearance in
vivo and dose frequency. High
metabolic stability desired

[44]

Enzymology CYP450
inhibitione

Prediction of potential toxicity drug-
drug interactions

[45]

Permeability Caco-2/MDR1-
MDCK
permeabilityf

Drug must be absorbed and reach the
desired target

[8, 46]

Toxicity Cytotoxicity in
suitable cell line
(e.g., HepG2)

Reduce the likelihood of cellular tox-
icity in vivo

[8, 47]

Pharmacological
Safety

hERG
interactionsg

Reduce the likeliness of undesirable
side effects

[48]

(a) The half maximal effective concentration (EC50) is the compound concentration required to show
50% of bio-activity. (b) The selectivity index (SI) can be defined as the ratio of the toxic concentration
of a sample against its effective bio-active concentration. (c) LogD7.4 is a lipophilicity descriptor and
refers to the water:octanol partition coefficient at pH 7.4. (d) The half-life time is the time it takes for
a drug’s active substance in the human body to reduce by half. (e) CYP450 are the main enzymes in
the human body for drug metabolism. Their inhibition can cause toxicity. (f) Caco-2 colon carcinoma
cells are used to examine the permeability across the intestinal epithelium. MDCK cells transfected
with the MDR1 gene (encodes the efflux protein P glycoprotein (P-gp)) can be used to predict intestinal
and brain permeability. (g) The inhibition of the human Ether-à-go-go-Related Gene (hERG) can cause
severe cardiac adverse effects. [8]

1.1.3 Lead Optimisation

This final stage of the drug discovery phase aims to generate preclinical development

candidates by maintaining the favourable properties of the lead compounds while en-

hancing their shortcomings. As already mentioned, the properties that determine the

strategies and assays for lead optimisation can vary from compound series to compound

6
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series. However, the lead compounds are generally further examined for their physico-

chemical and ADMET properties to identify a potentially safe compound with suitable

pharmacokinetics [9, 28, 41].

Nevertheless, the synthetical exploration of the compound series is still ongoing to recover

from a potential failure of the current lead in preclinical and clinical development [41].

1.2 The Chikungunya Virus

Chikungunya virus (CHIKV) is a mosquito-transmitted alphavirus that belongs to the

Togaviridae family and was first described in 1952/53 in the Makonde plateau in Tanzania

[50]. After sporadic and mainly local outbreaks in Africa and Asia, a new CHIKV

mutation in 2004 led to a vector change from primarily Aedes aegypti to the more global

Ae. Albopictus and thus enabling the virus to spread in new temperature areas colonised

by Aedes mosquitoes [51, 52].

Consequently, CHIKV outbreaks are reported worldwide, causing millions of CHIKV

infection cases every year [53–56]. Moreover, due to globalisation, climate change, and

lack of immunity in the worldwide population, this rapid spread of CHIKV is not only

ongoing, but it is also reaching new territories and higher numbers of infections every

year [56–58].

Acute CHIKV infection leads to a febrile disease known as Chikungunya fever (CHIKF),

characterised by high fever, arthralgia, maculopapular rash, nausea, severe joint pain, and

myalgia [58, 59]. As approximately 50% of patients develop a painful chronic stage and

complications in vulnerable groups (e.g., patients with comorbidities and the elderly)

have been reported, CHIKV infections are now considered an imminent health threat

[60, 61].

Despite the severity and worldwide spread, neither antiviral drugs nor vaccines are avail-

able - making the development of a potent CHIKV inhibiting drug crucial for CHIKF

treatment [62, 63].

A comprehensive summary of current antiviral research and development of small-molecule

inhibitors against CHIKV is presented in 1.2.1 [63]. This review gives a detailed descrip-

tion of the CHIKV spreading and replication cycle and highlights different approaches

used to identify such compounds. Moreover, the identification and application of promis-

ing viral and host targeting small-molecule inhibitors are systematically discussed, and

an overview of the current research development is given [63].
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1.2.1 Current Research in Antivirals against Chikungunya Virus
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Abstract: Chikungunya virus (CHIKV) is a mosquito-transmitted alphavirus that has re-emerged in
recent decades, causing large-scale epidemics in many parts of the world. CHIKV infection leads
to a febrile disease known as chikungunya fever (CHIKF), which is characterised by severe joint
pain and myalgia. As many patients develop a painful chronic stage and neither antiviral drugs
nor vaccines are available, the development of a potent CHIKV inhibiting drug is crucial for CHIKF
treatment. A comprehensive summary of current antiviral research and development of small-
molecule inhibitor against CHIKV is presented in this review. We highlight different approaches
used for the identification of such compounds and further discuss the identification and application
of promising viral and host targets.
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1. Introduction

Chikungunya virus (CHIKV) is a mosquito-borne alphavirus and belongs to the
Togaviridae family. The virus was first isolated from a febrile patient in 1952/53 in the
Makonde plateau (Tanzania) and has been named after the Makonde word for “that which
bends you up”, describing the characteristic posture of patients suffering severe joint pains
due to the CHIKV infection [1]. In the following years, only local and periodic outbreaks
have been documented. However, in 2004 the CHIKV re-emerged at the coast of Kenya,
spreading to La Reunion Island and surrounding island in the Ocean and South Asia [2]. A
new CHIKV mutation with the A226V amino acid variant in the envelope glycoprotein
E1 (CHIKV 06.21) was reported during that outbreak. This mutation, along with specific
mutations in the E2 protein, allowed the virus to expand its vector potential from primarily
Aedes aegypti to the more global Aedes albopictus and thus permitting the virus to spread in
different temperature zones [3].

Consequently, in 2013 a CHIKV outbreak was reported on the Caribbean island St.
Martin, following Brazil in 2014 and afterwards the rest of the American continent –causing
more than 1.2 million cases of CHIKV infection in one year [4,5]. Furthermore, the first
autochthonous outbreaks started to occur also in Europe (Italy and France) [6–9]. Due to
globalisation, climate change, and lack of immunity in the worldwide population, this
global spreading of the CHIKV is still ongoing-reaching new territories and higher numbers
of infections [10–12].

Infection with the Chikungunya virus causes a high onset of fever for 3 to 10 days,
followed by rash, myalgia, nausea, and severe joint pain [12]. Although this Chikungunya
Fever (CHIKF) is rarely fatal, in approximately 50% of infected patients, the severe arthral-
gia and myalgia can last for months to years even after clearance of the viral infection [13].
However, the precise mechanism of these chronic CHIKF symptoms is still unclear. Further-
more, complications in patients with comorbidities and the elderly have been reported [14].
Up today there are no licensed drugs or vaccines available, and the alleviation of symptoms
by, e.g., NSAIDs, is the only possible treatment for CHIKF patients [15].

Viruses 2021, 13, 1307. https://doi.org/10.3390/v13071307 https://www.mdpi.com/journal/viruses
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2. CHIKV Replication Cycle

Like other alphaviruses, the entry of the CHIKV in cells involves the initial interaction
of viral proteins with attachment factors and specific receptors from the host cell [16]. The
CHIKV virion’s surface contains 80 trimeric spikes of E1 and E2 glycoproteins [17]. E2
facilitates the viral attachment to the host cell by interacting with surface host receptors
followed by clathrin-mediated endocytosis (CME). The fusion of the viral membrane with
the membrane of the host is triggered by a low pH environment leading to conformational
changes of the viral envelop glycoprotein E1 [17]. Subsequently, the viral nucleocapsid
is released into the cytoplasm, where it is disassembled to release the viral genome. The
viral genome is then translated by the host cell translation machinery creating the non-
structural-polyprotein P1234, which is cleaved into the precursor P123 and the viral non-
structural-protein nsP4 [18]. P123 and nsP4 form the early replication complexes (RCs).
They are responsible for synthesising the negative-strand RNA as a template to synthesise
the desired positive-strand genomic RNA and sub-genomic RNA (26S RNA). Eventually,
the formation of the P123 and nsP4 reaches a concentration threshold and the cleavage of
the precursor P123 into fully processed nsPs is triggered. The 26S RNA, on the other hand,
serves as the mRNA encoding the structural viral proteins C-pE2-6K-E1 [19–21].

Once formed, the capsid protein (C) is released by its autocleavage activity, while the
remaining pE2-6K-E1 precursor is processed in the endoplasmic reticulum (ER) into pE2,
6K, and E1. While pE2 and E1 form heterodimer complexes, the cleaved capsid protein
binds newly synthesised viral RNA, initiating to form the nucleocapsid core. This complex
migrates towards the cell membrane through the Golgi secretory pathway, where pE2 is
cleaved by the host enzyme furin or furin-like proteinases into the mature E2 and E3. E2
and E3 interact with the already formed nucleocapsid core and encapsidate the remaining
viral RNA genome. Finally, the nucleocapsid core is recruited to the cell membrane where
the particle buds from the cell where a new replication cycle begins [21–23].

3. Strategies for Identification of Antiviral Compounds

Various approaches have been utilised to identify antiviral compounds, such as cell-
based high-throughput screening (HTS) and computational methods, including rational
structure-based drug design on known crystal structures or homology models of viral
and proviral host proteins. The most conventional method is the cell-based HTS with
the virus-induced cytopathic effect (CPE) as readout. This method has the advantage of
providing two simultaneous data points—the antiviral activity of the screened compounds
and their cytotoxicity. Different compound libraries were used for the in silico and in vitro
screening, ranging from libraries containing only FDA-approved drugs and libraries with
compounds showing special chemical features to fragment-based libraries. The fast and
economic computer-aided drug design has also been widely used for the identification
of novel lead compounds by virtual screening. The identified hits were often further
optimised by structure–activity relationship (SAR) assays. In addition, resistance selection
in the presence of a compound was often performed in cell-based assays to identify the
target protein of such compounds and give valuable insight into the viral pathways.

Theoretically, all involved factors of the viral replication cycle could be potential targets
for antiviral compounds. Like other viruses, the CHIKV uses a variety of interactions of
viral proteins and host factors for its replication. The known and utilised proviral host
factors are discussed below. Targeting such a host factor could provide broad-spectrum
antiviral compounds as many viruses use the same replication strategies. On the other
hand, unwanted side effects are more often seen in compounds with such an approach.
Therefore, a combination of antiviral compounds with a different mechanism of action
could provide a synergistic effect, leading to the reduction of antiviral drug concentration
and thus may help decrease serious side effects. Moreover, such a combination could
prevent the formation of drug resistance.
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4. Virus Targeting Inhibitors

A comprehensive overview of small molecules targeting viral proteins is given in
Table 1. Furthermore, compounds with suggested viral target but without confirmation
of the mode of action are summarized in Table 2. Studies without any in vivo or in vitro
data were excluded. It is worth mentioning that the values given in Tables 1 and 2 are
not directly comparable to each other as they performed experiments, and setups differed
between the discussed studies. Different virus strains, readouts (e.g., CPE and virus titer
reduction) and cell lines were, for example, used and influence the assay results.

Table 1. Virus targeting compounds a.

In Vitro In Vivo

Compound b Viral
Target c EC50 (µM) d CC50 (µM) SI Cell Line Efficacy Mouse

Model Ref.

Arbidol * E2 12.2 ± 2.2 376 36 MRC5 — — [24]

Suramin * E2 8.8 ± 0.5 >700 >39.1 BHK-21

Reduced
viral burden

and
decreased

foot swelling

C57BL/6 [25–27]

Picolinic acid C
60.63%

inhibition
with 2 mM

n.s. n.s. Vero — — [28]

Amantadine
* 6K 29.51 n.s. n.s. Vero — — [29]

MADTP (9b) nsP1 1.2 ± 0.009 84 ± 19 70 Vero — — [30–33]
CHVB-032 nsP1 2.7 >75 n.s. Vero — — [34,35]

Lobaric acid nsP1 5.3 ± 0.4 50 ± 1.3 7 Huh-7 — — [36]
FHA nsP1 0.12 ± 0.04 >250 >1000 Vero — — [37,38]

FHNA nsP1 0.18 ± 0.11 >250 >1000 Vero — — [37,38]
5-IT nsP1 0.409 >50 n.s. Vero — — [39]

Compound
25 nsP2 3.2 ± 1.8 101 ± 50 32 Vero — — [40–42]

Compound 8 nsP2 1.5 >200 >133.3 BHK-21 — — [43]
ID1452-2 nsP2 31 >31 n.s. HEK293T — — [44]

Novobiocin * nsP2 20 n.s. n.s. Vero — — [45]
Telmisartan * nsP2 45 n.s. n.s. Vero — — [45]

SRI-43750 nsP3 23 >40 n.s. NHDF — — [46]

Favipiravir * nsP4 25 ± 3 >636 n.s. Vero

decreased
mortality by
>50% and
improved

disease
outcome

AG129 [47]

Reduced
viral

replication in
joints

C57BL/6J [48]

NHC nsP4 0.2 ± 0.1 7.7 n.s. Vero — — [49,50]

Sofosbuvir * nsP4 2.7 ± 0.5 402 ± 3 2 149 Huh-7
Reduced

viremia and
joint pain

SwissWebster [51]

Compound-
A nsP4 0.54 ± 0.08 3.70 ± 0.32 n.s. Vero — — [52]

a EC50, 50% effective concentration (if no EC50 value was reported another readout is presented); CC50, 50% cytotoxic concentration;
SI, selectivity index; n.s., not specified; —, not determined; *, repurposed drug. b If the study reported a compound series/class with
anti-CHIKV activity, the antiviral data of the most potent or most representative compound is reported. Only compounds with in vitro or
in vivo data are included. c Compounds are only included in Table 1 if there is enough data about the mode of action. d If a compound was
reported in multiple studies, cell lines, and CHIKV strains, the best activity value with the corresponding cell line is listed.
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Table 2. Compounds with suggested viral target but without a clear mode of action a.

In Vitro In Vivo

Compound b Suggested
Viral Target EC50 (µM) c CC50 (µM) SI Cell

Line Efficacy Mouse
Model Ref.

IIc E2 6.5 ± 1 156 22 Vero — — [53]
Bis(benzofuran-
thiazolidone)s

(3g)
1.5 >200 <133 Vero — — [54]

LQM334 E2
81.1 ± 6.4%

viral
inhibition

n.s. n.s. Vero — — [55]

Micafungin * E1/E2 17.2 ± 1.08 >100 >5.81 U2OS — — [56]

Doxycycline * E2/nsP2 15.51 ± 1.62 n.s. n.s. Vero

+ ribavirin:
Reduction of
pathological

signs and virus
titre

Adult
ICR [57]

AP4 C 10.66 ± 2.25 2172 ± 104 n.s. Vero — — [58]

EAC C 4.01 ± 1.96 1657 ±
1109 n.s. Vero — — [58]

PSU C 22.91 ± 3.83 2505 ±
0683 n.s. Vero — — [58]

MBZM-N-IBT nsP2 38.68 >800 >21 Vero — — [59]
1,3-thiazolidin-

4-one
(compound 7)

nsP2 0.42 >100 n.s. Vero — — [60]

peptidomimetic
3a nsP2 8.76 n.s. n.s. Vero — — [61]

PEP-I nsP2 34

Maximum
nontoxic
dose is 50

µM

n.s. BHK-21 — — [62]

Nelfinavir * nsP2 14 ± 1 22 ± 6 1.6 Vero — — [63]
a EC50, 50% effective concentration (if no EC50 value was reported another readout is presented); CC50, 50% cytotoxic concentration;
SI, selectivity index; n.s., not specified; —, not determined; *, repurposed drug. b If the study reported a compound series/class with
anti-CHIKV activity, the antiviral data of the most potent or most representative compound is reported. Only compounds with in vitro or
in vivo data are included. c If a compound was reported in multiple studies, cell lines, and CHIKV strains, the best activity value with the
corresponding cell line is listed.

4.1. Viral Entry and Membrane Fusion

Many different factors and, therefore, potential targets are involved in the viral entry
and fusion of the CHIKV, making it a widely used target for many antiviral compounds.
The broad-spectrum antiviral drug arbidol (Figure 1), also known as umifenovir, and its
metabolites, have shown to be early-stage inhibitors of CHIKV replication in different cell
lines. The mode of action was confirmed by selecting an arbidol-resistant variant carrying
an arginine (G407R) mutation localised in the viral E2 glycoprotein–a type I transmembrane
protein involved in the virus binding to the host membrane [24]. Indole-based arbidol
analogues with sulfoxides and tert-butyl esters have demonstrated an increased potency
and selectivity index. Although docking studies with the most promising analogue IIc
(Figure 1) identified two potential binding sites in E2, a post entry inhibition of CHIKV
was observed in a time of addition assay. Furthermore, IIc was ~6-fold less potent than
arbidol in an entry assay with CHIKV pseudoparticles—suggesting that IIc may have a
different mode of action [53,64].
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Suramin (Figure 1), a symmetrical sulfonated naphthylurea compound and an FDA
approved drug against trypanosomiasis, has also demonstrated to inhibit the early-stage
of the CHIKV replication cycle in different independent studies–using not only time of
addition assays but also in silico methods [25,27,65]. A more detailed investigation of the
mechanism of action was performed by Albulescu et al., where suramin was found to inter-
act directly with the viral particles of CHIKV by inhibiting the viral attachment to the host
membrane and interfering with the fusion step by suppressing the conformational changes
of viral envelope glycoproteins [66]. Moreover, suramin showed a synergistic effect with
the green tea catechin epigallocatechin gallate (EGCG, Figure 1)—a known in vitro early-
stage inhibitor of CHIKV infection [67,68]. Although an in vivo study with CHIKV-infected
C57BL/6 mice demonstrated amelioration of CHIKV-induced foot swelling, inflammation,
and cartilage damage, clinical trials have shown severe side effects during long term treat-
ment of suramin [26,69,70]. Additionally, the suramin-based analogues with the chemical
structures of bis(benzofuran-thiazolidinone)s (Figure 1) and bis(benzofuran-thiazinanone)s
demonstrated a 29–42 fold more potent anti-CHIKV activity than suramin, but their high
toxicity remains an unsolved issue [54].

An in silico screening experiment based on a molecular docking approach utilising
a variety of biological targets of CHIKV and the following in vitro evaluation by an MTT
assay of the obtained hits identified LQM334 (Figure 1) as a promising inhibitor of CHIKV.
The mode of action of the newly found lead compound remains unclear, but a molecular
docking study indicates a possible interaction between LQM334 and the E2 domain A from
the mature E3-E2-E1 glycoprotein complex [55]. In addition, Agarwal et al. performed
an in silico docking study using the structure of the envelope glycoprotein of CHIKV to
identify promising new lead compounds, but the in vitro confirmation of their antiviral
activity has still to be shown [71].

Micafungin, an FDA approved drug to treat candidiasis, showed a broad spectrum
of inhibitory effects against different alphaviruses—including SINV, SFV and CHIKV.
Although a molecular docking study indicated a possible interaction with the CHIKV
envelope glycoprotein, a time of addition assay also pointed to a late-stage inhibition of
the CHIKV infection, indicating an inhibitory effect against viral replication, extracellular
and cell-to-cell transmission of CHIKV [56].
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4.2. Capsid Protease

The pyridine containing compound Picolinic acid (PCA, Figure 1) is a known antiviral
against various viruses, including the alphavirus SINV. Furthermore, PCA was demon-
strated to bind the hydrophobic region of CHIKV capsid protein, interfering with the
interaction of the cytoplasmic domain of E2 glycoprotein (cdE2) and the capsid, which
is needed to facilitate the budding of the virus from the plasma membrane of the host
cells [28,72]. A significant reduction in vRNA levels and infectious virus was observed
when treated with PCA [28]. The same research group used these findings in combination
with other studies about proposed capsid protease inhibitors such as dioxane and piper-
azine to perform an in silico screening for potential new lead compounds targeting the
capsid protease [28,73–76]. Their most promising hits (S)-(+)-mandelic acid (MDA, Figure 1)
and ethyl 3-aminobenzoate (EAB, Figure 1) showed better binding tendencies than dioxane
and PCA in silico, but the in vitro evaluation of their antiviral activity is still pending [76].
More recently, a structure-assisted drug-repositioning study based on in silico screening
and ranking of the hits by their docking score identified three compounds targeting the
auto-proteolytic activity of the capsid protease: P1, P4-Di(adenosine-5′) tetraphosphate
(AP4, Figure 1), eptifibatide acetate (EAC, Figure 1) and paromomycin sulphate (PSU,
Figure 1) [58].

4.3. 6K Protein

The potential of the 6K protein as a possible target for antiviral drug development
demonstrates the potent antiviral drug amantadine. This FDA approved anti-influenza
drug targets the ion channel-forming M2 viroporin of the influenza virus [77]. Furthermore,
electrophysiology experiments indicated that amantadine hinders the ion channel activity
of CHIKV 6K and alters the morphology of CHIKV virus-like particles. The anti-CHIKV
potential of amantadine was shown in infected Vero cells [29].

4.4. Non-Structural Proteins
4.4.1. Non-Structural Protein 1 (nsP1)

The first class of small molecules reporting the nsP1 of CHIKV as the potential target is
the MADTP series (Figure 2), with a triazolopyrimidinone scaffold and MADTP-314 as the
initial lead compound [30–33]. Overall, three consecutive structure–activity-relationship
studies were performed-aggregating detailed information about the influence of various
structural changes and demonstrating potent inhibitory effects on various CHIKV strains
and VEEV nsP1 in an enzymatic assay [30,32,33]. The selection of a MADTP-resistant
CHIKV strain in cell culture and the following reverse genetics identified the single-
amino-acid substitution P34S in the GTase functional domain of nsP1 as responsible for
the MADTP-resistance [31]. Recently, 2-(4-(Phenylsulfonyl)piperazine-1-yl)pyrimidine
analogues, i.e., the CHVB series (Figure 2), were identified as potent and selective anti-
CHIKV compounds and analysed based on their structure–activity relationship [34]. In
addition, CHVB compounds showed potent inhibitory effects of the MTase and GTase
activities of nsP1 of Semiliki Forest virus (SFV) and VEEV [35]. Interestingly, a CHVB-
resistant virus demonstrated cross-resistant to the MADTP series, suggesting that both
compound families utilise a similar mode of action. However, the CHVB series required
the presence of at least two mutations in nsP1, namely, S454G and W456R, indicating that
the barrier of resistance is higher for the CHVB series and the occurrence of resistance in
clinical settings is less likely [35].
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Figure 2. Chemical structure of virus-targeting compounds. Inhibitors of nsP1: MADTP, CHVB, lobaric acid, 6′-β-fluoro-
homoaristeromycin, 6′-fluoro-homoneplanocin A, and 5-iodotubercidin. Inhibitor of nsP2: compound 25, compound 8,
MBZM-N-IBT, MIBT, thiazolidin-4-one, ID1452-2, telmisartan, novobiocin, and nelfinavir. Inhibitor of nsP4: favipiravir,
β-D-N4-Hydroxycytidine, sofosbuvir, and compound-A.

A fluorescence polarisation-based assay measuring the GTP binding site was used to
perform an HTS and led to the identification of a series of hits [36]. The cherrypicked hits
were subsequently not only evaluated with an orthogonal assay to measured their ability
to interfere with the guanylation step of the capping reaction of nsP1 but also tested for
their antiviral activity [36]. These findings led to the identification of the naturally-derived
compound, lobaric acid (Figure 2), as a potent CHIKV nsP1 inhibitor [36].

More recently, two carbocyclic adenosine analogues, namely, 6′-β-fluoro-homoaristero
mycin (FHA, Figure 2) and 6′-fluoro-homoneplanocin A (FHNA, Figure 2), have been
identified as inhibitors of the MTase activity of nsP1 by screening a library designed to
inhibit the host target SAH hydrolase (see 5.5.1.1. Hydrolases) [37,38]. Resistance selection
unveiled two mutations G230R and K299E in nsP1 to develop resistance against both
compounds [38]. Additionally, 5-iodotubercidin (5-IT, Figure 2) showed also an inhibitor
of the MTase activity of nsP1 in a capillary electrophoresis-based assay [39]. This derivate
of tubercidine and a known adenosine kinase inhibitor demonstrated potent anti-CHIKV
activity in a plaque-reduction assay [39].

4.4.2. Non-Structural Protein 2 (nsP2)

The nsP2 has become a significant target of interest in the development of anti-CHIKV
drugs primarily because of its essential role in the CHIKV replication but also because of
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its relatively early publication of its 3D structure (PDB: 3RTK) [78]. This led to a significant
number of publications focussing on the in silico approach to identify potential new nsP2
inhibitors [79–87]. However, for all of those hits predicted in these studies, no in vitro
evaluation was made. This vital evaluation step was made by Bassetto et al. by the
combination of virtual screening with an optimised homology model of nsP2 and the
following evaluation by virus-cell-based CPE reduction assay [40]. This approach led
to discovering the first lead compound, compound 25 (Figure 2), with potential nsP2
protease inhibition activity. Two following structure–activity-relationship studies with
altogether 100 analogues were additionally performed by this research group to determine
the compound series’s critical components and investigate the impact of some chemical-
structure changes on antiviral activity and water solubility [41,42]. Interestingly, molecular
docking on nsP2 showed no significant differences in binding mode between the most active
compound (compound 25 with EC50 = 3.2 µM) and some of its poorly active analogues. In
their virtual screening study based on pharmacophoric features of the initial hit of Bassetto
et al., Das et al. describe a set of 12 compounds with anti-CHIKV activity with the most
potent inhibitor compound 8 (EC50 = 1.5 µM, Figure 2) [40,43]. A cell-free protease assay
was performed to verify their effects on nsP2, in which the majority of the compounds
demonstrated inhibitory effects against nsP2 [43]. Surprisingly, the initial hit of Bassetto
et al. did not show any inhibition [40,43]. However, three analogues showed significant
inhibitory effects, pointing to two different sites of actions in the compound series [41,43].
This example highlights the significance of biological evaluations of in silico predictions as
they may sometimes not correlate with the in vitro results. On the other hand, molecular
docking and molecular dynamic simulations may be an economical and fast starting point
to investigate a possible mode of action of potential new antiviral drugs. Mishra et al.
used such a computational approach to examine the target of their antiviral compounds
MBZM-N-IBT and MIBT (Figure 2) [59]. Although their docking result points to an nsP2
inhibition, a time-of-addition assay revealed an early stage and a late-stage inhibition of the
CHIKV–indicating multiple modes of actions. Another study described five arylalkylidene
derivates of 1,3-thiazolidin-4-one (Figure 2) with low micromolar antiviral concentrations
and interactions with the nsP2 protease domain in MD-simulations [60].

Small peptidomimetics were discovered using quantum mechanics-based ligand
descriptors and biologically evaluated in virus-cell-based assay [61]. Docking of the most
potent analogues, peptidomimetic 3a/4b, with the crystal structure of nsP2 exposed the
advantage of lower molecular weight in this compound series, likely due to their more
accessibility to the target pocket [61]. Other peptidomimetics, PEP-I and PEP-II, were
identified by screening based on pharmacophoric features derived from nsP2-nsP3/4
(protein-peptide) interaction and evaluated by their anti-CHIKV activity using plaque
reduction assay [62,88]. Their inhibitory effect on chikungunya nsP2 protease and the
proteolytic activity of nsP2 was investigated by a FRET-based protease assay [62]. Both
compounds inhibited their target protein in the micromolar range [62].

The natural compound, ID1452-2 (Figure 2), was discovered by high-throughput
screening to identify small molecules targeting the chikungunya nsP2 protease [44]. ID1452-
2 showed moderate anti-CHIKIV activity (IC50 = 31 µM) and inhibited nsP2 effects in
dose-dependent manner [44]. More recently, a target-based drug screening with 30,000
FDA approved molecules and SPR experiments identified telmisartan (Figure 2), an an-
tihypertensive drug, and the antibiotic novobiocin (Figure 2) as a strong inhibitor of the
chikungunya nsP2 protease [45]. Both drugs inhibited the nsP2 protease activity in low
micromolar concentrations [45]. This strategy of repurposing of FDA approved drugs
were also used by Bhakat et al. to accelerate the identification and development of future
anti-CHIKV drugs [63]. MM/GBSA-based binding free energy results and molecular
docking on nsP2 determined nelfinavir (Figure 2), an HIV/HCV inhibitor, as a potential
new anti-CHIKV drug [63]. This compound showed a moderate antiviral effect in the
CPE-reduction assay [63].
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4.4.3. Non-Structural Protein 3 (nsP3)

No small molecules targeting CHIKV nsP3 are reported up to date. Recently, a
fragment library and x-ray crystallography screening led to the discovery of 40 fragments
binding to the distal ribose binding site of ADP-ribose in the nsP3 macrodomain crystal
structure (PDB-code: 6VUQ) [46]. As most of the fragments share a similar pyrimidine-
based scaffold, it could be an interesting starting point for further development of a CHIKV
nsP3 inhibitor [46]. A similar approach to identify small molecules with anti-nsP3 activity
was conducted by Nguyen et al. [89]. With virtual screening and molecular docking,
various hits were detected, but the ability of the compounds to inhibit the CHIKV in vitro
has not yet been published [89].

4.4.4. Non-Structural Protein 4 (nsP4)

The nsP4 protease functions as an RNA-dependent polymerase (RdRp) and is the most
highly conserved protein in the alphavirus family [90]. Consequently, many compounds
targeting this protease have been reported to inhibit the CHIKV and other alphavirus
replication cycles. Favipiravir (T-705, Figure 2) and its defluorinated analogue T-1105, for
example, were reported to inhibit in vitro replication of different CHIKV strains as well
as other (arthritogenic) alphaviruses [47]. All favipiravir resistant CHIKV strains carried
a unique K291R mutation in a highly conserved F1 motif of the RNA-dependent RNA
polymerase of +ssRNA viruses in nsP4 [47]. This highly conserved lysine is crucial for the
anti-CHIKV activity and responsible for the broad-spectrum antiviral activity of T-705 [91].
In addition, a CHIKV-mouse model of lethal infection in AG129 mice, favipiravir treatment
(300 mg/kg/day for seven days) prevented the development of severe neurological disease
and increased the survival rate [47]. Further, favipiravir treatment (300 mg/kg/day for
four days) in C57BL/6J mice reduced the viral replication in the joints when administered
in the acute phase and prevented systemic viral spread [48]. Recent findings highlight
the influence of different cell lines on the antiviral outcome in biological assays of T-705
and the impact of various CHIKV strains on the disease severity in mouse strains, and the
efficacy of favipiravir treatment [92,93].

Another nucleoside analogue, β-D-N4-hydroxycytidine (NHC, Figure 2), showed more
potent anti-CHIKV effects in Vero Cells than the control nucleoside analogues favipiravir and
ribavirin [49]. The alphavirus VEEV needs for the development of even low-level resistance
against NHC multiple cooperative mutations within the RdRp of nsP4 [50]. Additionally,
NHC has shown in a time-of-addition assay to have no effect on viral entry but in the early
stage of the CHIKV replication circle [49]. Both findings indicate the RdRp domain of nsP4 as
the potential target of NHC, but the precise mode of action remains unclear.

Sofosbuvir (Figure 2), the FDA approved drug against hepatitis C virus, and uri-
dine analogue also showed interesting activity against CHIKV in different cell lines [51].
Additionally, treatment with sofosbuvir in the CHIKV-mouse model of adult Swiss mice
(20 mg/kg/day) protected against CHIKV-induced disease and increased the survival rate
of neonate mice (40 and 80 mg/kg/day) [51].

Although the nsP4-targeting compounds have shown to be primarily nucleoside ana-
logues, a high throughput screening of chemical compound libraries identified compound-
A (Figure 2) as a CHIKV infection inhibitor [52]. This benzimidazole-related compound
inhibited several different CHIKV strains and SINV strains in Vero cells [52]. A key mu-
tation for development compound-A resistance was identified in a mechanism of action
study–the M2295I residue located in the functional domain of RdRp of nsP4 [52]. Kumar
et al. conducted an in silico study on a CHIKV nsP4 homology model to identify potential
new hits. However, the biological evaluation of their collected data has yet to be done [94].

5. Targeting Host Factors

As discussed above, a variety of proviral host factors have been shown to influence
the viral replication cycle. Therefore, many small molecules modulating such factors have
been reported to possess antiviral activity. A comprehensive overview of anti-CHIKV
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compounds with proviral host targets is given in Table 3. The same criteria for inclusion
and issues with data comparison as in Tables 1 and 2 (see Section 4, Virus Targeting
Inhibitors) are also applied here.

5.1. Viral Entry and Membrane Fusion

Alphaviruses use a receptor-mediated endocytotic entry and pH-dependent fusion to
release their viral RNA genome into the host cell cytoplasm. Recent findings in biochemistry
and structural identification of involved proteins have given a valuable insight into this
process, where many different host factors could be used as potential antiviral targets [16].

One of such antiviral compounds is chloroquine (Figure 3), a 9-aminoquinoline known
since 1934 as an antimalarial drug [141]. It has been used in clinical trials against CHIKV
even long before its anti-CHIKV effect was reported in vitro assays. The reasoning behind
this unique approach lies in the lack of other treatment options and promising research
results published before. Chloroquine and other NSAIDs such as mefenamic acid (see
Section 5.3, Pyrimidine and Purine Synthesis Inhibitors) have been reported to inhibit
the multiplication of various viruses (e.g., Sindbis, influenza A2, herpes simplex, etc.) in
chick and mouse embryo cells [142,143]. Additionally, it has been shown to influence the
pH-dependent fusion of the Sindbis virus and Semiliki Forest virus with the endosomal
membrane by raising the endosomal pH in BHK-21 cells [144,145]. Other weak bases such
as NH4Cl, amantadine, methylamine and tributylamine showed similar lysosomotropic
effects [144,145]. Moreover, chloroquine has been reported to lessen the joint inflammation
of patient with rheumatoid arthritis in several trials in the 1950s [146]. The first clinical
trial 1984 with chloroquine phosphate on 10 CHIKF patients was conducted after empirical
observations that one of the patients joint pains improved while taking antimalarial drugs
prophylactically [147]. Treatment with chloroquine led to alleviating patients’ symptoms
and opened the door for further clinical trials [147]. However, a randomised, double-blind,
placebo-controlled, prospective trial (CuraChik trail) with 54 adult patients diagnosed with
CHIKV showed no significant difference between the placebo and the chloroquine groups
in terms of fever clearance time or viremia clearance time [148,149]. Moreover, patients
treated with chloroquine were more likely to complain about persistent arthralgia (p < 0.01)
and suffered moderate adverse effects of the treatment [148,149]. Another clinical trial
showed no advantage of chloroquine treatment over the NSAID meloxicam in patients with
early musculoskeletal pain and arthritis following acute chikungunya virus infection [150].
While the in vivo performance of chloroquine in humans and non-human primate models
is limited, the in vitro effects of chloroquine are remarkable better [95,151–153]. These
contradictory findings may be due to the immunomodulatory effects of chloroquine in vivo:
it inhibits, i.e., IFN-I responses, which may influence the immune response to the viral
replication negatively and may have been missed in the used Vero-E6 cells, which do not
produce IFN-I [152].
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Figure 3. Chemical structure of selected host-targeting compounds. Inhibitor of the viral entry and membrane fusion:
chloroquine, hydroxychloroquine, obatoclax, niclosamide, nitazoxanide, and 5-(N-ethyl-N-isopropyl)amiloride. Inhibitor of
the lipid pathway: orlistat, cerulenin, CAY10566, tivozanib, pimozide, 5-tetradecyloxy-2-furoic acid, imipramine, U18999A,
and LXR-623. Inhibitor of the pyrimidine and purine synthesis: ribavirin, merimepodip, mycophenolic acid, 6-azauridine,
DD264, antimycin A1a, RYL-634, and atovaquone.

Several clinical trials were conducted to investigate hydroxychloroquine (HCQ, Figure 3)
on Chikungunya virus infection [154]. HCG seems to have no beneficial impact in the
early stage of CHIKV infection or reduction of joint pain when administered alone or in
combination with aceclofenac [155]. However, the combination of HCQ with methotrexate
improved the disease activity and reduced disability and pain in patients [156,157]. In
contrast, HCQ treatment in the RHUMATOCHIK study had to be interrupted in 4 out of
39 patients because of adverse effects such as nausea, rash, stomatitis, and headache [158].
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A 50% reduction of synovitis and 19.2% complete remission was reported in the remaining
sample [158].

The pH-dependent endocytosis and the high sensitivity of CHIKV to the antiviral
activity of type I and type II interferons was also shown by Sourisseau et al. [159]. Their
study demonstrated the anti-CHIKV effect of chloroquine and the vacuolar proton ATPase
inhibitor bafilomycin-A. Furthermore, the high sensitivity of CHIKV to the antiviral effect
of IFNs (see Section 5.7, Immunomodulatory) has been reported [159]. Concamycin A,
another vacuolar proton ATPase inhibitor, and the Bcl-2 inhibitor obatoclax (Figure 3)
inhibited the viral fusion of Semiliki forest virus and, in the case of obatoclax, also of
CHIKV due to their lysosomotropic characteristics [96,160].

