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A B S T R A C T

Arenaviridae is a viral family whose members are associated with rodent-transmitted infections to humans re-
sponsible of severe diseases. The current lack of a vaccine and limited therapeutic options make the development
of efficacious drugs of high priority. The cap-snatching mechanism of transcription of Arenavirus performed by
the endonuclease domain of the L-protein is unique and essential, so we developed a drug design program
targeting the endonuclease activity of the prototypic Lymphocytic ChorioMeningitis Virus. Since the en-
donuclease activity is metal ion dependent, we designed a library of compounds bearing chelating motifs (diketo
acids, polyphenols, and N-hydroxyisoquinoline-1,3-diones) able to block the catalytic center through the che-
lation of the critical metal ions, resulting in a functional impairment. We pre-screened 59 compounds by
Differential Scanning Fluorimetry. Then, we characterized the binding affinity by Microscale Thermophoresis
and evaluated selected compounds in in vitro and in cellula assays. We found several potent binders and inhibitors
of the endonuclease activity. This study validates the proof of concept that the endonuclease domain of
Arenavirus can be used as a target for anti-arena-viral drug discovery and that both diketo acids and N-hy-
droxyisoquinoline-1,3-diones can be considered further as potential metal-chelating pharmacophores.

1. Introduction

The Lymphocytis Choriomeningitis Virus (LCMV) belongs to the
Arenaviridae (Jay et al., 2005), a viral family whose members are as-
sociated with rodent-transmitted diseases in humans. Arenaviridae en-
compasses 5 viruses classified in the Category A Pathogen List (Borio
et al., 2002) responsible for causing severe hemorrhagic fever. Lassa
Fever virus, affects 2–3 million people annually in West Africa and
induces between 15 and 30% mortality among hospitalized patients
suffering from hemorrhagic fever. LCMV is the worldwide prototypic
virus of the family. LCMV reservoir is the domestic mouse (Mus mus-
culus) and occasional transmission to human occurs by contact with
aerosols of fresh urine, droppings, saliva, nesting materials from in-
fected rodents. The resulting infection can lead to life-threatening

meningitis but it is mainly responsible for causing central nervous
system disease, congenital malformation, choriomeningitis, all often
leading to miscarriage (Barton and Hyndman, 2000). Several clinical
studies point out that LCMV pathogenesis is underestimated (Bonthius,
2009).

The global weather and climate change (Clegg, 2009), may put 50
millions people at risk by 2020 in the region between Accra and the
Niger delta. The recent outbreak of Lassa Fever virus in 2018 in Niger
region reinforces the trends observed with an increase in virulence, an
expansion of the areas of dissemination and the number of cases.
Moreover, several new endemic areas have been reported, as well as
more and more cases of imported arenavirus infections in Europe and
the US.

Despite the global threat to human health, the biology of these
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viruses is still poorly understood, limiting therapeutic options to the use
of the broad-spectrum antiviral ribavirin. Unfortunately, ribavirin dis-
plays mixed success in treating severe arenaviral disease and it is as-
sociated with significant toxicity (McCormick et al., 1986). This situa-
tion makes the development of efficacious drugs or vaccine of high
priority. Even if the literature reporting anti-arenavirals (Pasquato and
Kunz, 2016; Sepulveda et al., 2018) and vaccine development
(Martinez-Sobrido and De la Torre, 2017) is scarce, there is a growing
activity in the field (Bolken et al., 2006; Castilla et al., 2005; Uckun
et al., 2005) targeting crucial steps of viral cycle such as entry (Chou
et al., 2016; Larson et al., 2008; Ngo et al., 2016), replication
(Mendenhall et al., 2011a, 2011b; Ortiz-Riano et al., 2014; Sepulveda
et al., 2008, 2012) or maturation (Dai et al., 2013; Pasquato et al.,
2012). Viral replication occurs in the cytoplasm of the infected cells and
transcription is tightly coupled to translation. Arenaviruses encode an
endonuclease domain (EndoN), located in the N-terminal region of the
polymerase (Morin et al., 2010) and in charge of a “cap snatching”
mechanism corresponding to the first step of viral transcription. This
mechanism involves the recognition of capped cellular mRNAs and its
subsequent cleavage (4–5 nucleotides downstream) to provide the RNA
dependent RNA polymerase with a primer for viral transcription
(Polyak et al., 1995a,b).

