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Abstract

The NS5B RNA-dependent RNA polymerase is an attractive target for the development of novel
and selective inhibitors of hepatitis C virus replication. In order to identify novel structural hits as
anti-HCV agents, we performed structure-based virtual screening of our in-house library followed
by rational drug design, organic synthesis and biological testing. These studies led to the
identification of pyrazolobenzothiazine scaffold as a suitable template for obtaining novel anti-HCV
agents targeting the NS5B polymerase. The best compound of this series was the meta-fluoro-N-1-
phenyl pyrazolobenzothiazine derivative 4a, which exhibited an ECso= 3.6 pM, ECgo= 25.6 uM and
CCsp> 180 uM in the Huh 9-13 replicon system, thus providing a good starting point for further hit

evolution.

Keywords. Hepatitis C virus, RNA-dependent RNA polymerase, structure-based drug discovery,

virtual screening, NS5B inhibitors, pyrazolobenzothiazines.

Introduction

Hepatitis C virus (HCV) is a small, enveloped RNA virus that belongs to the Flaviviridae
family. Worldwide, over 170 million people have become chronically infected with HCV;' the
overall prevalence is ~3%, with rates up to 20%, for example in Egypt.”> The virus may remain
undetected for >15 years, a period during which transmission can occur. Due to intensive donor
screening, transfusion-associated cases have become very rare, and most of the new infections can
be attributed to high risk drug-related behavior (60%) and unsafe injection practices. Following a
usually mild and subclinical acute infection, a chronic stage develops in 70-85% of the cases.”
Chronic HCV infection is one of the leading causes of liver cirrhosis and hepatocellular carcinoma

(primary liver cancer), and the first indication for liver transplantation in industrialized countries.’

2

ACS Paragon Plus Environment

Page 2 of 46



Page 3 of 46

©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry

The standard treatment of HCV infection used to be a regimen of pegylated interferon alpha
(peglFN-a) in combination with ribavirin (RBV). During treatment, a high number of patients
suffer from severe adverse effects and the sustained viral response rate unfortunately is rather low
for individuals infected with genotype 1, the most prevalent genotype in North America, Europe
and Asia. Recently, the first two direct-acting antiviral agents (DAAs) targeting the NS3/4A
protease, telaprevir and boceprevir, have been approved by the Food and Drug Administration and
European Medicines Agency for the treatment of patients infected with HCV genotype 1.* Any of
these two drugs, combined with pegINF-a and RBV in a triple combination therapy, induce a
significantly improved sustained virological response rate both in treatment-naive patients as well
as those that have a treatment history.” However, despite improved response rates, combination
treatment including either boceprevir or telaprevir shows long-term toxic effects, is associated with
high costs, results in an increased pill burden on the patient, suffers from many drug interactions,
and has a low barrier to resistance if used as monotherapy.” Therefore, there is still a need for
alternative treatment options, which are preferably pegINF-a and RBV-free and which target
multiple steps of the virus replication cycle or different sites on a viral protein. In principle, every
step of the HCV lifecycle, from receptor binding and endocytosis, to fusion, uncoating, translation,
polyprotein processing, RNA replication, virion assembly, maturation, transport and release, can be
a target for the development of new and selective anti-HCV drugs.®

Since the elucidation of the molecular genetics of the virus, the non-structural HCV proteins
NS3/4A protease and NS5B polymerase have drawn most attention as drug targets. In contrast to
the protease, drugs targeting the NS5B polymerase have yet to reach the market. NS5B is a RNA-
dependent-RNA polymerase which catalyzes the synthesis of progeny viral RNA strands, and
because of its apparent sequence and structural difference with human DNA and RNA polymerases,
poses an attractive target for the development of selective inhibitors.”® To date, a variety of

nucleoside and non-nucleoside HCV polymerase inhibitors have been reported.”'® The non-
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nucleoside inhibitors (NNIs) can be divided into five groups based on the distinct allosteric binding
site on the HCV polymerase they target, namely thumb site I (TSI), thumb site II, (TSII), palm site I
(PSI), palm site II (PSII), and palm site III (PSIII).11 Because of the number of drugable pockets on
NS5B and the lack of cross-resistance between inhibitors that target these different binding sites,
multiple NS5B-targeting drugs may likely become part of future combination therapy. For many of
these pockets, protein-ligand crystal structures, together with biochemical evidence, are described in
literature, thus offering a solid base to set up exploratory projects aimed at identifying novel anti-
NS5B chemotypes.

In continuation of our efforts towards identification of new chemical entities that inhibit HCV

12,13

replication, in this study we have focused our attention on the allosteric PSI, located at the

junction of the thumb and palm domains and in close proximity to the active site. Several

chemotypes that bind at this site have been reported in literature;'*"!

among them,
hydroxyquinoline-benzothiadiazine (BTDZ) and hydroxyquinoline-benzothiazine (BTZ) classes
represented by derivatives 1 and 2, respectively (Figure 1), are the most investigated PSI-NNIs with

promising candidates in clinical development.'*

2
D/NHSOZMe

Figure 1. Chemical structures of 1 and 2 as representative of BTDZ and BTZ PSI-NNIs,

respectively.
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Given the scenario of PSI-NNIs as highly effective antiviral agents, we herein describe the
rational design, synthesis, anti-NS5B activity and inhibitory effect on HCV replication of novel

pyrazolobenzothiazine-based compounds in a quest to discover new selective anti-HCV agents.

Results and Discussion

Structure-based identification of the pyrazolobenzothiazine scaffold

The first goal of this study was to investigate in-depth the binding requirements for potent NS5B
inhibitory activity at PSI. This aspect was important to gain useful information regarding the
identification of new potential PSI-NNIs. Towards this, we focused our attention on the BTDZ and
BTZ classes (e.g., compounds 1 and 2) (Figure 1) which, beside being potent inhibitors in both
NS5B polymerase and cellular replicon system assays, are well characterized from the structure-
activity relationships (SAR) standpoint.14 Several studies have reported detailed structural analysis
of the ligand/NS5B contacts for different inhibitors of the BTDZ and BTZ series.'* All these
inhibitors share similar contacts with the NS5B residues, although the more potent compounds
establish some additional hydrogen bond interactions. Of note, all of the available X-ray structures
reveal some highly conserved water molecules which mediate the protein-inhibitor hydrogen-bond
interactions.

Using as reference the co-crystal structure of NS5B with compound 2,'> we have summarized the
key binding requirements as follows (Figure 2): /) a hydrophobic group (HYD-1) occupying a
pocket mainly defined by residues Met414, Gly410, GIn446, Asn411 and Tyr415; ii) a N-alkyl/aryl
lipophilic tail (HYD-2) filling a deep pocket shaped by Tyr448, Cys366, Pro197, Tyr415, Leu384,
Arg200 and Ser368; iii) a hydrogen bond acceptor group (HBA-1) involved in a direct interaction
with the backbone N-H of Tyr448 and in a water-mediated interaction with Gly449; iv) one of the

sulfone oxygens of the BTZ/BTDZ moiety (HBA-2) establishing a water-mediated interaction with

5
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Ser556 or Ser288; v) the phenyl portion of the benzothiadiazine ring system (ETF) making an edge-
to-face aromatic interaction with Phel93; and vi) the methylsulfonamide group (HBD-HBA)
making strong interactions with Asn291 and Asp318. Moreover, one of the sulfonamide oxygen
atoms of the methylsulfonamide moiety forms a third H-bond network with residue Ser288 via the

structural water molecule mentioned in point iv.

R
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Figure 2. Schematic representation of the interactions between NS5B polymerase and compound 2
(PDB ID 3G86) as representative of BTZ/BTDZ inhibitors. NS5B residues lying within a distance
of 4 A from the bound ligand are shown and color coded as follows: red-acidic; green-hydrophobic;
purple-basic; cyan-polar; white-Gly. Waters are displayed as gray circles, while interactions
between ligand atoms and protein residues are marked with lines: solid pink, H-bonds to the protein
backbone; dotted pink, H-bonds to protein side chains; green, m-n stacking interactions. The six
chemical features of PSI-NNIs are highlighted as well: HBA, hydrogen bond acceptor; HBD,

hydrogen bond donor; HYD, hydrophobic regions; ETF, group involved in edge-to-face interaction.
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Taking into account the above observations, structure-based drug discovery (SBDD) approaches
were performed to discover novel anti-NS5B chemotypes from an in-house library of 2692
molecules synthesized and/or published by our research group. The compound collection was
prepared for docking using the LigPrep process'® and submitted to a structure-based virtual
screening workflow against the crystal structure of NS5B in complex with inhibitor 2 (PDB ID
3G86) by means of the Glide software.'” All water molecules found in the crystal structure were
removed, with the exception of the conserved water molecules involved in direct interactions with
the ligand (Figure 2). In order to validate the docking performance, test calculations using 2 were
carried out, extracting the ligand from the corresponding NS5B complex and then docking it back
into the allosteric pocket of the enzyme crystal structure. The best docking pose of 2 (XP GScore =
-9.4 kcal/mol) agreed well with its experimental binding conformation, with a root-mean square
(rms) deviation value of 0.3 A.

The top-ranked compounds were visually inspected searching for virtual hits endowed with high
docking score and also able to create the key interactions with the PSI residues. Unfortunately, none
of the in-house compounds possessed both these characteristics. However, our attention was
attracted by the pyrazolobenzothiazine-3-carboxymethyl ester derivative 3a'® (rank position #94,
XP GScore = -5.8 kcal/mol) (Figure 3), a compound already reported by our research group as an

intermediate in the preparation of anti-inflammatory agents.'”
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Figure 3. A) Simplified 2D representation of the predicted interactions between compound 3a and
NS5B amino acids (color legend as in Figure 2). B) Docking pose of compound 3a (green) together
with the experimental position of BTZ derivative 2 (violet). Water molecules are displayed in cyan,
whereas hydrogen bonds are represented as yellow dashed lines. Both pictures show protein

residues within 4 A of the docked compound.