A broad range of antiviral effect on pH-dependent viruses demonstrated the anithelmic
drugs niclosamide and nitazoxanide (Figure 3) [161]. Radiometric imaging allowed the
precise measurement of endosomal pH and revealed their neutralising effect of acidic en-
dosomes [161]. An additional structure–activity relationship study exposed the importance
of the hydroxy and chloride group in position R1 and R4 for the antiviral effect of this
compound series [161]. An HTS for CHIKV fusion inhibitors with FDA approved drugs
found not only niclosamide and nitazoxanide as potential anti-CHIKV candidates but also
suramin (see Section 4.1., Viral Membrane Fusion and Entry) [97]. All of them showed
an additional inhibitory effect on the cell-to-cell transmission of CHIKV. Additionally, the
antiviral effect of the hits was evaluated, measuring the CHIKV-induced CPE in BHK-21
cells, and no toxicity in the used micromolar range was observed in zebrafish embryos [97].

Pre-infection treatment with the macropinocytosis inhibitor 5-(N-ethyl-N-isopropyl)am
iloride (EIPA, Figure 3) results in a dose-dependent inhibition of CHIKV infection [98].
Amiloride and an amiloride analogue HOE-694 have been reported to block the activity of
Na(+)/H(+) exchanger, lowering the submembranous pH and consequently preventing
the necessary macropinocytosis [162]. Macropinocytosis has been identified as a signifi-
cant pathway of CHIKV into muscle cells and is, therefore, an attractive target for new
anti-CHIKV compounds [98].

5.2. Lipid Pathway Inhibitors

Alphavirus fusion is dependent on the cholesterol and sphingolipid in the host cell
membrane [16]. Consequently, inhibition of the fatty acid synthase by the anti-obesity drug
orlistat, the antibiotic FASN inhibitor cerulenin, and the SCD1 inhibitor CAY10566 resulted
in decreased CHIKV and MAYV genome replication (see Figure 3) [99,100]. Both enzymes
play a central role in the de novo synthesis of long-chain fatty acids and are crucial in
the replication of various viruses [100]. Furthermore, orlistat was reported as a potential
broad-spectrum agent against mosquito-transmitted viruses such as DENV, JEV, ZIKV and
CHIKV [101].

Additionally, the fatty acid synthase was identified by Bakhache et al. as an impor-
tant proviral host factor [100]. Further, a genome-wide CHIKV/HEK-293 loss-of-function
siRNA screen led to identifying 156 proviral and 41 host targets influencing the CHIKV
replication cycle [99]. The validated host proviral factors were used to screen a drug repur-
posing database [99]. This approach led to the identification of 20 compounds interacting
with six unique host targets, including enzymes of fatty acid synthesis (fatty acid synthase,
ATP citrate lyase, and acetyl CoA carboxylase), calmodulin signaling, the vacuolar-type
H+ ATPase (vATPase), CLK1, fms-related tyrosine kinase 4 (FLT4 or VEGFR3), and K
(lysine) acetyltransferase 5 (KAT5 or TIP60). All 20 compounds showed strong antiviral
activity when tested in HEK293-T cells, but, as expected, some of them exhibited a nar-
row therapeutic index. The in vitro outcome was further validated in a CHIKV-C57BL/6
mouse model, in which tivozanib (targeting FLT4), pimozide (calmodulin inhibitor) and
5-tetradecyloxy-2-furoic acid (TOFA, fatty acid synthesis inhibitor) reduced the viral repli-
cation in the footbed significantly (see Figure 3). The combination of TOFA and pimozide
had a synergistic effect in reducing the viral replication and joint swelling [99].
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The host membrane cholesterol is a key component in the unmasking of the fusion
peptide in class II envelope glycoproteins [102]. Compounds interfering with the cholesterol
transport such as the tricyclic antidepressant imipramine (Figure 3) and the class II cationic
amphiphilic compound U18666A (Figure 3) have shown to affect the fusion and replication
step from not only the CHIKV but also several Flaviviridae such as ZIKV, West Nile virus,
and DENV [102].

The ubiquitously expressed liver X receptors (LXRs) are essential in the regulation of
cholesterol homeostasis and a potential proviral host target for antiviral compounds [103].
The selective, synthetic agonist of LXRβ LXR-623 (Figure 3) inhibited the CHIKV replication
in human foreskin fibroblasts in a dose-dependent manner. This effect was partially
reversed when the cells were incubated with cholesterol [103].

5.3. Pyrimidine and Purine Synthesis Inhibitors

The inosine monophosphate dehydrogenase (IMPDH) is a key enzyme in the de novo
guanine nucleotide biosynthesis by converting inosine-5′-monophosphate to xanthine
5′-monophosphate and is, therefore, an interesting target for antibacterial, anticancer and
antiviral drugs [163]. Ribavirin (Figure 3), an FDA-approved drug against respiratory
syncytial virus infection in infants and chronic hepatitis C infection, is a guanosine ana-
logue with multiple postulated biomechanisms [164,165]. The inhibition of IMPDH leading
to depletion of GTP pools as well as the inhibition of the RNA-dependent RNA poly-
merase (RdRp) is considered the major causes of the broad-spectrum antiviral activity of
ribavirin [165]. The scientific research about the precise mode of action is still ongoing, but
a time-of-addition study unveiled that ribavirin is primarily active at the early stage of the
CHIKV replication cycle [59]. Ribavirin showed antiviral activity against CHIKV in vitro
and in vivo studies and exhibited a synergistic effect with the tetracycline doxycycline,
IFN α2a, and the NSAID mefenamic acid (MEFE) [57,104,166,167]. Moreover, a 7-day
treatment with 200 mg ribavirin twice daily significantly improved joint pains in human
patients [168].

Another potent and selective IMPDH inhibitor, merimepodib (Figure 3), inhibited
the CHIKV and the ZIKV in a dose-dependent manner [105]. On the other hand, the
immunosuppressive agent and non-competitive inhibitor of IMPDH, mycophenolic acid
(MPA, Figure 3), has been reassessed regarding its anti-CHIKV inhibitory effect [169].
Although it has demonstrated high antiviral effects in a virus-induced cytopathic effect
assay, 19 synthesised analogues of MPA did not show any CHIKV inhibition [169,170]. The
following retest of MPA revealed the unexpected characteristic of MPA: after reduction of
GTP and downregulation of CHIKV replication, the antiviral effect of MPA diminishes,
and the virus regains its full replication potential [169].

6-Azauridine (Figure 3), on the other hand, inhibits the orotidylic acid decarboxylase
(OMP)–resulting in depletion of UTP pools in cells [171]. It is used in the treatment
of psoriasis and showed broad-spectrum antiviral activity [171–173]. Additionally, 6-
azauridine has been reported to reduce the viral titer of CHIKV and SFV [104].

Another proviral host target is the dihydroorotate dehydrogenase (DHODH)–the
fourth enzyme in the pyrimidine biosynthetic pathway bound to the inner mitochondria
membrane [107]. DHODH is the suggested target of the DD264 series (Figure 3)—a small
compound series found through an HTS with broad-spectrum antiviral activity (DNA and
RNA viruses, including CHIKV) [106,107]. Interestingly, the antiviral effect of DD264 was
suppressed when added exogenous uridine but not with added guanosine, which supports
the theory that the pyrimidine level is essential for the CHIKV replication [106]. Antimycin
A1a (Figure 3) also inhibits the cellular mitochondrial electron transport, suppressing the
de novo pyrimidine synthesis and resulting in a broad spectrum of antiviral activity [174].

Phenotypic screening of around 200 biaryl-substituted quinolones and the follow-
ing in vitro validation and SAR study led to the identification of the broad-spectrum
antiviral compound RYL-634 (Figure 3) [108]. Via activity-based protein profiling (ABPP),
78 potential human proteins were identified as possible targets of RYL-634. Further in
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silico investigations and enzymatic activity assays validated the DHODH as the target
enzyme [108]. Although it has been already shown that the antimalaria drug atovaquone
(Figure 3) has an inhibitory effect on DHODH, its biomechanism regarding the antiviral
effect on CHIKV remains unclear [109,175]. A mechanism of action study showed an
early stage inhibition of ZIKV infection and a possible inhibitory effect on the pyrimidine
biosynthesis pathway [109].

5.4. Protein Synthesis Inhibitors

Halofuginone (Figure 4) is an antagonist of the host prolyl-tRNA synthetase enzyme
(EPRS), causing the accumulation of uncharged tRNApro and forcing the cell to suppress
the translation even when proline levels are sufficient [176]. This orally available synthetic
derivative of the plant compound febrifugine has been reported to inhibit the viral progeny
production of CHIKV, ONNV, ZIKV and DENV [110]. Harringtonine (Figure 4), another
naturally derived compound, has been identified to inhibit CHIKV RNA production and
viral protein expression in a dose-dependent manner [111]. This cephalotaxine alkaloid is
known to inhibit eukaryotic translation [177].

The anticancer drug sorafenib tosylate (Figure 4) inhibited CHIKV replication at 8
and 16 h post-infection through dephosphorylation of several key enzymes for the viral
translation-including the cap-binding protein eIF4E (eukaryotic translation factor 4E) and
p70S6K [99,112]. As the research from McKendrick et al. suggest that the phosphorylation
of eIF4E is not essential for the global cellular protein synthesis, this enzyme could be an
attractive target for further antiviral drug development [112,178]. Moreover, sylvestrol
(Figure 4), a specific inhibitor of the RNA helicase eIF4A (eukaryotic translation factor
4A), inhibited the CHIKV replication cycle at an early stage [179]. The DEAD-box helicase
eIF4A unwinds the RNA secondary structure in the 5′-untranslated regions (5′-UTRs) of
mRNA and allows translation. Silvestrol holds the eIF4A helicase to its mRNA substrate
and inhibits thereby the following translation [179]. More recently, Blum et al. reported the
influence of sylvestrol on the inflammatory status of immune cells [180].

The ubiquitin-proteasome system (UPS) is central for ensuring protein quality control
and maintaining a critical level of important regulatory proteins [181]. As many viruses
have evolved to manipulate this cellular machinery in their favour, it is not surprising that
the FDA-approved proteasome inhibitor bortezomib (Figure 4) was reported to inhibit
different CHIKV strains in various cell lines [113,181]. Investigation of the CHIKV protein
level by Western plot analysis revealed a 50% to 80% reduction of E2, E1 and capsid
protein [113]. The synthetic agonist of the nuclear receptors Rev-erb α/β SR9009 (Figure 4)
showed inhibitory effects against the CHIKV and O′nyong′nyong virus [114]. Although
the precise mechanism of action is still unclear, a subgenomic RNA translation inhibition
was observed [114].
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Figure 4. Chemical structure of selected host-targeting compounds. Inhibitor of the protein synthesis: halofuginone,
harringtonine, sorafenib, sylvestrol, bortezomib, and SR9009. Inhibitor of cellular proteins: tenovin-1, sodium phenyl-
butyrate, sirtinol, geldanamycin, HS-10, SNX-2112, HA15, 16F16, PACMA31, and auranofin. Inhibitor of cellular en-
zymes: amodiaquine, desethyl-amodiaquine, aristeromycin, dasatinib, Torin 1, CND3514, berberine, miltefosine, prostatin,
isothiazolo[4,3-b]pyridine, difluoromethylornithine, and DENSpm.

5.5. Cellular Protein Inhibitors

Sirtuins (SIRTs) are an evolutionarily conserved family of seven lysine deacetylases
(KDACs) and are present in nuclear and cytoplasmic compartments [115]. Their precise
functions in human cells are not fully elucidated, and their impact on viral replications
varies not only on the viral pathogen but also on the subgroup of SIRTs itself [115]. Different
sirtuin inhibitors, such as tenovin-1 (Figure 4), sodium phenylbutyrate (a pan-KDAC
inhibitor, Figure 4), and sirtinol (a specific SIRT1 and SIRT2 inhibitor, Figure 4) have been
reported to inhibit a set of flaviviruses, bunyaviruses, and alphaviruses–including the
CHIKV. Interestingly, the inhibition of only SIRT1/2 was not enough to block the viral
infection [115].

Like cellular proteins, viral proteins need chaperones for proper folding and assem-
bling for precise and stable function. Three different chaperon families, namely the heat
shock protein 90 (HSP90), the protein disulfide isomerase (PDI), and the ER chaperon
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GRP78, were reported as proviral host factors in the case of CHIKV infection [116–118].
HSP90 has a critical role in the proper folding, maturation, localisation, and turn-over of
cellular and viral proteins. Its essential function for RNA and DNA viruses makes it a
desirable host target for broad-spectrum antivirals [182]. Interestingly, the known HSP90
inhibitor geldanamycin (Figure 4) showed antiviral effects in CHIKV infected HEK-293T
cells. Further, the antiviral effects of two specific HSP90 inhibitors, HS-10 and SNX-2112
(Figure 4), ruled out any off-target effects of geldanamycin during the CHIKV replica-
tion cycle. They even prevented joint swelling and inflammation in a CHIKV-SVA129
mouse model [116]. Further, geldanamycin treatment led to reducing the nsP2 concen-
tration and the for viral replication essential interaction between HSP90 and nsP2 [183].
Another chaperon inhibitor, namely the compound HA15 (Figure 4), was recently found
to inhibit various viruses—including VEEV, EEEV, SINV, and CHIKV. The ER chaperon
GRP78 showed interactions with the viral E2 glycoprotein and was confirmed as a possible
proviral host target [117].

Alphaviruses require specific disulfide bonding in their envelope proteins E1 and E2
for proper folding and assembling and, therefore, likely depend on the host protein disul-
fide isomerase (PDI) [118]. Consistent with these findings, the in vitro assays with the PDI
inhibitor 16F16 (Figure 4) led to a significant reduction of cell-cell fusion events. Although
16F16 and PACMA31 (another PDI inhibitor, Figure 4) showed interesting antiviral effects,
their toxicity profile was remarkably poor. However, the FDA approved TRX-inhibitor
auranofin (Figure 4) had a much better therapeutic index of 104.5 at 12 h post-infection and
even reduced food swelling in a CHIKV mouse model [118].

5.5.1. Cellular Enzyme Inhibitors
Hydrolases

So far, three different hydrolase families have been reported as proviral host tar-
gets for the inhibition of the CHIKV infection, namely furin, cathepsin B, and the SAH-
hydrolase [120,153,184]. The membranous furin hydrolase is vital for the cleavage of the
alphavirus envelope glycoproteins E1 and E2 precursor P62 [153,185]. As this process is a
crucial moment in replicating the CHIKV and many other alphaviruses, furin is a desirable
target for antiviral compounds [185–187]. Accordingly, the inhibition of the P62 cleavage
by the irreversible furin inhibitor decanoyl-RVKR-chloromethyl ketone (dec-RVKR-chmk)
leads to a significant viral reduction envelope glycoproteins E1 and E2 in infected myoblast
cultures. Furthermore, given chloroquine, almost total viral spread and yield were ob-
served [153]. The furin inhibitor phenylacetyl-Arg-Val-Arg-4-amidinobenzylamide and a
set of its analogues significantly reduced the viral titer in BHK-21 cells [188].

The endosomal cathepsin B protease was recently confirmed as a proviral host target
not only for MLV, Ebola virus, and SARS-CoV infections but also for CHIKV. Cathep-
sin B mediates the lysosomes-endosomes-fusion and is used by pathogens to enter the
cell [119,184]. The antimalaria drug amodiaquine and its primary active metabolite
desethyl-amodiaquine (DEAQ) have shown to act as an anti-pathogen against various
bacteria toxins and as an inhibitor of multiple viruses (e.g., the CHIKV) by inhibiting the
host cathepsin B protease (see Figure 4) [119].

The naturally occurring carboxylic nucleotide aristeromycin (Figure 4) showed potent
anti-CHIKV effects, but further usage was limited by its high cytotoxicity [120,189]. This
type I S-adenosyl-L-homocysteine hydrolase (SAH) inhibitor was the starting point of a
series of 6′-fluorinated aristeromycin analogues (Figure 4). Since both the viral RdRp and
the host SAH hydrolase are crucial for the viral RNA capping and replication, the design
of dual-target antiviral compounds was performed by Yoon et al. [120]. Surprisingly, the
inhibition of the viral RdRp was found to be less important in this new compound series
than the SAH inhibition [120]. As already discussed in 4.4.1. nsP1, based on these results,
6′-fluorinated-5′-homoaristeromycin (FHA) and 6′-fluoro-homoneplanocin (FHNA) were
synthesised and showed potent anti-CHIKV activity [37]. Interestingly, they seem to target
the viral nonstructural protein nsP1 rather than the proviral host factor SAH [38].
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Kinases

Targeting the proviral host kinases has led to the identification of multiple compounds
with interesting antiviral activity. Many viruses modify the host kinases signaling path-
ways to regulate the cellular environment and to stimulate their replication [190]. The
Src family kinases (SFKs), for example, have been identified through kinome profiling
as essential proteins for the replication of several viruses, including the CHIKV. Accord-
ingly, the chemical inhibitors of these membrane-associated kinases, dasatinib and the
mTORC1/2 inhibitor Torin 1, were able to reduce the viral yields in human fibroblasts
(see Figure 4) [121]. Other kinase inhibitor compounds, the CND series (Figure 4), were
found through HTS utilising a kinase inhibitory chemical library (BioFocus). A mechanism
of action study with this compound series suggested that the inhibition of virus-induced
CPE was likely performed by targeting kinases involved in apoptosis [122]. However, their
precise target kinase requires further investigation [122].

Another potential proviral host kinase target is the mitogen-activated protein kinase
(MAPK) signaling pathway. Berberine (Figure 4), a plant-derived alkaloid, was found with
ivermectin and abamectin through a high throughput screening. All three compounds
showed good activity against different alphaviruses [123]. Furthermore, the activation
of the MAPK during a CHIKV infection and the resulting changes in phosphorylation
levels were detected by a human phosphokinase array detected [124]. Berberine treatment
decreased the viral titer in HEK-293T cells by reducing this CHIKV induced MAPK activity.
Additionally, berberine treatment in CHIKV-infected C57BL6/J led to reduced inflamma-
tion in the joint footbed [124]. Recently, berberine was reported to interfere with the virus
ability to form a stable cytoplasmic nucleocapsid core (NC)–inhibiting the formation of
infectious virus particles [191].

Depending on the host cell, the CHIKV entry occurs via endocytosis or macropinocy-
tosis [98,184]. Macropinocytosis activation occurs when the virus activates signal transduc-
tion in the host cell via different cellular proteins such as the phosphatidylinositol-3kinase
(PI3K) and the protein kinase C [98]. The inhibition of the AKT-phosphorylation through
the interaction with the Pi3-Akt signaling pathway by the anti-leishmaniosis drug miltefos-
ine (Figure 4) led to a reduction of the CHIKV replication in human dermal fibroblasts [125].

The serin/threonine-protein kinase C (PKC) regulates several cellular processes, in-
cluding cell proliferation and apoptosis [126]. PCK modulators have been reported to
inhibit CHIKV replication in vitro. The phorbol ester prostatin (Figure 4) is a potent ac-
tivator of PCK and showed antiviral activity on different CHIKV strains [126,192]]. The
antiviral activity of prostatin, however, was strongly dependent on the used cell type.
Potent antiviral activity were reported in BGM and Vero A cells, but the PCK inhibitor
showed no antiviral activity in HEL cells [126]. Furthermore, prostatin has been reported
to have tumour promoting effects [126]. Analogues of the pan-PCK modulator bryostatin,
also potently inhibited the CHIKV replication. Interestingly, when the hydroxyl group
on C26, which is vital for the PCK interaction, was capped, the antiviral activity was still
found. This suggests an additional PCK-independent mode of action [127,128,193].

Additionally, the cyclin G-associated kinase (GAK) inhibitors with an isothiazolo
[4,3-b]pyridine (Figure 4) scaffold showed moderate antiviral activity against the Dengue
virus, Ebola virus, and the Chikungunya virus [129].

Lyases/transferases

Reducing the polyamine concentration in host cells has negative effects on the viral
replication of various RNA viruses as they need it for viral translation and transcrip-
tion [194]. Intracellular polyamine synthesis relies on a set of different proteins such as
ornithine decarboxylase 1 (ODC1) and spermidine/spermine N1-acetyltransferase 1 (SAT1).
Depletion of spermidine and spermine by induction of SAT1 led to decreased CHIKV repli-
cation [194]. Interestingly, the resistance of this polyamine dependency was found in a
CHIKV variant with mutations in the viral nsP1 and nsP4 [195]. The irreversible inhibitor
of ODC1, difluoromethylornithine (DFMO, Figure 4), and the SAT1 upregulator, diethyl-
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norspermine (DENSpm, Figure 4), reduced the viral titer in different cell lines. Despite
these good in vitro results, DFMO showed a low reduction in viral titer in CHIKV-infected
C57BL/6 mice [130].

5.6. Cellular Receptor Inhibitors
5.6.1. Inhibitors of Channel-Linked Receptors

Critical steps of the viral replication cycle have been reported to depend on the virus’s
ability to manipulate the host cell ionic environment. Consistent with these findings,
several viral proteins have been shown to influence cellular ion channel activity [196].
So far, two different ion channel families have been exploited as anti-CHIKV targets–the
sodium-potassium ATPase and the chloride channel 1 and 4 (CLIC1, CLIC4) [20,131,132]

A high throughput screening has identified the known sodium-potassium ATPase
inhibitor digoxin and its related cardiac glycoside ouabain as a potent CHIKV inhibitor in
human cell lines (see Figure 5) [20]. Furthermore, mechanistic studies revealed that digoxin
is acting in a post-entry step of the viral replication. Its antiviral effect was reversed when
exogenous potassium was added during digoxin treatment, which led to the hypothesis
that the CHIKV may require a specific ion balance for its replication. Digoxin-resistant
CHIKV mutations carried the V209I mutation in the viral nonstructural protein nsP4,
indicating that digoxin may also interact with the viral replication [20]. In addition, another
FDA approved cardiac glycoside, lanatoside C (Figure 5), was reported to inhibit a broad
spectrum of viruses, including the dengue virus, the Sindbis virus, and the CHIKV [131].
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The discovery of CLIC1 and CLIC4 as proviral factors in human cells was per-
formed using the siRNA silencing technique. This resulted in the identification of three
chloride channel inhibitors, 4,4′-Diisothiocyanostilbene-2,2′-disulfonic acid (DIDS), 9-
Anthracenecarboxylic acid (9-ACA), and 5-Nitro-2-(3-phenylpropylamino)benzoic acid
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(NPPB, Figure 5). All three compounds showed a significant reduction in CHIKV replica-
tion not only in human cell lines (Huh-7) but also in mosquito cells (C6/C3) [132].

5.6.2. Inhibitors of Enzyme-linked Receptors

The serotonin or 5-hydroxytryptamine (5-HT) receptors are primarily G-protein coupled
and regulate essential physiological functions and various signaling pathways [134]. The
serotonin receptor agonist 5-nonyloxytryptamine (5-NT, Figure 5) has been shown to inhibit
CHIKV replication in U2OS cells [134]. Interestingly, also the 5-HT antagonist methiothepin
mesylate (MM, Figure 5) was able to inhibit 97 ± 1.0% of the CHIKV replication at 10 µM. A
time-of-addition study suggested two different modes of actions: for 5-NT, the inhibition of
the uncoating and for MM, the internalisation and membrane hemifusion step [133].

5.7. Immunomodulatory Agents

The host immune system and responses, primarily the type I interferon (IFN) signaling,
are crucial for controlling and preventing CHIKV infections [197]. Accordingly, many antivi-
ral compounds have shown synergistic effects when given with IFNs [92,104,106,130,166].
Furthermore, the orally available IFN-inducer tilorone dihydrochloride (Figure 5) is known
since 1970 for its antiviral activity against SFV in mice [198]. More recently, tilorone was
reported to inhibit CHIKV infections in Vero cells [135].

Polyinosinic acid: polycytidylic acid (poly(I:C)), a double-stranded RNA, is another
potent IFN inducer and interacts with the toll-like receptor 3 (TLR3) which are expressed in
the membrane of B-cells, macrophages, and dendritic cells. The TLR3 receptors are part of
the innate immune response and recognize proteins, lipids, carbohydrates and others from
invading microorganism. When activated by poly(I:C), they suppress the CHIKV infection
by inducing IFNs and other antiviral genes [199]. Pre-treatment of mice with poly(I:C)
reduced viral titer in the brain and achieved 100% survivability of the mice [200]. The
double-stranded RNA 5′pppRNA is, like poly(I:C), a well-studied adjuvant for enhancing
the efficacy of influenza virus vaccines [201,202]. In addition, 5′pppRNA and its analogue
M8 inhibited the in vitro and in vivo replication of different viruses (including the CHIKV)
by interacting with the retinoic acid-inducible gene I (RIG-I) [203–205].

The IFN-inducible protein viperin was also reported to play an essential role in the
in vivo infection of the CHIKV and could be an interesting target for antiviral drugs. Mice
lacking viperin were reported to develop higher viremia and more severe joint inflamma-
tion than infected wild-type mice [206,207]. A novel small molecule (C11, Figure 5) was
recently shown to induce IFN secretion from human cells and transcription/translation
of interferon-dependent antiviral genes such as viperin. Reverse genetics and a loss-of-
function assay suggested the adaptor protein STING for its IFN activation ability. C11 had
antiviral effects against the Ross River virus, VEEV, Mayaro virus, O’nyong-nyong virus,
and CHIKV [136]. G10 (Figure 5) is another small molecule preventing the replication
of various alphaviruses (e.g., VEEV, Sindbis virus, and CHIKV) by indirectly activating
the STING protein, which supports the hypothesis of STING as a possible antiviral tar-
get [137]. The same research group reported AV-C (Figure 5) as a novel interferon-activating
small molecule. AV-C showed inhibitory effects against ZIKV, Dengue virus, and CHIKV
infection in THF cells [138].

Further, heparan sulfate mimetics such as pentosan polysulfate and PG545 (pixatimod)
have been reported as interesting compounds for alleviating alphavirus-induced disease in vivo.
Pentosan polysulfate is an FDA-approved drug against cystitis, whereas pixatimod is currently in
a clinical trial to treat advanced cancer and pancreatic adenocarcinoma [139,208,209]. Although
pentosan polysulfate treatment did not influence the kinetics of virus infection, it alleviated
virus-induced arthritis in C57BL/6 mice [139]. Furthermore, it was recently successfully
evaluated in phase II clinical trials for the treatment of RRV-induced arthritic disease
(PARA_004, Paradigm BioPharmaceuticals) [210]. Pixatimod treatment also reduced the
severity of alphavirus-induced arthritis and showed good antiviral effects against different
CHIKV strains [140].
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6. Undefined Targets

Quinolones, like ciprofloxacin and N-acyl hydrazones, were reported as compounds
with antibacterial and antiviral properties. Therefore, a series of quinolone-N-acylhydrazone
hybrids (Figure 6) were synthesized in a four step synthesis route. Accordingly, they demon-
strated antiviral effects against the ZIKV and CHIKV in Vero cells. A mechanism of action
study suggests that the compounds act in the early stages and in some post-infection
stages of the CHIKV replication cycle. Nevertheless, the precise mode of action remains
unknown [211].
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The thieno[3,2-b]pyrrole (Figure 6) scaffold was initially found by screening and has
been shown to be a potential lead compound. Two structure–activity-relationship studies
were made to improve its antiviral activity and its metabolic stability and yielded in the
design of the most promising analogue: compound 20. This compound series has been
reported to inhibit the expression of viral nsP1, nsP3, capsid, and E2 proteins and to affect
the CHIKV life cycle. Additionally, they have been shown to inhibit other alphaviruses
such as the O′nyong-nyong and Sindbis virus [212,213].

Recently, Fares et al. reported a new scaffold of a CHIKV inhibitor based on the fusion
of uracil and rhodanine pharmacophoric features, which were previously identified as
antiviral active (Figure 6) [30,60,214,215]. The best performing analogue, compound 15,
had a p-methyl biphenyl tail functionality and may be an interesting lead compound for
further drug development [214]]. An overview of compounds without a known target is
given in Table 4.
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Table 4. Antiviral compounds without a known target a.

In Vitro In Vivo

Compound b EC50 (µM) c CC50 (µM) SI Cell Line Efficacy Mouse
Model Ref.

Quinolone-N-
acylhydrazone

(5b)
1.06 ± 0.08 669 ± 4.33 631.7 Vero — — [211]

Thieno[3,2-b]pyrrole
(compound 20) 3-4 >100 n.s. HEK293T Good in vivo

pharmacokinetics C57BL/6 [212,213]

Compound 15 42 n.s. n.s. MCF-7 — — [214]

Mefenamic acid * 13 >100 n.s. Vero

+ ribavirin:
Reduction of viral

titre and
hypertrophic

effects in liver and
spleen

Adult ICR [167]

Meclofenamic acid 18 >100 n.s. Vero — — [167]
Ivermectin * 0.6 ± 0.1 37.9 ± 7.6 62.4 BHK-21 — — [123]
Abamectin * 1.5 ± 0.6 28.2 ± 1.1 19.2 BHK-21 — — [123]
a EC50, 50% effective concentration; CC50, 50% cytotoxic concentration; n.s., not specified; —, not determined; *, repurposed drug. b If the
study reported a compound series/class with anti-CHIKV activity, the antiviral data of the most potent or most representative compound
is reported. Only compounds with in vitro or in vivo data are shown. c If a compound was reported in multiple studies, cell lines, or if
different CHIKV strains have been used, the best activity value with the corresponding cell line is reported.

7. Conclusions

Due to the severity and chronicity of the Chikungunya fever and the rapid worldwide
spread, the CHIKV remains a clinically relevant pathogen. Moreover, the lack of approved
antiviral compounds and vaccines against this alphavirus further lightens the crucial
development of inhibitors against the Chikungunya virus. A comprehensive overview
of several antiviral compounds is given in this review, but most of them are still in the
early stage of drug development as their activity against the CHIKV is only tested in
in vitro assays. This issue could be overcome by repurposing already approved drugs for
the anti-CHIKV treatment. As they already have been intensively investigated for their
safety in humans, the clinical evaluation of such drugs could be a fast and safe option for
emergency treatment in CHIKV infection outbreaks. The advantage of this approach is
illustrated by the fact that out of all compounds discussed in this review only 15 were tested
against CHIKV in an animal model, and only one of them (thieno[3,2-b]pyrrole, compound
20) was purposely designed to inhibit the alphavirus. Repurposed drugs such as suramin,
favipiravir, sofosbuvir, pimozide, auranofin, PPS, pixatimob, and ribavirin (alone and
in combination) showed a reduction of pathological signs in vivo. Furthermore, known
inhibitors of proviral host targets (such as TOFA, HS-10, SNX-2112, PACMA31, berberine,
and DFMO) reduced the viral titer in the performed in vivo assays. By demonstrating their
effects in animal assays, they further confirmed their mode of action to be a valid and
potential host target for the development of anti-CHIKV drugs not only in vitro but also
in vivo. A broad spectrum of various proviral host targets such as the fatty acid synthase
(FASN), calmodulin, IMPDH, TRX, and MAP kinase and more can be therefore considered
as interesting targets for future antiviral drug development.

On the other hand, a much more effective and stronger antiviral activity can be ex-
pected from compounds directly designed to inhibit the alphavirus. These compounds,
such as bis(benzofuran-thiazolidone) (3g), MADTP (9b), CHVB-032, compound 25, com-
pound 8, and compound-A (see Section 4, Virus Targeting Inhibitors) demonstrated already
promising antiviral activity in vitro and could be therefore considered for further develop-
ment and testing.

Another challenge in the development of CHIKV antiviral drugs is its already shown
ability to mutate and to develop resistance to antiviral therapy. A combinatory approach of
compounds with synergistic effect or the design of an antiviral with multiple targets could
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diminish this escape mechanism of the virus. Furthermore, recent studies have identified
new promising host factors as possible targets for CHIKV inhibitors. Such inhibitors could
demonstrate pan-viral inhibitory effects as many viruses use the same replication strategies.
However, targeting a crucial host cell factor could also lead to more (serious) side effects
due to the manipulation of important biomechanism of the host. More research is required
to identify new and safe targets by collecting more detailed information about the CHIKV
life cycle. Furthermore, the current absence of a vaccine makes the development of a potent
and safe CHIKV inhibitor crucial for the treatment of this severe disease.
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Chapter 1 Introduction

1.3 Scientific Goal and Motivation

This doctoral thesis’s main goal was to identify a novel potent small-molecule inhibitor

against the CHIKV and investigate and improve its physiochemical and pharmacological

characteristics to enhance its potential for reaching the next step in the drug development

process (in vivo studies). As elaborated in detail in section 1.2 and 1.2.1 ( [63]), the sever-

ity and chronicity of the CHIKF, the rising morbidity associated with the CHIKV, the

worldwide re-emergence of this alphavirus, and the lack of vaccines or pharmacotherapy

available makes the development of potent and safe inhibitors against the Chikungunya

virus crucial and highly desirable.

The following chapter 2 describes the identification of a novel compound series (pub-

lished as the CHVB series) with good antiviral activity against this alphavirus by high-

throughput screening (HTS). Further, a SAR study was performed, which led to identi-

fying a new lead compound [64]. Additional twenty-eight compounds were analysed for

their anti-CHIKV activity under the lead of Dr Moesslacher and later incorporated in

the [65] discussed in chapter 4 [66].

Based on these findings, a new lead optimisation process was performed with the following

goals:

1. improving or maintaining in vitro antiviral activity (accessed via the EC50),

2. enhancing the safety and toxicological profile:

• half maximal cytotoxic concentration (CC50) values and cell viability accessed

in relevant cell lines,

• possible hERG channel interactions,

3. investigating their antiviral profile (different CHIKV strains, other (alpha)viruses),

4. reaching drug-like physicochemical and pharmacological characteristics (ADME

profiling),

5. increasing the information about relevant functional groups for a high activity

through an additional SAR study,

6. investigating the potential target and possible compound-target interactions.

Further, a pharmacophore, SAR-driven scaffold hop is planned to find a new starting

point for future CHIKV research projects (for detailed information about scaffold hopping

see section 1.1.1.2).
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Chapter 2

Identification of a Novel Hit Series

against Chikungunya Virus -

the CHVB Series

2.1 Introduction

The following publication (further referred to [64]) describes the identification of the

small molecule hit CIM016321 (referred to as compound 1) in a large scale cytopathic

effect (CPE)-based anti-CHIKV screening (33,000 molecules), and thus the beginning of

the CHVB series project. Further, a four-step synthesis and a SAR study of the novel

small molecule inhibitors against CHIKV were carried out to optimise the hit compound

considering the antiviral activity and cytotoxicity profile [64].

Therefore the compound’s scaffold was divided into five groups suitable for systematic

variations to unveil the molecular requirements for a highly active and safe anti-CHIKV

compound. As guidance for systematic structural variations of the molecule, ligand-

based approaches like the concept of bioisosterism and the Topliss decision tree were

applied - as the molecular target was still unknown [36, 39, 67, 68].
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2.2 Identification of 2-(4-(phenylsulfonyl)piperazine-1-

yl)pyrimidine Analogues as Novel Inhibitors of Chikun-

gunya Virus
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ABSTRACT: The chikungunya virus (CHIKV) is a mosquito-
transmitted alphavirus, and it is the causative agent of chikungunya
fever (CHIKF). Although it has re-emerged as an epidemic threat,
so far there are neither vaccines nor pharmacotherapy available to
prevent or treat an infection. Herein, we describe the synthesis and
structure−activity relationship studies of a class of novel small
molecule inhibitors against CHIKV and the discovery of a new
potent inhibitor (compound 6a). The starting point of the
optimizat ion process was N -ethyl -6-methyl-2-(4-(4-
fluorophenylsulfonyl)piperazine-1-yl)pyrimidine-4-amine (1) with
an EC50 of 8.68 μM, a CC50 of 122 μM, and therefore a resulting selectivity index (SI) of 14.2. The optimized compound 6a,
however, displays a much lower micromolar antiviral activity (EC50 value of 3.95 μM), considerably better cytotoxic liability (CC50
value of 260 μM) and consequently an improved SI of greater than 61. Therefore, we report the identification of a promising novel
compound class that has the potential for further development of antiviral drugs against the CHIKV.