The cap-snatching mechanism currently known to be specific to
Arenaviridae, Orthomyxoviridae and Bunyavirales is essential for viral
transcription, thus making the endonuclease activity a good target for
antiviral drug development. Main reasons are that (i) its inhibition
could directly stall viral replication at the primary transcription step,
(ii) the relevant active sites are likely to be highly conserved across
strains and (iii) the viral endonuclease is divergent from human en-
doribonucleases.

We recently published the first crystal structures of an Arenavirus
endonuclease domain in complex with two diketo acids (DKA), making
them potent starting point for rational drug-design optimization (Saez-
Ayala et al., 2018). However, because the EndoN active site is quite
open, improving inhibitors using ligand-bound structures is a challenge.
So, we decided to use a focused screening approach as an alternative
strategy to discover potent inhibitors. Since the endonuclease activity is
metal-dependent, chelation represents a relevant strategy to develop
new inhibitors. The latter could efficiently coordinate the metal ions
within the active site, preventing the interaction with the RNA substrate
resulting in a functional impairment.

We rationally built a library comprising 59 molecules belonging to
three main families: diketo acids (DKA), polyphenols (POP), and N-
hydroxyisoquinoline-1,3-diones (HID) and complemented with some
tetracyclines, chalcones, benzophenones and salicylamides. Despite
their structural diversity, these compounds share a chelating motif able
to contemporary coordinate metal ions. We pre-screened this library
towards LCMV EndoN using Differential Scanning Fluorimetry and then
characterized their binding affinity using Microscale Thermophoresis.
Finally, we evaluated their efficacy in an in vitro endonuclease assay
and in LCMV minigenome assay and infected cell cultures.

2. Materials and methods

2.1. Chemistry

Compounds 1, 24, 25, 36 and 44 were purchased from Sigma-
Aldrich. Compounds 2, 3 and 4 were purchased from Fluka. Compound
8 was purchased from Interchim. Compound 37–40, 42 and 56 were
purchased from Alfa Aesar. Compounds 41 and 43 were purchased
from Extrasynthese. Compounds 11, 17, 19 and 34 were purchased
from Akos. Compounds 5, 6 and 35 were collected from the in-house
library of AFMB laboratory (PCML, Plate-forme de criblage de Marseille
Luminy). Compounds 9, 12–16, 20, 21, provided by F. Bailly and P.
Cotelle, were synthesized according to previously reported methods
(Drakulic et al., 2009; Maurin et al., 2004, 2006). Compounds 46–55,

provided by F. Bailly and P. Cotelle, were synthesized according to
previously reported methods (Billamboz et al., 2011a, 2011b, 2013,
2016; Suchaud et al., 2014). Compounds 26, 31, 32, 33, provided by M.
Carcelli and D. Rogolino, were synthesized according to previously
reported methods (Sechi et al., 2006; Stevaert et al., 2015). Compound
45 provided by M. Carcelli and D. Rogolino, was obtained by modified
literature procedure (Billamboz et al., 2008). Compounds 57–59, pro-
vided by M. Carcelli and D. Rogolino, were synthesized according to
previously reported methods (Carcelli et al., 2014, 2017). Compounds
7, 10, 18, 22–23, 27–30 were synthesized as described in the literature
(Bhatt et al., 2011; Drakulic et al., 2009; Patil et al., 2007; Saez-Ayala
et al., 2018; Verbic et al., 2007; Xu et al., 2006).

2.2. Enzyme production

The LCMV endonuclease (EndoN) wild type (EndoN-WT) and
D118A and D88A mutants (EndoN-D118A and EndoN-D88A) were
produced according to previously reported methods (Saez-Ayala et al.,
2018). Dictyostelium nucleoside 5′-diphosphate kinase (NDPK) was ob-
tained as previously described (Priet et al., 2015).