Interestingly, compound 3a was predicted to bind in a fashion somewhat similar to that of known
PSI-NNIs (Figure 3), establishing some of the already mentioned key ligand-NS5B interactions
(Figure 2). The sulfonyl function of the molecule, corresponding to the HBA-1 feature, was
engaged in a direct hydrogen bonding interaction with Tyr448; the same moiety also established a
water-mediated interaction with Gly449. The previously described hydrophobic features HYD-1
and HYD-2, were represented here by the phenyl ring of the pyrazolobenzothiazine nucleus and the
N-phenyl tail, respectively. Of note, the pyrazole ring showed an additional n—7 interaction with the

side chain of Tyr448.
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Computer-driven design of pyrazolobenzothiazine derivatives

The interaction between compound 3a and NS5B polymerase was evaluated using surface
plasmon resonance (SPR), while its effect on the catalytic activity of the enzyme was determined in
a functional assay and its effect on transcription was evaluated in a cell-based HCV subgenomic
replicon system. The analysis of the interaction with NS5B (Con-1 strain, genotype 1b) indicated
that the affinity was very low with a dissociation equilibrium constant Kp > 300 pM. In the
functional anti-NS5B (CA21, genotype 1b) assay, 50 uM of the compound resulted in 11%
inhibition. A preliminary screening analysis for its ability to inhibit HCV replication (genotype 1b),
using a HCV subgenomic replicon containing human hepatoma cells (Huh 5-2), showed that
compound 3a exhibited ~40% inhibition of HCV RNA replication at non-toxic concentration.
Albeit the modest biological results obtained for 3a did not allow to classify it as hit, the interesting
information raised from the proposed binding conformation suggested that this chemotype was
worthy of further optimization. Therefore, taking into account the key chemical features of PSI-
NNIs (Figure 2), we planned suitable chemical modifications of derivative 3a with the objective of
obtaining potent NS5B small-molecule inhibitors.

Since it was not straight forward to synthesize molecules possessing the six desired features at the
same time, we decided to design a series of pyrazolobenzothiazine-based compounds (4a-j, Sa and
6a), (Scheme 1 and Table 1) which could potentially contain all the binding requirements except
HBA-2. In particular, superimposition of the docked conformation of compound 3a on the BTZ
inhibitor 2-NS5B co-crystal structure (Figure 3) suggested replacement of methyl with para-
methanesuphonamidephenyl moiety from the C-3 carboxylic group. Thus, derivative 4a was
designed where the ester linkage was replaced by the more chemically stable amide bridge.

Starting from compound 4a, the deep hydrophobic cavity occupied by the chemical feature HYD-
2 was explored by moving the fluorine atom from meta to ortho (4b) and para (4c) positions, or by

designing the unsubstitued N-1 phenyl derivative 4d. The fluorine atom was also replaced with

9
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strong electron withdrawing (i.e. NO,, 4e-g) or eclectron donating (i.e. NH,, 4h-j) substituents.
Finally, the methanesuphonamide group was substituted by an amino group obtaining compound
Sa. This change was aimed at assessing the impact of the mesyl moiety in this series of compounds.
Finally, the direct optimized version of compound 3a, where the methyl fragment of the C-3
carboxylic group was substituted by the para-methanesuphonamidephenyl moiety, was also
planned (6a).

Before starting with the chemical synthesis of the new pyrazolobenzothiazine-based compounds,
we sought to validate our hypothesis by performing automated docking studies of the designed
derivatives using the computational protocol described above. The docking results predicted that
4a-j, S5a and 6a may potentially interact with the NS5B residues of PSI in a fashion similar to
known NNIs, as discussed below. For instance, the proposed binding mode of
pyrazolobenzothiazine derivative 4a (XP GScore = -7.4 kcal/mol) is shown in Figure 4, where a

schematic representation of the predicted NS5B-compound 4a interactions is also illustrated.
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Figure 4. A) Schematic representation of the predicted interactions between compounds 4a and the
NS5B residues (color legend as in Figure 2). B) Docked conformation of compound 4a (green)

together with the X-ray conformation of BTZ derivative 2 (violet). Water molecules are displayed
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in cyan, while hydrogen bonds are represented as yellow dashed lines. Both figures illustrated

NS5B residues lying within a distance of 4 A from the docked compound.

Beside the ligand-NS5B interactions already highlighted for the parent compound 3a (Figure 3),
derivative 4a was able to establish the additional desired n—n (EFT) and three-point (HBD-HBA)
interactions through its para-methanesuphonamide phenyl group, in agreement with the SBDD.
Further, since NS5B harbors multiple allosteric sites, we next investigated the binding mode of the
rationally designed pyrazolobenzothiazine derivatives at the other pockets. For this purpose,
molecular docking studies at PSII (PDB ID 3FQL),”® PSIII (PDB ID 3LKH),*' TSI (PDB ID
2BRK)'*** and TSII (PDB ID 3FRZ)"*** were performed. At first, the ability of the docking setup
to reproduce the co-crystallized pose of each inhibitor within the respective NS5B site was
validated. The pyrazolobenzothiazine derivatives were then docked into the allosteric pockets, and
the visual inspection of the results revealed their inability to properly occupy those binding sites.

Together, this data suggested that the newly designed compounds 4a-j, 5a and 6a may bind at
PSI, thus providing a rationale to synthesize and test these molecules as potential inhibitors of

NS5B polymerase and HCV replication.

Synthesis of pyrazolobenzothiazine derivatives

The synthetic route employed for the preparation of targets compounds 4a-j, Sa and 6a is
depicted in Scheme 1. Starting from key intermediate 7, the pyrazolobenzothiazine-3-
carboxymethyl esters 3a,'” 8b-c, 8d," 8e-g were prepared by condensation with the appropriate
commercially available phenylhydrazines hydrochloride, in MeOH at reflux. According to our

. 19,24
previous works™ "

this reaction led to the formation of the sole N-1 phenylpyrazolobenzothiazine
regioisomers. In fact, in all '"H NMR spectra of derivatives 3a, and 8b-g the presence of H-9 proton

shielded by the anisotropic effect of N-1 phenyl ring is a proof consistency of the assigned
11
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structure. In order to unambiguously demonstrate the reaction regioselectivity, a bidimensional
NOESY spectrum was performed for derivative 8e, as an exhaustive example. The results indicated
two diagnostic interactions: the first one was observed between the H-9 proton of
pyrazolobenzothiazine nucleus and the H-2' proton of the N-1 phenyl ring whereas the second one
occurred between the same H-9 proton and the H-4' proton (Figure 5). No interactions were found
between the N-1 phenyl ring and the C-3 methyl ester.

The esters intermediates 3a,'” and 8b-g were hydrolyzed under basic conditions at reflux to give
the pyrazolobenzothiazine-3-carboxylates 9a-c, 9d," and 9e-g. They were then converted in the
corresponding carbonyl chloride, under reflux of SOCI, and immediately reacted with N-(4-
aminophenyl)methanesulfonamide,” using Et;N as scavenger, to afford the target amide derivatives
4a-g. On the other hand, nitro derivatives 4e-g were reduced to the corresponding amino targets 4h-
j employing H, flux and Raney-Ni as catalyst.

Using the same procedures, the carbonyl chloride of 9a was reacted with N-(4-
hydroxyphenyl)methanesulfonamide®® to give the target ester derivative 6a; intermediate 9a was
also converted into amino derivative Sa by reaction with 4-nitroaniline followed by catalytic

reduction with Hy/Raney-Ni.

Figure 5. NOESY experiments for 8e showing two main interactions: H-9—H-2" and H-9—H-4'.

12
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37 *Reagents and conditions: (i) AINHNH, HCI, MeOH, reflux; (ii) 10% acq NaOH, MeOH, reflux;
38 (iii) a) SOCl,, reflux; b) ArNH; or ArOH, Et;N, dry DMF, 40 °C; (iv) H,, Raney-Ni, DMF, rt, atm
39 pressure.

45 Biochemical and biological studies

47 The synthesized compounds 4a-j, Sa and 6a were evaluated by a combination of three
biochemical and biological methods to determine the binding affinity for NS5B polymerase, the
50 ability to inhibit the enzyme and the anti-HCV activity. The SPR biosensor analysis is a direct
54 binding method that provides information on the interaction between the compounds and the

56 enzyme; the affinity is an important SAR characteristic, but does not provide the functional

58 13
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information that is obtained from the enzyme activity-based inhibition or replicon assays. The latter
is the most complex assay of the three, providing a measure not only of effects on polymerase
activity but other features related to viral replication. Ideally, a good compound shows a low Kp,
ICso and ECsg values. In recent years, ligand efficiency indices have been shown to be useful tools
in reviewing the potency data, where potency is either a measure of binding (Kp) or biological
activity (Kj, ICso or ECsg). Ligand efficiency (LE)*’ refers to the potency of a compound averaged
by its non-hydrogen atom count and is used to try to avoid unnecessary increases in molecular
weight as a lever to increase potency. Although LE is probably the most widely used and intuitive
metric, it does not take into account lipophilicity. Considering the crucial role of lipophilicity in
drug discovery, the concept of ligand-lipophilic efficiency (LLE or LipE) has recently become a
popular measure linking potency and lipophilicity in an attempt to estimate druglikeness.® For a
given compound, LLE is defined as pPotency — logP or logD, where pPotency is —log(Potency),
logP is the octanol/water partition coefficient and logD is the distribution coefficient. LogP value of
a substance is most appropriate for neutral (un-ionized) compounds, while logD (the pH-dependent
lipophilicity descriptor) should be used when working with ionizable compounds. Since our
pyrazolobenzothiazines did not contain a functionality likely to be ionized at the pH of the used
assays, logP value was chosen as the relevant parameter. In this study, LLE values were calculated
to support the SAR understanding and to evaluate the druglikeness of the compounds by employing
logP calculated using the program QikProp (see also Supporting Information Table IS).29

These data are reported in Table 1.