KEYWORDS: Novel small-molecule antivirals, Chikungunya virus, Structure−activity relationship studies, Medicinal chemistry

■ INTRODUCTION

The chikungunya virus (CHIKV) is a member of the
Togaviridae, genus alphavirus and was first described in East
Africa (southern province of Tanzania) in 1952−1953.1,2 This
mosquito-transmitted alphavirus (mainly by Aedes spp.) is the
causative agent of chikungunya fever (CHIKF), a disease
characterized by myalgia, polyarthralgia, fever, nausea, head-
aches, maculopapular rash, and complications including
lymphopenia, lethal hepatitis, dermatologic lesions, and
encephalitis.3−5 Although chikungunya fever is rarely fatal,
symptoms such as myalgia and arthralgia have been reported to
last for years after clearance of the infection, resulting in an
impaired quality of life.6−8 Since the re-emergence of the virus
in 2005, outbreaks have occurred in more than 40 countries
throughout the world, not only in Southeast Asia and Africa
but also in Europe (Italy and France) as well as America.9−11

Currently, neither vaccines nor pharmacotherapy are available
to prevent or treat an infection.12−14 To date, the only
available treatment is the alleviation of symptoms by using
NSARs like ibuprofen, naproxen, or acetaminophen. Occa-
sionally, corticosteroids are administered to patients to relieve
symptoms like fever and pain.15−17 Up to now, the antiviral
activity of small molecules, compounds from natural sources,
and immune modulators on the replication of chikungunya
virus have been investigated. Several compounds, ranging from
antivirals with a broad spectrum like ribavirin to harringtonine
(a cephalotaxine alkaloid) and IFN-α, were found to be active,

targeting different stages in the alphavirus life cycle. Despite
the demonstrated effectiveness and, in some cases, potent
antiviral activity in vitro, none of these drugs passed the clinical
trial phase.18−25 Also, the utilization of the already known
antimalaria drug chloroquine as possible antiviral treatment is
highly discussed regarding the potential risks and benefits for
the patients.26−30 Therefore, the development of safe and
effective new antivirals against CHIKV is highly desirable.31

This problem was addressed within the EU FP7 collaborative
project SILVER. In this project, the small molecular hit
CIM016321 (later referred as 1, Figure 1), which was
identified previously by high-throughput screening by the
Center for Innovation and Stimulation of Drug Discovery
(CISTIM) and the University of Leuven (KU Leuven), was
further investigated and a hit to lead program was initiated.
To optimize 1, we divided the structure of this compound

into five parts suitable for systematic variation (shown in
Figure 1). The aim of the optimization was to achieve (i) an
increase in antiviral activity and (ii) a decrease in cytotoxicity,
therefore resulting in a compound exhibiting an improved
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selectivity index (SI). As guidance for systematic structural
variations of the molecule, approaches like the concept of
bioisosterism and the Topliss decision tree were applied.32−35

In this study, we have identified that analogues of 1 are
potent and safe inhibitors of chikungunya virus in vitro.
Moreover, structure−activity relationship studies unveiled the
molecular requirements for highly active and safe antiviral
compounds.

■ RESULTS AND DISCUSSION
The initial hit 1 was prepared using a four-step-synthesis and
was also established to give access to the entire compound
series. The synthesis of these compounds is summarized in
Scheme 1, starting from 2-chloro-N-ethyl-6-methylpyrimidin-
4-amine (2a), which was synthesized following the procedures
reported by Martyn et al.36 The reaction with tert-butyl
piperazine-1-carboxylate, obtained according to the protocol
from Moussa et al.,37 under microwave conditions gave a high
yield of 85% of the desired Boc-protected piperazine−
pyrimidine intermediate. The following deprotection and the
N-sulfonamidation of piperazine were performed according to
Martyn et al.,36 but with additional THF. The fourth step of
the synthesis with p-fluorobenzenesulfonyl chloride afforded
the desired target in a moderate yield of 32%.
The first alteration was performed using modifications on, or

replacement of, the 4-fluorophenyl ring (Group A). All
compounds from this group (5a−5s), except 5s, were
synthesized following Scheme 2. Synthesis of 5s was achieved
by reducing the nitro group using tin(II) chloride 5f to the
corresponding amine. The first three steps of the synthesis
remained the same as for 1, as well as the reaction conditions
as described before. For the preparation of analogues, in the
fourth step, instead of the 4-fluorobenzenesulfonyl chloride, a
suitable sulfonyl chloride was used. The conditions for the
reaction remained unchanged and provided analogues in 13−
92% yield.
The synthesis of the analogues 6a and 6b from Group B,

replacing the sulfonamide linker with an amide or a methyl

group was carried out with the established synthesis route. The
conditions and reagents remained the same as for 1 and Group
A, however, with 4-fluorobenzoyl chloride or 4-fluorobenzyl
chloride instead of the benzenesulfonyl chlorides (Scheme 2).
Substituents of the piperazine linker (Group C) where

introduced to investigate the function of this group. The
reaction for Group C (7a and 7b) followed the established
synthesis route, with a small alteration for 7b: 2-chloro-N-
ethyl-6-methylpyrimidin-4-amine (2a) was reacted directly
with the tetrahydroquinoxaline (as modified linker) under
microwave irradiation to access 4c. This reaction was
performed without protecting one of the two amino groups
before and gave still a high yield of 75%. The third step of the
synthesis was identical to the fourth step of the previously used
standard procedure−performed with 4-fluorobenzenesulfonyl
chloride and triethylamine as a base in dichloromethane at
room temperature for 24 h (7a: 55% yield, 7b: 28% yield;
Scheme 3).
For Group D, the target compounds were accessed via the

alteration of the first synthesis step. Instead of ethylamine as
reactant, propane-2-amine, 2-methylpropan-2-amine, sodium
ethoxide, or pyrrolidine were used to prepare the analogue
compounds 8a−8d. The successive reaction between the
substituted pyrimidine and the piperazine, following the
sulfonamidation as the last step, was adopted according the
established synthesis route (Scheme 4).
Compounds of Group E (9a−9d) were synthesized

following Scheme 4. The synthesis remained the same as for
1, as well as the reaction conditions. To prepare the analogues
of this group, a differently substituted pyrimidine building
block was used as starting reactant in the first step of the
synthesis. The pyrimidine ring 2f (4-chloro-N-ethyl-6-methyl-
pyrimidin-2-amine), used to prepare 9a, was obtained as a
product out in the first step of the synthesis of 1 in a moderate
yield of 17%.
Finally, the modifications with the most promising antiviral

activities were combined, utilizing the established synthesis
route described above (Scheme 4 and Scheme 5).
All compounds were evaluated for their potential antiviral

activity against CHIKV by determining the inhibition of
CHIKV-induced cytopathogenic effect (CPE) in Vero cells
(Table 1).
The purpose of Group A was to investigate if a fluorine atom

as substituent is essential, which turned out not to be the case:
the analogue with the nonsubstituted phenyl ring (5a) also
showed antiviral activity, although 5a was less active than 1
(EC50 = 14 ± 3 μM). In a next step, para fluorine was replaced
by other halogens such as chlorine (5b), bromine (5c), and
iodine (5d). All these compounds were more active than the
initial hit: the chlorine-substituted 5b gave the best result with
an EC50 of 5.3 μM, the iodine-substituted 5d showed similar
antiviral activity with an EC50 of 5.9 μM, while the bromine-

Figure 1. For optimization, we divided the initial hit 1 into five parts.
Compounds with modifications at the same part of the molecule are
summarized to “Groups”.

Scheme 1. Synthesis of the Initial Hit 1a

aReagents and conditions: (a) EtOH, 24−48 h, rt; (b) EtOH, microwave, 3 min, 155 °C, 250 W, 12 bar, tert-butyl piperazine-1-carboxylate; (c) 4.5
M HCl, dioxane/THF, 24 h rt; (d) DCM, N(CH2CH3)3, 24 h rt, 4-fluorobenzenesulfonyl chloride.
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substituted 5c was less active (EC50 = 7.1 μM). The nitro-
substituted 5f (EC50 = 14 ± 3 μM) and the methyl-substituted
5i (EC50 = 15 ± 2 μM) were also less active than 1. On the
contrary, the trifluoromethyl substituted 5e was inactive, as
well as 5g with CN substitution. The other para-substituted

compounds (5h and 5s) showed less antiviral activity than the
initial hit 1.
Shifting the para fluorine atom to other positions on the

benzene ring resulted in less active compounds than the initial
hit 1 (5j and 5k). Also, combining the ortho or meta to the

Scheme 2. Synthesis of the Compounds from Group A (5a−5r) and Group B (6a, 6b)a

aReagents and condition: (a) DCM, N(CH2CH3)3, 24 h rt.

Scheme 3. Synthesis of the Compounds from Group C (7a, 7b)a

aReagents and conditions: (a) EtOH, microwave, 3 min, 155 °C, 250 W, 12 bar; 3b, tert-butyl 1,4-diazepane-1-carboxylate; 4c, 1,2,3,4-
tetrahydroquinoxaline; (b) 4b, 4.5 M HCl, dioxane/THF, 24 h rt; (c) DCM, N(CH2CH3)3, 24 h rt, 4-fluorobenzenesulfonyl chloride.

Scheme 4. Synthesis of the Compounds from Group D (8a−8d), from Group E (9a−9d), and 10a, 10ba

aReagents and conditions: (a) EtOH, 24−48 h rt; 2b/2j, propan-2-amine; 2c, 2-methylpropan-2-amin; 2d, sodium ethoxide; 2e, pyrrolidine; 2f−i,
ethylamine; (b) EtOH, microwave, 3 min, 155 °C, 250 W, 12 bar, tert-butyl piperazine-1-carboxylate; (c) 4.5 M HCl, dioxane/THF, 24 h rt; (d)
DCM, N(CH2CH3)3, 24 h rt, 4-fluorobenzenesulfonyl chloride.
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para substitution did not result in an additive antiviral effect
compared to 1: 5l with two fluorine atoms on the meta and
para position and 5m with an ortho/para disubstitution pattern
were less active than 1. Additionally, neither of the triple
substituted compounds showed an improved additive antiviral
effect (5n, 5o, and 5p). 5q, in which all hydrogen atoms on the
phenyl ring were replaced by fluorine, was found to be poorly
active. Conclusively, concerning the antiviral activity of the
monosubstituted analogues, the 4-F substituted analogue is
more active than the 3-F-substituted one, which is more active
than the 2-F-substituted compound. Concerning the double-
and triple-substituted compounds, the 3,4-F substituted 5l and
the 2,3,4-F-substituted 5o are active; while the compounds
with 2,4-F (5m) and 3,4,5-F substitution patterns (5n) are
both only moderately active compared to 1.
To investigate if the double substitution on the aromatic ring

with different halogens would also decrease the antiviral
activity, 5r was prepared. It showed moderate activity against
the virus, confirming our previous observation, that the
chloride substitution enhances the antiviral activity. Never-
theless, the doubly substituted ring also showed a weaker
antiviral effect using chlorides (5r) than the matching single
substituted ring (5b).
Summarizing the results from Group A, 17 out of the 19

compounds were active against CHIKV, with three com-
pounds being more potent than 1 (5b, 5c, and 5d). In those
three compounds, other halogens replaced the fluorine at the
para position. Therefore, replacing fluorine on the benzene
ring by another halogen leads to an improvement in antiviral
activity (chlorine > iodine > bromine > fluorine). 5b with the
chlorine atom as substituent on the para position of the
benzene ring showed the best test results; therefore, the
fluorine/chlorine replacement should be considered for further
optimization.
In Group B, both compounds showed impressive test

results: 6a has an EC50 of 4.0 ± 1 μM, and 6b has an EC50 of
2.5 μM. Conclusively, both compounds are more than twice as
active as 1. Although 6b is even more active than 6a,
compound 6a should be considered for further optimization
due to cytotoxicity reasons (1, CC50 = 122 μM, SI = 14.2; 6a,
CC50 = 260 μM, SI = 60.9; 6b, CC50 = 69.3 μM, SI = 19.7).
Therefore, compared to 1, the modification in 6a led to an
improvement in activity, cytotoxicity, and selectivity, while the
modification in 6b led to a higher cytotoxicity.
In Group C, the prepared analogues were less active than 1.

Conclusively, 1,4-piperazine as a linker has proven to be the
better choice to reach a potent antiviral activity.

The replacement of the ethylamine side chain with
isopropylamine (8a) or tert-butylamine (8b) demonstrated
good activity against the CHIKV, which unfortunately was
accompanied by increased cytotoxicity (8a, CC50 = 66.4 μM,
SI = 9.83; 8b, CC50 = 18.6 μM, SI = 1.17). In addition, it was
investigated whether the nitrogen or the hydrogen atom of the
ethylamine side chain is essential for activity and whether the
antiviral activity of the compound would increase with higher
molecular lipophilicity. Therefore, 8c was prepared in which an
ethoxy side chain replaced the ethylamine side chain. However,
8c did not show any antiviral activity. To understand whether
this loss of activity depends on the missing nitrogen atom or
the absence of the hydrogen bond donor function, 8d was

Scheme 5. Synthesis of 11a−11ca

aReagents and conditions: (a) DCM, N(CH2CH3)3, 24 h rt; 11a/
11b, 4-chlorobenzoyl chloride; 11c, 4-fluorobenzoyl chloride.

Table 1. Antiviral Evaluation of 1 and Analogues against
CHIKV in Vero Cellsa

compound EC50 (μM)b EC90 (μM)c CC50 (μM)d

1 8.7 ± 1 14 ± 1 122 ± 24
5a 14 ± 3 28 ± 6 156 ± 35
5b 5 ± 0.4 7 ± 1 51 ± 19
5c 7.1 ± 0.01 13 ± 2 44 ± 19
5d 5.9 ± 0.2 8.7 ± 1 19 ± 2
5e >233 >233 45 ± 1
5f 14 ± 3 24 ± 7 62 ± 1
5g >259 >250 ND
5h 82 ± 11 125 ± 3 178 ± 31
5i 15 ± 2 22 ± 2 95 ± 74
5j 27 ± 9 52 ± 17 91 ± 7
5k 20 ± 3 31 ± 2 131 ± 43
5l 12 ± 5 19 ± 10 53 ± 7
5m 16 ± 6 16 ± 4 67 ± 13
5n 19 ± 5 ND 29 ± 3
5o 10 ± 0.2 17 ± 5 181 ± 0.4
5p 28 ± 5 36 ± 14 55 ± 3
5q 75 ± 19 >166 122 ± 23
5r 10 ± 1 13 ± 3 15 ± 3
5s 22 ± 3 51 ± 16 183 ± 17
6a 4.0 ± 1 20 ± 8 >260
6b 2.5 ± 1 5 ± 1 69 ± 7
7a 77 ± 5 123 ± 0.2 202 ± 18
7b 16 ± 1 29 ± 8 106 ± 69
8a 9.5 ± 2 17 ± 4 66 ± 6
8b 12 ± 2 ND 19 ± 3
8c >197 >197 ND
8d 33 ± 7 34 ± 1 50 ± 8
9a 3.2 ± 0.2 14 ± 4 59 ± 18
9b 48 ± 9 98 ± 34 >329
9c 14 ± 3 29 ± 2 91 ± 10
9d 70 ± 0.2 124 ± 1 217 ± 3
10 37 ± 4 55 ± 8 76 ± 16
11a 32 ± 2 108 ± 3 202 ± 27
11b 51 ± 7 88 ± 17 204 ± 1
11c 92 ± 9 102 ± 17 159 ± 31

aEC50, EC90, and CC50 data represent median values ± standard
deviation from at least three independent experiments. ND = not
detectable. bThe 50% effective concentration (EC50) is the
concentration of compound that is required to inhibit virus-induced
cell death by 50%. cThe 90% effective concentration (EC90) is the
concentration of compound that is required to inhibit virus-induced
cell death by 90%. dThe 50% cytostatic/cytotoxic concentration
(CC50) is the concentration of compound that reduces the overall
metabolic activity of the uninfected, compound-treated cells by 50%
as compared to the untreated, uninfected cell.
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synthesized, in which a pyrrolidine ring replaced the
ethylamine side chain. The result from 8d (EC50 of 33 ± 7
μM) indicated that the hydrogen bond donor is not essential
for actively enhancing the antiviral activity, although its pure
absence seemed to decrease the activity. Taken together with
the results from Group D, the nitrogen atom of the ethylamine
side chain seems to be essential for antiviral activity, while the
hydrogen bond donor is not. Also, a bifurcation at the
ethylamine side chain may be taken into consideration with
caution.
In Group E, in a first step the optimal positions for the

nitrogen atoms in the pyrimidine ring were investigated. In a
second step, it was investigated whether the methyl group as a
substituent on the pyrimidine ring is essential or not. The
nitrogen at position R1 seemed to be necessary for good
antiviral activity. Shifting the nitrogen from position R1/3 (as in
the initial hit 1) to position R1/2 (9a) resulted in an improved
antiviral activity.
Finally, the most interesting modifications were combined to

either reach a higher antiviral activity (11a and 11c) or to
deepen the knowledge of the chosen variation (10, 11b). The
result of 10 and 11b underline the importance of the methyl
group on the pyrimidine ring and the shifting of the nitrogen
to position R1/2. Moreover, the decrease of activity with the
cyclopropylamine side chain (10) , although its size is
comparable to the original ethylamine, can possibly be
explained by his impaired flexibility and different three-
dimensional geometry.
Surprisingly, the combination of the most promising

alterations (Group B:, amide; Group E, shifted N to position
R1/2) in combination with either the best alteration of Group A
(para chloride, 11a) or with the introduction of an isopropyl
side chain (Group D, 11c) did not give the desired gain of
antiviral activity.

■ CONCLUSION

In this study, we present several 2-(4-(phenylsulfonyl)-
piperazine-1-yl)pyrimidine and analogues as selective and
potent inhibitors of CHIKV. All compounds described are
easily accessible in a four-step synthesis route: starting from the
required substituted pyrimidine reacting with the Boc-
protected piperazine or other suitable nitrogen-containing
functional groups under microwave irradiation, followed by
deprotection and finally reaction with a benzenesulfonyl
chloride. Additionally, the structural requirements for a
significant anti-CHIKV activity have been determined on all
five structural molecular subgroups. During this optimization
process, 6a was identified as a potent and selective inhibitor of
CHIKV, demonstrating a much better profile than the starting
point, hit 1, and a selectivity index greater than 61.
Furthermore, the optimized compound showed a wide-
spectrum antiviral activity against all tested strains of CHIKV
(data will be published elsewhere). Further structure−activity
studies and optimization of the antiviral activity are ongoing
and mechanism of action studies are being performed to
determine the molecular target of this novel class of anti-
CHIKV compounds. These studies point toward the viral
capping machinery and more specifically to the viral protein
nsP1 as the antiviral target of these compounds. Cross-
resistance with another class of capping inhibitors, the
MADTP series, was confirmed in antiviral assays (data not
shown). As other classes of inhibitors that target the viral

capping have been reported, the capping machinery of
alphaviruses might be a hot spot for antiviral molecules.
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Chapter 2 Identification of a Novel Hit Series against Chikungunya Virus -
the CHVB Series

2.3 Conclusion

In this publication, the described 37 first-generation CHVB analogues were identified as

safe and potent inhibitors of CHIKV.

Further, all (phenylsulfonyl)piperazine-1-yl)pyrimidine analogues were easily accessible

in a four-step synthesis route: starting from a substitution reaction between 2,4-dichloro-

6-methylpyrimidine and the corresponding primary or secondary alkyl amines. The

obtained pyrimidine halides were further reacted with the sec. amine of tert-butyl-

piperazine-1-carboxylate or other suitable nitrogen-containing functional groups under

microwave conditions and the following acidic catalysed deprotection with hydrochloric

acid (HCl) achieved excellent yields. Subsequent amidation with different benzoyl and

sulfonyl chlorides with triethylamine (TEA) as a base formed the desired CHVB com-

pounds.

Additionally, the structural requirements for a significant anti-CHIKV activity have been

determined in all five structural molecular subgroups:

• Group A (phenyl): halogen substitution in the para position most active,

• Group B (sulfonyl): amide and methylene alteration more active, albeit in combi-

nation with other variations loss of activity (amide) or toxic (methylene),

• Group C (piperazine): no other substitution performed better,

• Group D (ethylamine side-chain): HBD improves activity; bifurcated side-chains

are active but also more toxic,

• Group E (pyrimidine): nitrogen on position three and methyl side-chain essential

for activity.
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Figure 2.3.1: Structures of lead compounds 1 and 6a and their biological properties. The
different colour of 6a indicate the various groups of the CHVB series in which variations were
performed and analysed in the SAR studies. The compounds are referred in the following
chapters as 1a and 1b and their analogues categorized according their nitrogen positions on
the pyrimidine ring.
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Chapter 2 Identification of a Novel Hit Series against Chikungunya Virus -
the CHVB Series

During this optimisation process, 6a was identified as a potent and selective inhibitor

of CHIKV, demonstrating a much better profile than the starting point, hit 1, and a

selectivity index greater than 61 (see figure 2.3.1). 6a was therefore selected as a new

lead compound for further studies. In the following publications the original hit is referred

as CHVB-00 or 1a and the new lead 6a as 1b.
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Chapter 3

Antiviral Profiling and Target

Identification of the CHVB Series

3.1 Introduction

This chapter provides an insight into the particular characteristics of the anti-CHIKV

activity of this class of compounds and the molecular mechanism underlying the antiviral

activity [69].

The antiviral efficacy of the CHVB series was determined against various CHIKV isolates

(CHIKV-899, Venturini [Italy 2008], St Martin 20235 P2, St Martin 20236 P3, EFS-1

P3 Martinique, and Congo 95 [2011]) by a CPE reduction assay in Vero cells. Further,

additional antiviral assays with other alphaviruses, i.e. O’Nyong Nyong virus, Mayaro

virus strain TC625, Barmah Forest virus strain BH2193, and Ross River virus 5281v

were performed to assess the antiviral profile of the compounds.

A delay-of-treatment assay was first carried out to investigate the molecular mechanism

and the viral target, which gave an estimation of the stage of the CHIKV replication

cycle inhibited by the CHVB series. Further, a resistance selection procedure generated

compound-resistant virus variants, and cross-resistant studies identified the viral target.

Finally, the enzymatic activities of CHVB compounds on the identified target protein

(non-structural protein 1 (nsP1)) were assessed with purified recombinant nsP1 of VEEV

and Semiliki Forest virus [69–72].
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3.2 Novel Class of Chikungunya Virus Small Molecule In-

hibitors That Targets the Viral Capping Machinery
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ABSTRACT Despite the worldwide reemergence of the chikungunya virus (CHIKV)
and the high morbidity associated with CHIKV infections, there is no approved
vaccine or antiviral treatment available. Here, we aimed to identify the target of a
novel class of CHIKV inhibitors, i.e., the CHVB series. CHVB compounds inhibit the in
vitro replication of CHIKV isolates with 50% effective concentrations in the low-
micromolar range. A CHVB-resistant variant (CHVBres) was selected that carried two
mutations in the gene encoding nsP1 (responsible for viral RNA capping), one muta-
tion in nsP2, and one mutation in nsP3. Reverse genetics studies demonstrated that
both nsP1 mutations were necessary and sufficient to achieve �18-fold resistance,
suggesting that CHVB targets viral mRNA capping. Interestingly, CHVBres was cross-
resistant to the previously described CHIKV capping inhibitors from the MADTP se-
ries, suggesting they share a similar mechanism of action. In enzymatic assays, CHVB
inhibited the methyltransferase and guanylyltransferase activities of alphavirus nsP1
proteins. To conclude, we identified a class of CHIKV inhibitors that targets the viral
capping machinery. The potent anti-CHIKV activity makes this chemical scaffold a
potential candidate for CHIKV drug development.

KEYWORDS chikungunya virus, antivirals, nonstructural protein 1, capping, MADTP,
CHIKV, nsP1

Chikungunya virus (CHIKV) is an arthropod-borne virus that belongs to the genus
Alphavirus of the Togaviridae family (1, 2). After 2 decades of sporadic outbreaks in

Africa and Asia, CHIKV reemerged in Kenya in 2004, after which large epidemics of
CHIKV infections were reported in several Indian Ocean islands and Southeast Asian
countries (3). At the end of 2013, the first local transmission of CHIKV occurred in the
Americas. Since then, millions of CHIKV cases have been reported in the Caribbean
region as well as in several countries of Central and South America (4). Most recently,
in 2018, CHIKV caused outbreaks in Brazil, India, Sudan, and Thailand (5). Due to the
high socioeconomic impact of CHIKV infections, the virus is now considered an immi-
nent health threat to tropical and temperate areas colonized by Aedes mosquitoes.

Acute CHIKV infections are characterized by fever, arthralgia, and, in many cases,
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maculopapular rash (6). Although a CHIKV infection is rarely fatal, 15 to 60% of patients
suffer from chronic debilitating polyarthritis that can last for weeks up to years after the
acute infection (1, 6). Recently, severe neurological complications, such as Guillain-Barré
syndrome and meningoencephalitis, have also been reported during CHIKV infections
(1, 7). Other complications associated with CHIKV infections include myocarditis, pan-
creatitis, and kidney failure (8).

Despite the worldwide spread and the high morbidity rate of CHIKV infections, there
is no licensed vaccine or antiviral treatment available. The current treatment is only
symptomatic (2). A number of classes of antiviral compounds targeting either a viral or
a host factor have been reported to inhibit CHIKV replication in cell-based assays (9, 10),
but none have progressed to clinical trials.

We previously reported on the first class of inhibitors ([1,2,3]triazolo[4,5-d]pyrimidin-
7(6�H)-ones, the MADTP series) that block the capping of CHIKV RNA genomes. The
MADTP compounds mainly target the guanylyltransferase activity of Venezuelan
equine encephalitis virus (VEEV) nsP1 (11). This class of compounds has a low barrier to
resistance, since only a single mutation in CHIKV nsP1 (proline-34-serine) resulted in
high resistance to the compounds (11). Ideally, antiviral drugs should have a high
barrier to resistance to avoid the rapid emergence of drug-resistant variants.

In a large-scale cytopathic effect (CPE)-based anti-CHIKV screening campaign
(33,000 molecules), we identified CHVB-00 [N-ethyl-2-(4-((4-fluorophenyl) sulfonyl)
piperazin-1-yl)-6-methylpyrimidin-4-amine] as a molecule that was able to completely
inhibit CHIKV replication at nontoxic concentrations (50% effective concentration [EC50]
value of 8.7 � 0.5 �M, 50% cytotoxic concentration [CC50] of 122 � 24 �M) (Fig. 1).
Initial hit optimization resulted in the synthesis and biological evaluation of 67 analogs.
Of these analogs, 24 molecules were more potent than the original hit compound. The
synthesis of this class of molecules and the structure-activity relationship will be
published elsewhere (29). Here, we report on the particular characteristics of the
anti-CHIKV activity of this class of compounds and the molecular mechanism underly-
ing the antiviral activity.

RESULTS
Molecules of the CHVB series inhibit the replication of various CHIKV isolates

in cell culture. The antiviral efficacy of CHVB-032 and CHVB-066 against the CHIKV-899
strain was assessed in a CPE reduction assay on Vero cells. Both molecules exerted
potent inhibition of virus-induced CPE, with EC50 values of 2.7 �M and 0.45 �M,
respectively (Fig. 2A). When assessing the potential adverse effects of the compounds
on Vero cells (by colorimetric readout using MTS/PMS), CHVB-032 was less cytotoxic
than CHVB-066 (CC50 values of �75 �M and 15 �M, respectively) (Fig. 2A). The anti-
CHIKV activity was further confirmed in a virus yield assay in which treatment with both
CHVB compounds resulted in a marked dose-dependent reduction of viral RNA repli-
cation and production of infectious virus progeny, with a pronounced �4-log10 reduc-
tion at the highest tested concentrations (Fig. 2B and C).

The antiviral activity of CHVB-032 was further evaluated against various CHIKV
isolates (Venturini [Italy 2008], St Martin 20235 P2, St Martin 20236 P3, EFS-1 P3
Martinique, and Congo 95 [2011]). CHVB-032 reduced the viral RNA yield of all the

FIG 1 Chemical structures of the initial hit and selected analogs of the CHVB series.
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tested CHIKV isolates, with EC50 values in the range of 1.2 to 7.3 �M (Table 1). However,
the compound was devoid of antiviral activity against other alphaviruses, i.e., O’Nyong
Nyong virus, Mayaro virus strain TC625, Barmah Forest virus strain BH2193, and Ross
River virus 5281v (data not shown).

CHVB compounds inhibit a postentry step in the CHIKV replication cycle. A
delay-of-treatment assay was performed to estimate the stage of CHIKV replication
cycle inhibited by the CHVB series. Chloroquine was used in this assay as a reference
compound for early-stage inhibition, as this molecule is known to interfere with virus
entry (12). MADTP-0372 (inhibits viral RNA capping) and T-705 (inhibits viral RNA
synthesis) were used as reference molecules for replication stage inhibition (11, 13).
Similar to the inhibition profile of the MADTP-0372 compound, CHVB-032 and CHVB-
066 reduced viral RNA (Fig. 3A) and infectious virus loads (Fig. 3B) when added to the
infected cells up to 4 h postinfection (p.i.), suggesting that compounds in the CHVB
series target a postentry step in the CHIKV replication cycle.

To confirm the absence of an effect on virus entry, a CHIKV entry assay was
performed using CHIKV pseudoparticles (CHIKVpp) as described before (14). In contrast
to chloroquine, the CHVB compounds did not inhibit the entry of CHIKVpp in BGM cells
(Fig. 3C), demonstrating that CHVB compounds act at a postentry stage of the CHIKV
replication cycle.

CHVB-resistant variants carry mutations in CHIKV nsP1, nsP2, and nsP3 pro-
teins. To identify the viral target of the CHVB series, a resistance selection procedure
(11) was performed using CHVB-032 to generate compound-resistant virus variants. In

FIG 2 CHVB compounds are selective inhibitors of CHIKV replication. (a) Dose-response effect of CHVB-032 and CHVB-066 on CHIKV899-induced cytopathic
effect (CPE) (filled squares and filled triangles, respectively) (MOI 0.01) and cell viability (open squares and open triangles, respectively), as quantified in Vero
cells by the MTS/PMS method. Data are mean values � standard deviations (SD) from at least three independent experiments. The effect of different
concentrations of CHVB-032 (b) and CHVB-066 (c) on the release of CHIKV particles by CHIV899-infected Vero cells (MOI, 0.01) was quantified by real-time
qRT-PCR (for viral RNA; black columns) and endpoint titration assay (for infectious progeny virus particles; gray columns) at 48 h p.i. Data shown are mean
values � SD from at least two independent experiments. Significant differences from untreated virus control were analyzed by two-tailed Student’s t test (*,
P � 0.05; ***, P � 0.005). TCID, tissue culture infectious dose; VC, virus control (untreated).

TABLE 1 Antiviral activity of CHVB-032 compound against different chikungunya virus
isolates

CHIKV strain

CHVB-032

EC50 (�M) EC90 (�M)

899 (laboratory) 2.7 � 0.4a 5.5 � 0.2a

OPY1 (La Reunion) 1.24 � 0.3b 6.7 � 0.5b

Venturini (Italy) 2.1 � 0.4b 2.6 � 0.4b

Congo (Congo) 1 � 0.15b 1.2 � 0.1b

St Martin 20235 P2 1.7 � 0.4b 5 � 0.3b

St Martin 20236 P3 4.1 � 0.6b 17 � 8b

EFS-1 P3 Martinique 7.3 � 2.3b 13 � 3b

aCPE reduction.
bViral RNA reduction.
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total, four independent, putative CHVB-resistant virus variants were obtained. CPE
reduction assays showed that only resistant virus strain 4 was markedly less susceptible
to CHVB compounds, displaying a 19-fold resistance to CHVB-066 (Table 2). Resistant
variant 4 was also resistant to other CHVB analogs (Table 3). Whole-genome sequencing
of the resistant viruses revealed that all the variants carried an S454G mutation in nsP1
and an M703T mutation in the methyltransferase-like domain of nsP2 (Table 4).
Resistant virus 4 acquired two additional mutations, W456R in nsP1 and L494P in the
highly variable domain of nsP3, whereas resistant virus 3 had an additional mutation,
H280Q, in the alphavirus unique domain (AUD) of nsP3 (Table 4). Deep sequencing of
the original virus stock used for resistance selection revealed that only the nsP3-L494P
mutation was preexisting in the virus population with a frequency of 23.5%.

To determine which of the identified mutations contributed to phenotypic resis-
tance against the compound, these mutations were introduced into the CHIKV LS3
cDNA clone using site-directed mutagenesis as described before (11). The susceptibility
of the recombinant CHIKV variants to the antiviral activity of the CHVB compounds was
determined in a CPE reduction assay (Fig. 4). Despite the presence of S454G and
M703T mutations in all resistant clones, the single mutants rCHIKV�S454G and
rCHIKV�M703T were not resistant to CHVB-032 or CHVB-066 (Fig. 4). With EC50 values
of 0.38 �M and 0.31 �M, respectively, these variants were even more sensitive to the
antiviral effect of CHVB-066 than wt virus (Table 5). A more sensitive phenotype was
also found for CHVB-032. The combination of the S454G and M703T mutations in
rCHIKV�S454G�M703T also did not yield a compound-resistant phenotype but rather
one with increased susceptibility, as an EC50 value of 0.32 �M was determined (Table 5).
The other mutations present in resistant virus 4 then were introduced into the CHIKV
infectious clone in various combinations. Recombinant rCHIKV�W456R was as suscep-
tible to CHVB-066 (EC50 of 0.76 �M) as wt virus, and it was even more susceptible to

FIG 3 CHVB compounds inhibit a postentry step in CHIKV replication cycle. The delay of treatment effect of CHVB-032 (20 �M; light gray columns) and CHVB-066
(5 �M; white columns) on viral replication in CHIKV899-infected Vero cells (MOI of 1) was determined at 12 h p.i. by real-time qRT-PCR (a) and endpoint titration
assay (b). Chloroquine (50 �M, dashed columns) served as a reference compound for early-stage inhibition, whereas MADTP-0372 (50 �M, dark gray columns)
and T-705 (200 �M, black columns) served as references for postentry-stage inhibition. Data are mean values � SD from at least two independent experiments.
Significant differences from untreated virus control were analyzed by two-tailed Student’s t test (*, P � 0.05; **, P � 0.01). (c) The effect of CHVB-032 (filled
squares) and CHVB-066 (filled triangles) on CHIKV entry using CHIKV pseudoparticles (CHIKVpp). Chloroquine (filled circles) served as a reference compound
for early-stage inhibition. BGM cells were treated with serial dilutions of each compound and then were infected with CHIKVpp. On day 3 p.i., cells were washed
and then lysed to determine the luciferase activity. Data are presented as percent relative light units (RLU) of the untreated control, and the values plotted are
mean values � SD from at least three independent experiments. TCID, tissue culture infectious dose; VC, virus control (untreated).

TABLE 2 Phenotype of putative CHVB-resistant clones

CHIKV strain

CHVB-066

EC50 (�M) Fold resistancea

wt 0.55 � 0.01 1
Resistant virus 1 1.6 � 0.3 2.9
Resistant virus 2 0.94 � 0.05 1.7
Resistant virus 3 0.63 � 0.4 1.1
Resistant virus 4 13 � 0.4 19
aFold resistance is EC50 variant/EC50 wt.

Abdelnabi et al. Antimicrobial Agents and Chemotherapy

July 2020 Volume 64 Issue 7 e00649-20 aac.asm.org 4

 on January 26, 2021 at V
ienna U

niversity Library
http://aac.asm

.org/
D

ow
nloaded from

 



CHVB-032 (EC50 of 1.76 �M) than wt virus. Interestingly, it was specifically the combi-
nation of the two nsP1 mutations S454G and W456R that increased the resistance to
CHVB-066 8-fold (EC50 of 5.4 �M) and to CHVB-032 more than 18-fold (EC50 of
�100 �M) (Table 5). The S454G and W456R mutations in nsP1 provided the virus the
same level of resistance against CHVB-032 as the originally isolated resistant variant 4
and, thus, were sufficient to result in the CHVB-032-resistant phenotype. Introduction of
the nsP2-M703T mutation in the variant with the nsP1-S454G and -W456R mutations
(rCHIKV�S454G�W456R�M703T) did not further increase the resistance to both com-
pounds (EC50 of 2.6 �M for CHVB-066 and EC50 of 81 �M for CHVB-032) (Table 5). This
amino acid at position 703 is located in the MTase-like domain of nsP2, suggesting an
interaction of this domain with nsP1 during the viral RNA capping. Importantly, the
presence of all four mutations that were identified in resistant virus 4 in the reverse-
engineered virus resulted in a CHVB-066-resistant phenotype comparable to that of the
originally isolated virus 4 (EC50 of 12 �M) (Fig. 4). This reverse-engineered virus,
rCHIKV�S454G�W456�M703T�L494P, was also fully resistant to CHVB-032 (EC50 of
�100 �M). In summary, the S454G and W456R mutations in CHIKV nsP1 are sufficient
and required for CHVB-032 resistance and a high level of resistance to CHVB-066.
Maximum resistance to CHVB-066 required two additional mutations in nsP2 and nsP3,
suggesting CHVB-066 has a higher barrier to resistance than CHVB-032.

To exclude that the observed resistance is due to increased replication, the growth
kinetics of the three variants with the highest fold resistance values were investigated.
All the recombinant variants replicated with kinetics very similar to those of rCHIKV wt.
At 6 h postinfection, the reverse-engineered viruses with the M703T substitution in
nsP2 produced noticeably higher titers than the other viruses, but at later time points
there were no differences (Fig. 5).

The CHVB-resistant variants are cross-resistant to other CHIKV nsP1 inhibitors.
Cross-resistance studies were performed with favipiravir and MADTP-0372. Favipiravir
was able to protect cells against CHIKV-induced CPE for all the recombinant viruses
tested, with EC50 values in the range of 90 to 142 �M, comparable to the wt (Table 6).
Interestingly, the CHVB-resistant mutant with two mutations in nsP1 and the CHVB-
resistant mutant with four mutations proved fully cross-resistant to MADTP-0372 (EC50

of �25 �M). Likewise, the MADTP-resistant mutant (carrying the nsP1-P34S mutation)
was fully cross-resistant to CHVB-066 (EC50 of �12.5 �M), suggesting that the modes of
action of the CHVB and MADTP series are similar (Table 6).