2.3. Differential Scanning Fluorimetry (DSF)

Melting temperature (Tm) values of proteins were determined by a
thermo-fluorescence based assay (Koshland, 1958; Pantoliano et al.,
2001). In 96-well thin-wall PCR plates, 11 μl of protein (EndoN) were
added to 11 μl of compound solubilized in DMSO (5% DMSO final
concentration), in 10mM HEPES buffer, pH 8.0, 50mM NaCl, 1 mM of
MgCl2, 1 mM of MnCl2, and 2mM DTT. Finally, 3 μl of the fluorescent
dye Sypro Orange was added (Molecular Probes, 715-fold diluted in
H2O). Thermal denaturation of the proteins was followed by measuring
fluorescence emission at 575 nm (with excitation at 490 nm) in a CFX
Connect Real-Time PCR Detection System (Biorad) from 20 to 90 °C
with increments of 0.2 °C. Final concentrations were adjusted to 75 μM
of protein, 440 μM of MgCl2, 440 μM of MnCl2, 220 or 440 μM of
compound (final ligand/protein ratio= 3 or 6), and 5% DMSO. Some
representative melting curves obtained by DSF were presented in Fig.
S5 - Supplementary data. compounds did not autofluoresce. Denatura-
tion midpoints of proteins were calculated using the Boltzmann equa-
tion using GraphPad Prism. All measurements were performed in tri-
plicates.

2.4. Microscale Thermophoresis (MST)

MST experiments with labelled (EndoN-WT, EndoN-D118A, Endo-
D88A, NDPK) proteins were performed on a Monolith NT.115 instru-
ment (NanoTemper Technologies) as previously described (Saez-Ayala
et al., 2018). NDPK was used as control to study specificity of measured
interactions. KD values were determined using the NanoTemper ana-
lysis software. Data were analyzed using MST or initial fluorescence
(photobleaching rate). It was verified that the compounds did not cause
autofluorescence (see Fig. S6A and S6B – Supplementary data). Some
Curves are illustrated as examples in Fig. S7A, S7B, S8C, S8D and S9E –
Supplementary data.

To study the influence of the experimental conditions on the binding
efficiency, buffer nature and pH (10mM HEPES buffers (pH 6, 7, 7.5 or
8) or in 10mM TRIS buffers (pH 8, 9 or 10) containing 100mM NaCl,
1 mM DTT, 0.05% (w/v) Tween-20, 0.25mM MgCl2 and 0.25mM
MnCl2), metal ion nature (2mM solutions of MgCl2 and MnCl2, or Mg
(SO4)2 and Mn(SO4)2 or Mg(NO3)2 and Mn(NO3)2) and metal ion
concentration (equimolar solutions of MgCl2 and MnCl2 in a range of
0.002mM to 10mM) were varied.

2.5. Affinity of EndoN for RNA substrate by fluorescence polarization (FP)

Fluorescence polarization (FP) experiments were performed in
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opaque black microtiter 96-well plates (Corning, Cat.No 3686) con-
taining buffer (20mM HEPES, pH 8.0, 50mM NaCl, 2 mM DTT, 2mM
MnCl2 or MgCl2), 10 nM RNA template 5″-6-FAM-GUCCACGUAGACU
AACAACU-3″ and increasing concentrations of proteins (0–300 μM). FP
values were measured after 10min at 520 nm (with excitation at
485 nm) on a microplate reader (PHERAstar FS, BMG Labtech). KD

values were calculated using the one-site specific binding equation with
Hill slope, (Y = Bmax *Xh/(KDh + Xh)) using the GraphPad Prism
software; where Y = FP change values, Bmax=maximal FP change,
X= protein concentration, h=Hill coefficient, and KD= apparent
equilibrium dissociation constant for RNA binding.

2.6. In vitro LCMV endonuclease assay

To investigate the inhibition of compounds 8, 10, 22, 23, 29 and 32
(DKA), 39 (POP), 46 and 52 (HID), in vitro endonuclease assays were
performed as previously described (Saez-Ayala et al., 2018).

2.7. LCMV minireplicon activity and virus replication

Baby hamster kidney (BHK-21) cells and African green monkey
kidney (VERO) cells were maintained in DMEM 1% GlutaMAX sup-
plemented with 10% FBS (Thermo Fisher). All cell lines were grown at

37 °C in a humidified incubator containing 5% CO2. For the mini-
genome assay, BHK-21 cells were co-transfected using 2.5 μl of
Lipofectamine 2000 (Invitrogen) per μg of plasmids in 96 well plates
with plasmids expressing LCMV NP (100ng/well) and L (125 ng/well)
proteins and the minigenome (100 ng/well). The plasmid expressing
the minigenome was kindly provided by Dr J.C. De La Torre and ex-
pressed a LCMV S segment where the viral genes GPC and NP were
replaced by Gaussia Luciferase and eGFP genes, respectively. Five hours
post-transfection, cell supernatants were removed and replaced by fresh
medium containing the tested molecules at indicated concentrations.
All tested molecules, including ribavirin (Sigma) were diluted in DMEM
1% GlutaMAX supplemented with 2% FBS and 1% DMSO
(Thermoscientific). Reporter gene expression was monitored 3 days
post-transfection either using an inverted fluorescence microscope or
with the Gaussia luciferase assay kit (New England Biolabs). BHK-
21 cells viability for each molecule concentration was assayed using
PrestoBlue Cell Viability Reagent (Invitrogen). Molecules inhibiting
minigenome were then tested in infected BHK-21 cells (Armstrong
strain, multiplicity of infection (M.O.I) of 0.01). The spread of the virus
through the cell monolayer was visualized using immunofluorescence
and the viral titers were determined by end-point dilution assay on
VERO cells and the Reed-Müench calculation method. Cells were fixed
with 4% paraformaldehyde for 30min followed by a permeabilization