SPR interaction analysis.
The interaction between the synthesized compounds and HCV-NS5B genotype 1b was assayed
using a SPR-based biosensor as reported in Experimental Section.

14
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No compounds were found to affect the immobilized enzyme irreversibly or linger in the
instrument flow system to potentially interfere with subsequent measurements. An appropriate level
of structural integrity and functionality of the detection surface was maintained throughout the
experiments, as determined by injections of a positive control substance (filibuvir, PF00868554).

The apparent affinities were determined for all compounds except two, i.e. 4¢ and 4g. The results
from derivative 4¢ suggested that this compound might interact with the enzyme, but possible
solubility issue prevented a proper determination of the affinity. On the other hand, there was no
detectable interaction between compound 4g and the target.

Starting from pyrazolobenzothiazine 3a, the introduction of the para-methanesuphonamidephenyl
moiety at the C-3 position permitted an increased affinity to be observed for almost all the
synthesized compounds (Kp values ranged from 14 to 165 uM and corresponding LLE parameters
from 0.99 to 3.41). In particular, the analogues bearing an amide or ester linkage (compounds 4a
and 6a, respectively) exhibited increased NS5B affinity when compared to the parent compound 3a.
Deletion of the methansulfonyl fragment negatively affected the binding affinity, as highlighted by
comparing both Kp and LLE values of derivative 4a (Kp= 75 uM, LLE = 1.85) and 5a (Kp= 161
pM and LLE = 0.99). Both these observations were in agreement with the rationale of our design.
NSS5B affinity was also influenced by the position of the substituent on the N-1 phenyl ring. Indeed,
SPR data combined with lipophilic efficiency index analysis revealed that in the fluoro and nitro
subsets, the meta substitution (4a and 4e) was preferred over the ortho substitution (4b and 4f). In
particular, meta-nitro N-1-phenyl derivative 4e (Kp = 14 pM and LLE = 3.41) displayed both the

best affinity and LLE value within this pyrazolobenzothiazine series.

NSSB polymerase assay.
The anti-NS5B RdRp activity of all the synthesized compounds was evaluated by the standard

primer-dependent elongation reaction employing poly rA/U;, template-primer and recombinant

15
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HCV NS5BCA21 according to previously described procedures.*® Compound 1°! was included as a
reference NS5B inhibitor and yielded an ICsy value of 0.085 + 0.006 uM, consistent with previously
reported data.’?  All compounds were first screened at 50 uM concentration to identify NS5B
inhibitor candidates exhibiting >50% inhibition of NS5B RdRp activity at this concentration. This
investigation led to the identification of eight compounds (4a-4d, 4f, 4g, 4i and 4j) satisfying this
criterion, while four compounds (4e, 4h, Sa and 6a) exhibited, at the same concentration, ~21-46%
inhibition of NS5B RdRp activity. The eight selected compounds were further screened for their
NS5B inhibition potency and yielded ICsy values ranging from 3.9 pM to 40 pM, with
corresponding LLE values ranging from 2.4 to 3.8 (Table 1). The enzymatic data, in agreement with
the SPR analysis, thus highlighted that the rational introduction of the para-
methanesuphonamidephenyl moiety at the C-3 position was a valid strategy to increase the
inhibitory activity of the starting compound 3a; which did not reach 50% inhibition but only
showed 11% inhibition at 50 uM. Furthermore, the enzyme inhibition results, similarly to that
observed by the SPR data analysis, clearly showed how the deletion of the methansulfonyl resulted
detrimental in this series of pyrazolonbenzothiazines (compare 4a with an ICsy value of 21 uM
versus Sa with 31.5% inhibition at 50 uM).

Looking at both the NS5B inhibition data and LLE values, further considerations can be
proposed. The position of the substituent on the N-1 phenyl ring influenced the anti-NS5B activity.
In particular, in this series the substitution at the para position (4¢, 4g and 4j) was preferred over
the ortho (4b, 4f and 4i) and meta (4a, 4e and 4h) positions. For instance, para-fluoro N-1-phenyl
pyrazolobenzothiazine 4c¢ displayed the most potent activity in this series with an ICsy of 3.9 uM
and LLE of 3.11, while its ortho (4b) and meta (4a) analogues showed ICsy of 14.2 uM and 21 pM,
and LLE of 2.66 and 2.40, respectively. These data clearly suggest that, although our compounds

exhibited lower anti-NS5B potency compared to the representative BTDZ 1, the
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pyrazolonbenzothiazine nucleus merits further investigation representing a new chemical scaffold

unrelated to any known class of NS5B NNIs.

Anti-HCYV activity.

The selective antiviral activity of the target compounds (4a-j, 5a, and 6a) was evaluated in the
HCV genotype 1b subgenomic replicon system (Huh 5-2). From the dose-response curves, the
concentration of the compound that inhibits virus replication by 50% (i.e., ECso) as well as the
concentration of compound that reduces host cell metabolism by 50% (i.e., CCsyp) was derived.
These values in turn allowed us to calculate the selectivity index (i.e., ST = CCso/ECs), a measure
for the therapeutic potential of the compound in the assay system (Table 1).

A preliminary analysis of the data obtained from the replicon assay apparently showed that, with
the exception of derivatives 4g, 4h, and 4j, the pyrazolobenzothiazines herein reported did not
possess any significant cytotoxicity. Furthermore, the nontoxic compounds were able to inhibit
HCYV replication in a micromolar range.

However, even though an ECsy) may be obtained from the dose-response curve, following
interpretation of the dose-response curve, compounds were only considered as selective inhibitors
in the replicon assay when significant inhibition (>70%) of virus RNA replication was observed at
concentrations that did not exert an adverse effect on host cell metabolism. The antiviral response
observed for the compounds that did not match these criteria most likely had to be attributed to a
pleiotropic or aspecific effect of the compound on the host cell metabolism. In addition, the cell and
monolayer morphology of the selected compounds was checked microscopically, as the microtiter
plate readout data did not necessarily allow to identify minor changes that can be detected visually.
Even though the dose-response curves (data not shown) of several compounds (derivatives 4a-c and
5a) matched the hit selection criteria, following microscopic inspection, it was apparent that the

compounds induced changes at the level of cell and monolayer morphology. Even though these
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observations pointed towards an aspecific or pleiotropic effect being responsible for the observed
anti-HCV activity, it however cannot be excluded from this assay that the compounds in addition
did not inhibit HCV replication as well.

Taking into account the above general considerations, some preliminary SAR can be proposed. A
good activity coupled with no apparent cytotoxic effects was maintained within the N-I-
fluorophenyl subset, with compound 4a being the most interesting derivative (ECso= 7.5 uM) since
notably it was also able to reach 90% inhibition of HCV replication at non-toxic concentration
(ECgp = 42 uM). To better evaluate compound 4a as true anti-HCV agent, it was validated at the
level of viral RNA replication in the Huh 9-13 replicon system by means of real-time quantitative
RT-PCR. In this assay, derivative 4a showed a selective antiviral effect (ECsop = 3.6 uM; ECq =
25.6 uM) without any cytostatic effect (CCso> 180 uM, SI > 50). A dose-response curve matching
the hit selection criteria was obtained, suggesting selective anti-HCV activity. However, based on

the microscopic observations, no final conclusion can be drawn.

Highlights from the LLE analysis

The introduction of the concept of LE has been useful as it provides a measure of the binding
energy of the ligand per atom. This has been extended to also account for lipophilic contributions,
in the LLE metric. The magnitude of LLE is thought to be correlated with druggability and it can be
used to select and prioritize compounds with high affinity per atom and low lipophilicity. The new
pyrazolobenzothiazine derivatives were therefore evaluated using this metric. The LLE calculated
from Kp and ICsq values was useful for ranking and identified compounds 4e (3.4) and 4g (3.80) as
the ones with the highest LLE, respectively (see also Supporting Information Figure S1 and S2).
These results can be compared to the calculated mean LLE values for a large and diverse data set
representing different stages of drug discovery recently published by Tarcsay et al.** Although LLE

greater than 5 is usually considered optimal for a promising drug candidate, LLE values of 2.5 were
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found for both fragment and HTS hits, while fragment and HTS leads showed higher values of 3.9
and 3.6, respectively. The study further reported LLE values greater than 5 for compounds that
entered phase Il trials and marketed drugs. In our work, several synthesized derivatives had LLE
values greater than 2.5 and low logP values (see Supporting Information Figure S1 and S2), thereby
suggesting that the pyrazolobenzothiazine chemotype is noteworthy of further investigation.
Another surprising finding was that, although 4a was the anti-HCV hit compound validated by the
strict criteria of the replicon system, curiously this pyrazolobenzothiazine did not rank among the
derivatives which exhibited the highest LLE values based on calculations using either Kp or ICs. In
contrast, both compound 4e and 4g that showed the highest LLE values were not detected as
genuine anti-HCV agents in the replicon system. This may be an effect of the higher complexity of
the replicon assay compared to the SPR and enzyme inhibition assays. It is influenced by the
pharmacokinetic properties of a compound (e.g. the ability to enter the cell) and its capability to
interact also with a multitude of other cell components. Even though the concept of LLE was
originally introduced specifically using pICsy and pK; presumably to avoid the complication due to
the use of cell system, it was later expanded to include pEC50.34 LLE for 4a using its ECsy data
determined by RT-PCR assay was 3.21, thus ranging between the LLE values for hit compounds
(mean value of 2.5) and lead compounds (mean values of 3.6-3.9).

Additional pyrazolobenzothiazine analogues will have to be explored to identify the features that

are associated with high potency in the replicon system and that give higher LLE.
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Table 1. Biological results obtained for derivatives 3a, 4a-j, 5a, and 6a.