CHVB compounds inhibit the enzymatic functions of VEEV and SFV nsP1. The
alphavirus nsP1 possesses both MTase and GTase activities, which are required for the
capping of viral RNA (15). Because CHVB-resistant mutants displayed clear cross-

TABLE 3 Phenotype of resistant virus 4 against different CHVB analogues

Compound

EC50 (�M)

Fold resistanceawt Resistant virus 4

CHVB-023 1.2 7.5 6.5
CHVB-057 0.86 17.3 20
CHVB-032 2.7 �100 �37
aFold resistance is EC50 variant/EC50 wt.

TABLE 4 CHVB-resistant variants carry mutations in CHIKV nsP1 to nsP3 genes

Protein wt Resistant virus 1 Resistant virus 2 Resistant virus 3 Resistant virus 4 % conserved in CHIKV

nsP1 S454 S454G S454G S454G S454G 82
W456 W456R 97.9

nsP2 M703 M703T M703T M703T M703T 99.3

nsP3 H280 H280Q 99.8
L494 L494P 99.3
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resistance to the MADTP series, we assessed the effect of CHVB-032 and CHVB-066 on
the enzymatic activities of purified recombinant nsP1. Since attempts to purify recom-
binant CHIKV nsP1 from Escherichia coli failed to obtain enzymatically active protein, in
vitro assays with purified nsP1 of VEEV (15) and Semliki Forest virus (SFV) (16) were
used. The in vitro GTase activity of VEEV nsP1 was quantified by measuring the
formation of the m7GMP-nsP1 complex by Western blotting, using m7GTP as a sub-
strate and an anti-m3G/m7Gp antibody for detection. The MTase activity of VEEV nsP1
was quantified by a filter-based assay using 3H-S-adenosylmethionine (SAM). CHVB-066
inhibited the GTase activity of VEEV nsP1 in a concentration-dependent manner with a
50% inhibitory concentration (IC50) of �0.5 �M, more potently than the known inhib-
itor sinefungin (Fig. 6A). The MTase activity of VEEV nsP1 was also inhibited, but the
effect was less pronounced (IC50 of 1.9 �M) (Fig. 6B). Since VEEV belongs to a different
serocomplex than CHIKV, we wanted to confirm the inhibition of m7GMP-nsP1 complex
formation using the nsP1 protein of SFV, which is genetically more closely related to
CHIKV (17). The readout of the SFV nsP1 assay is the formation of the covalent

FIG 4 Phenotypic resistance of reverse-engineered CHVB-resistant mutants compared to resistant virus
4 and rCHIKV wt. Wild-type (filled circles) and recombinant CHIKV strains with individual or combined
mutations that were identified in the CHVB-resistant isolate 4 (open down triangles) were assessed in a
CPE reduction assay with increasing doses of CHVB-066 (A) and CHVB-032 (B). Vero E6 cells were treated
with 0 to 12.5 �M CHVB-066 or 0 to 100 �M CHVB-032 and infected with rCHIKV LS3 wt or the
recombinant CHIKV mutants at an MOI of 0.05. Four days postinfection, the cell viability was determined
by the MTS/PMS method. Data represent the means � SD from at least two independent experiments
performed in quadruplicate (n � 8). CPE, cytopathic effect; wt, wild type.

TABLE 5 Phenotypic resistance of CHVB-resistant mutants compared to those of original
resistant virus 4 and rCHIKV wt

CHIKV strain

CHVB-066 CHVB-032

EC50 (�M) Fold resistancea EC50 (�M) Fold resistance

wt 0.65 � 0.002 1 5.45 � 1.64 1
S454G 0.38 � 0.09 �1 4.10 � 0.16 �1
W456R 0.76 � 0.1 1.2 1.76 � 0.27 �1
M703T 0.31 � 0.01 �1 4.53 � 0.02 �1
S454G�M703T 0.32 � 0.01 �1 NDb ND
S454G�W456R 5.4 � 0.2 8.3 �100 �18
S454G�W456R�M703T 2.6 � 0.3 4.1 81 � 10 15
S454G�W456R�M703T�L494P 12 � 3.7 18.5 �100 �18
Resistant virus 4 13 � 0.4 20 �100 �18
aFold resistance is EC50 variant/EC50 wt.
bND, not determined.
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32P-labeled m7GMP-nsP1 complex by using [�32-P]GTP and SAM as reaction substrates,
thereby measuring the combined activities of the MTase and GTase. An active-site
mutant with the D64A substitution was included as a negative control, since this
mutant lacks MTase and GTase activity (18). CHVB-066 and CHVB-032 completely
inhibited the activity of the wt SFV nsP1 protein at all tested doses (50 �M to 1 mM)
(Fig. 7). These data demonstrate that the CHVB compounds directly inhibit the enzy-
matic activity of nsP1, particularly the MTase activity.

DISCUSSION

Capping of viral mRNA is an essential posttranscriptional modification that influ-
ences subsequent downstream processing, translation, nuclear export, and stability of
mRNA. Viruses have developed different strategies to cap their genomes and thereby
mimic the cap structure of the host cell. Viral RNA caps can be acquired by a
cap-snatching mechanism (orthomyxoviruses), or viruses can covalently attach a pep-
tide (picornaviruses) or a cap moiety to their 5= ends (such as alphaviruses) (19, 20). The
alphavirus nsP1 and nsP2 proteins contain the RNA methyltransferase, guanylyltrans-
ferase, and triphosphatase functions that are needed for the viral RNA capping path-
way. This alphavirus capping mechanism is unique and proceeds in a sequence that
differs from the capping mechanism in the host cell. First, a GTP molecule is methylated
using SAM as a methyl donor and producing SAH as a by-product of the reaction. In the
second step, the methylated GTP (m7GTP) is transferred onto nsP1, releasing pyrophos-
phate and forming the m7GMP-nsP1 covalent intermediate (21). In the third step, the
m7GMP is attached to the first nucleotide of the viral RNA, which had been modified by
the RNA triphosphatase activity of nsP2 to remove the �-phosphate (22). Inhibitors
targeting this unique capping pathway may have a limited effect on cellular capping
and host MTases (23).

We previously demonstrated, for the first time, that small molecule inhibitors of the

FIG 5 Growth kinetics of CHVB-066-resistant mutants versus rCHIKV wt. Vero E6 cells were infected with
CHIKV LS3 wt (filled circles) and the reverse-engineered double (filled squares), triple (filled up triangles),
and quadruple (filled down triangles) mutants at an MOI of 0.1 for 1 h at 37°C. Following infection, the
cells were washed twice with warm phosphate-buffered saline, and the medium was replaced with
Eagle’s minimal essential medium–2% fetal calf serum. At 6-h intervals, samples from the medium were
harvested and stored at – 80°C. At 1 h postinfection, a sample was taken to determine how much virus
of the inoculum remained after washing. The virus titers in the samples were determined by plaque
assay. The experiment represents means � SD from two independent infections titrated in duplicate
(n � 4). PFU, plaque-forming units; wt, wild type; rCHIKV, recombinant CHIKV.

TABLE 6 Cross-resistance of CHVB-resistant mutants against favipiravir and MADTP-372

CHIKV strain

Favipiravir MADTP-372

EC50 (�M) Fold resistancea EC50 (�M) Fold resistance

wt 115 � 5.4 1 1.2 � 0.06 1
S454G�W456R 136 � 7.5 1.2 �25 20
S454G�W456R�M703T 90 � 8.6 �1 ND ND
S454G�W456R�M703T�L494P 142 � 25 1.2 �25 20
aFold resistance is EC50 variant/EC50 wt.
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alphavirus capping machinery could efficiently and completely inhibit CHIKV replica-
tion in cell culture (11). This compound series with a triazolopyrimidinone scaffold,
known as the MADTP series, inhibits the GTase activity of VEEV nsP1 in an in vitro assay.
Recently, 6=-�-fluoro-homoaristeromycin and 6=-fluoro-homoneplanocin A also have
been shown to potently inhibit CHIKV replication by targeting nsP1 (16). These com-
pounds affected the MTase activity of SFV nsP1 in enzymatic assays. Other reports on
CHIKV nsP1 as an antiviral target have followed, using target-based screening methods.
An nsP1-GTP competition screen resulted in the identification of several small mole-
cules able to compete with GTP for the CHIKV nsP1-GTP binding site (24). In contrast,
an enzyme-linked immunosorbent assay to identify inhibitors of CHIKV nsP1 by mea-

FIG 6 Effect of CHVB-066 on the enzymatic activities of VEEV nsP1. (a) Dose-response effect of CHVB-066 (filled squares) on the in vitro
guanylylation of VEEV nsP1. Sinefungin (filled circles) was included in the assay as a reference compound. The formation of m7GMP-nsP1
complex was detected by Western blotting using an anti-methyl3/7Gp antibody. (b) Dose-response effect of CHVB-066 (filled squares) on
the methyltransferase activity of VEEV nsP1. The nsP1-MTase product (3H-methyl)GIDP was measured by a scintillation counter. Data
presented are the average values � SD from two independent experiments.

FIG 7 Effect of CHVB-032 and CHVB-066 on the enzymatic activities of SFV nsP1. Purified wt SFV nsP1 was
incubated for 30 min at 30°C with increasing doses (50 �M to 1 mM) of CHVB-032 or CHVB-066, the
concentration of solvent present at the highest dose of compound, i.e., 5% of dimethyl sulfoxide (VC), or
left untreated (0). The D64A mutant was used as a negative control (left lane). The samples were resolved
on a 10% SDS-PAGE gel, and the covalent [32P]m7GMP-nsP1 reaction product was detected by autora-
diography after overnight exposure. VC, virus control (untreated).
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suring the formation of the m7GMP-nsP1 complex did not result in the identification of
new inhibitors (25). A similar assay using VEEV nsP1, on the other hand, resulted in the
identification of a number of molecules that inhibited the GTase activity (by �80%),
and cross-resistance studies indicated that their mechanism differed from that of the
MADTP series (23). We now describe a third series of CHIKV nsP1-targeting compounds
with yet another chemical scaffold but the same target as the MADTP series, since
CHVB-resistant viruses were cross-resistant to MADTP-0372 and vice versa. The de-
scribed MADTP-resistant virus carried the P34S mutation in nsP1, whereas the CHVB-
resistant viruses described here require at least two mutations, S454G and W456R, in
nsP1 to confer resistance. Interestingly, during our initial attempts to produce virus
stocks of recombinant CHIKV mutants, we noticed the emergence of the P34S mutation
in viruses with the W456R mutation. Because several mutants, in particular the ones
containing the W456R mutation, exhibited the tendency to revert to wild type (wt), we
started culturing our virus stocks in the presence of compound to retain mutations.
Under this selection pressure, the P34S mutation was no longer identified by Sanger
sequencing. This might explain why the mutation did not appear during the resistance
selection procedure for the CHVB compounds, as these conditions might have favored
the presence of the W456R mutation over the P34S mutation. Although a crystal
structure of CHIKV nsP1 is currently not available to support our hypothesis, we suggest
that the P34 residue in the N-terminal region of the protein is in close proximity to
W456 in the C-terminal region of the protein.

Similar to the MADTP series, the CHVB series is also CHIKV specific, with no or
modest antiviral activity against other alphaviruses in cell-based assays. Because the
enzymatically active region of the alphavirus nsP1 is well conserved, it is puzzling that
neither series is inactive against other alphaviruses. It was recently shown that the
Sindbis virus generates a large amount of noncapped viral genomes, more specifically
during the early stage of the replication cycle (26). It is not known whether the same
holds true for CHIKV. A possible explanation for the differential susceptibility of
alphaviruses to the 2 series of compounds is that CHIKV is very susceptible to capping
inhibitors because it generates more capped viral genomes than other alphaviruses.
The crystal structures of nsP1 proteins of CHIKV and other alphaviruses could provide
answers, but such structures have not yet been resolved.

In contrast to the MADTP series, which required only one amino acid substitution at
position 34 (P34S) in nsP1 to develop full resistance, resistance to CHVB-032 required
the presence of two mutations in nsP1, and full resistance to CHVB-066 even required
two additional mutations in nsP2 and nsP3. Moreover, in the second step of the
resistance selection protocol, 17% of culture wells showed full CHIKV-induced CPE for
the MADTP series (24 wells out of 144) versus only 2.5% (4 wells out of 162) in the case
of the CHVB series. These data suggest that the barrier to resistance is higher for the
CHVB series and that the development of resistance in the clinical settings is less likely
to occur, as two mutations are needed. Furthermore, in the reverse-engineered vari-
ants, mutations causing resistance to CHVB compounds tended to revert to wt in the
absence of selective pressure.

In conclusion, we report on a novel class of small molecule inhibitors of the CHIKV
capping machinery. Several other CHIKV inhibitors that target the capping have been
reported, indicating that the capping machinery of the virus is an interesting target for
antiviral drug development.

MATERIALS AND METHODS
Cells, viruses, and compounds. African green monkey kidney cells (Vero cells [ATCC CCL-81], Vero

E6 cells [ATCC CRL-1586], and baby hamster kidney [BHK-21]) cells were maintained as described before
(11).

CHIKV and other alphavirus strains are as mentioned before (11). CHIKV LS3 (GenBank accession no.
KC149888), which was used for reverse genetics studies, is derived from a full-length cDNA clone
belonging to the collection of the Leiden University Medical Center, The Netherlands (27).

CHVB-032 and CHVB-066 (Fig. 1) were synthesized in the laboratory of G. Pürstinger (University of
Innsbruck, Austria) and T. Langer (University of Vienna, Austria). MADTP-0372 was synthesized by M. J.
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Pérez-Pérez (Spanish National Research Council [CSIC]) (11). T-705 (favipiravir) was purchased as a custom
synthesis product from BOC Sciences. Chloroquine was purchased from Sigma.

CPE reduction assay. Vero cells were seeded at a density of 2.5 � 104 in 96-well plates (BD Falcon)
and were allowed to adhere overnight. The next day, cells were treated with a dilution series of the
compounds, after which the cultures were infected with CHIKV-899 (multiplicity of infection [MOI] of
0.01). On day 5 postinfection, the inhibition of CPE was quantified using MTS/PMS as described by the
manufacturer (Promega). The cells were checked by microscope for minor signs of virus-induced CPE or
compound-induced adverse effects on the cell monolayer morphology. The 50% effective concentration
(EC50), which is defined as the concentration of compound that is required to inhibit virus-induced cell
death by 50%, was determined using logarithmic interpolation.

Virus yield assay. Vero cells were seeded in 96-well plates at a density of 5 � 104 cells/well. The next
day, cells were treated with serial dilutions of the compound and then infected with CHIKV-899 (MOI of
0.01). Two hours postinfection, the cells were washed to remove nonadsorbed virus, followed by
incubation with the same serial dilutions of compounds. After 48 h of incubation, supernatants were
collected and viral RNA was quantified by real-time quantitative RT-PCR (qRT-PCR), while the amount of
infectious progeny virus was determined by titration assay (50% cell culture infectious dose [CCID50]/ml)
as described before (28).

Delay of treatment assay. Vero cells were seeded in 96-well plates at a density of 5 � 104 cells/well.
The following day, cells were infected with CHIKV 899 (MOI of 1) for 1 h at 37°C, after which the viral
inoculum was removed, and cells were washed 3 times with the assay medium. The selected compounds
(20 �M CHVB-032, 5 �M CHVB-066, 50 �M MADTP-0372, 200 �M T-705, and 50 �M chloroquine) were
added to cells at 0, 2, 4, 6, 8, and 10 h after infection. At 12 h postincubation (i.e., one viral replication
cycle), culture supernatants were collected for quantification of extracellular viral RNA load (by qRT-PCR)
and infectious virus progeny (by endpoint titration).

Selection of compound-resistant virus isolates. A 5-step clonal resistance selection protocol was
used to isolate CHVB-resistant virus variants as previously described (13). In the first step, Vero cells were
seeded in 96-well plates at a density of 2.5 � 104 cells/well and were allowed to adhere overnight.
Subsequently, antiviral assays were performed in a checkerboard format using serial dilutions of
CHVB-032 and different amounts of CHIKV-899 (ranging from 10 to 1,000 CCID50). After 5 days of
incubation, all assay wells were checked microscopically. Based on these data, the lowest concentration
of compound and the highest virus input at which complete and reproducible inhibition of virus-induced
CPE was observed were selected. In the second step, three 96-well plates containing adherent Vero cells
were treated with the selected CHVB-032 concentration of 29 �M and then were infected with the
optimal amount of virus (50 CCID50). After 5 days, 7 assay wells (out of 162) showed signs of virus-induced
CPE, with only 4 of them showing full CPE. The supernatants of these 4 wells were collected and
semipurified 6-fold by titration (1:5 dilution series) in the presence of 29 �M CHVB-032. Four virus isolates
(one from each original sample) were selected that produced the most pronounced signs of CPE in the
presence of CHVB-032 at the lowest virus input possible. Subsequently, the resistant phenotype of the
selected virus isolates was determined in comparison with the wild-type virus in CPE reduction assays.
In parallel, the genotype was determined by full-genome sequencing.

Assays for alphavirus nsP1 enzymatic activity. The DNA sequence encoding SFV nsP1 (amino acids
1 to 537) with a C-terminal hexahistidine (6�His) tag was cloned into the pET34 vector. Recombinant
wild-type and active-site mutant D64A were expressed in E. coli Rosetta cells (Novagen) following
overnight induction with 0.5 mM isopropyl-�-D-thiogalactopyranoside (IPTG) at 19°C. The recombinant
proteins were batch purified by immobilized metal affinity chromatography (IMAC) using Talon (Cobalt)
beads (TaKaRa), and the eluted protein was concentrated and used in the covalent m7GMP-nsP1 complex
formation assay (16). This assay was performed in a 30-�l mixture containing 25 mM HEPES, pH 7.5, 5 mM
dithiothreitol, 10 mM KCl, 2 mM MgCl2, 10 �M S-adenosylmethionine (SAM), 0.75 mCi of [�32-P]GTP
(3,000 Ci/mmol), and 0.5 �M SFV nsP1 wt or D64A mutant. The reaction mixture was incubated at 30°C
for 30 min and stopped by adding 3 �l of 10% SDS. The inactivated reaction mixture was mixed with 4�
LSB (Laemmli sample buffer), and 10-�l samples were resolved on a 10% SDS-PAGE gel. The gel was
dried, and a PhosphorImager screen was placed on top. After overnight exposure, the 32P-labeled
covalent m7GMP-nsP1 intermediate products were visualized with a Typhoon Imager (Amersham).

The protocols for VEEV nsP1 enzymatic activity assays were previously described (11).
Statistical analysis. Graphing and statistical analysis were performed using Prism8 software (Graph-

Pad).
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Chapter 3 Antiviral Profiling and Target Identification of the CHVB Series

3.3 Conclusion

In this publication, the antiviral profile of the CHVB series and their mechanism of action

as inhibitors of the CHIKV capping machinery were reported [69].

The selected CHVB-resistant variant (CHVBres) carried four mutations: two in the gene

encoding nsP1 (responsible for viral RNA capping), one mutation in non-structural pro-

tein 2 (nsP2), and one in non-structural protein 3 (nsP3). Reverse genetics studies

identified both nsP1 mutations (S454G and W456R) necessary to achieve approximately

18-fold resistance. Further, the S454G and W456R mutations in nsP1 resulted in the

same level of resistance as the CHVBres variant with the two additional mutations on

nsP2 and nsP3, suggesting that CHVB targets the viral mRNA capping.

Moreover, CHVBres was cross-resistant to the previously reported CHIKV capping in-

hibitors known as the MADTP series, indicating a similar mechanism of action [70, 73,

74]. The MADTP-resistant virus carried the P34S mutation in nsP1, whereas the CHVB-

resistant viruses require at least two mutations. These data suggest a higher barrier of

resistance for the CHVB series and, therefore, a less likely occurrence of development of

clinical resistance, as two mutations are needed. Furthermore, the two mutations respon-

sible for the CHVB-resistance tended to revert to wild type (wt) in conditions lacking

the selective pressure.

Interestingly, similar to the MADTP series, the CHVB series is also CHIKV specific,

with potent anti-CHIKV activities in all tested CHIKV isolates but with no or modest

antiviral activity against other alphaviruses. This selectivity toward the CHIKV may

result from the CHIKV characteristic of generating more capped viral genomes than

other alphaviruses making the viral mRNA capping machinery an even more desirable

target in developing a highly active CHIKV inhibitor.

In enzymatic assays, CHVB inhibited the methyltransferase (MTase) and

guanylyltransferase (GTase) activities of alphavirus nsP1 proteins, demonstrating

that the CHVB compounds directly inhibit the enzymatic activities of nsP1.
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Chapter 4

Lead Optimisation and DMPK

Profiling of the CHVB Series

4.1 Introduction

The following publication (further referred to as [65]) elaborates on the lead optimisation

process performed with the CHVB series. As discussed in chapert 1, the final stage of

the drug discovery phase aims to generate a possible drug candidate for clinical trials by

maintaining the favourable properties of the generated lead compound while improving

its shortcomings. Therefore, this publication focuses on preserving/enhancing the anti-

CHIKV activity while reducing toxicological characteristics and improving metabolic

stability and drug-like properties (e.g., aqueous solubility and lipophilicity).

In addition, an optimised and more versatile synthesis route (named Synthesis Route B)

is described, which improved the accessibility of the designed analogues and the overall

yield in remarkable shorter synthesis and work-up time. Overall, 100 analogues were

synthesized, tested, and categorized according to their positioning of the nitrogens in the

pyrimidine ring (P1/3, P3/5, and P1/5) and whether their scaffold has a sulfonamide or

an amide. Further, additional assays to expand the knowledge about the antiviral profile

of the CHVB series were conducted, and a successful scaffold hop for future antiviral

research studies was carried out.
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Chapter 4 Lead Optimisation and DMPK Profiling of the CHVB Series

4.2 Design, Synthesis, and Lead Optimization of CHVB Se-

ries Analogues as Potent Small Molecule Inhibitors of

Chikungunya Virus
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Abstract

The worldwide re-emerge of the Chikungunya virus (CHIKV), the high morbidity

associated with it, and the lack of an available vaccine or antiviral treatment make the

development of a potent CHIKV-inhibitor highly desirable. Therefore, an extensive

lead optimisation was performed based on the previously reported CHVB compound

1b and the reported synthesis route was optimised - improving the overall yield in

remarkable shorter synthesis and work-up time. 100 CHVB analogues were designed,

synthesised, and investigated for their antiviral activity, physiochemistry, and toxi-

cological profile. An extensive structure-activity relationship study (SAR) was per-

formed, which focused mainly on the combination of scaffold changes and revealed

the key chemical features for a high anti-CHIKV inhibition. Further, to investigate the

druggability of the compound series, a thorough ADMET investigation was carried out:

the compounds were screened for their aqueous solubility, lipophilicity, their toxicity in

CaCo-2 cells, and possible hERG channel interactions. Additionally, 55 analogues were

assessed for their metabolic stability in human liver microsomes (HLMs) which led to a

structure-metabolism relationship study (SMR). The compounds showed an excellent

safety profile, favourable physicochemical characteristics, and the required metabolic

stability. A cross-resistance study confirmed the viral capping machinery (nsP1) to

be the viral target of these second-generation CHVB compounds. This study identi-

fied five compounds (31b, 31d, 32d, 34, and 35d) as potent, safe, and stable lead

compounds for further development as selective CHIKV inhibitors - with 32d as the

most promising candidate. Finally, the collected insight led to a successful scaffold hop

(64b) for future antiviral research studies.

Introduction

Chikungunya virus (CHIKV) is a mosquito-borne alphavirus (Togaviridae family), first iso-

lated from a febrile patient in 1952/53 in the Makonde plateau in Tanzania.1 After only

local and periodic outbreaks, a variant of CHIKV containing the A226V mutation in the E1
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glycoprotein gene led to its re-emerging in 2004 on the coast of Kenya - marking the begin-

ning of the successful CHIKV spreading worldwide.2 This new CHIKV mutation changed

the vector potential from primarily Aedes aegypti to the more global Ae. albopictus and thus

enabling the virus to spread in new temperature zones.3

Consequently, since then, CHIKV outbreaks have been reported frequently in countries

worldwide, causing millions of CHIKV infections every year.4–7 Moreover, due to globaliza-

tion, climate change, and lack of immunity in the worldwide population, this rapid spread

of CHIKV is not only ongoing, but it is also reaching new territories and higher numbers of

infections every year.7–9

Patients suffering from Chikungunya Fever (CHIKF) develop a high onset of fever for

three to ten days, followed by a rash, myalgia, and nausea.9 In addition, severe joint pain

leads to the characteristic posture, which is also described in the Makonde word Chikungunya

for “that which bends you up”.10 Moreover, approximately 50% of CHIKF-patients develop

chronic symptoms like severe arthralgia and myalgia persisting for months to years even

after clearance of the acute viral infection.11 Further, complications in vulnerable groups

(e.g., patients with comorbidities, the elderly) have been reported.12 Despite the severity

and rapid spreading of CHIKV, there are no licensed drugs or vaccines available, and the

alleviation of symptoms by, e.g. NSAIDs, remains the only possible treatment for CHIKF

patients.13,14 Therefore, developing safe and potent anti-CHIKV small molecules is highly

desirable.

We previously reported a novel series N-ethyl-6-methyl-2-(4-(4-

fluorophenylsulfonyl)piperazine-1-yl)pyrimidine-4-amine 1a analogues with good biological

activity against the CHIKV: the CHVB series. A structure-activity relationship (SAR) study

was performed by dividing the compound into five groups. This led to the identification of

the new lead compound 1b (see Figure 1).15,16

However, although 1b showed an improved in vitro anti-CHIKV activity and enhanced

toxicological profile, these properties could still be improved, and additional assays of cru-

3

Design, Synthesis, and Lead Optimisation of CHVB Series Analogues as Potent Small Molecule Inhibitors of Chikungunya Virus Battisti et al.

26.07.2022



55

N
11

N
33

N N

O

NH

F

1b

N

N

N N S

O

NH

F

1a

O

EC50

CC50 
SI

= 8.7 ± 1 µM
= 122 ± 24 µM
= 14.2

EC50

CC50 
SI

= 3.95 ± 1 µM
= >260 µM
= 61

Figure 1. Structures of the first hit 1a and the generated lead compound 1b with their biological properties. The different
colors of 1b indicate the various groups of the CHVB series in which variations were performed and analyzed in the SAR
studies. The described analogues were categorized according to their positioning of the nitrogens in the pyrimidine ring (P1/3,
P3/5, and P1/5).

cial parameters in early drug design were missing. Therefore, a focused lead optimization

based on the 2-(4-(phenylsulfonyl)piperazine-1-yl)pyrimidine scaffold was made to identify

a CHVB analogue with enhanced antiviral activity, reduced toxicity, higher stability, and

improved drug-like properties. For better accessibility of the designed analogues, an addi-

tional optimized synthesis route (Synthesis Route B) was established, and the overall 100

investigated analogues were categorized according to their positioning of the nitrogens in the

pyrimidine ring (P1/3, P3/5, and P1/5).

Results and Discussion

Chemistry. Scheme 1 depicts the established synthesis route (Synthesis Route A) for

the synthesis of the 2-(4-phenylsulfonyl)piperazine-1-yl)pyrimidine analogues – also known

as the CHVB series. The key intermediate 3a was prepared via substitution reaction be-

tween 2,4-dichloro-6-methylpyrimidine 8a and ethylamine and further reacted with tert-

butyl-piperazine-1-carboxylate 2 under microwave conditions (Scheme 2). After deprotec-

tion of the piperazine, the desired compound 1b was obtained via amidation.15

An easy and fast synthesis route was searched for the detailed investigation of the pyrimi-

dine and ethylamine side chain. Therefore, Synthesis Route B was established, starting with

the nucleophilic acyl substitution between the unprotected amino group of the Boc-protected

4
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Scheme 1. Overview of possible synthesis routes for the lead compound 1b.a
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aReagents and conditions: (a) EtOH, µwave, 30min, 155 °C, 250W, 12 bar (b) HCl/TFA, THF, 1 to 24 h, rt; (c) DCM,
N(CH2CH3)3, 24 h, rt, 4-fluorobenzenesulfonyl chloride; (d) pyridine, DMAP, 0 °C-rt, 15 h, 4-fluorobenzoyl chloride; (e) EtOH,
DIPEA, µwave, 30min, 155 °C, 250W, 12 bar.

piperazine 2 and benzoyl chlorides. This reaction route enables synthesising significant vari-

ations on the desired pyrimidine and side-chain group of the compound series – as the

modifications are introduced in the last and not the first step of the synthesis route. Fur-

thermore, shortened reaction times, more accessible and sometimes unnecessary purification

steps, and higher-yielding reactions lead to remarkable time- and yield-wise advantages to

the published Synthesis Route A. Therefore, Synthesis Route B was subsequently used to

synthesise all following analogues.

Synthesis Route B starts with a nucleophilic acyl substitution between Boc-protected

piperazine and benzoyl chloride in pyridine with catalytic quantities of additional 4-

dimethylaminopyridine (DMAP). The intermediate tert-butyl 4-(4-fluorobenzoyl)piperazine-
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Scheme 2. Synthesis of the key intermediates 3a-h and 9a-h.a

N

N

R1

N

N

R2

R1

N

N

Cl

R1

Cl

Cl Cl R2+
a

3a-h 9a-h8a-c

R2 = ethylamine

R2 = isopropylamine

R2 = ethylamine

R2 = methylamine

a: R1 = CH3,

b: R1 = H,

c: R1 = CF3,

d: R1 = CH3,

R2 = isopropylamine

R2 = pyrrolidine-1-yl

R2 = ethylamine

R2 = dimethylamine

e: R1 = CH3,

f:  R1 = CH3,

g: R1 = H,

h: R1 = CH3,

aReagents and conditions: (a) Synthesis Route A: EtOH, 24 to 48 h, rt; Synthesis Route B: THF, 14 h, 0 °C-rt.

1-carboxylate 6a precipitates in excellent yield while pouring the crude mixture on ice –

facilitating the purification as the formed side products are water-soluble. Moreover, the

following Boc-deprotection with trifluoroacetic acid (TFA) or hydrochloric acid (HCl) can

also be performed without any purification step, which shortens the synthesis time by avoid-

ing the time-consuming and challenging purification steps and increases the overall yield.

This synthesis route’s fourth and last step is the substitution reaction of the prepared ary-

lamine 3a and the de-protected piperazine intermediate 7a under microwave irradiation in

dry EtOH. The Hünig’s base N,N-diisopropylethylamine (DIPEA), was introduced to this

reaction as a proton scavenger. In addition, the solvent of the arylamine synthesis by amina-

tion of the commercially available 2,4-dichloropyrimidines shown in Scheme 2 was changed

from dry ethanol (EtOH) to dry Tetrahydrofuran (THF) – shifting the yield of 2-chloro-

pyrimidin-4-amine 3a-h to the much more desired 4-chloro-pyrimidin-2-amine 9a-h.

Scheme 3 and Scheme 4 outline the synthesis of 2-(piperazin-1-yl)pyrimidine 5a-d

and 4-(piperazin-1-yl)pyrimidine 21a-e intermediates via Synthesis Route A. The reaction

of these intermediates is essential for the synthesis of 1b analogues - designed to carefully

investigate the effects of various substitutions on both aromatic groups of an amide or sul-

fonamide bridge and their numerous combinations. The preparation of 2 was carried out

similar to the published procedure of Moussa et al..17

13 was synthesized directly from the purchased 2-(piperazin-1-yl)pyrimidine 5e and 4-

fluorobenzenesulfonyl chloride in one step. To investigate the importance of a carbonyl-

or sulfonyl-linker, analogue 23 with a methyl-4-fluorobenzene group was synthesized via

Synthesis Route A using 1-(chloromethyl)-4-fluorobenzene. Similarly, to explore the precise
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Scheme 3. Synthesis Route A for synthesis of compounds with a P1/3
pyrimidine nitrogen position (10a-19).a
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12a: R = propyl
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O

N

N

HN

N N

O
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17a: X = F
17b: X = Cl

b

cc

c

cc

c c

c

4a-d 5a-d

R2 = ethylamine 

R2 = isopropylamine

e: R1 = H, R2 = Hc: R1 = H,

d: R1 = CH3,

R2 = ethylamine

R2 = methylamine

O

11a: R = propyl
11b: R = cyclohexyl

O

X
14: R = isopropylamine,
15: R = ethylamine,

X = F
X = Cl

O

X

18a: X1 = Br,
18b: X1 = NO2,

19:   X1 = Cl,

X2 = H 
X2 = H
X2 = Cl

X2

X1

HN

R2

R1

HN

F

aReagents and conditions: (a) EtOH, µwave, 30min, 155 °C, 250W, 12 bar, 8a; (b) HCl, THF, 24 h, rt; (c) DCM, N(CH2CH3)3,
24 h, rt, benzenesulfonyl chloride/benzoyl chloride. Key intermediates 4a-d are highlighted in red.

role of the nitrogens and their position in the pyrimidine ring analogue N-ethyl-6-(4-((4-

fluorophenyl)sulfonyl)piperazin-1-yl)pyrimidin-4-amine 39 was prepared to deploy the same

reaction conditions from Synthesis Route A with 6-chloro-N-ethylpyrimidin-4-amine 36 (see

Supporting Information, Scheme S1).

Scheme 5 depicts the synthesis of pyrimidine and side-chain analogues of our compound

series using the versatile Synthesis Route B. The acylation of the Boc-protected piperazine

with neat benzoyl chlorides to form monosubstituted amide products 6a-f was carried out
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Scheme 4. Synthesis Route A for synthesis of compounds with a P3/5
pyrimidine nitrogen position (22-35d).a
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31c:

31d:
31e:
31f:
31g:

35a: X1 = Cl,
35b: X1 = F,
35c: X1 = CH3,

35d: X1 = Cl

X2 = Cl
X2 = F
X2 = CH3

X2 = NO2

X = NO2

X = tert-butyl
X = CH3 
X = OCH3

X = H
X = F
X = Br
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33a:
33b: 
33c:
33d:
34:

X2 = Cl,
X2 = CH3,  
X2 = Cl,
X2 = Cl,
X2 = H,

X3 = Cl
X3 = CH3  
X3 = NO2

X3 = CF3

X3 = Cl

X1 = H,
X1 = H,  
X1 = H,
X1 = H,
X1 = Cl,

R1

R2 = carbonyl
R2 = -CH2-

aReagents and conditions: (a) DCM, N(CH2CH3)3, 24 h, rt, benzenesulfonyl chloride/benzoyl chloride/1-(chloromethyl)-4-
fluorobenzene. Key intermediates 21a-e are shown in red.

in pyridine under basic conditions. DMAP was employed as a strong nucleophilic catalyst.

After deprotection of the piperazine-nitrogen, the coupling of the aryl halide (3a-h, 9a-h)

with the secondary amine of 7a-f was performed under microwave irradiation (250W) and

pressure (12 bar) for 30min while heated to 100 °C.

The synthesis of the intermediate 51, which is used to form the analogues 52a and 52b,

is shown in Scheme 6. Commercially available 5-amino-4,6-dichloro-2-methylpyrimidine
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Scheme 5. Synthesis Route B for synthesis of pyrimidine and side-chain
analogues (40a-48).a
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aReagents and conditions: (a) pyridine, DMAP, 0 °C-rt, 15 h, benzoyl chloride; (b) TFA, THF, 1 to 15 h, rt; (c) EtOH, DIPEA,
µwave, 30min, 155 °C, 250W, 12 bar, aryl halide. Key intermediates 6a-f are highlighted in red.
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Scheme 6. Synthesis of compound (52a-b).a
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52a: X1/3 = H,  X2 = Cl

52b: X1/3 = Cl, X2 = H

aReagents and conditions: (a) conc. NH3, 120 °C, 24 h; (b) TEOF, FA, 5.5 h, 120 °C; (c) EtOH, DIPEA, µwave, 30min, 155 °C,
250W, 12 bar.

49 was converted to 4,5-diamino-6-chloro-2-methyl-pyrimidine 50 via amination of the aryl

halide with concentrated NH3 at 120 °C.18 Treatment with formic acid (FA) and triethyl

orthoformate (TOFA) afforded the intermediate 51 via Traube purine synthesis.18

To investigate the importance of the piperazine and to confirm the previous results pub-

lished earlier, which indicate that the piperazine functions solely as a linker between the

two more critical aromatic parts of the compound series, a set of piperazine-analogues was

designed and synthesized applying Synthesis Route B (Scheme 7). Similarly, the reaction

between the commercially available spiro[chromane-2,4’-piperidin]-4-one 63 and the pyrimi-

dine intermediates 3a and 9a afforded 64a and 64b, respectively (Scheme 8).

Structure-Activity Relationship Study. This structure-activity relationship (SAR)

study focused mainly on the combination of scaffold changes. All 100 final compounds

were evaluated for their inhibitory activity against the Chikungunya virus via virus cell-

based CPE reduction assay in Vero cells, and their results are summarised in Table 1-5.