Fig. 1. Structure of DKA compounds family (7–34).
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treatment with 0.3% Triton X-100 (Merck), 3% Bovine Serum Albumin
(Sigma) and 10% FBS in 1X PBS for 1 hour. Cells were stained with a
mouse monoclonal antibody directed at LCMV NP, and a secondary
goat anti-mouse Alexa Fluor 594 antibody (Thermo Fisher). All ex-
periments were done in triplicate.

3. Results

3.1. Library design

The metal-chelation strategy to inhibit viral enzyme activity was
explored to design inhibitors of influenza virus endonuclease, HIV
RNAse H and integrase or HCV polymerase (Ju et al., 2017; Rogolino
et al., 2012), and led to clinical developments. Raltegravir (Summa
et al., 2008) and Dolutegravir (Kawasuji et al., 2013), two HIV in-
tegrase inhibitors, were approved respectively in 2007 and 2013. In
2018, Baloxavir marboxil, targeting influenza endonuclease activity
was approved in Japan and Taïwan (Omoto et al., 2018) and more
recently in US.

The first class of chelating inhibitors developed to target influenza
endonuclease comprised 4-substituted-2,4-dioxobutanoic acids
(Tomassini et al., 1994, 1996) with a characteristic β-diketo acid (DKA)
motif. Among this series, the L742001 (32, Fig. 1) was identified as a
potent inhibitor, both in enzyme- and cell-based antiviral assays
(Hastings et al., 1996; Nakazawa et al., 2008; Stevaert et al., 2013; Song
et al., 2016). Other classes of inhibitors have been reported (Rogolino
et al., 2012; Stevaert et al., 2015). Interestingly, in the DKA series, the
2,4-dioxo-4-phenylbutanoic acid - DPBA (8, Fig. 1) was identified as
inhibitor of the bunyavirus endonuclease (Reguera et al., 2010, 2016).
Moreover, both were identified as binders to the LCMV endonuclease
trough metal ion chelation (Saez-Ayala et al., 2018). Since the phenyl
DKA 8 represents a suitable core to explore structure-activity relation-
ships, several other DKAs (7–34, Fig. 1) with substituted phenyl rings
(23–25, 27–30, 34), polyaromatic naphthalene (19–21) and phenan-
threne (22), heterocyclic rings (26) and, piperidine rings (31–33) were
selected. We also put in polyphenols (POP) (35–44, Fig. 2). Epigallo-
cathecin gallate 44 (EGCG) was found to be a potent inhibitor of in-
fluenza virus endonuclease (Kowalinski et al., 2012; Kuzuhara et al.,
2009; Steinmann et al., 2013; Stevaert et al., 2013). This series of POP
comprises flavones and flavonols substituted on the phenyl ring or on
the chromone motif by hydroxyl or methoxy groups.

A series of N-hydroxyisoquinoline-1,3-diones (HID) (45–56, Fig. 3)
was gathered in the library. The HIDs were originally designed as in-
hibitors of influenza virus endonuclease (Parkes et al., 2003), HIV in-
tegrase and RNaseH (Billamboz et al., 2008, 2011a, 2011b, 2013,
2016). More recently HIDs were evaluated against the HCV polymerase
(Chen et al., 2012) and HBV RNase H (Cai et al., 2014; Edwards et al.,
2017). We also included original scaffolds, such as tetracyclines, (1–3),
chalcones and benzophenones (4–6, Fig. S3 – Supplementary data) and

salicyl amides (57–59, Fig. S4 – Supplementary data) originally de-
signed as HIV integrase and influenza endonuclease inhibitors (Agrawal
et al., 2012; Carcelli et al., 2014, 2017).