N/
X
N R
s™
O,
NS5B
' Sﬁg 5(]); functional Replicon assay on Huh 5-2 cells LLE LLE
cpds R R assay (Ko)t (ICsy)"
Kp ICSOb ECs . EC9()d CCso Sy o *
(uM)* (M) (UM’ (M) (uM)°
3a 3-F OMe >300 ND* 172 +10 ND' >323 2 - -
4a 3-F HN@NHSOZMe 75+12 21.0+2.8 75+25 4242 >370 >49 1.85 2.40
4b 2-F HN—QNHSOZMe 162463 14.2+0.6 64+0.2 ND' >231 >36 1.61 2.66
4c 4-F HNONHSOZMe ND' 3.9+0.3 23+ 13 ND' >231 >10 - 3.11
4d H HNONHSOZMe 53+6 19.8+3.6 14+1 ND' >239 >17 2.18 2.61
de 3-NO; HN@NHSOZMe 14+6 ND¥ >220 >220 >220 >1 3.41 -
4f 2-NO, HN—QNHSOZMe 35+3 20+0.4 17.8+0.1 ND' >220 >12.4 2.84 3.09
4g 4-NO, HNONHSOZMe ND' 7.7+1.3 79+1.0 ND! 55+8 7.0 - 3.80
4h 3-NH, HNONHSOZMe 163+8 ND¥ 92+0.9 ND! 20+6 2.2 2.52 -
4i 2-NH, HN@NHSOZMe 106+42 39.9+1.7 26+2 ND! >232 >9 2.66 3.08
4j 4-NH, HN@NHSOZMe 165+16 18.2+2.1 12+1 ND' 25+5 2 2.53 3.48
5a 3-F HNONHZ 161+103 ND” 19+2 ND' >270 >14 0.99 -
6a 3-F OONHSOZMe 63+8 ND¥ 88+ 10 ND' >185 >2 1.87 -

¢ Kp= Dissociation equilibrium constant. At this concentration 50% of all binding site are occupied. Values as averages and standard deviation (SD) from
duplicate or triplicate runs. * ICs, = concentration of compound that inhibits 50% enzyme activity in vitro. The reported values represent the means + SD of
data derived from two independent experiments performed in duplicate. “ ECsy = the effective concentration required to inhibit virus induced cytopathic effect
by 50%. The reported values represent the means = SD of data derived at least from three independent experiments. ¢ ECo = the effective concentration
required to inhibit virus induced cytopathic effect by 90%. The reported value represents the means + SD of data derived at least from three independent
experiments. ¢ CCso = is the concentration required to reduce the bioreduction of MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-phenyl)-2-(4-
sulfophenyl)-2H-tetrazolium) into formazan by 50%. The reported value represents the means + SD of data derived at least from three independent
experiments. /S1= selectivity index (ratio of CCsg to ECsp). ¢ LLE(Kp) = pKp — predicted logP. b LLE(ICs0) = pICsy — predicted logP. 'ND = not determined. ’

Compounds that did not reach the 50% inhibition and show a maximum % inhibition @ 50 uM: 3a 10.6%, 4e 33.7%, 4h 45.8%, 6a 21.4%, 5a 31.5%.

ACS Paragon Plus Environment

20



Page 21 of 46

©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry

Conclusions

Although a wide variety of compounds have been reported as NS5B inhibitors, drugs active
against this enzyme have not yet been approved by the FDA. Thus, there is still a compelling need
to identify new anti-HCV chemotypes acting on NS5B polymerase. In this context, structure-based
virtual screening of our in-house library led to the identification of the pyrazolobenzothiazine 3a as
a suitable starting point for the rational design of new potential NS5B inhibitors. A simple synthetic
route for novel pyrazolobenzothiazines bearing a para-methanesuphonamidephenyl moiety at C-3
position has been developed, leading to the preparation of twelve derivatives. Biochemical and
biological testing confirmed that our strategy was successful in the search for a new anti-HCV
chemotype most likely targeting the NS5B polymerase. In summary, the results showed that 4a
represented the best hit within this first series of pyrazolobenzothiazines, having relatively good
affinity and inhibitory effects in both enzymatic and replicon assays. Further investigations are
warranted and are currently in progress to develop pyrazolobenzothiazine derivatives with

improved activity and to better elucidate their antiviral mechanism of action.

Experimental section

Molecular Modeling

The crystal structure of NS5B RARP complexed with inhibitor 2 (PDB ID 3G86) was retrieved
from the RCSB Protein Data Bank and used for our modeling studies on PSI. Water molecules,
except those involved in mediating hydrogen bonds between the ligands and the protein were
deleted. Schrodinger Protein Preparation Wizard,” a workflow designed to ensure chemical
correctness and to optimize a protein structure for further analysis, was then used to obtain a

satisfactory starting structure. In particular, hydrogen atoms were added, and bond orders and
21
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charges were assigned; the orientation of hydroxyl groups on Ser, Thr and Tyr, the side chains of
Asn and Gln residues, and the protonation state of His residues were optimized. Steric clashes were
relieved by performing a small number of minimization steps, not intended to minimize the system
completely. In our study, the minimization (OPLS 2500 force field) was stopped when the RMSD
of the non-hydrogen atoms reached 0.30 A.

Docking studies were performed using the software Glide version 5.6."" The prepared protein
structure was used to generate the receptor grid, which was centered on the crystallographic
positions of PSI-NNI 2.

Prior to docking experiments, the in-house library and the designed compounds (4a-j, 5a and 6a)
were built using the Schrodinger Maestro interface™® and then submitted to the LigPrep utility,'®
which rapidly produces low energy 3D structures taking into account ionization states, tautomers,
sterochemistries, and ring conformations at the desired pH. For our study, a pH range of 6-8 was
set.

The PSI-NNI 2 was instead extracted from the complex with NS5B, and its crystallographic
coordinates were transformed in order to avoid biasing the docking toward the known NS5B- bound
conformation. After modeling the ligand enolic moiety as anion due to its ionization at
physiological pH, the compound was submitted to Polak—Ribiere conjugate gradient minimization
[0.0005 kJ/(A mol) convergence].

All compounds were flexibly docked in a stepwise manner with Glide SP (Standard Precision)
and XP (Extra Precision) as scoring functions. Docking experiments were performed using a 0.80
factor to scale the VAW radii of the nonpolar ligand atoms with partial atomic charge less than 0.15
(absolute value). Poses were discarded as duplicates when rms deviation in the ligand-all atoms was
less than 1.5 A and maximum atomic displacement was less than 2.0 A. Three bound conformations
per ligand were retained from SP docking, and these were refined, rescored and minimized using

GlideXP. The best XP scoring bound conformation for each ligand was retained. Docking
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experiments at PSII (PDB ID 3FQL),% PSIII (PDB ID 3LKH),'”*?' TSI (PDB ID 2BRK)'*** and
TSII (PDB ID 3FRZ)* were performed using the same protocol described for PSI.

Figure 2, 3A and 4A were generated using the Ligand Interaction Diagram tool of Maestro GUIL*
whereas Figure 3B and 4B were prepared using the software PyMOL."’

LogP values of the pyrazolobenzothiazines were computed by using Schrodinger QikPro
program® (descriptor QPlogPo/w), and the LLE calculations were performed by using Excel
spreadsheet.

Chemistry

All starting materials were commercially available, unless otherwise indicated. Reagents and
solvents were purchased from common commercial suppliers and were used as such. Organic
solutions were dried over anhydrous Na,SO4 and concentrated with a rotary evaporator at low
pressure. All reactions were routinely checked by thin-layer chromatography (TLC) on silica gel
60F254 (Merck) and visualized by using UV or iodine. Column chromatography separations were
carried out on Merck silica gel 60 (mesh 70-230), flash chromatography on Merck silica gel 60
(mesh 230-400). Melting points were determined in capillary tubes (Biichi Electrotermal model
9100) and are uncorrected. Yields were of purified products and were not optimized. '"H NMR
spectra were recorded at 200 or 400 MHz (Bruker Avance DRX-200 or 400, respectively) while *C
NMR spectra were recorded at 100 MHz (Bruker Avance DRX-400) as well as 2D 'H NMR
NOESY run in phase sensitive mode. Chemical shifts are given in ppm (J) relative to TMS. Spectra
were acquired at 298 K. Data processing was performed with standard Bruker software XwinNMR
and the spectral data are consistent with the assigned structures. Elemental analyses were performed
on a Fisons elemental analyzer, model EA1108CHN, and data for C, H, and N are within 0.4% of

the theoretical values.
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General procedure for condensation of key intermediate 7 with phenylhydrazines
hydrochloride. Method A. To a refluxing solution of key intermediate 7'° (1 mmol) in MeOH (20
mL), the appropriate hydrazine hydrochloride (1.2 mmol), dissolved in hot MeOH (2 mL), was
added at once. The reaction was maintained at reflux for 3-15 h, then concentrated under reduced
pressure to half volume and cooled to room temperature The precipitated formed was filtered under
vacuum to give the pyrazolobenzothiazine-3-carboxymethyl esters 8b-g, pure by TLC

(CHCl3/MeOH 98:2).

Methyl 1-(2-fluorophenyl)-4-methyl-1,4-dihydropyrazolo[4,3-c][1,2]benzothiazine-3-
carboxylate 5,5-dioxide (8b). Following the general procedure method A and using the 2-
(fluorophenyl)hydrazine hydrochloride, compound 8b was obtained in 71% yield (reaction time 5
h) as yellowish crystalline solid: mp 174-175 °C. '"H NMR (200 MHz, acetone-ds): & 3.30 (s, 3H,
NCH3), 4.00 (s, 3H, OCH3), 7.10 (d, J = 7.8 Hz, 1H, H-9), 7.50-7.90 (m, 6H, H-7, H-§, H-3', H-4/,

H-5"and H-6'"), 8.05 (dd, /= 1.5 and 7.6 Hz, 1H, H-6).