As stated by Moesslacher et al., the nitrogen positions on the pyrimidine ring can posi-

tively impact the antiviral activity.15 From all studied nitrogen positions on the pyrimidine

ring, the position P3/5 gave the best antiviral result (EC50 = 3.2 ± 0.2 µM). Surprisingly,

when combined with other alterations, the activity got lost.15 To further investigate these

unexpected results and to find a combination of the promising nitrogen positions, 100 P1/3,
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Scheme 7. Synthesis Route B for the synthesis of piperazine analogues
(55a-62d).a

54a-k

55a: P5 = CH,

55b: P5 = N,

61a: P5 = CH, P1 = N, X1 = Cl,
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61d: P5 = N, P1 = CH, X1 = CH,

60a: P5 = CH, P1 = N, X1 = Cl,

60b: P5 = CH, P1 = N, X1 = CH,

60c: P5 = N, P1 = CH, X1 = Cl,

60d: P5 = N, P1 = CH, X1 = CH,
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62a: P5 = CH, P1 = N, X1 = Cl,
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57b: P5 = N,

P1 = N
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58a: P5 = CH,

58b: P5 = N,

P1 = N
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59a: P5 = CH,
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aReagents and conditions: (a) EtOH, DIPEA, µwave, 30min, 155 °C, 250W, 12 bar, aryl halide. Key intermediates 54a-k are
highlighted in red and are synthesized according to Synthesis Route B.

P3/5 and P1/ 5 analogues were analyzed – focusing on different alterations alone and in com-

bination (with/without/substituted methyl group; ethylamine/smaller or larger sidechains;

sulfonamide/amide/methylene; various phenyl-substitutions on different positions).

Pyrimidine Nitrogen Position 1/3 Scaffold. First, the impact of various func-

tional groups was investigated by replacing them with different classical and non-classical

bioisosteres and by testing analogues without them. Therefore, the influence of the phenyl
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Scheme 8. Synthesis of compound (64a-b).a
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aReagents and conditions: (a) EtOH, DIPEA, µwave, 30min, 155 °C, 250W, 12 bar.

Table 1. Antiviral activity and ADME properties of sulfonamide analogues 12a-16 (P1/3 scaffold) and with
23-28 (P3/5 scaffold).a

Compoundsb EC50 (µM)f CC50 (µM)g SIh Half-Life (min)i Aq. Sol. (pH 7.4; µM)j cLogDpH 7.4
k

12ac 70 ± 18 n.d. n.d. >120 2.93
12bc 10 ± 0.4 17 ± 3.8 1.7 20 ± 0.6 90 ± 22 3.53
12cc 103 180 1.8 68 ± 11.5 3.11
12dc 121 97 0.8 115 ± 1.1 2.81
13c 310 n.d. n.d. 64 ± 14 2.40
14c 10 ± 1.2 n.d. n.d. 46 ± 1.2 100 ± 13 3.41
15c 10 ± 3.1 28 ± 23 2.7 19 ± 0.78 94 ± 37 3.33
16c 9.6 ± 0.23 193 ± 11 20 48 ± 4.5 >120 3.02
23c,d 22 ± 24 46 ± 47 2.1 78 ± 5.5 106 ± 15 3.35
24e 16 ± 3.7 44 ± 6.6 2.7 62 ± 8.6 95 ± 5 3.33
25e 2.8 11 ± 3.1 3.9 49 ± 2.6 104 ± 22 3.44
26e 3.8 ± 1.07 19 ± 4.2 4.9 54 ± 3.5 76 ± 15 3.62
27e 11 ± 0.94 99 ± 35 9.2 226 ± 13 >120 2.93
28e 25 ± 7 47 ± 21 1.9 >120 3.44

(a) Data represent mean values ± SD from at least three independent experiments. ND - not detectable. (b) Compounds synthesized according
to Synthesis Route A. (c) Compounds with a P1/3 scaffold. (d) Compound with a methylene scaffold. (e) Compounds with a P3/5 scaffold. (f)
The 50% effective concentration (EC50) is the concentration of compound that is required to inhibit virus-induced cell death by 50%. (g) The
50% cytostatic/cytotoxic concentration (CC50) is the concentration of compound that reduces the overall metabolic activity of the uninfected,
compound-treated cells by 50% as compared to the untreated, uninfected cell. (h) The selectivity index (SI) is the ration between CC50 and
EC50. (i) The half-life (min) in human liver microsomes with 60min incubation is estimated from the slope of the initial linear range of the
logarithmic curve of compound remaining (%) vs time, assuming the first-order kinetics. (j) The aqueous solubility (pH7.4) is measured by HPLC
and calculated by the AUC (Absorbance Unit under the Curve) values of the buffered samples divided by the AUC values of the control samples.

(k) clogD is calculated by the Graph Neural Network D-GIN19

was examined with different aliphatic and (hetero)aromatic replacements (11a-b and 12a-d)

in combination with an amide or sulfonamide linker. None of the tested analogues showed

any antiviral activity (see Table 1-2). Similar, 13 - missing the ethylamine and the methyl

group on the pyrimidine ring - showed no antiviral activity at all - underlying the importance

of the two aliphatic groups on the pyrimidine ring.

To further explore the impact of the methyl group, various analogues with scaffold modifi-

cations combined with a missing methyl group were designed and tested for antiviral activity.

Neither of these analogues gave any advantage on the viral activity (15 and 17a-b). In-
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Table 2. Antiviral activity and ADME properties of P1/3 nitrogen and amide scaffold analogues.a

Compounds EC50 (µM)d CC50 (µM)e SIf Half-Life (min)g Aq. Sol. (pH 7.4 µM)h cLogDpH 7.4
i

10ab 2.4 89 ± 10 37 148 ± 13 >120 3.30
10bb 9.6 >100 10 91 ± 2.2 116 ± 6 3.25
10cb 2.9 >100 34 76 ± 3.8 116 ± 2.8 2.91
11ab 67 n.d. n.d. >120 2.64
11bb 70 ± 6 147 ± 61 2.1 119 ± 1 3.30
17ab 3.9 ± 1.5 183 ± 42 47 328 ± 6 >120 3.01
17bb 15 ± 3.7 47 ± 24 3.1 137 ± 25 >120 3.19
18ab 5.1 ± 1.7 >100 20 9.5 ± 0.57 >120 3.28
18bb 4.2 ± 1.9 >100 24 57 ± 1.5 119 ± 1.20 2.87
19b 67 >100 1.5 11 3.52
40ac >6.3 >25 4 56 ± 3 1.2 3.66
40bc >6.3 >25 4 18 ± 1.2 3.5 3.81
40cc >6.3 >25 4 36 ± 0.7 0 3.80
40dc 41 ± 19 n.d. n.d. 17 ± 1.2 0.80 3.68
42ac 13 76 6.02 29 ± 1.5 114 ± 8.6 3.28
42bc >100 >100 1 95 ± 1.4 3.51

(a) Data represent mean values ± SD from at least three independent experiments. ND - not detectable. (b) Compounds synthesized according to
Synthesis Route A. (c) Compounds synthesized according to Synthesis Route B. (d) The 50% effective concentration (EC50) is the concentration of
compound that is required to inhibit virus-induced cell death by 50%. (e) The 50% cytostatic/cytotoxic concentration (CC50) is the concentration
of compound that reduces the overall metabolic activity of the uninfected, compound-treated cells by 50% as compared to the untreated, uninfected
cell. (f) The selectivity index (SI) is the ration between CC50 and EC50. (g) The half-life (min) in human liver microsomes with 60min incubation
is estimated from the slope of the initial linear range of the logarithmic curve of compound remaining (%) vs time, assuming the first-order kinetics.
(h) The aqueous solubility (pH7.4) is measured by HPLC and calculated by the AUC (Absorbance Unit under the Curve) values of the buffered

samples divided by the AUC values of the control samples. (i) clogD is calculated by the Graph Neural Network D-GIN19

terestingly, combined with the bigger and flexible side chain isopropylamine, the missing

methyl group in 14 had no impact on the antiviral activity (EC50 = 10.6 µM). Moreover,

the shortened methylamine side-chain gave a similar good antiviral activity (16, EC50 =

9.62 µM, see Table 1-2).

In addition, other substitution patterns and different rests on the phenyl were tested

for their antiviral impact. Therefore, 10a-c with different halogen substitutions on the

para position were synthesized. The chloride and iodide substitution showed good antiviral

activity (EC50 of 2.4 and 2.9 µM), whereas the bromide analogue 10b remained active but

with a declined activity (EC50 = 9.58 µM). Interestingly, the shift of the bromide from the

para to the meta position in 18a improved the antiviral activity to an EC50 value of 5.11 µM.

On the other hand, the di-para halogen substituted analogue 19 showed no antiviral activity

(see Table 2).

Pyrimidine Nitrogen Position 3/5 Scaffold. The biological data of the compounds

bearing a P3/5 scaffold is shown in Table 1, 3, and 5. First, the impact of the methyl
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Table 3. Antiviral activity and ADME properties of P3/5 nitrogen and amide scaffold analogues.a

Compounds EC50 (µM)d CC50 (µM)e SIf Half-Life (min)g Aq. Sol. (pH 7.4 µg)h cLogDpH 7.4
i

22b 216 ± 7.1 >304 1.4 >120 2.99
29b 18 ± 5.4 46 ± 15 2.6 176 ± 30 115 ± 6.5 3.43
30b 2.05 ± 1.1 >308 150 329 ± 119 >120 2.43
31ab 1.5 ± 0.84 165 ± 28 109 388 ± 5 >120 3.00
31bb 0.6 ± 0.08 >96 159 192 ± 28 >120 3.22
31cb 0.7 ± 0.28 58 ± 17 82 148 ± 2 112 ± 11 2.84
31db 0.91 ± 0.18 >100 110 3536 ± 528 >120 2.81
31eb 2.4 ± 0.45 45 19 92 ± 7 120 ± 0.28 3.81
31fb 2.4 ± 0.25 203 ± 79 84 458 ± 195 >120 3.21
31gb 1.4 ± 0.07 136 ± 130 97 584 ± 77 >120 2.70
32ab 6.6 ± 0.79 248 38 93 ± 5 >120 3.29
32bb 0.94 ± 0.03 >100 107 74 ± 2 >120 3.25
32cb 1 >100 98 42 ± 3 >120 2.89
32db 0.7 ± 0.05 >100 143 391 ± 140 >120 2.83
32eb 1.3 ± 0.18 80 60 91 ± 19 >120 3.51
33ab 0.57 46 ± 12 81 94 ± 9.4 111 ± 12.8 3.51
33bb 0.95 ± 0.46 65 68 123 ± 35 118 ± 2.6 3.42
33cb 0.98 ± 0.06 >20 20 187 ± 24 >120 3.07
33db 1.9 ± 0.41 >20 11 75 ± 17 101 ± 12 3.69
34b 0.47 ± 0.06 80 173 90 ± 18 108 ± 17 3.49
35ab >100 47 0.47 >120 3.38
35bb >100 >100 >1 n.d. 2.92
35cb >100 >100 >1 n.d. 2.93
35db >0.78 >100 128 204 ± 4 111 ± 13 3.09
41ac >100 >100 1 33 ± 1.6 3.66
41bc >12.5 >50 4 29 ± 1.6 2 ± 1.7 3.83
41cc >100 >100 1 0 3.83
41dc 100 >100 1 n.d. 3.78
43ac 6.6 >100 15 108 ± 14 >120 3.28
43bc 4.4 67 15 108 ± 1.1 109 ± 2.1 3.51

(a) Data represent mean values ± SD from at least three independent experiments. ND - not detectable. (b) Compounds synthesized according to
Synthesis Route A. (c) Compounds synthesized according to Synthesis Route B. (d) The 50% effective concentration (EC50) is the concentration of
compound that is required to inhibit virus-induced cell death by 50%. (e) The 50% cytostatic/cytotoxic concentration (CC50) is the concentration
of compound that reduces the overall metabolic activity of the uninfected, compound-treated cells by 50% as compared to the untreated, uninfected
cell. (f) The selectivity index (SI) is the ration between CC50 and EC50. (g) The half-life (min) in human liver microsomes with 60min incubation
is estimated from the slope of the initial linear range of the logarithmic curve of compound remaining (%) vs time, assuming the first-order kinetics.
(h) The aqueous solubility (pH7.4) is measured by HPLC and calculated by the AUC (Absorbance Unit under the Curve) values of the buffered

samples divided by the AUC values of the control samples. (i) clogD is calculated by the Graph Neural Network D-GIN19

group regarding the anti-CHIKV-activity was investigated. Therefore, compounds without

the methyl group and the P3/5 variation were designed and subsequently compared with

the corresponding methylated analogues for their biological activity. In line with the results

discussed above, all the un-methylated compounds showed a much higher EC50 value (24

with EC50 = 15.9 µM vs. 25 with EC50 = 2.76 µM) or even a loss of activity (22 with EC50

= 216µM vs. 31a with EC50 = 1.52 µM). Interestingly, compared to the corresponding
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Table 4. Antiviral activity and ADME properties of P1/5 nitrogen and/or purine scaffold analogues.a

Compoundsb EC50 (µM)c CC50 (µM)d SIe Half-Life (min)f Aq. Sol. (pH 7.4 µg)g cLogDpH 7.4
h

39 >274 n.d. n.d. 94 ± 12 3.20
44a >88 >88 >1 n.d. 2.41
44b 32 ± 0.7 n.d. n.d. 94 ± 8 3.16
44c 9.8 ± 0.35 n.d. n.d. 128 ± 3.3 118 ± 3 3.15
45a 94 ± 2 n.d. n.d. 114 ± 5 2.60
45b 32 ± 3.7 n.d. n.d. 112 ± 0.4 3.17
45c 66 ± 6.5 n.d. n.d. 104 ± 13 3.00
46a 26 ± 0.06 n.d. n.d. 36 ± 2.1 3.39
46b 77 n.d. n.d. 73 ± 16 3.55
46c 9.5 ± 0.39 n.d. n.d. 120 ± 16 71 ± 13 3.44
47a >100 n.d. n.d. 116 ± 3.7 2.56
47b >100 n.d. n.d. 47 ± 12 2.81
47c >100 n.d. n.d. 106 ± 17 2.71
48 18 ± 2.8 n.d. n.d. 142 ± 1.8 66 ± 6.5 3.30
52a 97 ± 0.47 n.d. n.d. 84 ± 51 2.56
52b >100 n.d. n.d. 92 ± 22 3.21

(a) Data represent mean values ± SD from at least three independent experiments. ND - not detectable. (b) Compounds synthesized according
to Synthesis Route B. (c) The 50% effective concentration (EC50) is the concentration of compound that is required to inhibit virus-induced
cell death by 50%. (d) The 50% cytostatic/cytotoxic concentration (CC50) is the concentration of compound that reduces the overall metabolic
activity of the uninfected, compound-treated cells by 50% as compared to the untreated, uninfected cell. (e) The selectivity index (SI) is the
ration between CC50 and EC50. (f) The half-life (min) in human liver microsomes with 60min incubation is estimated from the slope of the initial
linear range of the logarithmic curve of compound remaining (%) vs time, assuming the first-order kinetics. (g) The aqueous solubility (pH7.4) is
measured by HPLC and calculated by the AUC (Absorbance Unit under the Curve) values of the buffered samples divided by the AUC values of

the control samples. (h) clogD is calculated by the Graph Neural Network D-GIN19

analogue 17a with the pyrimidine nitrogen pattern P1/3 and an EC50 value of 3.89 µM, the

missing methyl group had a much greater impact on the inactive 22 – indicating that the

P3/5 nitrogen position is much more sensitive to the presence of the methyl group. Further,

also the nitrogen position P1/5 seems to be affected by the missing methyl group as 39

demonstrated no antiviral activity.

Notably, analogues bearing a CF3 with a similar size but higher lipophilicity than the

replaced methylgroup exhibit low activity (41a-d) - whereas in the case of P1/3 pyrimidine

analogues, no activity was observed (40a-c; except of 40d with weak antiviral activity of

EC50 = 40.95± 19.33 µM).

Subsequently, different ethylamine replacements were tested to investigate the require-

ments (i.e., lipophilic, H-bonding, or steric requirements/limitations) for antiviral activity

combined with the P3/5 nitrogen shift. Two analogues with various lengths and steric re-

quirements were prepared and evaluated to examine the influence of different steric sizes

(Table 1 and 3). The bulkier and more rigid pyrrolidine replacement 28 showed almost
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Table 5. Antiviral activity and ADME properties of piperazine bioisostere scaffold analogues.a

Compoundsb EC50 (µM)e CC50 (µM)f SIg Half-Life (min)h Aq. Sol. (pH 7.4 µg)i cLogDpH 7.4
j

55ac >100 48 0.48 52 ± 29 3.56
55bd >25 >100 4 100 ± 28 3.53
56ac >25 49 1.95 31 ± 26 3.59
56bd >100 12 0.12 44 ± 0.28 22 ± 1.6 3.57
57ac 12 25 2.02 30 ± 0.71 94 ± 3 3.15
57bd 14 47 3.4 78 ± 10 101 ± 2.6 3.17
58ac >88 n.d. n.d. 47 ± 7.6 3.28
58bd >100 n.d. n.d. 81 ± 0.92 3.27
59ac >100 n.d. n.d. 93 ± 1.6 3.30
59bd 8.5 ± 0.52 n.d. n.d. 37 ± 1.8 104 ± 5 3.30
60ac >100 n.d. n.d. 97 ± 19 3.45
60bc 79 ± 14 >88 1.11 n.d. 3.21
60cd 14 ± 1.9 n.d. n.d. 85 ± 0.57 111 ± 13 3.42
60dd 17 ± 3.4 84 ± 9.9 5 n.d. 3.19
61ac 23 ± 1.9 n.d. n.d. 108 ± 15 3.34
61bc 12 ± 1.3 >88 7.5 n.d. 3.09
61cd 19 ± 1.7 n.d. n.d. 64 ± 6.2 109 ± 5.1 3.35
61dd 3.2 ± 0.28 72 ± 6 23 n.d. 3.09
62ac 28 ± 1.5 n.d. n.d. 108 ± 18 3.42
62bc 32 ± 3.8 74 2.3 n.d. 3.17
62cd 11 ± 0.33 n.d. n.d. 74 ± 12 98 ± 3 3.40
62dd 18 ± 2.1 45 ± 1.7 2.5 n.d. 3.17
64ac 23 ± 4 n.d. n.d. 100 ± 3 2.61
64bd 4.2 ± 0.15 n.d. n.d. 91 ± 5 98 ± 8 2.49

(a) Data represent mean values ± SD from at least three independent experiments. ND - not detectable. (b) Compounds synthesized according to
Synthesis Route B. (c) Compounds with a P1/3 scaffold. (d) Compounds with a P3/5 scaffold. (e) The 50% effective concentration (EC50) is the
concentration of compound that is required to inhibit virus-induced cell death by 50%. (f) The 50% cytostatic/cytotoxic concentration (CC50) is
the concentration of compound that reduces the overall metabolic activity of the uninfected, compound-treated cells by 50% as compared to the
untreated, uninfected cell. (g) The selectivity index (SI) is the ration between CC50 and EC50. (h) The half-life (min) in human liver microsomes
with 60min incubation is estimated from the slope of the initial linear range of the logarithmic curve of compound remaining (%) vs time, assuming
the first-order kinetics. (i) The aqueous solubility (pH7.4) is measured by HPLC and calculated by the AUC (Absorbance Unit under the Curve)

values of the buffered samples divided by the AUC values of the control samples. (j) clogD is calculated by the Graph Neural Network D-GIN19

no antiviral activity against the CHIKV, whereas the shortened methylamine counterpart

27 was still active. Based on these findings, further analogues with shorter side chains but

without H-bonding capability were investigated. Compared to their ethylamine counterparts

31b and 34 a 10-fold loss of activity was observed within the nitrogen P3/5 dimethylamine-

analogues 43a-b, respectively. Moreover, combined with the original nitrogen positions

(P1/3), the dimethylamine variation led to a loss of activity in 42b (Table 2). Further, a

small set of analogues without the hydrogen bond capability of the ethylamine (replaced by

chloride) and a primary amine on position 3 showed no gain of activity (44a-c with the low-

est EC50 value of 9.84± 0.35 µM of 44c; Table 4), thus supporting our former results that

the hydrogen bond donor (HBD) is not essential, but its pure absence seems to decrease
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(a) (b)

Figure 2. Minimum energy conformations after MMFF94 energy minimisation until the local minimum was reached and following
alignment. (a) An example illustrating the conformational effects of amide replacement and the torsional angle difference of
sulfonamide and amide scaffold.; the sulfonamide 25 (grey) shows a significant difference in structural conformation compared
to the corresponding amide analogue (violet). (b) Alignment of purine-modified analogue to CHVB-compound series showing
the conformational similarity of the purine-modified compound (blue) and the corresponding CHVB scaffold (grey) - resulting
in similar relative positions of critical functional groups.

the activity.15 Nevertheless, the possibility to replace the ethylamine with the bifurcated

isopropylamine also holds true for the P3/5 nitrogen scaffold as analogue 26 gave similar

antiviral results as its comparable ethylamine compound 25 (EC50 = 3.84 and 2.76 µM).

On the other hand, the additional conversion of the sulfonamide to the amide linker in 29

resulted in an almost 6-fold decrease in activity.

Moesslacher et al. reported that the sulfonamide replacement by an amide linker en-

hances the activity twofold, while the methylene variation results in even more active albeit

cytotoxic analogues.15 This also holds true for most of the new designed analogues except the

ones with altered or omitted pyrimidine side chains i.e. the methyl and ethylamine (e.g., 26

vs. 29, or 15 vs. 17b). This considerable difference in potency between the sulfonamide and

its replacements (amide and methylene) may not only be the result of a possible hydrogen

bond or its absence but also the consequence of a drastically different three-dimensional con-

formational change of the sp3 hybridised sulfonamide and the sp2 hybridised carboxamide.

As the replacement of the linker takes place in the middle of the molecule, that torsional

angle difference forces the substituted phenyl and the pyrimidine ring to change their rela-

tive distances. This may influence the desired antiviral activity since the aromatic ring with

the appropriately placed substituent and the pyrimidine ring with the carefully positioned

nitrogens, ethylamine chain, and methyl are most likely interacting with the target protein

(nsP1) and are directly responsible for the activity (see Figure 2a and Molecular Docking
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in Supporting Information). This hypothesis may lead further to the conclusion that the es-

tablished SAR for the pyrimidine and phenyl regions of sulfonyl-analogues is not transferable

to the amide-bearing compounds - giving an explanation why the combined optimizations

with the introduction of an amide linker made by Moesslacher et al. did not give the desired

gain of activity.15

Therefore, we shifted our focus to the phenyl substitutions in combination with the

P3/5 nitrogen variation and the amide linker. To rationalise the SAR, we first evaluated

30 without any substitutions and then analyzed the effect of different electron-donating

and withdrawing groups on various phenyl positions. Surprisingly, 30 was slightly more

active against the CHIKV in Vero cells than our lead compound 1b - indicating that the

nitrogen shift on the pyrimidine ring has the suspected favourable impact on the activity (see

Table 2 vs. 3). Moreover, all para-substituted analogues demonstrated a similar (31e-f)

or even higher antiviral activity (31a-d and 31g) than the un-substituted compound 30.

Especially the electron-withdrawing NO2 and the weak deactivating halides I and Br led to

a significant increase of potency with EC50 values of 0.91 ± 0.18 µM, 0.70 ± 0.28 µM, and

0.60 ± 0.08 µM. Shifting this three promising substituents to meta position resulted only

with the NO2 modification (32d) in an even higher activity than the correspondent para

analogues (e.g., 31d). Nevertheless, all tested meta-substituted analogues (32a-e) showed

strong activity.

In addition, the combined para and meta substitutions in 33a-d achieved all similar

impressive EC50 values around 1µM - with surprisingly the 3,4-dichloro substituted analogue

33a as the most potent variation (EC50 = 0.57 µM). Consequently, further di-substituted

analogues with meta-meta (34) or ortho-para (35a-d) modifications were designed with two

halogens, two methyl groups, and/or the Cl/NO2 substitution. The 3,5-dichloro analogue

34 gave the most impressive antiviral activity with EC50 values of 0.47 ± 0.06 µM - an

even more remarkably outcome considering that the correspondent P1/3 analogue with the

same phenyl-substitutions 19 and the 2,4-dichloro analogue 35a were completely inactive
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with EC50 values of 66.5 and >100µM, respectively. Further, all the ortho-para substituted

compounds (35a-d) showed no antiviral activity. Interestingly, also the additional chloride

in NO2-substituted compounds seems not to have the desired beneficial impact on the anti-

CHIKV activity as the single-substituted 32d remains the most active of the tested NO2

analogues (see 18b, 32d, 33c, and 35b).

Keeping these results in mind, we designed the next series of analogues with the most

encouraging substitutions: i) 3,5-dichloro and 3,4-dichloro substitutions as they achieved

the lowest EC50 values - with focus on the 3,5-dichloro variation considering the higher

cytotoxicity of the 3,4-dichloro analogue 33a, and ii) a para halide substitution as they have

been demonstrating strong influence on the activity of the compound.

Purine Scaffold. The following pyrimidine modification was inspired by a major and

potent class of antiviral chemotherapeutics - the nucleoside/tide analogues with the com-

monly used pyrimidine and purine ring system.20,21 Moreover, the non-structural protein

(nsP1) of the Chikungunya virus was determined as the main site of action of the CHVB-

compound series, and almost all of the few published small molecules targeting the same

viral protein contain a purine or a purine-like ring system (e.g. the MADPT-series, 6-fluoro-

homoaristeromycin (FAH), 6-fluoro-homoneplanocin A (FHNA), and 5-Iodotubercidine (5-

IT)).13,16,22–24 In addition, in silico designed analogues in which the ethylamine side chain

merges into the additional ring of the purine system showed a high structural analogy to the

parent compound with all three (essential for the activity) nitrogens of the pyrimidine and

ethylamine structure (see Figure 2b). Therefore, different analogues bearing the purine

variation with various replacements for the former pyrimidine-methyl group were designed

and tested. Almost none of these purine compounds showed any antiviral improvement of

the anti-CHIKV activity in Vero cells. Only 45b, 46a, 46c, and 48 gave some antiviral

activity - whereby 46c gave the most interesting results with an EC50 value of 9.48±0.39 µM

and could be an interesting starting point for a new lead optimization process.

Piperazine-Bioisostere Scaffold. The final part of the SAR assessment focused on the
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core region of the compound structures - the piperazine ring. Previous results with mostly

sulfonamide analogues concluded that this region functions solely as a linker that keeps

the needed distance between the phenyl and the pyrimidine ring - groups considered to

interact most probable directly with the target protein.15 A set of compounds with different

heterocycle replacements of the piperazine ring were designed to investigate whether this

conclusion still holds for analogues with an amide linker (see Table 5, 55a-62d).

Analogues with an enlarged core system and a secondary amide instead of the usual

tertiary amide bearing a tert-butyl 4-aminopiperidine-1-carboxylate (55a-b) or tert-butyl

3-aminopiperidine-1-carboxylate (56a-b) replacement, showed no antiviral activity. Surpris-

ingly, moving the additional hydrogen bond donor (HBD) from the sec. amide next to the

pyrimidine ring as a sec. amine, resulted in active albeit toxic and less stable 57a-b com-

pounds (see section In Vitro Absorption, Distribution, Metabolism, and Excretion (ADME)

Profiling). Although the two nitrogens were retained in all three heterocycles, their relative

distance increased - enlarging the area between the two main target-interacting features.

To confirm whether this phenomenon was the consequence of the sec. amine and not the

increased core system, analogues with the same additional HBD with the original distance

between the core nitrogens as piperazine were assessed. Corresponding to the enlarged ana-

logues, the sec. amide containing 58a-b exhibited no antiviral activity, whereas 59b with

a sec. amine next to the pyrimidine ring was active but also unstable. From these facts,

one may conclude that an additional HBD next to the pyrimidine ring is a possible vari-

ation of the lead structure, but it also leads to a decline in metabolic stability. Further,

keeping a similar relative distance between the two main interacting groups as a piperazine

ring also seems beneficial in combination with the amide linker. Therefore, the following

compounds were designed using bridged, fused, and spiro piperazine bioisosteres with a con-

served diameter and partial configuration but more rigid characteristics. From all of these

compounds 61d was the most active one with an EC50 value of 3.20 ± 0.28 µM - revealing

octahydropyrrolo[3,4-c]pyrrole as a viable and interesting modification for future studies.
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Figure 3. Summary of the structural requirements for antiviral activity described in chapter Structure-Activity Relationship
Study.

Figure 3 summarises the structural requirements for antiviral activity described in the

SAR study.

Scaffold Hopping. Taken together all the discovered requirements for a potent CHIKV-

nsp1 interacting small molecule, we performed a scaffold hop for a future hit to lead drug

development studies. As described above, an ethylamine sidechain- and CH3-modifications

on the pyrimidine ring are most favourable in terms of activity in combination with a P3/5

nitrogen scaffold. Considering analogues’ overall much higher bioactivity with pyrimidine ni-

trogen P3/5 scaffold, we decided to preserve this part of the compound structure. Moreover,

to keep the required relative distance and angle between the pyrimidine and the substituted

phenyl regions, a quaternary carbon in the form of a spiro atom was positioned at the center

of the new scaffold. This modification leads to a higher conformational rigidity and enhances

the three-dimensionality of the chemical structure and hence an increased number of possible

interactions with the target binding site.25,26 Moreover, compounds with a higher fraction of

sp3 (Fsp3) as the newly introduced spiro atom would induce, are estimated to succeed more

likely in clinical trials.27,28

Further, by adding the carbonyl group to the chromane heterocycle, we retained the two

hydrogen bond acceptors (from the carbonyl and dihydropyran) from the CHVB scaffold,

which may have a positive impact on the bioactivity. The chromane was further selected for
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the scaffold hop as the benzol part mirrors the former phenyl ring. The two synthesized com-

pounds with the new scaffold 64a-b demonstrated interesting anti-CHIKV potential (Table

5). According to our expectations, 64b with the pyrimidine nitrogen pattern P3/5 was much

more potent than the P1/3 variation (64a). With a EC50 value of 4.16± 0.15 µM 64b could

be a excellent starting point for a lead optimization through an additional structure-activity

study.

Antiviral Profiling. The CHVB-series has been identified as a selective Chikungunya

virus inhibitor with EC50 values against various CHIKV isolates (899 (laboratory), OPY1

(La Reunion), Venturini [Italy 2008], St Martin 20235 P2, St Martin 20236 P3, EFS-1 P3

Martinique, and Congo 95 [2011]) in the low micromolar range and no shown bioactivity

against other alphaviruses.16 Accordingly, the assessed second-generation CHVB compounds

(11a, 12a, 13, and 31a) demonstrated no activity against other alphaviruses (Semiliki Forest

virus (Vietnam strain) and Sindbis virus (HRsp strain)) in virus-cell-based CPE-reduction

assays on Vero cells. Additionally, screening for bioactivity against Human Enterovirus 71

and Zika virus in Vero cells gave negative results for the second-generation CHVB compounds

(data not shown).

The anti-CHIKV activity was further confirmed in a virus yield assay in which treatment

with selected CHVB compounds (31b, 31d, 32d, 34, and 35d) resulted in a pronounced

dose-dependent reduction of viral RNA replication (Figure 4c). Compound 31b had the

most potent activity resulting in a >5 log10 reduction in intracellular CHIKV levels at the

highest concentration tested (60µM). At the concentration of 2.22 µM, compounds 31b and

32d still reduced CHIKV replication with ∼4.5 log10.

A mechanism of action study identified the CHIKV capping machinery as the target of

the CHVB series. A CHVB-resistant variant (CHVBres) carrying two mutations in the gene

encoding nsP1 (responsible for the viral capping, S454G and W456R), one mutation in nsP2

(M703T), and one mutation in nsP3 (L494P) showed a high barrier to resistance to the first
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(a) (b) (c)

Figure 4. (a), (b): Cross-resistance of all tested CHVB compounds with the CHVB-resistant virus (CHVBres). Vero cells
infected with wild-type CHIKV899 (a) and CHVBres (b) were assessed in a CPE reduction assay with increasing doses of
selected CHVB compound. Vero cells were treated with 0 to 100 µM CHVB-compound and infected with wt or the CHIKV
mutant at an MOI of 0.01. The MTS/PMS method determined the cell viability three days postinfection. Data are mean
values ± SD from three independent experiments. (c): The effect of different concentrations of selected CHVB-compounds on
the intracellular CHIKV RNA levels in CHIKV899-infected Vero cells (MOI, 0.01) was quantified by real-time qRT-PCR at
48 h p.i. Data shown are mean values ± SD from two independent experiments. CPE, cytopathic effect; wt, wild type; VC,
virus control (untreated).

generation CHVB-compounds.16 To investigate whether this second-generation CHVB com-

pounds also exerted less antiviral activity against the CHVBres virus, a selection of CHVB-

compounds was additionally assessed for cross-resistance with CHVBres (Figure 4a and

4b). A similar level of resistance was measured with a fold resistance (EC50 CHVBres/EC50

CHKVwt) ranging from 9.7 (34) up to 15 (35d) - suggesting that the viral capping machin-

ery remains the main target for the optimized compounds of the CHVB series. Therefore,

a molecular docking study was performed to identify possible molecular interactions and

important chemical features of the CHVB compounds with their main viral target protein

(nsP1, see Supporting Information).29

In Vitro Absorption, Distribution, Metabolism, and Excretion (ADME) Pro-

filing. The objective of discovering new analogues with improved antiviral potency over 1b

was realised for a remarkable number of compounds described above. However, high antiviral

activity is one of many essential parameters in successful drug development. Therefore, to

better understand the druggability of the compounds, the analogues were evaluated for their

physiochemical properties and their metabolic stability in human liver microsomes (HLMs).

Physiochemical parameters, such as the aqueous solubility and LogDpH 7.4, are crucial

criteria in early drug design as they highly influence the absorption and distribution of the
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drug.30 Therefore, we assessed these parameters for all 100 compounds. The LogDpH 7.4 value

ranged from 2.40 to 3.83 (pH = 7.4). Further, the aqueous solubility at pH 7.4 differed from

poor solubility (13 compounds with <50 µM) to a vast number of highly soluble compounds

(56 compounds with >100µM) including all the most potent compounds with EC50 values

under 3 µM.

With a view to in vivo pharmacological experiments, we further characterised the in

vitro microsomal half-life (t1/2) after 60min incubation of the compounds in human liver

microsomes (HLMs). Therefore, 55 analogues were selected according to their antiviral

profile and/or structural scaffold to investigate the influence of various structural changes

on their pharmacokinetic profile. The results of the in vitro HLM metabolism study are

summarised in Table 1-5.

The compounds showed an overall high stability with a mean half-life time of >60min

for 37 analogues. These results confirmed the previously conducted in silico investigation,

in which all 100 compounds were screened according to their metabolic stability - revealing

possible sites of metabolism (SoMs) such as the methyl and ethylamine side-chain on the

pyrimidine ring.31,32

Scaffold-dependent metabolic stability was observed through the investigated CHVB se-

ries. All analogues with the preferable nitrogen P3/5 scaffold showed a significantly higher

metabolic stability than their P1/3 counterparts (e.g., 32d vs 18b, and 24 vs 15), which

may indicate that the difference in local electron density (introduced by the electroneg-

ative nitrogen atoms) could influence the metabolic property. Further, almost all tested

sulfonamide-analogues were not stable in human liver microsome - suggesting that the liver

would rapidly metabolise them. Only in combination with the stabilising P3/5 nitrogen

position in the pyrimidine ring enhanced metabolic stability could be observed within the

sulfonamide analogues 24 and 27.

A similar effect was seen within analogues without the CH3 group at the pyrimidine

ring. Both, 14 and 15 with a P1/3 scaffold were less stable than the P3/5 23 and 24
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compounds. Interestingly, even higher stability was reached when the lacking CH3 scaffold

was combined with an amide as it is in 17a-b. In addition, the conversion of the methyl

to a trifluoromethyl showed no gain in stability (see 40a-d and 41b). As the introduction

of a fluorine atom at the SoM is a commonly used strategy to enforce higher stability, the

destabilising effect of the CF3 group may be caused by the rupture of the C-F bond (despite

its strength) during metabolism.33–36 The two assessed purine analogues 46c and 48 with

CF3 or Cl at the methyl position resulted, on the other hand, in a good half-life time.

Compounds with a piperazine-bioisostere scaffold showed heterogeneous results. While

the primary amide compound 56b and the sec. amine analogues 57a and 59b demonstrated

low half-life time, all the other assessed piperazine-variations gave similar metabolic stability

as the piperazine compound 34. It is worthy to note that also the P3/5 variation of the sec.

amine 57b exhibited a t1/2 of >60min.

The most potent compounds (bearing a P3/5 and amide scaffold) gave a high half-life

time over 60min with the high active 31d as the overall most stable compound (100%

compound remaining after 60min incubation).

Toxicological Profiling. The ten most promising compounds (31a-d, 31g, 32b, 32d,

33a, 34, and 35d) were evaluated for their cytotoxic activity in vitro against the CaCo-

2 cell line. No significant cytotoxic effects were detected (see Supporting Information).

Additionaly, to analyze whether the CHVB compound series increases the expression of the

apoptosis proteins caspase-3 and PARP, western blot experiments were performed with the

same ten analogues. Since the caspase and PARP are apoptosis-indicating proteins, they can

be used for the detection of cytotoxicity and to assess programmed cell death, respectively.37

All compounds showed compared to the control (DMSO) neither for caspase-3 nor for PARP

increased expression in all assessed concentrations. A representative blot is given in Figure

5.