To summarise, all compounds were selected on the basis of the
metal chelation approach. Several substitution patterns were chosen on
the chelating scaffolds, in order to explore electronic, structural and
steric features critical for the binding process.

3.2. Pre-screening of the chelators library by DSF

Differential scanning fluorimetry (DSF) quantifies the change in
thermal denaturation temperature of a protein under varying condi-
tions. Since the binding of a ligand can increase the thermal stability of
a protein (Koshland, 1958), DSF has been extensively used in drug
screening campaigns (Cummings et al., 2006; Lo et al., 2004; Niesens
et al., 2007; Pantoliano et al., 2001). Protein stability was studied in the
presence or absence of metal cofactors and ligands, results are reported
in Fig. 4.

The thermal melting transition for LCMV EndoN was observed at
38 °C in the absence of cofactor or ligand but was increased to 46 °C in
the presence of the metal ions cofactors Mn2+and Mg2+ and 5% DMSO.
This melting temperature was used as a reference. The ligands were
tested at 2 concentrations (220 μM and 440 μM, ligand/protein ratios of
3 and 6, respectively). Mostly, no significant difference was observed
between the two concentrations, indicating that the lower ligand con-
centration was already sufficient to mediate a maximum effect on
protein stabilization.

Tetracyclines 1–3 and chalcone 4 did not modify the thermal
melting transition at 220 μM, highlighting the absence of interaction
with EndoN. The precipitation of tetracycline 1 at 440 μM was re-
sponsible of drastic protein destabilization. Benzophenones 5 and 6
exhibited opposite behavior, by increasing and decreasing the melting
temperature of 3 °C, respectively. DKAs (compounds 8 to 34), induced a
high protein stabilization with a ΔTm from 4 to 17 °C, except for com-
pounds 12 and 34, for which weak destabilization was detected. POPs
(compounds 35 to 44) exhibited mixed behaviors. Compounds 34, 35,
40, 42 and 44 induced moderate to drastic protein destabilization (ΔTm
from −3 to −10 °C), sometimes with a Tm value below the value of the
native protein. Compounds 36 to 38 did not modify the thermal melting
transition and compounds 39 and 43 induced moderate protein stabi-
lization (ΔTm 3 °C). Some HIDs (compounds 46 to 53) induced mod-
erate to drastic stabilization with a ΔTm from 2 to 9 °C, whereas com-
pounds 54 to 56 had no effect on protein stability or induced weak
destabilization.

Therefore, major DKAs and HIDs are EndoN stabilizers by inducing
an increase in the melting temperature, as a consequence of a binding
interaction. Conversely major POPs are mostly destabilizers. Therefore,
we decided to focus essentially on compounds that evidenced a stabi-
lization effect towards the protein.

Fig. 2. Structure of POP compounds family (35–44).
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3.3. Optimization of MicroScale thermophoresis (MST) conditions

MST uses the thermophoretic movement of the biomolecules in the
presence or absence of cofactors and ligands to determine binding af-
finities. We first optimized experimental conditions regarding the effect
of the buffer pH, the nature and concentration of the metal ions. The
binding efficiency of EndoN-WT to DKA 8 did not change between pH
7.6 and 9 (≈5 μM) but was drastically reduced at lower pHs; pH 8.0
was selected as optimal pH.

The LCMV EndoN active site exhibits a narrow specificity for di-
valent metal ions (Mn2+ or Mg2+) to catalyze RNA hydrolysis (Morin
et al., 2010) and its activity is higher with Mn2+ than Mg2+. Since the
binding of DKAs and HIDs is mediated by metal ions chelation and
because the nature of the metal cofactor influences the ligand binding,
equimolar solutions of MgCl2 and MnCl2 in a range of
0.002mM–10mM were used in the assays. The optimal concentration
was fixed at 0.5mM as no noticeable change was observed at lower
concentrations and precipitation of EndoN-WT was observed at higher
concentrations (5–10mM). We measured and compared the dissocia-
tion constants for DKAs 8 and 32, and HID 50 with Mn2+ or Mg2+ or a
mixture of Mn2+/Mg2+. For both families, the affinity was similar with
Mn2+ and with the mixture Mn2+/Mg2+, but was slightly lower with
Mg2+ (3- to 6-fold lower). These results confirm that the nature of

metal ion cofactor may influence the ligand binding efficiency as a
consequence of the different hard/soft nature of the Lewis acid (Bacchi
et al., 2011).