Methyl 1-(4-fluorophenyl)-4-methyl-1,4-dihydropyrazolo[4,3-c][1,2]benzothiazine-3-
carboxylate 5,5-dioxide (8c). Following the general procedure method A and using the 4-
(fluorophenyl)hydrazine hydrochloride, compound 8c was obtained in 86% yield (reaction time 10
h) as white crystalline solid: mp 215-216 °C. 'H NMR (200 MHz, CDCl;): & 3.35 (s, 3H, NCH3),
4.05 (s, 3H, OCH3), 7.00 (dd, J = 0.7 and 7.8 Hz, 1H, H-9), 7.25-7.35 (m, 2H, H-3" and H-5"), 7.45-

7.70 (m, 4H, H-7, H-8, H-2" and H-6"), 8.10 (dd, /= 1.4 and 7.8 Hz, 1H, H-6).

Methyl 4-methyl-1-(3-nitrophenyl)-1,4-dihydropyrazolo[4,3-c][1,2]benzothiazine-3-
carboxylate 5,5-dioxide (8e). Following the general procedure method A and using the 3-

(nitrophenyl)hydrazine hydrochloride, compound 8e was obtained in 90% yield (reaction time 12 h)
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as yellow woolly solid: mp 283-284 °C. '"H NMR (200 MHz, DMSO-dq): & 3.20 (s, 3H, NCH3),
4.00 (s, 3H, OCHa), 7.15 (d, J= 7.6 Hz, 1H, H-9), 7.65 (dt, J = 1.5 and 7.9 Hz, 1H, H-8), 7.80 (dt, J
=1.5and 7.9 Hz, 1H, H-7), 7.90 (t, /= 8.1 Hz, 1H, H-5"), 8.00-8.10 (m, 2H, H4' and H-6), 8.45 (t, J

=1.9 Hz, 1H, H-2") 8.55 (m, 1H, H-6").

Methyl 4-methyl-1-(2-nitrophenyl)-1,4-dihydropyrazolo[4,3-c][1,2]benzothiazine-3-
carboxylate 5,5-dioxide (8f). Following the general procedure method A and using the 2-
(nitrophenyl)hydrazine hydrochloride (reaction time 15 h); after flash column chromatography
purification (CHCl;/MeOH 99:1), compound 8f was obtained in 15% yield as yellow woolly solid:
mp 277-278 °C. "H NMR (400 MHz, DMSO-ds): & 3.10 (s, 1H, NCH3), 3.75 (s, 1H, OCH3), 6.90
(d, J=7.8 Hz, 1H, H-9), 7.60 (dt, J= 1.3 and 7.8 Hz, 1H, H-8), 7.70 (dt, /= 1.0 and 7.8 Hz, 1H, H-

7), 7.80-7.85 (m, 1H, H-4"), 7.90-8.00 (m, 3H, H-6, H-5' and H-6'), 8.30-8.35 (m, 1H, H-3").

Methyl 4-methyl-1-(4-nitrophenyl)-1,4-dihydropyrazolo[4,3-c][1,2]benzothiazine-3-
carboxylate 5,5-dioxide (8g). Following the general procedure method A and using the 4-
(nitrophenyl)hydrazine hydrochloride, compound 8g was obtained in 40% yield (reaction time 6 h)
as yellow solid: mp 275-276 °C. "H NMR (400 MHz, DMSO-dq): & 3.10 (s, 3H, NCHj3), 3.90 (s,
3H, OCHj3), 7.10 (d, J = 7.8 Hz, 1H, H-9), 7.65 (dt, /= 1.3 and 7.8 Hz, 1H, H-8), 7.70 (dt, J=1.1
and 7.8 Hz, 1H, H-7), 7.80-7.85 (m, 2H, H-2" and H-6'), 8.00 (dd, J = 1.1 and 7.8 Hz, 1H, H-6),

8.40-8.45 (m, 2H, H-3' and H-5").

General procedure of basic hydrolysis. Method B. A stirred mixture of appropriate
pyrazolobenzothiazine methyl esters 3a,'” 8b-c, 8d," and 8e-g (1 mmol) in acq. 10% NaOH (6 mL)
and MeOH (6 mL) was refluxed for 1 h and then concentrated to one-third of the volume under

reduced pressure. The mixture was poured into ice/water and acidified with 2N HCI (pH = 3). The
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precipitated formed was then filtered under vacuum, washed with Et,O and dried to give the

pyrazolobenzothiazine-3-carboxylic acids 9a-g used as it in the next reaction step.

1-(3-Fluorophenyl)-4-methyl-1,4-dihydropyrazolo[4,3-c][1,2]benzothiazine-3-carboxylic
acid 5,5-dioxide (9a). Following the general procedure method B, compound 9a was obtained from
3a," in 88% yield as white solid: mp 243-245 °C. '"H NMR (200 MHz, acetone-dq): & 3.30 (s, 3H,
NCH3), 7.20 (dd, J=1.2 and 7.7 Hz, 1H, H-9), 7.45-7.60 (m, 3H, H-7, H-8 and H-6'"), 7.65-7.85 (m,

3H, H-2', H-4' and H-5"), 8.05 (dd, J = 1.4 and 7.7 Hz, 1H, H-6).

1-(2-Fluorophenyl)-4-methyl-1,4-dihydropyrazolo[4,3-c][1,2]benzothiazine-3-carboxylic
acid 5,5-dioxide (9b). Following the general procedure method B, compound 9b was obtained from
8b, in 89% yield as white solid: mp 224-225 °C. '"H NMR (200 MHz, acetone-ds): & 3.30 (s, 3H,
NCH3), 7.10 (d, J = 7.3 Hz, 1H, H-9), 7.45-7.95 (m, 6H, H-7, H-8, H-3', H-4', H-5' and H-6"), 8.05

(dd, J= 1.4 and 7.7 Hz, 1H, H-6).

1-(4-Fluorophenyl)-4-methyl-1,4-dihydropyrazolo[4,3-c][1,2]benzothiazine-3-carboxylic
acid 5,5-dioxide (9¢). Following the general procedure method B, compound 9¢ was obtained from
8c, in 88% yield as white solid: mp 248-250 °C. '"H NMR (200 MHz, acetone-ds): & 3.30 (s, 3H,
NCHj3), 7.20 (dd, J = 1.0 and 7.5 Hz, 1H, H-9), 7.45-7.55 (m, 2H, H-7 and H-8), 7.60-7.80 (m, 4H,

H-2', H-3', H-5' and H-6'), 8.05 (dd, J = 1.4 and 7.6 Hz, 1H, H-6).

4-Methyl-1-(3-nitrophenyl)-1,4-dihydropyrazolo[4,3-c][1,2]benzothiazine-3-carboxylic acid
5,5-dioxide (9e). Following the general procedure method B, compound 9e was obtained from 8e,
in 99% vyield as yellow solid: mp 184-185 °C. 'H NMR (200 MHz, DMSO-ds): & 3.05 (s, 3H,
NCH3), 7.10 (d, J = 7.8 Hz, 1H, H-9), 7.65 (dt, J= 1.2 and 7.8 Hz, 1H, H-8), 7.75 (dt, /= 1.2 and
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7.8 Hz, 1H, H-7), 7.90 (t, J = 8.1 Hz, 1H, H-5"), 8.00-8.10 (m, 2H, H-6 and H-4"), 8.40 (t, /= 2.0
Hz, 1H, H-2"), 8.50 (m, 1H, H-6"), 13.80 (bs, 1H, CO,H). NMR NOESY spectra showed two

relevant NOE cross-peaks: H-9—H-2'; H-9—H-4".

4-Methyl-1-(2-nitrophenyl)-1,4-dihydropyrazolo[4,3-c][1,2]benzothiazine-3-carboxylic acid
5,5-dioxide (9f). Following the general procedure method B, compound 9f was obtained from 8f, in
60% yield as yellow solid: mp 220-221 °C. "H NMR (400 MHz, DMSO-ds): & 3.05 (s, 3H, NCHj3),
6.85 (d, J=17.5 Hz, 1H, H-9), 7.60 (t, J = 7.5 Hz, 1H, H-8), 7.70 (t, J = 7.5 Hz, 1H, H-7), 7.80 (dd,
J=2.0 and 9.0 Hz, 1H, H-6"), 7.85-8.00 (m, 3H, H-6, H-4' and H-5"), 8.30 (dd, /= 2.1 and 7.5 Hz,

1H, H-3").

4-Methyl-1-(4-nitrophenyl)-1,4-dihydropyrazolo[4,3-c][1,2]benzothiazine-3-carboxylic acid
5,5-dioxide (9g). Following the general procedure method B, compound 9g was obtained from 8g,
in 98% yield as yellow solid: mp 226-228°C. '"H NMR (200 MHz, DMSO-ds): & 3.05 (s, 3H,
NCH3), 7.15 (dd, J = 1.0 and 6.7 Hz, 1H, H-9), 7.65-7.80 (m, 2H, H-7 and H-8), 7.85-7.95 (m, 2H,

H-2"and H-6'"), 8.05 (dd, /= 1.4 and 6.9 Hz, 1H, H-6), 8.45-8.55 (m, 2H, H-3' and H-5").

General procedure for amidation reaction with N-(4-aminophenyl)methanesulfonamide.
Method C. A mixture of intermediates 9a-g (1 mmol) in an excess of SOCl, was refluxed under
stirring for 1 h. The solvent was distilled under reduced pressure and the residues was washed three
time with dry benzene. The corresponding pyrazolobenzothiazine-3-carbonyl chloride was
immediately dissolved in dry DMF (2 mL) and added dropwise, under nitrogen flux, to a solution of
N—(4-aminophenyl)methanesulfonamide25 (2 mmol) and EtsN (2 mmol) in dry DMF (7 mL). The
mixture was heated at 40 °C for 24 h. The solvent was then concentrated to half volume and the

mixture was poured into ice-water, acidified with 2N HCI (pH = 3) and the precipitated formed was
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filtered under vacuum. The solid obtained was crystallized by EtOH/DMF (2:1) to give the target

pyrazolobenzothiazine-3-carboxyamides 4a-g.