Moreover, the Inte:Ligand Tox Pharmacophore DB was used for toxicity profiling of all
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(a)
(b)

Figure 5. The assessed CHVB analogues have no increasing effect on the expression of the apoptosis proteins (cleaved caspase-3,
caspase-3, cleaved PARP, and PARP). (a) Mean data of western blots of CaCo-2 cells lysate after 72 h treatment of different
concentration of 32d and control (n = 3). (b) Representative western blot from 32d. The densitometry values were normalized
to β-tubulin and set in relation to the control (DMSO).

100 synthesized compounds, but no significant effect was discovered on the hERG channel.38

The predicted biological safety regarding possible hERG interactions was further investigated

in a patch-clamp assay in Xenopus oocytes with thioridazine hydrochloride as a positive

control.39,40 A 30% reduction of peak tail current was defined as the border for positive

hERG blockade. 13 (core structure of the molecule series) was tested up to a concentration

of 30 µM, showing an inhibition of 9.63± 5.13% (n = 5) and thus no significant interaction

above the critical defined borderlines.

Overall, neither the in silico nor the in vitro assay showed any relevant interactions

of our CHVB-series with the hERG potassium channel and no significant cytotoxicity was

determined - making the CHVB compound series overall a safe candidate for antiviral drug

development.

Conclusion

In this study, we present the lead optimization of the CHVB-compound 1b in light of the

in vitro anti-CHIKV activity and ADMET profile. Further, we report an optimized synthe-

sis route (Synthesis Route B), which improved the accessibility of the designed analogues,

and the overall yield in remarkable shorter synthesis and work-up time. Altogether, 100
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CHVB analogues were synthesized, tested for their antiviral activity against CHIKV by

CPE-reduction assays in Vero cells, and assessed for their in vitro physicochemical and tox-

icological profile. The compounds showed overall an excellent safety profile and favourable

physicochemical characteristics. The antiviral activity was confirmed in a virus yield assay.

Out of this 100 novel CHVB compounds, 68 were active (EC50 ≤ 40 µM), 43 in a low micro-

molar range (EC50 ≤ 10 µM) and 24 more active than the initial lead compound 1b (EC50

value of 3.95±0.01 µM). Moreover, 10 compounds demonstrated a remarkable high antiviral

activity with EC50 values under 1 µM.

A thorough SAR study focusing mainly on the combination of scaffold changes revealed

the structural requirement for a high antiviral activity against the CHIKV (see Figure 3). Of

these requirements, the positions of the nitrogens in the pyrimidine ring in combination with

a sulfonamide or an amide bridge significantly impacted the biological activity. Interestingly,

a structure-metabolism relationship study (SMR) identified the same functional groups as

the SAR study to be highly influential in metabolic stability - making the most active

compounds the most stable. Hence, the discussed analogues can be categorized according to

their positioning of the nitrogens in the pyrimidine ring (P1/3, P3/5, and P1/5) and whether

their scaffold has a sulfonamide or an amide.

Furthermore, a cross-resistance study confirmed the viral capping machinery to be the

viral target of these second-generation CHVB compounds. An additional molecular docking

study showed possible interactions between the compound series and their biological target

protein (nsP1, Supporting Information). Neither hERG channel interactions nor in vitro

cytotoxicity in CaCo-2 cells was detected for this compound series - making this compound

series an overall safe candidate for further in vivo studies.

Together, these data identify five compounds, namely 31b, 31d, 32d, 34, and 35d, as

highly potent, safe, and stable lead compounds for further development as antiviral inhibitors
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of the CHIKV. Of all promising new lead compounds, 32d demonstrates the most druggable

characteristics throughout all assessed assays. Finally, the collected insight and knowledge

led to a successful scaffold hop (64b) for future antiviral research studies.

Experimental

Chemistry Materials and General Analytical Methods. All reagents and solvents

(of analytical and HPLC grades) were purchased from Sigma-Aldrich or other commercial

suppliers like Fluka and Alfa Aesar and were used without further purification. Moisture-

sensitive reactions were performed using anhydrous solvents and under an argon atmosphere.

EtOH, THF and DCM were dried before use. Disposable needles and syringes (B— Braun

Inject and B— Braun Sterican®) were applied to transfer the solvents into the reaction

flask. The solvents were removed under reduced pressure using the Heildolph Laborota

4000 efficient evaporator. Analytical thin-layer chromatography (TLC) was carried out on

Polygram® SIL G/UV254 plates, layer 0.2mm silica gel with fluorescent indicator. The spots

were visualised by UV light (254 and 366 nm) with CAMAG UV Lamp 4. A part of the

syntheses was performed in Cem Discover to obtain microwave conditions. Compounds were

purified, performing a flash chromatography on a glass column using Merck silica gel (40−60

mesh) or on the Biotage® Isolera™ One System. The solvent mixtures for chromatography are

always referred to as a vol/vol ratio, and the melting points were determined on Cambridge

Instruments.

NMR spectra were recorded on a Bruker Avance 500 NMR spectrometer (UltraShield)

using a 5mm switchable probe (TCI Prodigy Kryo-probe head, 5mm, triple resonance-

inverse-detection probe head) with z-axis gradients and automatic tuning and matching

accessory (Bruker BioSpin). The resonance frequency for 1H NMR was 500.13MHz and for

13C NMR 125.75MHz. All measurements were performed for a solution in fully deuterated

dimethylsulfoxide at 298 K. Standard 1D and gradient-enhanced 2D experiments, like double
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quantum filtered (DQF) COSY, HSQC, and HMBC, were used as supplied by the manufac-

turer. Chemical shifts are referenced internally to the residual, non-deuterated solvent signal

1H (δ 2.50 ppm) and the carbon signal 13C (δ 39.50 ppm) of dimethylsulfoxide. 19F NMR

spectra were recorded on a Bruker Avance III 400 NMR spectrometer (UltraShield) using a

5mm switchable probe (BBFOPLUS, BB/19F – 1H/D) with z-axis gradients and automatic

tuning and matching accessory (Bruker BioSpin). The resonance frequency for 1H NMR was

400.23MHz and for 19F NMR 376.55MHz. All measurements were performed for a solution

in fully deuterated dimethylsulfoxide at 298 K. 19F NMR spectra (broadband decoupled for

1H) were measured as supplied by the manufacturer using absolute referencing via Ξ ratio.

Chemical shifts are given in ppm and are reported relative to TMS and referenced to the

residual proton signal of d6-DMSO (2.50 ppm). d6-DMSO with 0.03% TMS (V/V), pur-

chased at Euriso-top®, was used as a solvent for the samples. The specified abbreviations

were used to characterize the signals: s = singlet, d = doublet, t = triplet, q = quartet,

quint = quintet, sext = sextet, m = multiplet, and br = broad signal. The spectra were

analysed by a computer using the software MestReNova 6 (Mestrelab research, 1994).

HRESIMS spectra were obtained on a maXis HD ESI-Qq-TOFmass spectrometer (Bruker

Daltonics, Bremen, Germany). Samples were dissolved to 20µg/mL in MeOH and directly

infused into the ESI source at a flow rate of 3µL/min with a syringe pump. The ESI ion

source was operated as follows: capillary voltage: 0.9 to 4.0 kV (individually optimized),

nebulizer: 0.4 bar (N2), dry gas flow: 4 L/min (N2), and dry temperature: 200 °C. Mass

spectra were recorded in the range of m/z 50 to 1550 in the positive-ion mode. The sum for-

mulas were determined using Bruker Compass DataAnalysis 4.2 based on the mass accuracy

(∆m/z ≤ 2 ppm) and isotopic pattern matching (SmartFormula algorithm).

The purity of the compounds was determined by HPLC on LC-2010A HT Liquid Chro-

matograph device (Shimadzu Corporation, Tokyo, Japan). The separation was carried out

on an Acclaim 120 C18, 2.1× 150 mm, 3 µm HPLC column (Thermo Fisher Scientific) using

LCMS-grade water with 0.1% FA and acetonitrile with 0.1% FA as mobile phase A and
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B, respectively. The sample components were separated and eluted with a linear gradient

from 5 to 95% B in 30min, followed by an isocratic column cleaning and re-equilibration

step. The flow rate was 0.1mL/min, and the column oven temperature was set to 25 °C.

The purity was determined from the UV chromatogram (254 nm) as the ratio of the peak

area of the compound to the total peak area (i.e., the sum of the areas of all peaks that were

not present in the solvent blank). Based on the HPLC data, all final compounds are ≥95%

pure.

General Synthetic Procedures.

Arylamine alkylation reaction for the synthesis of pyrimidine amines 3a-h and

9a-h can be performed according to General Synthetic Procedure A1 or General Synthetic

Procedure A2.

General Synthetic Procedure A1. A stirred solution of pyrimidine (1 equiv) in

anhydrous ethanol under an inert atmosphere was cooled to 0 °C before amine (2 equiv) was

added dropwise. The reaction mixture was brought to room temperature and stirred for

48 hours. After evaporating the solvent, the residue was dissolved in dichloromethane and

washed twice with water and brine. The organic layer was dried over sodium sulphate and

then evaporated to dryness. To afford the desired pyrimidine amines, the crude product was

purified by column chromatography (SiO2, eluent: hexane/EtOAc or DCM/MeOH).

General Synthetic Procedure A2. A stirred solution of pyrimidine (1 equiv) in

anhydrous THF under an inert atmosphere was cooled to 0 °C before amine (2 equiv) was

added dropwise. The reaction mixture was brought to room temperature and stirred for 14

hours. After evaporation of the solvent, the residue was dissolved in dichloromethane and

washed twice with H2O and brine. The organic layer was dried over sodium sulphate and

then evaporated to dryness. To afford the desired pyrimidine amines, the crude product was

purified by column chromatography (SiO2, eluent: DCM/MeOH).

30

Design, Synthesis, and Lead Optimisation of CHVB Series Analogues as Potent Small Molecule Inhibitors of Chikungunya Virus Battisti et al.

26.07.2022



Synthesis Route A

General Synthetic Procedure B: Synthesis of compounds 4a-d, 20a-20e, and 37.

The pyrimidine amine 3a-h/9a-h (1 equiv) and the Boc-protected pyridine 2 (2 equiv)

were dissolved/suspended in 1.5mL dry ethanol. The mixture was heated to 155 °C for 30

minutes under microwave irradiation (250 Watt, 12 bars). After the solvent was evaporated,

the resulting crude product was dissolved in dichloromethane and washed twice with K2CO3

solution (10% in water) and with water. The organic layer was dried over sodium sulphate,

filtered, and then evaporated to dryness. To obtain the pure product, the crude was purified

by column chromatography (SiO2, eluent: 80% dichloromethane/20% methanol).

General Synthetic Procedure C: Acid-catalysed deprotection of tert-

butoxycarbonyl-protected amines 5a-d, 21a-e, and 38. Carboxylate (1 equiv) was

dissolved in dry tetrahydrofuran and stirred at room temperature, and then the hydrochlo-

ric acid solution (4.0 M in dioxane, 10 equiv) was added dropwise. The mixture was stirred

for 24 hours and evaporated to dryness. The residuum was dissolved in dichloromethane,

washed twice with an aqueous solution of potassium carbonate (10%) and with water. The

organic phase was dried over sodium sulphate and filtered to obtain the desired product.

General Synthetic Procedure D: Acylation reaction of nitrogen heterocycles.

The pyrimidine (1 equiv) was dissolved in DCM. Sulfonyl chloride/benzoyl chloride (1 equiv)

and triethylamine (1 equiv) as a base was added and stirred overnight at room temperature.

The mixture was diluted in DCM and washed twice with H2O and brine. The organic

layer was dried over Na2SO4, filtered and concentrated in vacuum. The crude product was

purified by recrystallization (DIPE/EtOAc; DIPE/EtOH or Hexane/EtOAc) or by column

chromatography (SiO2, eluent: DCM/MeOH).

Synthesis Route B

General Synthetic Procedure E: Nucleophilic acyl substitution for the synthesis

of 6a-f and 53a-k. To a stirring solution of N-BOC-protected aminopiperazine/piperidines
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(1 equiv) in pyridine, 0.006 equiv of DMAP was added. The solution was cooled down to

0 °C, and the benzoyl chloride (1.5 equiv) was added dropwise over 5 minutes. The reaction

mixture was brought to room temperature and stirred for 15 hours. The crude was poured

on ice, and the precipitated solid was collected by vacuum filtration and dried.

General Synthetic Procedure F: Acid-catalysed deprotection of tert-

butoxycarbonyl-protected amines 7a-f and 54a-k. The boc-deprotection was per-

formed similarly as in Synthesis Route A (General Synthetic Procedure C). After cooling

down the dissolved intermediate to 0 °C TFA (50 equiv) was added. The reaction mixture

was brought to room temperature and stirred for 15 hours. The solvent was evaporated, and

the residue was re-dissolved in DCM. The organic layer was washed with saturated NaHCO3

and H2O, dried over sodium sulphate, and filtered to obtain the desired product.

General Synthetic Procedure G: Amination of aryl halides. The pyrim-

idine amine (3a-h/9a-h, 1 equiv) and the piperazine/pyridine (1-2 equiv) were dis-

solved/suspended with TEA (15-30 equiv) in 1.5mL dry EtOH under inert atmosphere.

The mixture was heated to 155 °C for 30 minutes under microwave irradiation (250 Watt, 12

bars). After the solvent was evaporated, the resulting crude was dissolved in dichloromethane

and washed twice with K2CO3 solution (10% in water) and H2O. The organic layer was dried

over sodium sulphate, filtered, and evaporated to dryness. The crude was purified by flash

column chromatography (SiO2, eluent: gradient from 0 to 15% MeOH in DCM) to obtain

the pure product.

Characterization and Spectral Data.

(4-chlorophenyl)(4-(4-(ethylamino)-6-methylpyrimidin-2-yl)piperazin-1-

yl)methanone (10a). Compound 10a was prepared following General Synthetic

Procedure D using 5a (150mg, 0.68mmol), 4-chlorobenzoyl chloride (118mg, 0.67mmol)

and TEA (69mg, 0.68mmol) in DCM. The crude product was purified by recrystallization

(DIPE/EtOAc), resulting in 123mg of pure product (yield 50%) as white solid.
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Mp 142.4 to 144.1 °C. Ret. Time 13.41min, purity 99.0%. HRESIMS m/z 360.1588

[M+H]+ (calcd for C18H23ClN5O
+
2 , 360.1586, ∆ = -0.7 ppm). 1H NMR (500MHz, d6DMSO)

δ = 1.08 (t, 3H, CH3), 2.04 (s, 3H, pyr-CH3), 3.22 (br, 2H, NCH2), 3.34-3.73 (br, 4H, pip-

H2,6), 3.64 (br, 4H, pip-H3,5), 5.63 (s, 1H, pyr-H), 6.84 (br, 1H, NH), 7.46 (m, 2H, Ph-H2,6),

7.52 (m, 2H, Ph-H3,5). 13C NMR (125MHz, d6DMSO) δ = 14.73 (CH3), 23.83 (pyr-CH3),

34.90 (NCH2), 41.76/43.61 (pip- C3,5), 43.09/47.17 (pip-C2,6), 94.61 (pyr-C5), 128.61 (Ph-

C3,5), 129.15 (Ph-C2,6), 134.29 (Ph-C4), 134.74 (Ph-C1), 161.13 (pyr-C2), 163.03 (pyr-C6),

168.21 (amide-C), n.d. (pyr-C4).

(4-bromophenyl)(4-(4-(ethylamino)-6-methylpyrimidin-2-yl)piperazin-1-

yl)methanone (10b). Compound 10b was prepared following General Synthetic

Procedure D using 5a (57mg, 0.3mmol), 4-bromobenzoyl chloride (84.9mg, 0.39mmol,

1.5 equiv) and TEA (31mg, 0.3mmol) in DCM. The crude product was by column

chromatography (SiO2, eluent: DCM/MeOH), resulting in 24mg of pure product (yield

23%) as white solid.

Mp 74 to 77 °C. Ret. time. 14.17min, purity 95.6%. HRESIMS m/z 404.1084 [M+H]+

(calcd for C18H23BrN5O
+, 404.1080, ∆ = -0.8 ppm). 1H NMR (500MHz, d6DMSO) δ =

1.08 (t, 3H, CH3), 2.05 (s, 3H, pyr-CH3), 3.23 (br, 2H, NCH2), 3.65 (d, 4H, pip-H3,5), 3.73

(d, 4H, pip-H2,6), 5.63 (s, 1H, pyr-H5), 6.84 (br, 1H, NH), 7.39 (d, 2H, Ph-H2,6), 7.66 (d,

2H, Ph-H3,5). 13C NMR (125MHz, d6DMSO) δ = 14.65 (CH3), 23.79 (pyr-CH3), 34.63

(NCH2), 43.33 (pip-C2,6), 43.33 (pip-C3,5), 122.93 (Ph-C4), 129.29 (Ph-C2,6), 131.44 (Ph-

C3,5), 135.07 (Ph-C1), 168.14 (amide-C), n.d. (pyr-C2), n.d. (pyr-C4), n.d. (pyr-C5), n.d.

(pyr-C6).

(4-(4-(ethylamino)-6-methylpyrimidin-2-yl)piperazin-1-yl)(4-

iodophenyl)methanone (10c). Compound 10c was prepared following General

Synthetic Procedure D using 5a (200mg, 0.9mmol), 4-iodoobenzoyl chloride (240mg,
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0.9mmol) and TEA (100mg, 0.9mmol) in DCM. The crude product was purified by column

chromatography (SiO2, eluent: DCM/MeOH) resulting in 152mg of pure product (yield

37%) as white/yellow solid.

MP 86 to 88 °C. Ret. time. 13.42min, purity 96.7%. HRESIMS m/z 452.0955 [M+H]+

(calcd for C18H23IN5O
+, 452.0942, ∆ = -2.9 ppm). 1H NMR (500MHz, d6DMSO) δ = 1.08

(t, 3H, CH3), 2.05 (s, 3H, pyr-CH3), 3.22 (br, 2H, NCH2), 3.63 (d, 4H, pip-H3,5), 3.73 (d,

4H, pip-H2,6), 5.62 (s, 1H, pyr-H5), 6.84 (br, 1H, NH), 7.23 (d, 2H, Ph-H2,6), 7.83 (d,

2H, Ph-H3,5). 13C NMR (125MHz, d6DMSO) δ = 14.68 (CH3), 23.80 (pyr-CH3), 34.68

(NCH2), 43.11 (pip-C2,6), 43.49 (pip-C3,5), 96.46 (Ph-C4), 129.18 (Ph-C2,6), 135.35 (Ph-

C1), 137.25 (Ph-C3,5), 161.06 (pyr-C4), 163.17 (pyr-C6), 168.36 (amide-C), n.d. (pyr-C2),

n.d. (pyr-C5).

1-(4-(4-(ethylamino)-6-methylpyrimidin-2-yl)piperazin-1-yl)butan-1-one

(11a). Compound 11a was prepared following General Synthetic Procedure D using 5a

(100mg, 0.45mmol), butyryl chloride (49mg, 0.45mmol) and TEA (46mg, 0.45mmol)

in DCM. The crude product was purified by column chromatography (SiO2, eluent:

DCM/MeOH, 8:2), resulting in 50mg of pure product (yield 38%) as white/yellow solid.

Mp 77%. Ret. Time 10.66min, purity 96.6%. HRESIMS m/z 292.2139 [M+H]+ (calcd

for C15H26N5O
+
2 , 292.2132, ∆ = -2.4 ppm). 1H NMR (500MHz, d6DMSO) δ = 0.89 (t, 3H,

CH3), 1.09 (t, 3H, CH3), 1.52 (m, 2H, CH2), 2.05 (s, 3H, pyr-CH3), 2.31 (t, 2H, CH2), 3.24

(br, 2H, NCH2), 3.45-3.46 (m, 4H, pip-H2,6), 3.60-3.66 (m, 4H, pip-H3,5), 5.62 (s, 1H, pyr-H),

6.82 (br, 1H, NH). 13C NMR (125MHz, d6DMSO) δ = 13.91 (C4), 14.74 (CH3), 18.29 (C3),

23.84 (pyr-CH3), 34.35 (C2), 34.79 (NCH2), 40.98/44.91 (pip- C2,6), 43.24/43.68 (pip-C3,5),

94.08 (pyr-C5), 161.15 (pyr-C2), 163.03 (pyr-C6), 170.79 (amide-C), n.d. (pyr-C4).

cyclohexyl(4-(4-(ethylamino)-6-methylpyrimidin-2-yl)piperazin-1-

yl)methanone (11b). Compound 11b was prepared following General Synthetic

Procedure D using 5a (100mg, 0.45mmol), cyclohexanecarbonyl chloride (82mg,
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0.55mmol) and TEA (46mg, 0.45mmol) in DCM. The crude product was purified by

column chromatography (SiO2, eluent: DCM/MeOH, 8:2), resulting in 67mg of pure

product (yield 45%) as white/yellow solid.

Mp resinous substance. Ret. Time 14.06min, purity 95.8%. HRESIMS m/z 332.2406

[M+H]+ (calcd for C18H29N5O
+, 332.2411, ∆ = -1.4 ppm). 1H NMR (500MHz, d6DMSO)

δ = 1.08 (t, 3H, CH3), 1.12/1.60 (m, 2H, cyc-H4), 1.26/1.76 (m, 4H, cyc-3,5), 1.35/1.98

(m, 4H, cyc-H2,6), 2.05 (s, 3H, pyr-CH3), 3.12 (m, 1H, cyc-H1), 3.23 (t, 2H, NCH2), 3.24

(t, 4H, pip-H3,5), 3.69 (t, 4H, pip-H2,6), 5.63 (s, 1H, pyr-H), 6.86 (br, 1H, NH); 13C NMR

(125MHz, d6DMSO) δ = 14.71 (CH3), 23.81 (pyr-CH3), 24.55 (cyc-C3,5), 24.86 (cyc-C4),

26.28 (cyc-C2,6), 34.68 (NCH2), 43.73 (pip-C2,6), 45.58 (pip- C3,5), 59.33 (cyc-C1), 94.22

(pyr-C5), 163.03 (pyr-C6), 160.98 (amide-C), n.d. (pyr-C2), n.d. (pyr-C4).

N-ethyl-6-methyl-2-(4-(propylsulfonyl)piperazin-1-yl)pyrimidin-4-amine

(12a). Compound 12a was prepared following General Synthetic Procedure D using 5a

(100mg, 0.45mmol), propane-1-sulfonyl chloride (64mg, 0.45mmol) and TEA (46mg,

0.45mmol) in DCM. The crude product was purified by column chromatography (SiO2,

eluent: DCM/MeOH, 8:2), resulting in 55mg of pure product (yield 37%) as white solid.

Mp 114 °C. Ret. time 11.90min, purity 99.3%. HRESIMS m/z 328.1809 [M+H]+ (calcd

for C14H26N5O2S
+, 328.1802, ∆ = -2.3 ppm). 1H NMR (500MHz, d6DMSO) δ = 0.97 (t, 3H,

propyl-CH3), 1.09 (t, 3H, CH3), 1.69 (s, 2H, propyl-CH22), 2.05 (m, 3H, pyr-CH3), 3.00 (m,

2H, propyl-CH2), 3.15 (m, 4H, pip-H3,5), 3.23 (br, 2H, NCH2), 3.73 (m, 4H, pip-H2,6), 5.63

(s, 1H, pyr-H), 6.85 (br, 1H, NH). 13C NMR (125MHz, d6DMSO) δ = 14.71 (CH3), 12.93

(propyl-C3), 16.37 (propyl-C2), 23.82 (pyr-CH3), 34.67 (NCH2), 43.18 (pip-C2,6), 45.23 (pip-

C3,5), 48.88 (propyl-C1), 94.29 (pyr-C5), 160.97 (pyr-C2), 163.06 (pyr-C6), n.d. (pyr-C4).

N-ethyl-6-methyl-2-(4-(naphtalen-2-ylsulfonyl)piperazin-1-yl)pyrimidin-4-

amine (12b). Compound 12b was prepared following General Synthetic Procedure D
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using 5a (100mg, 0.45mmol), naphtalene-2-sulfonyl chloride (105mg, 0.46mmol) and

TEA (46mg, 0.45mmol) in DCM. The crude product was purified by recrystallization

(DIPE/EtOAc), resulting in 60mg of pure product (yield 32%) as white solid.

Mp 180.7 °C. Ret. time 15.91min, purity 99.3%. HRESIMS m/z 412.1810 [M+H]+

(calcd for C21H26N5O2S
+, 412.1802, ∆ = -2.1 ppm). 1H NMR (500MHz, d6DMSO) δ = 1.03

(t, 3H, CH3), 1.97 (s, 3H, pyr-CH3), 2.96 (m, 4H, pip-3,5), 3.16 (br, 2H, NCH2), 3.74 (m, 4H,

pip-H2,6), 5.55 (s, 1H, pyr-H), 6.80 (br, 1H, NH), 7.69 (ddd, 1H, J = 8.1 Hz, 4.9 Hz, 1.3 Hz,

nap-H7), 7.73 (ddd, 1H, J = 8.1 Hz, 6.9 Hz, 1.4 Hz, nap-H6), 7.77 (dd, 1H, J = 8.7 Hz, 1.9

Hz, nap-H3), 8.07 (d, 1H, J = 8.1 Hz, nap-H5), 8.15 (d, 1H, J = 8.7 Hz, nap-H4), 8.21 (d, 1H,

J = 8.1 Hz, nap-H8), 8.44 (d, 1H, J = 1.9 Hz, nap-H1). 13C NMR (125MHz, d6DMSO) δ =

14.58 (CH3), 23.67 (pyr-CH3), 34.54 (NCH2), 42.50 (pip-C2,6), 45.87 (pip-C3,5), 94.08 (pyr-

C5), 122.89 (nap-C3), 127.70 (nap-C7), 127.90 (nap-C5), 128.84 (nap-C1), 129.08 (nap-C6),

129.38 (nap-C4), 129.38 (nap-C8), 132.12 (nap-C2), 131.79 (nap-C8a), 134.46 (nap-C4a),

160.61 (pyr-C2), 162.88 (pyr-C6), n.d. (pyr-C4).

N-ethyl-6-methyl-2-(4-(thiophen-2-ylsulfonyl)piperazin-1-yl)pyrimidin-4-

amine (12c). Compound 12c was prepared following General Synthetic Procedure D using

5a (100mg, 0.45mmol), thiophene-2-sulfonyl chloride (83mg, 0.46mmol) and TEA (46mg,

0.45mmol) in DCM. The crude product was purified by recrystallization (DIPE/EtOAc),

resulting in 25mg of pure product (yield 15%) as white/yellow solid.

Mp 160.4 to 171.1 °C. Ret. time 13.55min, purity 98.3%. HRESIMS m/z 368.1218

[M+H]+ (calcd for C15H22N5O2S
+, 368.1209, ∆ = -2.4 ppm). 1H NMR (500MHz, d6DMSO)

δ = 1.06 (t, 3H, CH3), 2.02 (s, 3H, pyr-CH3), 2.92 (m, 4H, pip-H3,5), 3.20 (br, 2H, NCH2),

3.77 (m, 4H, pip-H2,6), 5.60 (s, 1H, pyr-H), 6.86 (br, 1H, NH), 7.28 (dd, 1H, J = 8.8 Hz,

th-H4), 7.65 (dd, 1H, J = 5.1 Hz, th-H3), 8.05 (dd, 1H, J = 6.3 Hz, th-H5). 13C NMR

(125MHz, d6DMSO) δ = 14.61 (CH3), 23.69 (pyr-CH3), 34.56 (NCH2), 42.38 (pip-C2,6),

45.79 (pip-C3,5), 94.55 (pyr-C5), 128.42 (th-C4), 133.25 (th-C3), 134.03 (th-C5), 134.45

(th-C2), 160.71 (pyr-C2), 162.94 (pyr-C6), 174.77 (pyr-C4).
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2-(4-((6-chloropyridin-3-yl)sulfonyl)piperazin-1-yl)-N-ethyl-6-

methylpyrimidin-4-amine (12d). Compound 12d was prepared following General

Synthetic Procedure D using 5a (100mg, 0.45mmol), 6-chloropyridine-3-sulfonyl chloride

(109mg, 0.52mmol) and TEA (46mg, 0.45mmol) in DCM. The crude product was purified

by recrystallization (DIPE/EtOAc), resulting in 106mg of pure product (yield 59%) as

white/yellow solid.

Mp 179.8 to 180.6 °C; Ret. time 13.61min, purity 97.5%. HRESIMS m/z 397.1220

[M+H]+ (calcd for C16H22ClN6O2S
+, 397.1208, ∆ = -3.1 ppm). 1H NMR (500MHz,

d6DMSO) δ = 1.06 (t, 3H, CH3), 2.01 (s, 3H, pyr-CH3), 2.99 (m, 4H, pip-H3,5), 3.19 (br, 2H,

NCH2), 3.76 (m, 4H, pip-H2,6), 5.59 (s, 1H, pyr-H), 6.84 (br, 1H, NH), 7.78 (dd, 1H, J = 8.8

Hz, pyridine-H5), 8.18 (dd, 1H, J = 11.0 Hz, pyridine-H4), 8.75 (dd, 1H, J = 3.0 Hz, pyridine-

H2). 13C NMR (125MHz, d6DMSO) δ = 14.62 (CH3), 23.70 (pyr-CH3), 34.48 (NCH2), 42.39

(pip-C2,6), 45.58 (pip-C3,5), 94.41 (pyr-C5), 125.40 (pyridine-C5), 131.26 (pyridine-C3),

138.95 (pyridine-C4), 148.55 (pyridine-C2), 154.57 (pyridine-C6), 160.59 (pyr-C2), 162.94

(pyr-C6), 174.29 (pyr-C4).

2-(4-((4-fluorophenyl)sulfonyl)piperazin-1-yl)pyrimidine (13). Compound 13

was prepared following General Synthetic Procedure D using 2-(piperazin-1-yl)pyrimidine

(127mg, 0.77mmol), 4-fluorobenzenesulfonyl chloride (150mg, 0.77mmol) and TEA (78mg,

0.78mmol) in DCM. The crude product was purified by column chromatography (SiO2, elu-

ent: DCM/MeOH, 9:1), resulting in 215mg of pure product (yield 86%) as white solid.

Mp 198.4 to 200.0 °C. Ret. Time 23.46min, purity 97.2%. HRESIMS m/z 323.0972

[M+H]+ (calcd for C14H16FN4O2S
+, 323.0973, ∆ = -0.1 ppm). 1H NMR (500MHz, d6DMSO)

δ = 2.95 (t, 4H, pip-H3,5), 3.82 (t, 4H, pip-H2,6), 6.64 (t, 1H, pyr-H5), 7.47 (m, 2H, Ph-3,5),

7.82 (m, 2H, Ph-H2,6), 8.33 (d, 2H, pyr-H4,6). 13C NMR (125MHz, d6DMSO) δ = 42.58

(pip-C2,6), 45.68 (pip- C3,5), 110.81 (pyr-C5), 116.79 (3J(13C,19F) = 22.3 Hz, Ph-C3,5),
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130.75 (3J(13C,19F) = 9.4 Hz, Ph-C2,6), 131.20 (3J(13C,19F) = 3.1 Hz, Ph-C1), 158.09 (pyr-

C4,6), 160.84 (pyr-C2), 164.79 (3J(13C,19F) = 250.49 Hz, Ph-C4). 19F NMR (376.55MHz,

d6DMSO) δ = -105.56 (Ph-F).

2-(4-((4-fluorophenyl)sulfonyl)piperazin-1-yl)-N-isopropylpyrimidin-4-amine

(14). Compound 14 was prepared following General Synthetic Procedure D using 5b

(86mg, 0.39mmol), 4-fluorobenzenesulfonyl chloride (75mg, 0.38mmol) and TEA (40mg,

0.39mmol) in DCM. The crude product was purified by column chromatography (SiO2,

eluent: DCM/MeOH, 8:2), resulting in 98mg of pure product (yield 67%) as white solid.

Mp 147 °C. Ret. Time 13.25min, purity 98.5%. HRESIMS m/z 380.1558 [M+H]+ (calcd

for C17H23FN5O2S
+, 380.1551, ∆ = -1.9 ppm. 1H NMR (500MHz, d6DMSO) δ = 1.09 (d,

3H, ipr-CH3), 2.91 (t, 4H, pip-H3,5), 3.74 (t, 4H, pip-H2,6), 4.00 (br, 1H, ipr-H), 5.75 (d, 1H,

pyr-H5), 7.13 (br, 1H, NH), 7.47 (t, 2H, Ph-3,5), 7.63 (s, 1H, pyr-H6), 7.82 (q, 2H, Ph-H2,6).

13C NMR (125MHz, d6DMSO) δ = 22.30 (ipr-CH3), 41.37 (ipr-CH), 42.64 (pip-C2,6), 45.68

(pip- C3,5), 96.74 (pyr-C5), 116.77 (3J(13C,19F) = 22.7 Hz, Ph-C3,5), 130.77 (3J(13C,19F) =

9.7 Hz, Ph-C2,6), 131.15 (3J(13C,19F) = 2.4 Hz, Ph-C1), 161.58 (pyr-C4), 164.78 (3J(13C,19F)

= 250.6 Hz, Ph-C4), n.d. (pyr-C2), n.d. (pyr-C6). 19F NMR (376.55MHz, d6DMSO) δ =

-105.55 (Ph-F).

2-(4-((4-chlorophenyl)sulfonyl)piperazin-1-yl)-N-ethylpyrimidin-4-amine

(15). Compound 15 was prepared following General Synthetic Procedure D using 5c

(88mg, 0.42mmol), 4-chlorobenzenesulfonyl chloride (90mg, 0.42mmol) and TEA (43mg,

0.42mmol) in DCM. The crude product was purified by column chromatography (SiO2,

eluent: DCM/MeOH, 8:2), resulting in 75mg of pure product (yield 46%) as white solid.

Mp 66.6 °C. Ret. Time 14.57min, purity 98.9%. HRESIMS m/z 382.1110 [M+H]+

(calcd for C16H21ClN5O2S
+, 382.1099, ∆ = -2.9 ppm). 1H NMR (500MHz, d6DMSO) δ =

1.06 (t, 3H, CH3), 2.90 (m, 4H, pip-H3,5), 3.20 (m, 2H, NCH2), 3.74 (m, 4H, pip-H2,6),

5.72 (d, 1H, pyr-H5), 7.02 (br, 1H, NH), 7.64 (br, 1H, pyr-H6), 7.70 (m, 2H, Ph-H2,6), 7.75
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(m, 2H, Ph-3,5). 13C NMR (125MHz, d6DMSO) δ = 14.54 (CH3), 34.45 (NCH2), 42.52

(pip-C2,6), 45.76 (pip- C3,5), 96.46 (pyr-C5), 129.57 (Ph-C3,5), 129.70 (Ph-C2,6), 133.71

(Ph-C4), 138.40 (Ph-C1), 154.44 (pyr-C6), 160.77 (pyr-C2), 162.32 (pyr-C4).

2-(4-((4-fluorophenyl)sulfonyl)piperazin-1-yl)-N,6-dimethylpyrimidin-4-

amine (16). Compound 16 was prepared following General Synthetic Procedure D using

5d (83mg, 0.4mmol), 4-fluorobenzenesulfonyl chloride (78mg, 0.4mmol) and TEA (46mg,

0.45mmol) in DCM. The crude product was purified by recrystallization (DIPE/EtOAc),

resulting in 15mg of pure product (yield 10%) as white solid.

Mp 126.9 to 128.4 °C. Ret. time 13.24min, purity 99.0%. HRESIMS m/z 366.1405

[M+H]+ (calcd for C16H21FN5O2S
+, 3666.1395, ∆ = -3.0 ppm). 1H NMR (500MHz,

d6DMSO) δ = 2.01 (s, 3H, pyr-CH3), 2.69 (d, 3H, NCH2), 2.88 (t, 4H, pip-H3,5), 3.75

(t, 4H, pip-H2,6), 5.59 (s, 1H, pyr-H5), 6.80 (br, 1H, NH), 7.47 (t, 2H, Ph-H3,5), 7.81 (q,

2H, Ph-H2,6). 13C NMR (125MHz, d6DMSO) δ = 23.74 (pyr-CH3), 26.79 (NCH2), 42.50

(pip-C2,6), 45.87 (pip-C3,5), 94.48 (pyr-C5), 116.75 (d, 3J(13C,19F) = 22.3 Hz, Ph-C3,5),

130.76 (d, 3J(13C,19F) = 9.8 Hz, PH-C2,6), 131.13 (d, 3J(13C,19F) = 2.5 Hz, Ph-C1), 160.64

(pyr-C2), 163.70 (pyr-C4), 163.77 (pyr-C6), 164.77 (d, 3J(13C,19F) = 250.5 Hz, Ph-C4). 19F

NMR (376.55MHz, d6DMSO) δ = -105.56 (Ph-F).

(4-(4-(ethylamino)pyrimidin-2-yl)piperazin-1-yl)(4-fluorophenyl)methanone

(17a). Compound 17a was prepared following General Synthetic Procedure D using

5c (97mg, 0.47mmol), 4-fluorobenzoyl chloride (74mg, 0.47mmol) and TEA (46mg,

0.45mmol) in DCM. The crude product was purified by recrystallization (DIPE/EtOAc),

resulting in 50mg of pure product (yield 32%) as white solid.