To sum up, experimental conditions were optimized taking into
account the factors influencing protein binding i.e. the buffer pH and
the nature and concentration of metal ions, since the other variables
considered did not influence the protein-compound interaction.

3.4. Ligand binding affinity determination using MST

3.4.1. Diketo acids (DKA)
Results are gathered in Table 1. EndoN-WT displayed potent affinity

for most DKAs, except for 5 compounds. For the reference phenyl DKA
8, a KD value of 5.38 μM was measured. Interaction with EndoN-WT
was completely lost in absence of metal ions (Fig. S7A – Supplementary
data), indicating that the binding is mediated by metal ions chelation.
Phenyl DKAs are di-acids, at pH 8 the relevant species is the mono-
deprotonated form which complexes with the metal ions. Interaction is
specific to EndoN since Dictyostelium nucleoside 5′-diphosphate kinase
(NDPK) did not show any affinity for DKA 8 (see Fig. S7A and S7B –
Supplementary data).

The absence of binding of phenyl diketo ester (DKE) 7, phenyl DKA
12 and piperidinyl DKE 31 is due to their inability to chelate divalent

Fig. 3. Structure of HID compounds family (45–56).

Fig. 4. (a) Thermal stability of LCMV EndoN determined by Differential Scanning Fluorimetry. The melting temperature (Tm) of EndoN (75 μM) (P), with the
indicated divalent cation (0.5 mM) and 5% DMSO (P+D+Mg+Mn), or the compounds 1 to 56 (220 or 440 μM, ligand/protein ratio= 3 or 6) in presence of divalent
cations (0.5mM) and 5% DMSO, was measured in a Thermofluorescence experiment. Compounds 1 to 3: tetracyclines. Compounds 4 to 6: chalcone and benzo-
phenones. Compounds 8 to 34: diketo acid (DKA). Compounds 35 to 44: polyphenol (POP). Compounds 45 to 56: N-hydroxyisoquinoline-1,3-dione (HID).
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metal ions. For DKEs 7 and 31, this failure is due to their ester form. For
phenyl DKA 12, we reasoned that the hydrogen bond with the ortho-OH
tautomeric equilibrium should enhance the pKa of the ligand which is
not negatively charged and unable to complex metal ions. For DKAs 30
and 34, the steric hindrance results in binding failure, in particular for
compound 34 bearing a benzylidene group between the γ-ketone and
the enolizable α-ketone.

Overall, phenyl DKAs 8 to 29 displayed affinity from sub-micro-
molar to micromolar level, but differences can be observed within the
series, depending on the size and substitution of the aromatic ring.
Compounds 16 to 18, displayed 15-fold better affinity (≈0.30 μM)
compared to the reference DKA 8. We reasoned that introducing larger
aromatic moieties on the phenyl ring could reinforce the binding by
establishing hydrophobic contacts with residues of the active site in
addition to affecting positively the acidic constant values. DKAs 20, 23
and 24 bearing respectively naphtyl, bi-phenyl and phenantryl ring
displayed KD values of 0.35, 0.05 and 0.11 μM, showing 15- to 100-fold
better affinities compared to the reference DKA 8. The potent bi-phenyl
derivative 23 allowed probably the second ring to rotate and establish
additional interactions compared to 20 and 24. On the other hand, the
substitution of the second phenyl ring by an aromatic heterocycle type
imidazole (compound 25) improved the affinity only by a factor of 5.
Compound 22 with a phenylpiperidine ring, a non-condensed bicyclic
scaffold, displayed 50-fold better affinity compared to 8. We hypothe-
sized that the piperidine ring, protonated at pH 8, may interact with
amino acids of the active site via electrostatic or hydrogen bonding.
Overall, as expected, aromaticity, flexibility and the possibility to es-
tablish hydrogen bond of the aromatic part of the DKA scaffold seemed
to drive ligand accommodation. We also evaluated a series of diversely

substituted 4-benzamido-phenyl scaffold; compounds 27 to 29 dis-
played KD values of 0.22, 0.48 and 0.16 μM, showing 20 to 30-fold
better affinities compared to 8. However, when the substituent was in
meta-position on the phenyl ring (compound 30), the binding efficiency
was lost (KD > 250 μM). The critical role of the ring orientation on
ligand accommodation was confirmed by comparing compound 20 (β-
ring) and 19 (α-ring), for wich binding efficiency was reduced by 10-
fold.