1-(3-Fluorophenyl)-4-methyl-NV-{4-[(methylsulfonyl)amino]phenyl}-1,4-
dihydropyrazolo[4,3-c][1,2]benzothiazine-3-carboxamide 5,5-dioxide (4a). Following the
general procedure method C, compound 4a was obtained from 9a, in 70% yield as white solid: mp
285-287 °C. '"H NMR (400 MHz, DMSO-dy): & 3.00 (s, 3H, SO,CH3), 3.15 (s, 3H, NCH3), 7.05 (d,
J=17.6 Hz, 1H, H-9), 7.20-7.25 (m, 2H, H-3" and H-5"), 7.40-7.50 (m, 1H, H-7), 7.55 (dt, J = 1.7
and 8.5 Hz, 1H, H-8), 7.65-7.80 (m, 6H, H-2', H-4', H-5', H-6', H-2" and H-6"), 8.00 (dd, J = 1.1
and 6.6 Hz, 1H, H-6), 9.60 (s, 1H, SO,NH), 10.40 (s, IH, CONH). *C NMR (100 MHz, DMSO-
ds), 6 39.15, 39.36, 113.89 (d, Jc.r = 20 Hz, C-2"), 117.50 (d, Jc.r= 20 Hz, C-4"), 121.28, 122.13,
122.45 (d, Je.r= 2 Hz, C-6"), 123.35, 124.90, 125.16, 126.77, 130. 62, 130.74, 130.86, 132.29 (d,
Jer=10 Hz, C-5"), 133.47, 134.70, 135.03, 139.71, 140.52 (d, Jc.r= 10 Hz, C-1"), 158.72, 162.73
(d, Jc.r= 245 Hz, C-3"). Anal. Calcd (%) for C24H20FNsOsS,: C 53.13, H 3.72, N 12.93. Found C,

53.30; H, 3.60; N 12.88.

1-(2-Fluorophenyl)-4-methyl-NV-{4-[(methylsulfonyl)amino|phenyl}-1,4-
dihydropyrazolo[4,3-c][1,2]benzothiazine-3-carboxamide 5,5-dioxide (4b). Following the
general procedure method C, compound 4b was obtained from 9b, in 40% yield as white solid: mp
264-266 °C. "H NMR (400 MHz, DMSO-ds): 8 3.00 (s, 3H, SO,CH3), 3.30 (s, 3H, NCH3), 6.95 (d,
J=17.7Hz, 1H, H-9), 7.20-7.25 (m, 2H, H-3" and H-5"), 7.55-7.60 (m, 2H, H-7 and H-8), 7.65-7.80
(m, 5H, H-4', H-5', H-6', H-2" and H-6"), 7.95 (t, /= 7.8 Hz 1H, H-3"), 8.00 (d, J = 7.5 Hz, 1H, H-
6), 9.60 (s, 1H, SO,NH), 10.40 (s, 1H, CONH). °C NMR (100 MHz, DMSO-d): & 39.26, 39.38,
117.62 (d, Jcr = 37 Hz, C-3"), 121.15, 122.08, 123.24, 123.30, 125.22, 126.03, 126.59 (bs, C-6"),
127.10 (d, Jc.r = 20 Hz, C-1"), 129.61 (bs, C-5"), 130.74, 130.89, 131.97, 133.29 (d, Jc.r = 10 Hz,
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C-4"), 133.71, 134.60, 134.95, 140.31, 156.34 (d, Jc.r = 490 Hz, C-2'), 158.55. Anal. Calcd (%) for

C24H20FNsOsS,: C, 53.13; H, 3.72; N, 12.93. Found C, 52.97; H, 3.80; N, 13.01.

1-(4-Fluorophenyl)-4-methyl-NV-{4-[(methylsulfonyl)amino]phenyl}-1,4-
dihydropyrazolo[4,3-c][1,2]benzothiazine-3-carboxamide 5,5-dioxide (4c). Following the
general procedure method C, compound 4¢ was obtained from 9¢, in 40% yield as white solid: mp
298-300 °C. '"H NMR (400 MHz, DMSO-de): & 3.00 (s, 3H, SO,CH3), 3.30 (s, 3H, NCH3), 7.00 (d,
J=17.7Hz, 1H, H-9), 7.20-7.25 (m, 2H, H-3" and H-5"), 7.45-7.55 (m, 2H, H-7 and H-8), 7.65-7.80
(m, 6H, H-2', H-3', H-5', H-6', H-2" and H-6"), 8.00 (d, J = 7.5 Hz, 1H, H-6), 9.60 (s, 1H, SO,NH),
10.40 (s, 1H, CONH). *C NMR (100 MHz, DMSO-dq): & 39.23, 39.34, 117.50 (d, Jc.r = 20 Hz, C-
3"and C-5"), 121.28, 122.12, 123.45, 124.76, 125.19, 126.51, 128.82 (d, Jc.r = 10 Hz, C-2' and C-
6'), 130.64, 130.76, 130.90, 133.49, 134.65, 135.09, 135.72 (d, Jc.r = 3 Hz, C-1"), 139.55, 158.80,
162.89 (d, Jc.r = 250 Hz, C-4"). Anal. Caled (%) for C24H20FNsOsS,. C, 53.13; H, 3.72; N, 12.93.

Found C, 53.02; H, 3.86; N, 12.90.

N-{4-[(Methylsulfonyl)amino]|phenyl}-1-phenyl-1,4-dihydropyrazolo[4,3-
c][1,2]benzothiazine-3-carboxamide 5,5-dioxide (4d). Following the general procedure method
C, compound 4d was obtained from 9d," in 70% yield as pale pink solid: mp 280-283 °C. '"H NMR
(400 MHz, DMSO-ds): 6 3.00 (s, 3H, SO,CH3), 3.30 (s, 3H, NCH3), 6.95 (d, J = 7.8 Hz, 1H, H-9),
7.20-7.25 (m, 2H, H-3" and H-5"), 7.65-7.80 (m, 9H, H-7, H-8, H-2', H-3', H-4', H-5', H-2" and H-
6"), 8.00 (d, J = 7.70 Hz, 1H, H-6), 9.60 (s, 1H, SO,NH), 10.40 (s, 1H, CONH). *C NMR (100
MHz, DMSO-ds): 6 39.26, 39.38, 121.32, 122.15, 123.61, 124.75, 125.20, 126.36, 126.62, 130.57,
130.61, 130.89, 130.92, 133.39, 134.67, 135.14, 139.35, 139.54, 158.89. Anal. Calcd (%) for

C24H21N505S;: C, 55.05; H, 4.04; N, 13.38. Found C, 54.97; H, 3.89; N, 13.61.
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N-{4-|(Methylsulfonyl)amino|phenyl}-1-(3-nitrophenyl)-1,4-dihydropyrazolo[4,3-
c][1,2]benzothiazine-3-carboxamide 5,5-dioxide (4e). Following the general procedure method C,
compound 4e was obtained from 9e, in 50% yield as white solid: mp 233-235 °C. 'H NMR (400
MHz, DMSO-d): & 3.00 (s, 3H, SO,CH3), 3.30 (s, 3H, NCH3), 7.05 (d, J = 8.0 Hz, 1H, H-9), 7.20-
7.25 (m, 2H, H-3" and H-5"), 7.65 (dt, J = 1.2 and 8.0 Hz, 1H, H-8), 7.75-7.80 (m, 3H, H-7, H-2"
and H-6"), 7.90 (t, J = 8.1 Hz, 1H, H-5"), 8.00-8.10 (m, 2H, H-6 and H-6"), 8.50 (m, 1H, H-4"), 8.60
(t,J=2.1 Hz, 1H, H-2"), 9.60 (s, IH, NHSO,), 10.50 (s, 1H, NHCO). >C NMR (100 MHz, DMSO-
des): & 39.05, 39.37, 121.05, 121.28, 122.18, 123.17, 125.01, 125.15, 125.24, 127.11, 130.73,
130.86, 130.90, 131.98, 132.26, 133.53, 134.76, 134.99, 139.86, 140.16, 148.96, 158.63. Anal.

Calcd (%) for C4H20N¢O5S,: C, 50.70; H, 3.55; N, 14.78. Found C, 51.05; H, 3.52; N, 14.46.

N-{4-|(methylsulfonyl)amino]phenyl}-1-(2-nitrophenyl)-1,4-dihydropyrazolo[4,3-
c][1,2]benzothiazine-3-carboxamide 5,5-dioxide (4f). Following the general procedure method C,
compound 4f was obtained from 9f, in 80% yield as white solid: mp 245-247 °C. "H NMR (400
MHz, DMSO-d): & 3.00 (s, 3H, SO,CH3), 3.25 (s, 3H, NCH3), 6.95 (d, /= 7.8 Hz, 1H, H-9), 7.15-
7.20 (m, 2H, H-3" and H-5"), 7.65 (t,J = 7.8 Hz, 1H, H-8), 7.70-7.80 (m, 3H, H-7, H-2" and H-6"),
7.90 (d, J="7.7 Hz, 1H, H-6"), 7.95-8.05 (m, 3H, H-6, H-4' and H-5"), 8.40 (d, /= 7.6 Hz, 1H, H-3"),
9.55 (s, 1H, NHSO,), 10.55 (s, 1H, NHCO). °C NMR (100 MHz, DMSO-dq): & 39.34, 39.35,
121.20, 122.24, 122.84, 124.14, 125.35, 126.39, 126.94, 130.56, 131.04, 131.11, 132.09, 132.17,
132.90, 133.80, 134.73, 134.91, 13592, 140.50, 145.66, 158.44. Anal. Calcd (%) for

C24H0N6O7S,: C, 50.7; H, 3.55; N, 14.78. Found C, 50.40; H, 3.50; N, 15.13.