Mp 164.8 °C. Ret. Time 12.74min, purity 95.1%. HRESIMS m/z 330.1733 [M+H]+

(calcd for C17H21FN5O
+, 330.1725, ∆ = -2.7 ppm). 1H NMR (500MHz, d6DMSO) δ = 1.09

(t, 3H, CH3), 3.24 (br, 2H, NCH2), 3.68 (br, 4H, pip-H3,5), 3.68 (br, 4H, pip-H2,6), 5.76

(d, 1H, pyr-H5), 7.02 (br, 1H, NH), 7.29 (m, 2H, Ph-3,5), 7.50 (m, 2H, Ph-H2,6), 7.70 (br,

1H, pyr-H6). 13C NMR (125MHz, d6DMSO) δ = 14.54 (CH3), 34.39 (NCH2), 43.30 (pip-
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C2,6), 43.30 (pip- C3,5), 96.19 (pyr-C5), 115.41 (3J(13C,19F) = 21.3 Hz, Ph-C3,5), 129.65

(3J(13C,19F) = 8.2 Hz, Ph-C2,6), 132.33 (3J(13C,19F) = 3.3 Hz, Ph-C1), 154.47 (pyr-C6),

161.12 (pyr-C2), 162.29 (pyr-C4), 162.55 (3J(13C,19F) = 245.0 Hz, Ph-C4), 168.28 (amide-C).

19F (376.55MHz, d6DMSO) δ = -111.18 (Ph-F).

(4-chlorophenyl)(4-(4-(ethylamino)pyrimidin-2-yl)piperazin-1-yl)methanone

(17b). Compound 17b was prepared following General Synthetic Procedure D using 5c

(62mg, 0.3mmol), 4-chlorobenzoyl chloride (52mg, 0.3mmol) and TEA (31mg, 0.3mmol)

in DCM. The crude product was purified by column chromatography (SiO2, eluent:

DCM/MeOH, 8:2), resulting in 90mg of pure product (yield 87%) as white solid.

Mp 185 °C. Ret. Time 13.29min, purity 95.1%. HRESIMS m/z 346.1436 [M+H]+ (calcd

for C17H21ClN5O
+, 346.1429, ∆ = -2.1 ppm). 1H NMR (500MHz, d6DMSO) δ = 1.09 (t,

3H, NCH3), 3.24 (br, 2H, NCH2), 3.34/3.74 (m, 4H, pip-H2,6), 3.64 (br, 4H, pip-H3,5), 5.76

(d, 1H, pyr-H5), 7.03 (br, 1H, NH), 7.46 (m, 2H, Ph-2,6), 7.52 (m, 2H, Ph-H3,5), 7.70 (br,

1H, pyr-H6). 13C NMR (125MHz, d6DMSO) δ = 14.60 (NCH3), 34.49 (NCH2), 41.70/43.59

(pip- C3,5), 43.04/47.11 (pip-C2,6), 96.32 (pyr-C5), 128.62 (Ph-C3,5), 129.14 (Ph-C2,6),

134.30 (Ph-C4), 134.74 (Ph-C1), 154.42 (pyr-C6), 161.12 (pyr-C2), 162.37 (pyr-C4), 168.24

(amide-C).

(3-bromophenyl)(4-(4-(ethylamino)-6-methylpyrimidin-2-yl)piperazin-1-

yl)methanone (18a). Compound 18a was prepared following General Synthetic

Procedure D using 5a (60mg, 0.27mmol), 3-bromobenzoyl chloride (87mg, 0.4mmol, 1.5

equiv) and TEA (27mg, 0.27mmol) in DCM. The crude product was purified by column

chromatography (SiO2, eluent: DCM/MeOH, 8:2), resulting in 36mg of pure product (yield

33%) as white solid.

Mp 152 to 153 °C. Ret. time. 14.17min, purity 95.2%. HRESIMS m/z 404.1092 [M+H]+

(calcd for C18H23BrN5O
+, 404.1080, ∆ = -2.7 ppm). 1H NMR (500MHz, d6DMSO) δ = 1.08

(t, 3H, CH3), 2.05 (s, 3H, pyr-CH3), 3.23 (br, 2H, NCH2), 3.33-3.63 (d, 4H, pip-H2,6), 3.65-

3.75 (br, 4H, pip-H3,5), 5.63 (s, 1H, pyr-H5), 6.84 (br, 1H, NH), 7.42 (d, 1H, Ph-H5), 7.43
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(m, 1H, Ph-H6), 7.62 (t, 1H, Ph-H2), 7.67 (m, 1H, Ph-H4). 13C NMR (125MHz, d6DMSO)

δ = 14.67 (CH3), 23.77 (pyr-CH3), 34.50 (NCH2), 41.61-43.49 (pip-C3,5), 42.97-47.04 (pip-

C2,6), 121.73 (Ph-C3), 125.94 (Ph-C6), 129.64 (Ph-C2), 130.70 (Ph-C5), 132.36 (Ph-C4),

138.29 (Ph-C1), 161.06 (pyr-C2), 162.96 (pyr-C6), 167.42 (amide-C), n.d. (pyr-C4), n.d.

(pyr-C5).

(4-(4-(ethylamino)-6-methylpyrimidin-2-yl)piperazin-1-yl)(3-

nitrophenyl)methanone (18b). Compound 18b was prepared following General

Synthetic Procedure D using 5a (60mg, 0.27mmol), 3-nitrobenzoyl chloride (49mg,

0.27mmol) and TEA (27mg, 0.27mmol) in DCM. The crude product was purified by

column chromatography (SiO2, eluent: DCM/MeOH, 8:2), resulting in 60mg of pure

product (yield 61%) as white solid.

Mp 127 to 129 °C. Ret. time. 12.75min, purity 95.5%. HRESIMS m/z 371.1831 [M+H]+

(calcd for C18H23N6O
+
3 , 371.1826, ∆ = -1.4 ppm). 1H NMR (500MHz, d6DMSO) δ = 1.08

(t, 3H, CH3), 2.05 (s, 3H, pyr-CH3), 3.23 (br, 2H, NCH2), 3.35-3.67 (d, 4H, pip-H2,6), 3.67-

3.78 (d, 4H, pip-H3,5), 5.63 (s, 1H, pyr-H5), 6.85 (br, 1H, NH), 7.76 (dd, J = 15.8 Hz,

1H, Ph-H5), 7.89 (ddd, J = 10.1 Hz, 1H, Ph-H6), 8.24 (dd, J = 3.6 Hz, 1H, Ph-H2). 13C

NMR (125MHz, d6DMSO) δ = 14.66 (CH3), 23.76 (pyr-CH3), 34.59 (NCH2), 41.71-47.04

(pip-C2,6), 42.98-43.50 (pip-C3,5), 122.00 (Ph-C2), 124.28 (Ph-C4), 130.27 (Ph-C5), 133.47

(Ph-C6), 137.45 (Ph-C1), 147.70 (Ph-C3), 162.96 (pyr-C6), 166.90 (amide-C), n.d. (pyr-C2),

n.d. (pyr-C4), n.d. (pyr-C5).

(3,5-dichlorophenyl)(4-(4-(ethylamino)-6-methylpyrimidin-2-yl)piperazin-1-

yl)methanone (19). Compound 19 was prepared following General Synthetic Procedure

D using 5a (50mg, 0.2mmol), 3,5-dichlorobenzoyl chloride (63mg, 0.34mmol, 1.5 equiv)

and TEA (27mg, 0.27mmol) in DCM. The crude product was purified by column chro-

matography (SiO2, eluent: DCM/MeOH, 8:2), resulting in 51mg of pure product (yield

65%) as brown solid.

Mp 197 °C. Ret. time. 24.70min, purity 97.6%. HRESIMS m/z 394.1201 [M+H]+ (calcd
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for C18H22Cl2N5O
+, 394.1196, ∆ = -1.4 ppm). 1H NMR (500MHz, d6DMSO) δ = 1.08 (t,

3H, CH3), 2.06 (s, 3H, pyr-CH3), 3.24 (br, 2H, NCH2), 3.32-3.63 (d, 4H, pip-H2,6), 3.66-3.75

(d, 4H, pip-H3,5), 5.64 (s, 1H, pyr-H5), 6.86 (br, 1H, NH), 7.51 (d, 2H, Ph-H2,6), 7.73 (t, 1H,

Ph-H4). 13C NMR (125MHz, d6DMSO) δ = 14.65 (CH3), 23.73 (pyr-CH3), 34.59 (NCH2),

41.62-46.91 (pip-C2,6), 42.93-43.42 (pip-C3,5), 125.65 (Ph-C2,6), 129.06 (Ph-C4), 134.32

(Ph-C3,5), 139.49 (Ph-C1), 166.10 (amide-C), n.d. (pyr-C2), n.d. (pyr-C4), n.d. (pyr-C5),

n.d. (pyr-6).

The characterization and spectral data of final compounds and intermediates

20a-64b are reported in Supporting Information.

Cell Lines and Virus Strains. Chikungunya virus, Indian Ocean strain 899, isolated

in 2006 (Genbank FJ959103.1), was kindly provided by Prof. C. Drosten (Institute of Vi-

rology, University of Bonn, Germany). CHVB-resistant CHIKV was generated previously

by passaging.16 CHIKV was cultured on African green monkey kidney (Vero) cells (ATCC

CCL-81) in minimum essential medium MEM Rega3 (Invitrogen, Belgium) supplemented

with 10% Foetal Bovine Serum (FBS; Integro, The Netherlands), 1% L-glutamine and 1%

sodium bicarbonate (Invitrogen). Antiviral assays were performed in MEM Rega-3 medium

supplemented with 2% FBS.

Chikungunya virus-cell-based Antiviral Assay. Serial dilutions of compound were

prepared in assay medium [MEM Rega3 (Cat. N°19993013; Invitrogen), 2% FCS (Integro),

5mL 200 mM L-glutamine (25030024), and 5mL 7.5% sodium bicarbonate (25080060)] that

was added to empty wells of a 96-well microtiter plate (Falcon, BD). Subsequently, 50µL of

CHIKV (wt or CHVB-resistant) in assay medium was added (resulting in a MOI of 0.01),

followed by 50µL of Vero cell suspension (25 000 cells/50µL). The assay plates were re-

turned to the incubator (37 °C, 5% CO2, 95 to 99% relative humidity) for 5 days (for the

high-throughput screening) or 3 days (for the cross-resistance study), a time at which maxi-

mal virus-induced cell death or cytopathic effect (CPE) was observed in untreated, infected
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controls. Subsequently, the assay medium was aspirated, replaced with 75 µL of a 5% MTS

(Promega) solution in phenol red-free medium and incubated for 1.5 hours. Absorbance was

measured at a wavelength of 498 nm (Safire2, Tecan; optical densities (OD values) reached

0.6-0.8 for the untreated, uninfected controls). The EC50 (50% effective concentration or

concentration which is calculated to inhibit virus-induced cell death by 50%) and CC50 (50%

antimetabolic concentration or concentration which is calculated to inhibit the overall cell

metabolism by 50%) values were derived from the dose-response curves. The 50% effec-

tive concentration (EC50) and the 90% effective concentration (EC90) are the concentrations

of compound that inhibit virus replication by 50% and 90%, respectively. The overall an-

timetabolic effect of the compounds is shown as Cytostatic/Cytotoxic Concentration (CC50).

The CC50 is the calculated concentration of compound that causes a 50% adverse effect on

non-infected host cells (incorporates cytotoxic, cytostatic, and antimetabolic effect). All

assay conditions producing an antiviral effect exceeding 50% were checked microscopically

for minor signs of CPE or adverse effects on the host cell (i.e. altered cell morphology). A

compound was only considered to elicit a selective antiviral effect on virus replication when,

following microscopic quality control, at least at one concentration of the compound, no CPE

nor any adverse effect is observed (image resembling untreated, uninfected cells). Multiple

independent experiments were performed.

Virus Yield Assay. Vero cells were seeded in 96-well plates at a density of 5 × 104

cells/well. The next day, cells were treated with serial dilutions of the compound and then

infected with CHIKV-899 (MOI of 0.01). Two hours postinfection, the cells were washed

to remove the nonadsorbed virus, followed by incubation with the same serial dilutions of

compounds. After 48 h of incubation, viral RNA was quantified by real-time quantitative

RT-PCR (qRT-PCR) as described previously.16
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Aqueous Solubility. Samples were diluted in DMSO (control), phosphate buffer pH = 7.4

and pH = 2.0, from 5mM stock solutions (dissolved in DMSO), to 120µM final concentration.

The samples were incubated for 24 hours at room temperature, followed by 30 minutes of

centrifugation at 3700 rpm. Two individual sample solutions were made and measured.

40 µL of the supernatants were injected into HPLC (gradient elution, eluent A 0.1%

formic acid in water, eluent B acetonitrile, waters 2795 separation module and 996 PDA

detector controlled by MassLynx 4.1 Column: X-Bridge C18 3.5 µm 4.6 × 50mm) and the

AUC (Absorbance Unit under the Curve) values (measured on sample-specific wavelength) of

the buffered samples were divided by the AUC values (same wavelength as buffered samples)

of the DMSO control samples.

In Silico cLogD. The Graph Neural Network (GNN) was used for clogD calculation.19

In Silico Metabolic Stability. The machine learning program FAst MEtabolizer 3

(FAME 3) was used for metabolic stability profiling and to assess critical sites of metabolism

(SoMS).31,32

Metabolic Stability in Human Liver Microsomes. The stability of a test compound

was determined in human liver microsomes (mixed gender and pool of 50) in 96-well plate

format. The test compound is quantified at five time points by HPLC-MS/MS analysis

with final microsomal protein concentration: 0.1 mg/mL and test concentration 0.1 µM with

0.01% DMSO, 0.25% acetonitrile and 0.25% methanol.

The test compound is pre-incubated with pooled liver microsomes in phosphate buffer

(pH 7.4) for 5min in a 37 °C shaking water bath. The reaction is initiated by adding an

NADPH-generating system and incubated for 0, 15, 30, 45 and 60min. The reaction is

stopped by transferring the incubation mixture to acetonitrile/methanol. Samples are then
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mixed and centrifuged. Supernatants are used for HPLC-MS/MS analysis. Four reference

compounds were used: propranolol and imipramine as relatively stable, whereas verapamil

and terfenadine as readily metabolized reference compounds.

Samples are analyzed by HPLC-MS/MS using selected reaction monitoring. The HPLC

system consists of a binary LC pump with an autosampler, a C-18 column, and a gradi-

ent. Peak areas corresponding to the test compound are recorded for data analysis. The

compound remaining is calculated by comparing the peak area at each time point to time

zero. The half-life is calculated from the slope of the initial linear range of the logarithmic

curve of the compound remaining (%) vs time, assuming first-order kinetics. In addition,

the intrinsic clearance (Clint) is calculated from the half-life using the following equation.

CLint(µL/min/mg protein) =
0.693

T1/2 × Protein Conc.

In Silico hERG Channel Activity Profiling. The Inte:Ligand Tox Pharmacophore

DB was used for toxicity profiling of compounds within a KNIME workflow.38,41

In Vitro hERG Channel Activity Profiling. Initial hERG Block Screening in Oocytes.

Preparation of stage V–VI oocytes from Xenopus laevis (NASCO, Fort Atkinson, WI, USA),

synthesis of capped runoff complementary ribonucleic acid (cRNA) transcripts from lin-

earised complementary deoxyribonucleic acid (cDNA) templates, and injection of cRNA

were performed as described previously.40,42

Currents through hERG channels were studied 1-3 days after cRNA injection using a two

microelectrode voltage-clamp technique with a Turbo TEC-03X amplifier (npi electronic

GmbH, Tamm, Germany). The extracellular recording solution contained: 96mM NaCl,

2mM KCl, 1mM MgCl2, 5mM HEPES and 1.8mM CaCl2 (pH 7.5). Voltage-recording and

current-injecting microelectrodes were filled with 3M KCl and had resistances between 0.5

to 2MΩ. Endogenous currents did not exceed 0.2 µA. Currents >3 µA were discarded to

minimize voltage clamp errors. A precondition for all measurements was the achievement of
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stable peak current amplitudes over periods of 10min after an initial run-up period. Stocks

were diluted in extracellular solution on the day of each experiment, and the maximal DMSO

concentration (1%) did not affect hERG currents. All compounds (30 µM) were applied by

means of a fast perfusion system (ScreeningTool, npi electronic GmbH, Tamm, Germany).39

Thioridazine hydrochloride (Sigma-Aldrich GmbH, Vienna, Austria) was used as positive

control. The pClamp software package version 10.1 (Molecular Devices, Sunnyvale, CA,

USA) was used for data acquisition.

Cytotoxicity Assay. Human colorectal adenocarcinoma cells CaCo-2 cells were seeded in

96 well plates at density 2000 cells/well in 100 µL/well medium and incubated for 24 hours.

After that, cells were incubated with 100 µL of CHVB compound at different concentrations.

The proportion of viable cells was determined after 24, 48 and 72 hours after exposure to

CHVB compound by 3-(4,5-dimethylthiazol-2-yl)-2,-5 diphenyltetrazolium bromide (MTT)-

based viability assay (EZ4U, Biomedica, Vienna, Austria). Briefly, 20 µL of EZ4U solution

was added to each well. After incubation for 2 hours at 37 °C the absorbance was measured by

a microplate reader at 450 nm with 620 nm as reference to reduce the unspecific background

values. All experiments were carried out three times in triplicates.

Western Blot. Experiments were done as previously described.43–46 Briefly, cells were

grown in 100µL cell culture dishes in 5% CO2 incubator in DMEM medium supplemented

with 5% fetal bovine serum. Medium was then aspirated, cells washed twice with PBS. Cells

scrapped in lysis buffer (200 mM sodium acetate, 150 mM NaCL, pH 5.5 supplemented with

40 µM E-64 and transferred to 1.5mL centrifuge tube. The cells were then homogenized

on ice by ultrasonication then 0.1%triton X-100 were added. The homogenized cells were

then extracted on ice for 30 minutes. Samples were then cleared by centrifugation 15000

x g for 10 minutes. The proteins were separated under reducing conditions by SDS-PAGE

using 12.5% polyacrylamide gel along with prestained marker (cell signalling). Proteins were

then transferred to nitrocellulose membrane (Santa Cruz Biotechnology) by semi-dry blot-
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ting at 25 V for 30 minutes. Unspecific sites were then blocked for 3 hours by blocking

solution (3% BSA in PBS). Membrane were then incubated for 90 minutes with the pri-

mary antibodies, caspase-3, cleaved caspase-3, PARP, and cleaved PARP (Thermo Fisher

Scientific Inc.), washed five times with PBST and incubated another 90 minutes with the

corresponding secondary antibodies and washed three times with PBST and once PBS. En-

hanced chemiluminescence (Amersham ECL plus western blotting detection reagent, GE

Healthcare, Vienna, Austria) was used for visualization. Membranes were exposed to X-

ray films (Ammersham Hyper film ECL, GE Healthcare). Exposed films were scanned and

quantified using ImageJ (NIH, Maryland, USA).
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a rich source of antiviral agents active against arthropod-borne flaviviruses. Antiviral

Chemistry and Chemotherapy 2018, 26, 1–28.

(22) Delang, L. et al. The viral capping enzyme nsP1: a novel target for the inhibition of

chikungunya virus infection. Scientific Reports 2016, 6, 31819.

(23) Kovacikova, K.; Morren, B. M.; Tas, A.; Albulescu, I. C.; Van Rijswijk, R.;

Jarhad, D. B.; Shin, Y. S.; Jang, M. H.; Kim, G.; Lee, H. W.; Jeong, L. S.; Snijder, E. J.;

Van Hemert, M. J. 6’-β-Fluoro-Homoaristeromycin and 6’-Fluoro-Homoneplanocin A

51

Design, Synthesis, and Lead Optimisation of CHVB Series Analogues as Potent Small Molecule Inhibitors of Chikungunya Virus Battisti et al.

26.07.2022



Are Potent Inhibitors of Chikungunya Virus Replication through Their Direct Effect

on Viral Nonstructural Protein 1. Antimicrobial Agents and Chemotherapy 2020, 64,

02532–19.

(24) Mudgal, R.; Mahajan, S.; Tomar, S. Inhibition of Chikungunya virus by an adenosine

analog targeting the SAM-dependent nsP1 methyltransferase. FEBS Letters 2020, 594,

678–694.

(25) Hiesinger, K.; Dar’In, D.; Proschak, E.; Krasavin, M. Spirocyclic Scaffolds in Medicinal

Chemistry. Journal of Medicinal Chemistry 2021, 64, 150–183.

(26) Talele, T. T. Opportunities for Tapping into Three-Dimensional Chemical Space

through a Quaternary Carbon. Journal of Medicinal Chemistry 2020, 63, 13291–13315.

(27) Wei, W.; Cherukupalli, S.; Jing, L.; Liu, X.; Zhan, P. Fsp3: A new parameter for

drug-likeness. Drug Discovery Today 2020, 25, 1839–1845.

(28) Lovering, F.; Bikker, J.; Humblet, C. Escape from flatland: Increasing saturation as

an approach to improving clinical success. Journal of Medicinal Chemistry 2009, 52,

6752–6756.

(29) Bassetto, M.; Massarotti, A.; Coluccia, A.; Brancale, A. Structural biology in antiviral

drug discovery. Current Opinion in Pharmacology 2016, 30, 116–130.

(30) Hughes, J.; Rees, S.; Kalindjian, S.; Philpott, K. Principles of early drug discovery.

British Journal of Pharmacology 2011, 162, 1239–1249.

(31) Stork, C.; Embruch, G.; Š́ıcho, M.; De Bruyn Kops, C.; Chen, Y.; Svozil, D.; Kirch-

mair, J. NERDD: a web portal providing access to in silico tools for drug discovery.

Bioinformatics 2020, 36, 1291–1292.

52

Design, Synthesis, and Lead Optimisation of CHVB Series Analogues as Potent Small Molecule Inhibitors of Chikungunya Virus Battisti et al.

26.07.2022
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Chapter 4 Lead Optimisation and DMPK Profiling of the CHVB Series

4.3 Molecular Interactions and Docking

127



Molecular Docking

Molecular docking was considered valuable to get a better understanding of the possible

interactions between our CHVB series and the proposed biological target. However, no

structural data is available for any co-crystal of CHVB analogues and the non-structural

protein 1 (nsP1). Nevertheless, to gain insight into possible binding modes, we started our

experiment by detecting and investigating potential binding sites. Five possible binding sites

were identified by deploying the Protein Preparation Wizard and SiteMap pocket prediction

tools.1,2 Due to the circular shape formed by 12 subunits, three of the predicted pocket

sites were omitted as they were located at the same position of the protein - just in another

subunit. The docking was performed with our lead compound 1b in the two identified binding

pockets located in the crown/waist area of the dodecameric ring protein (see Figure S1).3

(a) NsP1 with pocket A. (b) NsP1 with pocket B.

Figure S1: Lateral view of the CHIKV nsP1 CHIKV with the investigated binding sites (yellow boxes) in
the crown/waist area.

Interestingly, both investigated binding sites showed similar interactions with 1b (see

Figure S2). Further, all the unveiled essential functional groups and structural aspects of

the CHVB series in the structure-activity relationship studies were also observed interaction

sites of the compound 1b in both binding pockets.4 Both the phenyl and the pyrimidine

regions had the most substantial influence on the biological activity and also showed in

this docking study interaction with the target protein (lipophilic and π − π interactions).

Moreover, the crucial ethylamine sidechain on the pyrimidine ring demonstrated a lipophilic

interaction (ALA69/THR378) and additional hydrogen bond donor activity with GLU283
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(a) 1b binding pose in pocket A. (b) 1b binding pose in pocket B.

(c) Protein-ligand interactions of pocket A. (d) Protein-ligand interactions of pocket B.

Figure S2: 1b in possible binding pockets of the CHIKV nsp1. Ligand-protein interactions are color coded:
green = hydrogen bond interaction (donor), red = hydrogen bond interaction (acceptor), violet = aromatic
interaction, yellow = hydrophobic interactions. (a)/(c) Binding pose and interactions of 1b and nsP1 in
pocket A. (b)/(d) Binding pose and interactions of 1b and nsP1 in pocket A.

in the case of pocket B. As discussed in the SAR chapter, the position of the nitrogens

on the pyrimidine ring is connected with the antiviral outcome and, therefore, a possible

interaction site of our compound series. Consistent with our observations in the SAR study,

the lone electron pair of the pyrimidine nitrogen interacts with the target protein ARG92 as

a hydrogen bond acceptor (pocket A, Figure S2c) and may be therefore essential or beneficial

for a good biological activity. Additionally, the core region formed by the piperazine and

carbonyl groups exhibits no interactions with the protein in both binding sites, which agrees

with the SAR observation that this area functions solely as a linker that keeps the needed

distance between the phenyl and pyrimidine regions.

However, the results of this docking study should be interpreted with caution, as the

in silico investigations (although accurately and thoroughly performed) remain an approx-

imation tool to predict possible binding sites and interactions but still need experimental

confirmations.
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Molecular Docking - Experimental Procedure

The CryoEM structure of the Chikungunya virus non-structural protein 1 (nsP1; PDB code:

6Z0V) was retrieved from the protein data bank (RSCB-PDB, www.rscb.org) for docking

analysis.3 The protein was prepared for the docking study (e.g., the addition of missing

hydrogen atoms, removing of co-crystallized water) utilizing the Protein Preparation Wizard

tool and the ligand 1b with LigPrep by Schrödinger.1 The pocket prediction tool SiteMap

was applied to investigate possible binding sites for the protein-ligand interactions, and the

docking was performed with AutoDock Vina.2,5 A maximum of 10 conformers of the ligand

1b for each binding site was investigated. Interactions between the ligand and the protein

were explored using the LigandScouts 3D interaction pharmacophores.6
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Chapter 4 Lead Optimisation and DMPK Profiling of the CHVB Series

4.4 Conclusion

In this publication, a thorough lead optimisation of the lead 1b (former 6a, elaborated

in [64]) is presented, and additional assays to expand the knowledge about the antiviral

profile of the CHVB series were conducted.

An optimised synthesis route (Synthesis Route B) improved the accessibility of the de-

signed analogues by starting with a nucleophilic acyl substitution between Boc-protected

piperazine and benzoyl chloride, followed by acidic catalysed Boc-deprotection and sub-

stitution reaction of the previously prepared arylamine intermediate under microwave

irradiation. Shortened reaction times, a more manageable or sometimes unrequired pu-

rification, and a higher-yielding outcome lead to remarkable time- and yield-wise advan-

tage to the previous established Synthesis Route A (described in [64]) and facilitates the

synthesis of CHVB analogues.

Overall, 100 CHVB analogues (second-generation CHVB analogues) were synthesised

and assessed for their antiviral activity against the CHIKV by CPE-reduction assays in

Vero cells, which was further validated in a virus yield assay. With all 100 compounds,

an extensive SAR investigation was performed - focusing mainly on the combination

of scaffold changes and the structural requirements for a high anti-CHIKV inhibition.

Mainly, the positions of the nitrogens in the pyrimidine ring in combination with a

sulfonamide or an amide bridge influenced the biological activity of the CHVB series.

A thorough absorption, distribution, metabolism, excretion, and toxicity (ADMET)

analysis was realised to examine the compounds for their physicochemical properties,

metabolic stability, possible hERG channel interactions, and toxicological profile. As

physiochemical parameters, such as the aqueous solubility and LogDpH 7.4, highly influ-

ence the absorption and distribution of a potential drug, all 100 analogues were assessed

for their physiochemical profile [8]. Overall this second-generation of CHVB compounds

showed druggable physiochemical characteristics.

Further, neither in silico nor in vitro hERG channel interactions were observed. The in

vitro cytotoxicity investigation in a cancer cell line (CaCo-2) determined no significant

toxicity for this compound series. Additionally, no increased expression of the apoptosis

proteins caspase-3 and poly ADP ribose polymerase (PARP) in western blot analysis

was observed - making this compound series an overall safe candidate for further in vivo

studies.

The in silico metabolic stability investigation, followed by the in vitro determination

of the microsomal half-life (t1/2) in human liver microsomes (HLMs) of 55 CHVB ana-

logues unveiled through a structure-metabolism relationship (SMR) study the structural
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Chapter 4 Lead Optimisation and DMPK Profiling of the CHVB Series

Figure 4.4.1: Summary of the structural requirements for metabolic stability

requirements for good metabolic stability. Figure 4.4.1 summarises the outcome of the

conducted SMR study. The compounds showed overall high stability with a mean half-

life time of >60min for 37 analogues. Interestingly, similar to the biological activity, the

positions of the nitrogens in the pyrimidine ring in combination with a sulfonamide or

an amide bridge had a significant impact on the metabolic stability - making the most

active compounds also the most stable.

As described in chapter 3 the viral capping machinery was identified as the viral target

of the CHVB series. Further, CPE reduction assays with various other alphaviruses un-

veiled the CHVB series as selective CHIKV inhibitors [69]. Additional assays with the

second-generation CHVB compounds with different (alpha)viruses showed similar selec-

tive biological activity. Moreover, a cross-resistance study confirmed the viral capping

machinery to be the viral target of these novel CHVB compounds. Therefore, a molecu-

lar docking study was performed to get an insight into possible interactions between the

compound series and their antiviral target protein (nsP1, published in the Supporting

Material of [65] and incorporated in this thesis in section 4.3). Further, a successful

scaffold hop for future antiviral research studies was carried out (described further in

section 5.2.2).

Overall, out of the 100 novel CHVB compounds:

• 68 were active (EC50 ≤ 40 µM),

• 43 were in a low micromolar range (EC50 ≤ 10 µM),

• 34 were more active than the initial hit compound 1a (EC50: 8.7± 0.1 µM),

• 24 were more active than the lead compound 1b (EC50: 3.95± 0.01 µM),

• and 10 compounds demonstrated a remarkable high antiviral activity (EC50 ≤
1 µM).
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Figure 4.4.2: The most promising lead compounds for further drug development. 32d
demonstrates overall the most druggable characteristics.

Figure 4.4.2 depicts the identified most promising compounds, namely 31b, 31d, 32d,

34, and 35d. They can be considered as highly potent, safe, and stable lead compounds

for further development as antiviral inhibitors of CHIKV. Of all these new lead com-

pounds, 32d demonstrates the most druggable characteristics throughout all assessed

assays.

Additional in vitro assays for evaluating the cytotoxicity of the second-generation

CHVB compounds were performed with human embryonic kidney 293 (HEK 293) and

adenocarcinomic human alveolar basal epithelial 549 (A549) cells (unpublished). No

cytotoxic effects were detected in these cell lines (shown in Appendix 5).
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Chapter 5

Virtual Screening and Scaffold

Hopping

5.1 Introduction

As the target molecule of the CHVB series (nsP1) had not yet been crystallized and pub-

lished at this research project stage, two different ligand-based strategies were conducted:

i) a pharmacophore-based virtual screening and ii) a SAR-based scaffold hop.

The pharmacophore-based virtual screening was performed to identify compounds with

similar chemical features as the CHVB series but with different functional groups. There-

fore, the retrieved hits should give ideas for a possible scaffold hop, help to get a deeper

insight into the structure-activity relationship of the CHVB series and reveal structural

boundaries of the known CHVB scaffold. Moreover, the SAR-based scaffold hop was

carried out to identify a possible new hit compound with antiviral activity.

A more detailed discussion about the hit discovery process, ligand-based drug design,

the theory behind a SAR study, pharmacophore models, bioisosteric replacement, and

the aim of a successful scaffold hop is given in chapter 1.

5.2 Results and Discussion

5.2.1 Pharmacophore-based Virtual Screening

Virtual screening of three databases (Prestwick, DrugBank, and Aldrich Market Select

(AMS)) was performed with pharmacophore models based on the most active and safest
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CHVB compounds (high EC50 and SI values). The screening of the two smaller libraries

(Prestwick and DrugBank) yielded zero hits, showing that the created pharmacophore

models were selective enough for the following screening of the 8 million AMS library.

Three thousand fifty compounds were retrieved from the AMS screening from which

duplicates (481), already synthesized (28), predicted cytotoxic (28), and not drug-like

compounds (449) were removed. The remaining hits (2064) were clustered according to

their chemical scaffold. Visual inspection revealed that a majority of the retrieved hits

showed similar chemical features as the starting scaffold. Therefore, compounds with

an interesting deviation of the known CHVB scaffold were prioritized as they could give

ideas for a new hit compound and give some more insight into the structure-activity

relationship of the CHVB compounds, improving the CHVB lead optimisation simulta-

neously.

The 56 hits retrieved from the pharmacophore model generated from the two most potent

and safest compounds (33b and 34) were compared with the remaining hit list, and

twelve compounds with six different scaffolds were selected for biological testing against

the CHIKV. The chemical structures and the biological activity are shown in figure 5.2.1.

To facilitate the compound referencing and to improve the readability, the compound

numbering was carried on from the [65] publication, and hence the first hit was numbered

65a. Their chemical data and NMR spectra are given in Appendix .0.1.

The biological outcome of the hits corresponds with the conclusion made from the two

SAR studies in [64] and [65]. All compounds with a flexible core and an ethylamine-urea

(65a-d) or an ethylamine-sulfonamide (66) show either very weak or no activity at all.

Previous results concluded that this region functions as a linker that keeps the relative

distance between the two target-interacting groups. Moreover, structural changes with

more rigid characteristics were identified as possible modifications for future studies [64].

The loss of activity when the piperazine core structure gets altered into a flexible chain

further confirms the need for a rigid linker.

Interestingly, the secondary amine next to the pyrimidine ring had not the beneficial

effect on the biological activity as observed in the analogues 57a-b and 59b in publication

[65]. Therefore, the effect of the additional HBD may also depend on the stability of

the compound’s core structure. Moreover, compounds with the additional HBD as a sec.

amide (55a-56b, and 58a-b in publication [65] of chapter 4) showed no anti-CHIKV

activity. This still holds for 67a-b bearing an urea substructure.

Three compounds with a much bulkier p-toluidine side chain as the CHVB’s ethylamine

were chosen for biological testing to investigate whether a possible scaffold change was,

until now, overlooked at this part of the chemical structure. As discussed in [65], chapter 4
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Figure 5.2.1: Compounds retrieved from virtual screening and their biological activity
against the CHIKV. The compounds with antiviral activity are colour-coded (green: good
activity, orange: medium activity).

and [64], chapter 2, a bifurcated isopropylamine or even tert. butylamine side chain is

tolerated in the sulfonamide but not in the amide scaffold. Following the SAR studies, the

two amide compounds 68a-b did not show any activity against the CHIKV. Interestingly,

the p-toluidine with the sulfonamide scaffold in 68c gave an impressive EC50 value of

1.34 µM - indicating a new site for a potential scaffold change. Further, this outcome

reinforces the theory that the sulfonamide influences the activity not only as a potential

interacting partner but probably also as a linker for keeping the desired active groups

(pyrimidine and phenyl) at the proper distance and angle (see [64] and [65]).

Surprisingly, the two compounds with a heterocycle replacement 69 and 70 showed bio-

logical activities. 69 with a 2-methyl-5-(thiophen-2-yl)thiazole group gave some antiviral

activity but also toxic characteristics, whereas the coumarin bearing 70 was highly active

and safe in the performed in vitro assays. Other investigated (hetero)aromatic replace-

ments of the phenyl group showed neither cytotoxicity nor antiviral activity (see 11a-12d
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published in [65]) - except the naphthalen-2-yl analogue 12b. Therefore, naphthalene/-

coumarin bioisostere replacement of the phenyl group was considered an interesting ap-

proach for a possible scaffold hop (see [65] and section 5.2.2).

5.2.2 SAR-based Scaffold Hopping

Based on the two SAR studies discussed in chapter 2 and 4, the result of the virtual

screening and the theory of bioisosteric replacement, a scaffold hop was realised, and a

new hit compound incorporating important chemical features was found (published as

compound 64b in [65]). Keeping the high active pyrimidine nitrogen position P3/5 and

ethylamine structure, a new spiro[chromane-2,4’-piperidin]-4-one group was introduced

based on the outcome discussed in section 5.2.1 and most of the essential structural

features were preserved (e.g., the required relative distance and angle of the piperazine

group, two hydrogen bond acceptors, and an aromatic ring).

The chemical structure is shown in figure 5.2.2 and a more detailed discussion of the

SAR-based scaffold hop is given [65].

N

N

HN

N

O

O

64b

EC50 : 4.16 ± 0.15 µM

Figure 5.2.2: Structures of the new hit compound 64b identified based on the two SAR
studies performed with the CHVB compounds and the outcome of the pharmacophore-based
virtual screening [65].

5.3 Conclusion

Due to the lack of the target protein, two ligand-based approaches were conducted to

broaden the knowledge about the CHVB series and to discover a possible new starting

point for future research projects.

The pharmacophore-based virtual screening retrieved twelve compounds with interesting

variations of the known CHVB scaffold. Their anti-CHIKV activity was assessed via CPE

assay in Vero cells, and the identified structural influence on the biological activity was in

line with the two conducted SAR studies. 68c and 70 showed strong CHIKV inhibition

with EC50 values of 1.36 µM and 1.45 µM, respectively.
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Further, a SAR-based scaffold hop was performed, which resulted in 64b with a

spiro[chromane-2,4’-piperidin]-4-one group. The assessed EC50 value of 4.16 ± 0.15 µM

demonstrates that 64b could be a excellent starting point for a lead optimisation study.