N-{4-[(methylsulfonyl)amino]phenyl}-1-(4-nitrophenyl)-1,4-dihydropyrazolo|[4,3-
c][1,2]benzothiazine-3-carboxamide 5,5-dioxide (4g). Following the general procedure method C,

compound 4g was obtained from 9g, in 60% yield as white solid: mp 321-323 °C. 'H NMR (400
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MHz, DMSO-dg): & 3.00 (s, 3H, SO,CH;), 3.25 (s, 3H, NCHs), 7.15-7.20 (m, 3H, H-6, H-3" and H-
5"), 7.70 (t, J = 7.6 Hz, 1H, H-8), 7.75-7.80 (m, 3H, H-7, H-2" and H-6"), 7.95-8.00 (m, 2H, H-2'

and H-6"), 8.10 (d, J = 7.6 Hz, 1H, H-6), 8.45-8.50 (m, 2H, H-3' and H-5"), 9.75 (s, 1H, SO,NH),

©CoO~NOUTA,WNPE

10 10.60 (s, 1H, CONH). >C NMR (100 MHz, DMSO-d): & 39.22, 39.31, 121.24, 122.12, 123.19,
12 125.17, 125.51, 125.93, 126.85, 127.46, 130.68, 130.75, 130.93, 133.61, 134.77, 134.96, 140.58,
14 143.82, 147.97, 158.58. Anal. Calcd (%) for C,4H,0NcO7S,: C, 50.70; H, 3.55; N, 14.78. Found C,

16 50.60; H, 3.50; N 14.93.

21 General procedure for reduction of nitro group. Method D. A stirred solution of nitro
23 derivatives 4e-g (1 mmol) in DMF (60 mL) was hydrogenated over a catalytic amount of Raney
25 nickel at room temperature and atmospheric pressure for 5 h. The mixture was then filtered over
Celite, the filtrate was evaporated to dryness and the residue was crystallized by EtOH/DMF (2:1)

30 to give the target aminoderivatives 4h-j.

34 1-(3-Aminophenyl)-4-methyl-V-{4-[(methylsulfonyl)amino|phenyl}-1,4-

36 dihydropyrazolo[4,3-c][1,2]benzothiazine-3-carboxamide 5,5-dioxide (4h). Following the
general procedure method D, compound 4h was obtained from 4e, in 50% yield as whitish solid:
41 mp 266-267 °C. '"H NMR (400 MHz, CDCl3): & 3.00 (s, 3H, SO,CHj3), 3.30 (s, 3H, NCH3), 5.80 (s,
43 2H, NH,), 6.80-6.85 (m, 2H, H-2" and H-4"), 6.85 (d, J = 7.8 Hz, 1H, H-9), 7.10 (d, J = 8.1 Hz, 1H,
45 H-6"), 7.20-7.30 (m, 2H, H-3" and H-5"), 7.30 (t, /= 8.1 Hz, 1H, H-5"), 7.45 (dt,J= 1.1 and 7.8 Hz,
47 1H, H-8), 7.55 (dt, J = 0.8 and 7.8 Hz, 1H, H-7), 7.65-7.70 (m, 2H, H-2" and H-6"), 8.00 (dd, J =
50 1.1 and 7.8 Hz, 1H, H-6), 8.75 (s, 1H, SO,NH). >*C NMR (100 MHz, DMSO-d): & 39.25, 39.33,
52 110.67, 112.61, 115.49, 121.28, 122.12, 123.77, 124.89, 125.01, 126.31, 130.24, 130.46, 130.70,
54 130.80, 133.35, 134.58, 135.15, 138.96, 140.08, 150.73, 158.95. Anal. Calcd for C,4H2,NsOsS,: C,

56 53.52; H, 4.12; N, 15.60. Found C, 53.39; H, 4.06; N 15.81.
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1-(2-Aminophenyl)-4-methyl-N-{4-[(methylsulfonyl)amino]phenyl}-1,4-
dihydropyrazolo[4,3-c][1,2]benzothiazine-3-carboxamide 5,5-dioxide (4i). Following the
general procedure method D, compound 4i was obtained from 4f, in 50% yield as whitish solid: mp
260-262 °C. '"H NMR (400 MHz, DMSO-ds): & 3.00 (s, 3H, SO,CHj3), 3.25 (s, 3H, NCH3), 5.50 (s,
2H, NH,), 6.75 (t, J = 8.0 Hz, 1H, H-5"), 6.90-7.15 (m, 3H, H-3', H-6' and H-9), 7.20-7.25 (m, 2H,
H-3" and H-5"), 7.30 (t, J = 8.0 Hz, 1H, H-4"), 7.60-7-70 (m, 2H, H-7 and H-8), 7.75-7.80 (m, 2H,
H-2" and H-6"), 8.00 (d, J = 7.0 Hz, 1H, H-6), 9.55 (bs, 1H, SO,NH), 10.50 (s, 1H, CONH). "°C
NMR (100 MHz, DMSO-de): 6 39.14, 39.23, 116.67, 116.79, 121.30, 122.13, 123.77, 123.86,
124.04, 124.87, 125.91, 128.55, 130.36, 130.87, 131.01, 131.83, 133.46, 134.62, 135.13, 139.42,
145.61, 158.99. Anal. Calcd for Cy4HyoNgOsS,: C, 53.52; H, 4.12; N ,15.60. Found C, 53.80; H,

4.09; N, 15.35.

1-(4-Aminophenyl)-4-methyl-V-{4-[(methylsulfonyl)amino|phenyl}-1,4-
dihydropyrazolo[4,3-c][1,2]benzothiazine-3-carboxamide 5,5-dioxide (4j). Following the
general procedure method D, compound 4j was obtained from 4g, in 80% yield as whitish solid: mp
198-201 °C. '"H NMR (400 MHz, DMSO-dq): & 3.00 (s, 3H, SO,CHj3), 3.30 (s, 3H, NCHj3), 5.75 (s,
2H, NH,), 6.65-6.75 (m, 2H, H-3' and H-5"), 7.05-7.10 (m, 1H, H-9), 7.15-7.25 (m, 4H, H-2', H-6',
H-3" and H-5"), 7.65-7.70 (m, 2H, H-7 and H-8), 7.75-7.80 (m, 2H, H-2" and H-6") 7.95-8.00 (m,
1H, H-6), 9.65 (s, 1H, SO,NH), 10.40 (s, 1H, CONH). >C NMR (100 MHz, DMSO-d): & 39.25,
39.51, 114.31, 121.31, 122.09, 124.00, 124.49, 125.04, 125.88, 127.33, 127.43, 130.28, 130.45,
130.83, 133.26, 134.52, 135.22, 138.57, 150.81, 159.03. Anal. Calcd for C,4H2,N¢OsS,: C, 53.52;

H, 4.12; N ,15.60. Found C, 53.85; H, 4.14; N, 15.27.
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4-[(Methylsulfonyl)amino]|phenyl 1-(3-fluorophenyl)-4-methyl-1,4-dihydropyrazolo[4,3-
c][1,2]benzothiazine-3-carboxylate 5,5-dioxide (6a). Following the general procedure method C
and replacing the N—(4-aminophenyl)methanesulfonamide25 with the N-(4-
hydroxyphenyl)methanesulfonamide,”® compound 6a was obtained from 9a in 65% yield as white
solid: mp 252-254 °C. 'H NMR (400 MHz, DMSO-ds): & 3.00 (s, 3H, SO,CH3), 3.30 (s, 3H,
NCH3), 7.00 (d, J = 7.7 Hz, 1H, H-9), 7.25-7.30 (m, 4H, H-2", H-3", H-5" and H-6"), 7.40 (dt, J =
1.0 and 8.0 Hz, 1H, H-8), 7.50 (dt, /= 1.9 and 7.7 Hz, 1H, H-7), 7.55-7.75 (m, 4H, H-2', H-4', H-5',
and H-6"), 8.00 (dd, J = 1.0 and 7.7 Hz, 1H, H-6), 9.80 (s, 1H, SO,NH). *C NMR (100 MHz,
DMSO-dy): & 39.07, 39.36, 113.78 (d, Jc.r = 25 Hz, C-2'), 117.97 (d, Jc.r = 20 Hz, C-4"), 121.45,
122.50 (bs, C-6"), 123.11, 123.15, 124.91, 125.20, 128.35, 130.80, 130.85, 130.97, 132.52 (d, Jc.r =
10 Hz, C-5"), 133.65, 135.69, 136.90, 140.40 (d, Jc.r = 10 Hz, C-1"), 146.46, 159.04, 162.74 (d, Jc.r
= 245 Hz, C-3"). Anal. Calcd (%) for Co4H 9FN4OgS,: C, 53.13; H, 3.53; N, 10.33. Found C, 53.02;

H, 3.50; N, 10.47.

1-(3-Fluorophenyl)-4-methyl-N-(4-nitrophenyl)-1,4-dihydropyrazolo[4,3-
c][1,2]benzothiazine-3-carboxamide 5,5-dioxide (10a). Following the general procedure method
C and replacing the N-(4-aminophenyl)methanesulfonamide® with the 4-nitroaniline, compound
10a was obtained from 9a, in 35% yield as yellowish solid: mp 265-266 °C. 'H NMR (400 MHz,
DMSO-dy): 6 3.20 (s, 3H, NCH3), 7.05 (d, J = 7.6 Hz, 1H, H-9), 7.45-7.55 (m, 2H, H-7 and H-8),
7.65-7.75 (m, 4H, H-2', H-4', H-5' and H-6"), 8.00 (dd, J = 1.4 and 7.6 Hz, 1H, H-6), 8.05-8.10 (m,

2H, H-2" and H-6"), 8.20-8.25 (m, 2H, H-3" and H-5"), 11.05 (s, 1H, NH).

N-(4-aminophenyl)-1-(3-fluorophenyl)-4-methyl-1,4-dihydropyrazolo[4,3-
c|[1,2]benzothiazine-3-carboxamide 5,5-dioxide (5a). Following the general procedure method D,

compound 5a was obtained from 10a, in 70% yield as white solid: mp 235-236 °C. "H NMR (400
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MHz, DMSO-ds): § 3.15 (s, 3H, NCHj), 5.00 (s, 2H, NH,), 6.50-6.55 (m, 2H, H-3" and H-5"), 7.10
(d, J = 7.4 Hz, 1H, H-9), 7.40-7.50 (m, 3H, H-8, H-2" and H-6"), 7.60 (t, J = 7.7 Hz, 1H, H-7),
7.65-7.75 (m, 4H, H-2', H-4', H-5' and H-6"), 8.00 (d, J = 7.2 Hz, 1H, H-6), 10.10 (s, 1H, NH). "*C
NMR (100 MHz, DMSO-dg): § 39.12, 113.76 (d, Jer= 20 Hz, C-2'), 114.07, 117.40 (d, Je.r= 20
Hz, C-4'), 122.34 (bs, C-6'), 122.73, 123.44, 124.90, 125.14, 126.56, 127.52, 130.38, 130.65,
130.82, 132.20 (d, Jer = 10 Hz, C-5'), 133.43, 140.21, 140.58 (d, Jor = 10 Hz, C-1'), 146.00,
158.09, 162.74 (d, Je.= 245 Hz, C-3'). Anal. Caled for Co4H;sFNsOsS: C, 59.60; H, 3.91; N, 15.11.

Found C, 59.87; H, 4.01; N, 14.74.

Biochemical and biological assays

SPR Interaction analysis. The analysis of the interaction between the synthesized compounds
and the ectodomain of HCV NS5B from a Con 1-strain isolate, subtype 1b.>® The C-terminal 21
amino acid transmembrane region was exchanged for a hexa histidine tag coding sequence.
Experiments were performed using SPR biosensor analysis with a S51 instrument from Biacore
(GE Healthcare).

The enzyme was immobilized by standard amine coupling to a CM5 biosensor chip. The
compounds were typically injected over the protein surface for 60 s at 30 pl/min using in
concentration series between 6 and 200 uM in running buffer (20 mM Tris pH 7.4 at room
temperature, 130 mM NacCl, 0.05 % (v/v) Tween20) to a final DMSO concentration of 5 % (v/v),
using twofold dilutions. The structural integrity of the immobilized protein was assessed with
filibuvir (PF-00868554)* as a positive control substance. Raw data was processed according to
standard procedures, including reference and blank subtraction along with solvent correction to
eliminate any artifacts such as non-specific binding and discrepancies in buffer composition.
Thereafter, each concentration series was subjected to global non-linear regression in the Biacore

Evaluation software (GE Healthcare). The 1:1 Langmuir binding model (Eq. 1) was used to
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determine the dissociation equilibrium constant (Kp) and estimate the maximal signal (Rp.x) from
signal versus compound concentrations plots:

Req = Rinax - ¢/(c + Kp) (Eq. 1)

¢ = compound concentration

NS5B polymerase assay. Recombinant NS5B 1b bearing an N-terminal histidine-tag and 21-
amino acid truncation at its C-terminus was purified from the plasmid pThNS5BCA21 (NIH1b
strain) expressed in Escherichia coli DH5a employing Ni-NTA chromatography.*® The compounds
were dissolved in dimethylsulfoxide (DMSO) as 10 mM stocks and serially diluted in DMSO
immediately prior to the assay. Inhibition of HCV NS5B by the compounds was evaluated by the
standard primer dependent elongation assay as previously described."** Preliminary screening of the
was first investigated at 50 uM concentration to identify NS5B inhibitors. Reactions were carried
out in a buffer containing 20 mM Tris-HCI (pH 7.0), 100 mM NaCl, 100 mM sodium glutamate,
0.5 mM DTT, 0.01% BSA, 0.01% Tween-20, 5% glycerol, 20 U/mL RNase Out, 0.25 uM poly
rA/U12, 20 uM UTP, 1-2 pCi [a-*P]JUTP, 100 ng of NS5BCA21 and 1.0 mM MnCl; in a total
volume of 25 pL. The assay mix was incubated at 30°C for 1 h and stopped by quenching with
chilled 5% (v/v) trichloroacetic acid (TCA) supplemented with 0.5 mM pyrophosphate. RNA
products were precipitated on GF-B filters and quantified by liquid scintillation counting. NS5B
activity in the presence of DMSO control was set at 100% and that in the presence of the
compounds was determined relative to this control. Compounds exhibiting >50% inhibition at 50
UM concentration were then investigated for their 1Csy values. Dose-response curves of 8-12
concentrations of the compounds in duplicate in two independent experiments were plotted using
nonlinear regression analysis and 1Csy values were determined using Graphpad Prism software.

Cells and viruses. The Huh 5-2 and Huh 9-13 HCV subgenomic replicon-containing cells were

provided by Prof R Bartenschlager (University of Heidelberg, Heidelberg, Germany).
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Antiviral assays. Huh 5.2 cells, containing the hepatitis C virus genotype 1b I1389luc-ubi-
neo/NS3-3°/5.1 replicon®® were sub-cultured in DMEM supplemented with 10% FCS, 1% non-
essential amino acids, 1% penicillin/streptomycin and 2% Geneticin at a ratio of 1:3 to 1:4, and
grown for 3-4 days in 75 cm? tissue culture flasks. One day before addition of the compound, cells
were harvested and seeded in assay medium (DMEM, 10% FCS, 1% non-essential amino acids, 1%
penicillin/streptomycin) at a density of 6 500 cells/well (100 pL/well) in 96-well tissue culture
microtiter plates for evaluation of anti-metabolic effect and CulturPlate (Perkin Elmer) for
evaluation of the antiviral effect. The microtiter plates were incubated overnight (37 °C, 5% CO,,
95-99% relative humidity), yielding a non-confluent cell monolayer.

The evaluation of the anti-metabolic as well as antiviral effect of each compound was performed
in parallel. Four-step, 1-to-5 compound dilution series were prepared for the first screen, to collect
data for a more detailed dose-response curve, an eight-step, 1-to-2 dilution series was used.
Following assay setup, the microtiter plates were incubated for 72 hours (37 °C, 5% CO,, 95-99%
relative humidity). For the evaluation of anti-metabolic effects, the assay medium was aspirated,
replaced with 75 uL of a 5% MTS solution in phenol red-free medium and incubated for 1.5 hours
(37 °C, 5% CO,, 95-99% relative humidity). Absorbance was measured at a wavelength of 498 nm
(Safire?, Tecan), and optical densities (OD values) were converted to percentage of untreated
controls. For the evaluation of antiviral effects, assay medium was aspirated and the cell
monolayers were washed with PBS. The wash buffer was aspirated, and 25 pL of Glo Lysis Buffer
(Promega) was added allowing for cell lysis to proceed for 5 min at room temperature.
Subsequently, 50 uL of Luciferase Assay System (Promega) was added, and the luciferase
luminescence signal was quantified immediately (1000 ms integration time/well, Safire?, Tecan).
Relative luminescence units were converted into percentage of untreated controls.

The ECsp and ECy (values calculated from the dose-response curve) represent the concentrations

at which 50% and 90% inhibition, respectively, of viral replication is achieved. The CCs, (value
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calculated from the dose-response curve) represents the concentration at which the metabolic
activity of the cells is reduced by 50 % as compared to untreated cells.

A concentration of compound is considered to elicit a genuine antiviral effect in the HCV
replicon system when the anti-replicon effect is well above the 70% threshold at concentrations
where no significant anti-metabolic activity is observed.

Compounds that reproducibly matched the above-outlined selection criteria were evaluated for
selective antiviral activity in the Huh 9-13 replicon system. A similar assay setup was used as
described above; the antiviral and anti-metabolic effect of the compounds was evaluated in parallel.
The anti-metabolic activity of the compounds was quantified as outlined above. For the evaluation
of the antiviral effect, assay medium was aspirated and the plates with dry monolayer were stored at
-80 °C awaiting extraction. Following thawing of the plates at room temperature, the cell monolayer
was lysed with 100 pL of cell-to-cDNA lysis buffer (Invitrogen). Lysis of the cells was allowed to
proceed for 10 min at room temperature after which all liquid was transferred to a PCR plate
(Axygen). The PCR plate was incubated for 15min at 75 °C (T3, Biometra). The lysate was diluted
1:2 with RNase/DNase-free water, after which 5 pL was transferred to a real-time PCR plate
(Applied Biosystems). Replicon RNA content was quantified using a real-time quantitative one-step
RT-PCR method (RT-qPCR). Per sample, 20 pL master mix was added containing 12.5 puL 2x RT-
qPCR mix (Low Rox One-Step RT-qPCR master mix, Abgene), 0.125 pL of a 60 uM forward
primer solution (5’-CCA GAT CAT CCT GAT CGA CCA G-3’, final [ ] of 300 nM), 0.125 uL of a
60 uM reversed primer solution (5’-CCG GCT ACC TGC CCA TTC-3’, final [ ] of 300 nM),
0.3uL of a 5 uM probe solution (5’-ACA TCG CAT CGA GCG AGC ACG TAC-3’, final [ ] of 60
nM) and 6.825 uL of DNase/RNase-free water (ACROS). The samples were analyzed using a
SDS7500F (Applied Biosystems, standard thermocycling profile: 30 min at 48 °C, 10 min at 95 °C,
40 cycles of 15 sec at 95 °C and 1 min at 60 °C). Replicon RNA quantities were converted to

percentage of untreated controls, allowing to calculate ECsy and ECy values. Similar as for the Huh
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5-2 assay, a compound is only considered to be a selective inhibitor of HCV replication when clear
inhibition of virus replication is observed at concentrations that do not elicit a significant anti-

metabolic effect on the host cells.
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calf serum; HYD, hydrophobic regions; LLE, ligand-lipophilic efficiency; MTS, 3-(4,5-
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nucleoside inhibitors; peglFN-o, pegylated interferon alpha; RdRp, RNA-dependent RNA
polymerase; PSI, palm site I; PSII, palm site II; PSIII, palm site III; RBV, ribavirin; SPR, surface

plasmon resonance; TSI, thumb site I; TSII, thumb site II.
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