5.4 Experimental Procedure

5.4.1 Pharmacophore-based Virtual Screening

The ligand-based strategy was applied on at that point synthesized and tested 76 CHVB

compounds (all 38 published compounds in [64] discussed in chapter 2, and additional

38 compounds (10a, 11-17b, 22-31b, 31d-43, and 39) published in [65] discussed in

chapter 4.

The 3D pharmacophoric features of these compounds were generated considering their

conformational flexibility and rigidity utilizing the LigandScout pharmacophore gener-

ator [75, 76]. Compounds with the highest SI and lowest EC50 were selected for the

training set, whereas the remaining compounds formed the test set - including the com-

pounds with higher CC50 values than their biological activity (EC50 < CC50, toxic test

set) and compounds with none or very weak activity (decoy test set). Further, a toxic

pharmacophore model (toxicophore) based on the toxic test set was made for additional

filtering of the screening results.

The identified necessary scaffold features guided a refinement process of the pharma-

cophore models retrieved from the training set from the conducted SAR study discussed

in chapter 2. The validation of the refined pharmacophore models was assessed by screen-

ing the test sets. A satisfactory outcome was reached by retrieving none of the decoy

or toxic test set but all of the active and safe compounds in the test set. On the other

hand, the toxicophore model was modified to retrieve only the compounds in the toxic

test set and non of the safe compounds.

Three different chemical libraries were used for screening: the two smaller libraries, Drug-

Bank and Prestwick Chemical Library, followed by the large library AMS [77–79]. A hit

rate <0.01% was aimed to prove the model’s selectivity. Duplicates and already synthe-

sized compounds, as well as the retrieved hits from the toxicophore model, were removed

from the hit lists. Based on the Lipinski Rule of Five, the remaining compounds were

evaluated according to their physicochemical properties and drug-likeness [80]. Subse-

quently, the compounds fulfilling these criteria were clustered via the radial distribution

function (RDF) code similarity algorithm of LigandScout to reveal structural similarities

between the remaining hits. Twelve compounds with interesting scaffold variations of
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the CHVB series were selected, and their anti-CHIKV activity was assessed via CPE

reduction assay in Vero Cells.

5.4.2 SAR-based Scaffold Hopping

Two thorough SAR studies were performed throughout this research project (see capter 2

and 4). The gathered structural information and their relevance for a good antiviral

activity led to designing a new antiviral compound based on the CHVB scaffold. This

SAR-based scaffold hop is further discussed in [65] (chapter 4).
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Chapter 6

Conclusion

In this thesis, a thorough lead optimisation study discovered new potent small-molecule

inhibitors against CHIKV. This second-generation CHVB compounds show favourable

ADMET and biological characteristics to reach the next step in drug development (in

vivo studies and clinical phase).

After the identification of a new hit compound (1a) by an HTS, the first SAR study under

the lead of Dr Moesslacher was performed. Thirty-seven 2-(4-(phenylsulfonyl)piperazine-

1-yl)pyrimidine analogues were synthesised in a four-step synthesis route and analysed

for their biological activity. These compounds are the first-generation of the CHVB

series [64]. The generated new lead compound 1b forms with additional twenty-eight

compounds, which were incorporated in [65], the basis for this thesis.

1b showed interesting in vitro biological activity and an excellent toxicological pro-

file. Nevertheless, these properties could still be improved, and crucial assays of critical

parameters in early drug development were missing. Further, the viral target of this

compound series was still unknown. Therefore, a thorough lead optimisation based on

the 2-(4-(phenylsulfonyl)piperazine-1-yl)pyrimidine scaffold (CHVB-scaffold) was made

to identify analogues with enhanced antiviral activity, and favourable ADMET properties

and a mode of action study was conducted to identify the viral target.

A delay-of-treatment assay pointed to the postentry step in the CHIKV replication cy-

cle as the target of the CHVB series. Additionally, CHVBres was determined through

resistance identification and showed a high resistance level in the first and second-

generation CHVB compounds. A cross-resistant study with a known CHIKV-nsP1

inhibitor (MADTP series) and enzymatic assays, where CHVB compounds inhibited

the MTase and GTase activities of alphavirus nsP1 proteins, suggests that the CHVB

compounds directly inhibit the enzymatic activities of nsP1 [69]. Interestingly, both
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compound series (MADTP and CHVB) are selective CHIKV inhibitors with biological

activities in all tested CHIKV isolates but with no or modest antiviral activity against

other (alpha)viruses [69]. Further, the second-generation CHVB compounds showed the

same selectivity toward the CHIKV [65]. Identifying the viral target allowed the inves-

tigation of possible interactions between the compound series and their antiviral target

protein via a molecular docking study [65].

The second-generation CHVB compounds were developed to enhance the anti-CHIKV ac-

tivity and the ADMET properties of this compound series. The 100 novel analogues were

assessed for their biological activities, physicochemical characteristics, possible hERG

channel interactions and cytotoxic profile. An optimised synthesis route (Synthesis Route

B) improved the accessibility of the designed analogues and showed remarkable time- and

yield-wise advantages to the previously established Synthesis Route A. Thus, making the

exploration of the CHVB series more versatile and straightforward.

An additional SAR study confirmed some structural requirements found in the first-

generation’s SAR study and further broadened the knowledge about the structural in-

fluence of all five molecular subgroups on biological activity. Fifty-five compounds were

additionally evaluated for their metabolic stability in HLMs, and an SMR study gave

insight into the structural requirements for high metabolic stability [65].

Out of this 100 second-generation CHVB compounds, 68 were active (EC50 ≤ 40 µM), 43

in a low micromolar range (EC50 ≤ 10 µM), 34 more active than the initial hit compound

1a (EC50 value of 8.7± 0.1 µM), and 24 with an even higher activity than the generated

lead compound 1b (EC50 value of 3.95 ± 0.01 µM). Moreover, 10 compounds demon-

strated a remarkable high antiviral activity with EC50 values under 1 µM. Throughout

all assessed assays, five compounds (31b, 31d, 32d, 34, and 35d) showed the highest

activity in combination with favorable ADMET properties [65].

Two ligand-based approaches were conducted to broaden the knowledge about the CHVB

series and identify possible scaffold changes that would allow reaching new territories

of chemical space and free intellectual properties: i) a pharmacophore-based virtual

screening and ii) a SAR-based scaffold hop.

Twelve compounds with interesting CHVB-scaffold variations were retrieved from the

pharmacophore-based virtual screening, and their anti-CHIKV activity was assessed via

CPE reduction assay. Two hits (68c and 70) showed strong CHIKV inhibition with

EC50 values of 1.36 µM and 1.45 µM, respectively. Further, a SAR-based scaffold hop

resulted in 64b with a spiro[chromane-2,4’-piperidin]-4-one group. The good EC50 value

of 4.16 ± 0.15 µM demonstrates that 64b could be a excellent starting point for a lead

optimisation study.
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Cytotoxic Activity

.0.1 Cytotoxic Activity in HEK 293 and A459 cell lines

Experimental Procedure

Experiments were done as previously described [65]. HEK 291 and A559 cells were

seeded in 96 well plates at density 2000 cells/well in 100 µL/well medium and incubated

for 24 hours. After that, cells were incubated with 100 µL of CHVB compound at dif-

ferent concentrations. The proportion of viable cells was determined after 48 and 72

hours after exposure to CHVB compound by 3-(4,5-dimethylthiazol-2-yl)-2,-5 diphenyl-

tetrazolium bromide (MTT)-based viability assay (EZ4U, Biomedica, Vienna, Austria).

Briefly, 20 µL of EZ4U solution was added to each well. After incubation for 2 hours at

37 °C the absorbance was measured by a microplate reader at 450 nm with 620 nm as

reference to reduce the unspecific background values. All experiments were carried out

three times in triplicates.
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Appendix A Cytotoxic Activity

Table 1: Cytotoxic activity of 31a in HEK 293 cells.

31a HEK 293

48 h 72 h

Conc. (µM) Control (DMSO) 31a Living Cells Control (DMSO) 31a Living Cells

0.426 0.361 0.340 0.391
0.203 0.240 0.331 0.274
0.392 0.380 0.356 0.325200

0.340 0.327 96.08% 0.342 0.330 96.40%

0.409 0.431 0.386 0.441
0.207 0.238 0.334 0.402
0.377 0.395 0.336 0.410100

0.331 0.355 107.15% 0.352 0.418 118.66%

0.469 0.567 0.465 0.478
0.197 0.240 0.391 0.474
0.313 0.352 0.293 0.34450

0.326 0.386 118.39% 0.383 0.432 112.79%

0.406 0.498 0.412 0.432
0.188 0.231 0.318 0.413
0.296 0.347 0.352 0.44125

0.297 0.359 120.90% 0.361 0.429 118.85%

0.558 0.463 0.388 0.422
0.226 0.213 0.427 0.422
0.410 0.489 0.433 0.43612.5

0.398 0.388 97.57% 0.416 0.427 102.56%

0.465 0.435 0.404 0.465
0.221 0.191 0.393 0.366
0.387 0.390 0.389 0.3856.25

0.358 0.339 94.69% 0.395 0.405 102.53%

1.432 1.169 0.426 0.382
0.212 0.167 0.388 0.308
0.377 0.369 0.378 0.3393.125

0.674 0.568 84.36% 0.397 0.343 86.33%

0.441 0.369 0.439 0.452
0.197 0.231 0.350 0.394
0.349 0.380 0.332 0.3781.56

0.329 0.327 99.29% 0.374 0.408 109.19%
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Appendix A Cytotoxic Activity

Table 2: Cytotoxic activity of 31a in A549 cells.

31a A549

48 h 72 h
Conc. (µM) Control (DMSO) 31a Living Cells Control (DMSO) 31a Living Cells

0.234 0.239 0.202 0.229
0.234 0.235 0.227 0.250
0.274 0.244 0.220 0.247200

0.247 0.239 96.77% 0.216 0.242 111.86%

0.240 0.253 0.229 0.235
0.241 0.253 0.219 0.222
0.240 0.233 0.229 0.249100

0.240 0.246 102.50% 0.226 0.235 104.28%

0.218 0.224 0.211 0.206
0.226 0.236 0.210 0.230
0.250 0.250 0.251 0.26850

0.231 0.237 102.31% 0.224 0.235 104.76%

0.238 0.236 0.220 0.234
0.252 0.234 0.220 0.224
0.245 0.242 0.230 0.22425

0.245 0.237 96.87% 0.223 0.227 101.79%

0.229 0.227 0.228 0.250
0.240 0.235 0.210 0.224
0.265 0.233 0.244 0.24512.5

0.245 0.232 94.69% 0.227 0.240 105.43%

0.233 0.227 0.227 0.234
0.247 0.246 0.222 0.218
0.242 0.257 0.247 0.2736.25

0.241 0.243 101.11% 0.232 0.242 104.17%

0.243 0.248 0.230 0.239
0.247 0.245 0.219 0.233
0.266 0.246 0.262 0.2493.125

0.252 0.246 97.75% 0.237 0.240 101.41%

0.226 0.228 0.247 0.246
0.245 0.255 0.218 0.212
0.234 0.241 0.252 0.2321.56

0.235 0.241 102.70% 0.239 0.230 96.23%
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Appendix A Cytotoxic Activity

Table 3: Cytotoxic activity of 31g in HEK 293 cells.

31g HEK293

48 h 72 h
Conc. (µM) Control (DMSO) 31g Living Cells Control (DMSO) 31g Living Cells

2.346 2.890 0.989 1.554
2.879 2.346 0.986 1.092
2.654 2.880 1.234 1.450200

2.626 2.705 103.01% 1.070 1.365 127.65%

2.390 2.650 0.806 1.372
2.459 2.571 1.199 1.222
2.098 2.514 1.167 1.170100

2.316 2.578 111.34% 1.057 1.254 118.63%

2.713 2.648 1.176 1.180
2.354 2.598 1.465 1.222
2.985 2.660 1.332 1.18250

2.684 2.635 98.19% 1.324 1.194 90.20%

2.656 2.556 0.924 1.550
2.894 2.587 1.983 1.486
2.690 2.399 1.306 0.81525

2.747 2.514 91.53% 1.404 1.284 91.43%

2.598 2.988 1.569 1.206
2.896 2.658 1.450 1.526
2.919 2.988 1.448 1.40812.5

2.804 2.878 102.63% 1.489 1.380 92.67%

2.880 2.298 0.912 1.441
2.749 2.677 1.369 1.388
2.666 2.989 0.938 1.5336.25

2.765 2.655 96.01% 1.073 1.454 135.53%

2.514 2.589 1.478 1.200
2.013 2.999 1.567 1.392
2.950 2.140 1.296 1.2993.125

2.492 2.576 103.36% 1.447 1.297 89.63%

2.112 2.879 1.508 1.566
2.234 1.989 1.429 1.444
2.146 1.878 1.504 1.2261.56

2.164 2.249 103.92% 1.480 1.412 95.38%
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Characterisation and Spectral Data

.0.2 Characterisation and Spectral Data of Hit Molecules from Virtual
Screening.

(1-(2-((2-(ethylamino)-6-methylpyrimidin-4-yl)amino)ethyl)-3-(3-fluoro-4-

methylphenyl)urea (65a).

HRESIMS m/z 347.2001 [M+H]+ (calcd for C17H24FN6O
+, 347.199, ∆ = -3.0 ppm).

1H NMR (500MHz, d6DMSO) δ = 1.05 (t, 3H, CH3), 2.00 (s, 3H, pyr-CH3), 2,12 (s,

3H, Ph-CH3), 3.20 (m, 2H, NCH2), 3.23 (m, 2H, CH2), 3.23 (m, 2H, CH2), 5.56 (s, 1H,

pyr-H), 6.22 (s, 1H, NH), 6.22 (s, 1H, NH), 6.74 (br, 1H, NH), 6.91 (dd, 1H, Ph-H6),

7.08 (t, 1H, Ph-H5), 7.39 (dd, 1H, Ph-H2), 8.63 (s, 1H, Ph-H1). 13C NMR (125MHz,

d6DMSO) δ = 13.52 ((3J(13C,19F) = 3.1 Hz, Ph-CH3), 15.12 (CH3), 23.56 (pyr-CH3),

35.17 (NCH2), 38.87 (CH2), 38.87 (CH2), 104.26 (3J(13C,19F) = 27.4 Hz, Ph-C2), 113.11

(Ph-C6), 115.77 (3J(13C,19F) = 17.4 Hz, Ph-C4), 131.21 (3J(13C,19F) = 6.5 Hz, Ph-C5),

140.00 (3J(13C,19F) = 10.8 Hz, Ph-C1), 155.17 (urea-C), 160.49 (3J(13C,19F) = 238.39

Hz, Ph-C3), 161.96 (pyr-C2,4), 163.36 (pyr-C6), n.d. (pyr-C5). 19F NMR (376.55MHz,

d6DMSO) δ = -116.65 (t, 10.6 Hz, Ph-F3)

1-(3-chlorophenyl)-3-(2-((2-(ethylamino)-6-methylpyrimidin-4-

yl)amino)ethyl)urea (65b).

HRESIMS m/z 349.1549 [M+H]+ (calcd for C16H22ClN6O
+, 349.1538, ∆ = -3.2 ppm).

1H NMR (500MHz, d6DMSO) δ = 1.05 (t, 3H, CH3), 2.00 (s, 3H, pyr-CH3), 3.21 (m, 2H,

NCH2), 3.24 (m, 2H, CH2), 3.24 (m, 2H, CH2), 5.57 (s, 1H, pyr-H5), 6.24 (m, 1H, NH),

6.29 (m, 1H, NH), 6.74 (br, 1H, NH), 6.92 (dd, 1H, Ph-H4), 7.16 (dd, 1H, Ph-H6), 7.23

(t, 1H, Ph-H5), 7.66 (s, 1H, Ph-H2), 8.75 (s, 1H, NH). 13C NMR (125MHz, d6DMSO) δ

= 15.12 (CH3), 23.58 (pyr-CH3), 35.17 (NCH2), 38.98 (CH2), 38.98 (CH2), 115.95 (Ph-

C6), 116.92 (Ph-C2), 120.58 (Ph-C4), 130.25 (Ph-C5), 133.08 (Ph-C3), 142.07 (Ph-C1),

155.07 (urea-C), 161.95 (pyr-C2,4), 163.36 (pyr-C6), n.d. (pyr-C5).

1-(2-((2-(ethylamino)-6-methylpyrimidin-4-yl)amino)ethyl)-3-(o-tolyl)urea

(65c).
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Appendix B Characterisation and Spectral Data

HRESIMS m/z 329.2096 [M+H]+ (calcd for C17H25N6O
+, 329.2084, ∆ = -3.5 ppm).

1H NMR (500MHz, d6DMSO) δ = 1.06 (t, 3H, CH3), 2.00 (s, 3H, pyr-CH3), 2.16 (s,

3H, Ph-CH3), 3.21 (m, 2H, NCH2), 3.25 (m, 2H, CH2), 3.25 (m, 2H, CH2), 5.58 (s, 1H,

pyr-H5), 6.25 (br, 1H, NH), 6.63 (t, 1H, NH), 6.75 (br, 1H, NH), 6.86 (t, 1H, Ph-H4),

7.08 (d, 1H, Ph-H5), 7.10 (t, 1H, Ph-H3), 7.67 (s, 1H, NH), 7.80 (dd, 1H, Ph-H6). 13C

NMR (125MHz, d6DMSO) δ = 15.13 (CH3), 17.92 (Ph-CH3), 23.56 (pyr-CH3), 38.89

(NCH2), 38.98 (CH2), 38.98 (CH2), 120.49 (Ph-C6), 121.85 (Ph-C4), 126.04 (Ph-C5),

126.72 (Ph-C2), 130.04 (Ph-C3), 138.17 (Ph-C1), 155.53 (urea-C), 161.97 (pyr-C2,4),

163.38 (pyr-C6), n.d. (pyr-C5).

1-(2,4-difluorophenyl)-3-(2-((2-(ethylamino)-6-methylpyrimidin-4-

yl)amino)ethyl)urea (65d).

HRESIMS m/z 351.1755 [M+H]+ (calcd for C16H21F2N6O
+, 351.1738, ∆ = -4.5 ppm).

1H NMR (500MHz, d6DMSO) δ = 1.05 (t, 3H, CH3), 2.00 (s, 3H, pyr-CH3), 3.20 (m,

2H, NCH2), 3.24 (m, 2H, CH2), 3.24 (m, 2H, CH2), 5.57 (s, 1H, pyr-H5), 6.25 (br, 1H,

NH), 6.64 (t, 1H, NH), 6.75 (br, 1H, NH), 6.98 (m, 1H, Ph-H5), 7.23 (m, 1H, Ph-H3),

8.06 (m, 1H, Ph-H6), 8.31 (s, 1H, NH). 13C NMR (125MHz, d6DMSO) δ = 15.12 (CH3),

23.57 (pyr-CH3), 35.17 (NCH2), 38.87 (CH2), 38.87 (CH2), 103.56 (t, 3J(13C,19F) = 25.2

Hz, Ph-C3), 110.83 (d, 3J(13C,19F) = 17.9 Hz, Ph-C5), 121.28 (m, Ph-C6), 124.87 (dd,
3J(13C,19F) = 10.5 and 3.5 Hz, Ph-C1), 151.6 (d, 3J(13C,19F) = 236.9 Hz, Ph-C2), 155.07

(urea-C), 156.15 (d, 3J(13C,19F) = 228.8 Hz, Ph-C4), 161.96 (pyr-C2,4), 163.36 (pyr-C6),

n.d. (pyr-C5). 19F NMR (376.55MHz, d6DMSO) δ = -119.44 (m, Ph-F4), -125.58 (m,

Ph-F2).

N-(2-((2-(ethylamino)-6-methylpyrimidin-4-yl)amino)ethyl)-2,4,6-

trimethylbenzenesulfonamide (66).

HRESIMS m/z 378.1972 [M+H]+ (calcd for C18H28N5O2S
+, 378.1958, ∆ = -3.7 ppm).

1H NMR (500MHz, d6DMSO) δ = 1.03 (t, 3H, CH3), 1.97 (s, 3H, pyr-CH3), 2.24 (s, 3H,

CH3), 2.53 (s, 6H, Ph-2,6CH3), 2.83 (t, 2H, CH2), 3.16 (m, 2H, NCH2), 3.17 (m, 2H,

CH2), 5.43 (s, 1H, pyr-H5), 6.20 (br, 1H, NH), 6.59 (br, 1H, NH), 6.98 (s, 2H, Ph-H3,5),

7.47 (br, 1H, NH). 13C NMR (125MHz, d6DMSO) δ = 15.09 (CH3), 20.39 (Ph-C4-CH3),

22.54 (Ph-C2,6-CH3), 23.57 (pyr-CH3), 35.11 (NCH2), 41.48 (CH2), 131.54 (Ph-C3,5),

134.73 (Ph-C1), 138.16 (Ph-C2,6), 141.10 (Ph-C4), 161.86 (pyr-C2), 163.03 (pyr-C4),

163.78 (pyr-C6), n.d. (pyr-C5), n.d. (CH2).

N-(4-chlorophenyl)-4-(2-(ethylamino)-6-methylpyrimidin-4-yl)piperazine-1-

carboxamide (67a).

HRESIMS m/z 375.1707 [M+H]+ (calcd for C18H24ClN6O
+, 375.1695, ∆ = -3.4 ppm).

1H NMR (500MHz, d6DMSO) δ = 1.07 (t, 3H, CH3), 2.09 (s, 3H, pyr-CH3), 3.23 (m,
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2H, NCH2), 3.50 (m, 4H, pip-H2,6), 3.57 (m, 4H, pip-H3,5), 5.94 (s, 1H, pyr-H5), 6.44

(br, 1H, NH), 7.28 (d, 2H, Ph-H3,5), 7.51 (d, 2H, Ph-H2,6), 8.71 (s, 1H, NH). 13C NMR

(125MHz, d6DMSO) δ = 15.01 (CH3), 23.94 (pyr-CH3), 35.24 (NCH2), 43.14 (pip-C3,5),

43.31 (pip-C2,6), 91.25 (pyr-C5), 120.98 (Ph-C2,6), 125.31 (Ph-C4), 128.19 (Ph-C3,5),

139.51 (Ph-C1), 154.76 (urea-C), 161.69 (pyr-C2), 162.80 (pyr-C4), 165.67 (pyr-C6).

1-(2-((2-(ethylamino)-6-methylpyrimidin-4-yl)amino)ethyl)-3-(3-fluoro-4-

methylphenyl)urea (67b).

HRESIMS m/z 393.1616 [M+H]+ (calcd for C18H23ClFN6O
+, 393.1600, ∆ = -3.9 ppm).

1H NMR (500MHz, d6DMSO) δ = 1.07 (t, 3H, CH3), 2.09 (s, 3H, pyr-CH3), 3.23 (m,

2H, NCH2), 3.50 (m, 4H, pip-H2,6), 3.57 (m, 4H, pip-H3,5), 5.94 (s, 1H, pyr-H5), 6.44

(br, 1H, NH), 7.30 (t, 1H, Ph-H5), 7.42 (ddd, 1H, Ph-H6), 7.76 (dd, 1H, Ph-H2), 8.77

(s, 1H, NH). 13C NMR (125MHz, d6DMSO) δ = 15.01 (CH3), 23.96 (pyr-CH3), 35.24

(NCH2), 43.09 (pip-C3,5), 43.27 (pip-C2,7), 91.15 (pyr-C5), 116.45 (3J(13C,19F) = 21.6

Hz, Ph-C5), 118.67 (3J(13C,19F) = 17.4 Hz, Ph-C3), 119.53 (13C,19F) = 6.1 Hz, Ph-

C6), 120.70 (Ph-C2), 137.81 (Ph-C1), 152.32 (3J(13C,19F) = 239.2 Hz, Ph-C4), 154.69

(urea-C), 161.71 (pyr-C2), 162.82 (pyr-C4), 165.70 (pyr-C6). 19F NMR (376.55MHz,

d6DMSO) δ = -125.415 (m, Ph-F4).

(4-fluorophenyl)(4-(6-methyl-2-(p-tolylamino)pyrimidin-4-yl)piperazin-1-

yl)methanone (68a).

HRESIMS m/z 406.2052 [M+H]+ (calcd for C23H25FN5O
+, 406.2038, ∆ = -3.5 ppm).

1H NMR (500MHz, d6DMSO) δ = 2.18 (s, 3H, pyr-CH3), 2.21 (s, 3H, Ph-CH3), 3.65 (br,

8H, pip-H2,3,5,6), 6.14 (s, 1H, pyr-H5), 7.03 (d, 2H, Ph-H3’,5’), 7.30 (t, 2H, Ph-H3,5),

7.53 (d, 2H, Ph-H2,6), 7.57 (d, 2H, Ph-H2’,6’), 8.96 (s, 1H, NH). 13C NMR (125MHz,

d6DMSO) δ = 20.34 (Ph-CH3), 23.85 (pyr-CH3), 43.71 (pip-C2,3,5,6), 93.28 (pyr-C5),

115.46 (3J(13C,19F) = 8.3 Hz, Ph-C2,6), 118.59 (Ph-C2’,6’), 128.78 (Ph-C3’,6’), 129.15

(Ph-C4’), 129.72 (3J(13C,19F) = 21.7 Hz, Ph-C3,5), 132.15 (3J(13C,19F) = 1.6 Hz, Ph-

C1), 138.66 (Ph-C1’), 159.34 (pyr-C2), 162.63 (3J(13C,19F) = 245.0 Hz, Ph-C4), 162.66

(pyr-C4), 165.88 (pyr-C6), 168.34 (amide-C). 19F NMR (376.55MHz, d6DMSO) δ =

-110.95 (m, Ph-F4).

(2,4-dichlorophenyl)(4-(6-methyl-2-(p-tolylamino)pyrimidin-4-yl)piperazin-

1-yl)methanone (68b).

HRESIMS m/z 456.1373 [M+H]+ (calcd for C23H24Cl2N5O
+, 456.1352, ∆ = -4.5 ppm).

1H NMR (500MHz, d6DMSO) δ = 2.18 (s, 3H, pyr-CH3), 2.21 (s, 3H, Ph-CH3), 3.24/3.72

(br, 4H, pip-H2,6), 3.58/3.70 (br, 4H, pip-3,5), 6.14 (s, 1H, pyr-H5), 7.02 (d, 2H, Ph-

H3’,5’), 7.49 (d, 1H, Ph-H6), 7.55 (m, 1H, Ph-H5), 7.56 (m, 2H, Ph-H2’,6’), 7.77 (s,

1H, Ph-H3), 8.96 (s, 1H, NH). 13C NMR (125MHz, d6DMSO) δ = 20.33 (Ph-CH3),
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23.84 (pyr-CH3), 40.92/45.76 (pip-C2,6), 43.27/43.73 (pip-C3,5), 93.30 (pyr-C5), 118.59

(Ph-C2’,6’), 127.98 (Ph-C5), 128.79 (Ph-C3’,5’), 129.15 (Ph-C3), 129.17 (Ph-C4’), 129.48

(Ph-C6), 130.42 (Ph-C1), 134.36 (Ph-C4), 134.54 (Ph-C2), 138.62 (Ph-C1’), 159.33 (pyr-

C2), 162.65 (pyr-C4), 164.92 (amide-C), 165.96 (pyr-C6).

4-methyl-N-(p-tolyl)-6-(4-((4-(trifluoromethyl)phenyl)sulfonyl)piperazin-1-

yl)pyrimidin-2-amine (68c).

HRESIMS m/z 492.1698 [M+H]+ (calcd for C23H25F3N5O2S
+, 492.1676, ∆ = -4.6 ppm).

1H NMR (500MHz, d6DMSO) δ = 2.14 (s, 3H, pyr-CH3), 2.21 (s, 3H, Ph-CH3), 3.03 (m,

4H, pip-H3,5), 3.69 (m, 4H, pip-H2,6), 6.09 (s, 1H, pyr-H5), 7.02 (d, 2H, Ph-H3’,5’), 7.53

(d, 2H, Ph-H2’,6’), 7.98 (d, 2H, Ph-H2,6), 8.02 (d, 2H, Ph-H3,5), 8.93 (s, 1H, NH). 13C

NMR (125MHz, d6DMSO) δ = 20.35 (Ph-CH3), 23.80 (pyr-CH3), 42.91 (pip-C2,6), 45.44

(pip-C3,5), 93.27 (pyr-C5), 118.63 (Ph-C2’,6’), 123.43 (3J(13C,19F) = 260.0 Hz, CF3),

126.72 (3J(13C,19F) = 3.8 Hz, Ph-C3,5), 128.57 (Ph-C2,6), 129.21 (Ph-C3’,4’,5’), 132.91

(3J(13C,19F) = 32.3 Hz, Ph-C4), 138.56 (Ph-C1’), 138.94 (Ph-C1), 159.26 (pyr-C2),

162.32 (pyr-C4), 164.92 (amide-C), 166.00 (pyr-C6). 19F NMR (376.55MHz, d6DMSO)

δ = -61.65 (s, CF3).

4-(4-((2,4-difluorophenyl)sulfonyl)piperazin-1-yl)-N-ethyl-6-

methylpyrimidin-2-amine (69).

HRESIMS m/z 465.1213 [M+H]+ (calcd for C19H25N6O2S
+

3 , 465.1196, ∆ = -3.8 ppm).
1H NMR (500MHz, d6DMSO) δ = 1.03 (t, 3H, CH3), 2.04 (s, 3H, pyr-CH3), 2.69 (s, 3H,

thia-CH3), 2.99 (m, 4H, pip-H3,5), 3.18 (m, 2H, NCH2), 3.66 (m, 4H, pip-2,6), 5.87 (s,

1H, pyr-H5), 6.44 (br, 1H, NH), 7.63 (d, 1H, thi-H3), 7.69 (d, 1H, thi-H4), 8.10 (s, 1H,

thia-H4). 13C NMR (125MHz, d6DMSO) δ = 14.94 (CH3), 18.64 (thia-CH3), 23.91 (pyr-

CH3), 35.19 (NCH2), 42.51 (pip-C2,6), 45.60 (pip-C3,5), 91.15 (pyr-C5), 115.87 (thia-

C4), 124.31 (thi-C4), 132.49 (thi-C2), 134.23 (thi-C3), 144.85 (thi-C5), 146.42 (thia-C5),

161.64 (pyr-C2), 162.44 (pyr-C4), 165.94 (pyr-C6), 168.89 (thia-C2).

3-(4-(2-(ethylamino)-6-methylpyrimidin-4-yl)piperazine-1-carbonyl)-2H-

chromen-2-one (70).

HRESIMS m/z 394.1887 [M+H]+ (calcd for C21H24N5O
+

3 , 394.1874, ∆ = -3.5 ppm).
1H NMR (500MHz, d6DMSO) δ = 1.06 (t, 3H, CH3), 2.09 (s, 3H, pyr-CH3), 3.21 (m, 2H,

NCH2), 3.45/3.65 (m, 4H, pip-H2,6), 3.53/3.61 (m, 4H, pip-H3,5), 5.92 (s, 1H, pyr-H5),

6.47 (br, 1H, NH), 7.41 (t, 1H, chr-H6), 7.47 (d, 1H, chr-H8), 7.69 (t, 1H, chr-H7), 7.78

(d, 1H, chr-H5), 8.24 (s, 1H, chr-H4). 13C NMR (125MHz, d6DMSO) δ = 15.00 (CH3),

23.94 (pyr-CH3), 35.22 (NCH2), 41.18/45.89 (pip-C2,6), 43.02/43.61 (pip-C3,5), 91.22

(pyr-C5), 116.32 (chr-C8), 118.40 (chr-C4a), 124.60 (chr-C3), 124.86 (chr-C6), 129.05

xxi



Appendix B Characterisation and Spectral Data

(chr-C5), 132.76 (chr-C7), 142.47 (chr-C4), 153.54 (chr-C8a), 157.73 (chr-C2), 161.69

(pyr-C2), 162.75 (pyr-C4), 163.04 (amide-C), 165.82 (pyr-C6).
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Abstract

Despite the worldwide re-emerge of the Chikungunya virus (CHIKV) and its high mor-

bidity, no antiviral treatment or vaccine is available - making the development of a potent

CHIKV-inhibitor highly desirable.

The hit compound 1a was identified by an extensive high-throughput screening (HTS),

which marks the starting point of a promising and novel CHIKV-inhibitor: the CHVB

series. A structure-activity relationship study (SAR) with thirty-seven first-generation 2-

(4-(phenylsulfonyl)piperazine-1-yl)pyrimidine analogues led to the discovery of the new

lead compound 1b. Further, a thorough lead optimisation of 1b was performed to

improve the already good antiviral activity (EC50: 3.95 ± 1 µM) and to optimise crucial

ADMET properties.

Therefore, one hundred analogues were designed, synthesized, and tested for their an-

tiviral activity and physiochemical characteristics. These second-generation CHVB com-

pounds were screened for possible hERG channel interactions, their cytotoxic character-

istics in three cell lines (CaCo-2, HEK-293, and A459), and their viral profile. The

compounds showed excellent safety and physiochemical profile and high selectivity to-

wards CHIKV. In addition, the viral mRNA capping machinery (nsP1) was identified as

the viral target of the CHVB series.

Furthermore, fifty-five compounds were assessed for their metabolic stability in human

liver microsomes (HLMs), leading to a structure-metabolism relationship study (SMR).

An extensive SAR study with the second-generation CHVB compounds confirmed some

structural requirements identified earlier in the first-generation’s SAR study and revealed

the critical chemical features for a high CHIKV inhibition. In addition, two different

synthesis routes (Synthesis Route A and B) were established to synthesize the CHVB

analogues, whereby Synthesis Route B demonstrated a remarkable time- and yield-wise

advantage.

In addition, a pharmacophore-based virtual screening retrieved two hits with strong

CHIKV inhibition (68c and 70) and a SAR-driven scaffold hop (64b) led to the identi-

fication of a new hit molecule with anti-CHIKV activity.

This research study identified five compounds (31b, 31d, 32d, 34, and 35d) as potent,

safe, and stable lead compounds for further development as selective CHIKV inhibitors

- with 32d as the overall most promising candidate (EC50: 0.7 ± 0.05 µM).



Abstrakt

Trotz der immer stärkeren Verbreitung des Chikungunya-Virus (CHIKV) und der damit

verbundenen hohen Morbidität, gibt es weder spezifische antivirale Arzneistoffe noch

einen geeigneten Impfstoff. Aus diesem Grund rückt die Entwicklung eines wirksamen

CHIKV Inhibitors immer mehr in den Fokus der Arzneimittelforschung.

Der Ausgangspunkt der vielversprechenden CHVB-Molekülklasse bildet die Entdeckung

des Hitmoleküls 1a durch ein High-Throughput Screening (HTS). Eine erste Struktur-

Wirkungsbeziehung (SAR) wurde mit 37 2-(4-(Phenylsulfonyl)piperazin-1-yl)pyrimidin-

Analoga (erste Generation von CHVB-Analoga) durchgeführt und führte zur Identi-

fizierung der Leitverbindung 1b. Darüber hinaus wurde eine gründliche Leitstrukturop-

timierung von 1b durchgeführt, um die bereits gute antivirale Aktivität (EC50: 3,95 ±
1 µM) zu verbessern und um zusätzlich zentrale ADMET-Eigenschaften zu optimieren.

Hundert Analoga wurden deshalb synthetisiert und auf ihre antivirale Aktivität und

physikalisch-chemischen Eigenschaften getestet. Diese zweite Generation von CHVB-

Analoga wurde zusätzlich auf mögliche Interaktionen mit dem hERG-Kanal, hinsichtlich

ihrer zytotoxischen Eigenschaften in drei relevanten Zelllinien (CaCo-2, HEK-293 und

A459) und ihrer biologischen Charakteristika untersucht, wobei ein ausgezeichnetes Sicher-

heitsprofil, gute physiochemische Eigenschaften und eine hohe Selektivität gegenüber des

CHIKV festgestellt wurde. Zusätzlich wurde die virale mRNA-abbauende Maschinerie

(nsP1) als Zielprotein der CHVB-Molekülklasse identifiziert. 55 Verbindungen wurden

auf ihre metabolische Stabilität in humanen Lebermikrosomen (HLMs) untersucht und

eine Struktur-Stabilitätsbeziehung (SMR) sowie eine zweite umfassende SAR-Studie mit

der zweiten Generation CHVB-Analoga durchgeführt. Darüber hinaus wurden zwei ver-

schiedene Syntheserouten (Syntheseroute A und B) für die Synthese der CHVB-Analoga

entwickelt, wobei die Syntheseroute B erhebliche Vorteile in Bezug auf Reaktionszeit und

Ausbeute aufweist.

Anhand eines virtuellen Screenings konnten zwei Hitmoleküle mit starker antiviraler

Aktivität (68c und 70) ermittelt werden. Zusätzlich führte ein Scaffold Hopping zur

Entdeckung einer neuen Ausgangsverbindung mit guter antiviraler Aktivität (64b). In

Zuge dieses Forschungsprojektes konnten fünf Verbindungen (31b, 31d, 32d, 34 und

35d) als hochwirksame, sichere und stabile Leitverbindungen identifiziert werden, wobei

32d der vielversprechendste Wirkstoffkandidat ist (EC50: 0,7 ± 0,05 µM).
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