We also evaluated ligands derived from DKA L742001 (32), known
as a potent influenza virus endonuclease inhibitor (Stevaert et al.,
2015), for which the β-diketo acid motif was linked to a piperidine
moiety carrying two benzyl substituents. As expected, the DKE 31 was
not a good binder, whereas the corresponding DKA 32 displays potent
affinity (KD value of 0.50 μM). We previously described (Saez-Ayala
et al., 2018) that the two aromatic “wings” of the compound were
crucial for achieving potent binding to LCMV EndoN, in addition to the
divalent metal chelating pharmacophore.

In order to further investigate the mode of binding of the DKAs, the
two mutants EndoN-D88A and EndoN-D118A were used to elucidate
the role of the residues D88 and D118 in ligand binding. The D88A is a
mutation on the supposed key residue involved in bivalent metal ion
coordination, while the D118A is a mutation away from the active site
of a conserved residue part of the catalytic pocket (Saez-Ayala et al.,
2018). As expected, the affinity of EndoN-D88A for tested compounds
8, 10, 23, and 32 was completely lost (See also Fig. S8D – Supple-
mentary data). On the contrary, the affinity of EndoN-D118A for the
same compounds was comparable with what we observed for the
EndoN-WT, meaning that the residue D118 does not play a direct role in
the binding of the DKAs.

All these results corroborated the idea that the binding of the DKA
take place via the chelation of the divalent cations within the active site
and that in addition to the chelating ability of the DKA scaffold (γ-
ketone, enolizable α-ketone and carboxylic acid) the role of the sub-
stituents of the aromatic ring is critical to ensure optimal binding mode.

3.4.2. Polyphenols (POP)
Since most POPs destabilized EndoN, as shown by DSF experiments,

we performed binding affinity measurements only on few compounds
that were stabilizers or without effect. We evaluated compounds 36 to
39, 41 and 43. As expected, POPs were poor binders with KD values of
67.70 ± 2.90 and 14.08 ± 4.22 μM for compounds 39 and 41, re-
spectively, or displayed no effect with KD values > 250 μM for com-
pounds 36 to 38 and 43.

3.4.3. N-hydroxyisoquinoline-1,3-diones (HID)
Results are gathered in Table 2. Compound 45 was used as proto-

type of this family and displayed a KD value of 2.17 μM. The in-
troduction of an ester function or of an alkyl-carboxamide group on
position 4 of the isoquinoline ring in compounds 46, 47 and 48 leaded
to a diminution of KD values 2–5-fold respect to the reference ligand 45.
The introduction of a N-benzyl-carboxamide was also favorable for
binding (compounds 50–53) with similar KD values and the best com-
pound 51 displayed KD value of 0.25 μM (9-fold better than 45).
However, a N-phenyl-carboxamide substituent (compound 49) was
unfavorable, (9-fold lesser than 45); this could be related to differences
in flexibility between N-benzyl- and N-phenyl, with probably a better
accommodation of the phenyl ring in the N-benzyl-compound towards
an aromatic residue of the catalytic site. The introduction of alkyl or
aromatic moieties at position 4 of the hydroxyisoquinoline dione
moiety was completely defavorable, since no binding was observed for
compounds 54 to 56.

In analogy with DKA, we tested compound 50 (Fig. S7B – Supple-
mentary data), also in absence of metal ions and with the mutant D88A.
Results showed that affinity was completely lost in both cases, under-
lying again that the binding of HID is mediated by metal ions chelation.

Table 1
Binding affinities of diketo acids (DKA) 7 to 34 de-
termined by MST. The concentration of labelled
protein EndoN-WT was kept constant at 100 nM,
while the concentration of compound was varied
from 500 μM or 250 μM in a 15-step two-fold dilution
series. MST was measured with 80% LED power and
80% infra-red laser power. KD values were de-
termined using the NanoTemper analysis software
(MST data). *: published results (Saez-Ayala et al.,
2018).

Compound KD (μM)

7 >250
8 5.38 ± 2.06*
9 4.34 ± 0.45
10 0.25 ± 0.12
11 1.52 ± 0.22
12 >250
13 6.24 ± 0.15
14 2.48 ± 0.74
15 2.38 ± 0.37
16 0.39 ± 0.30
17 0.39 ± 0.14
18 0.32 ± 0.16
19 3.19 ± 0.96
20 0.35 ± 0.02
21 0.28 ± 0.01
22 0.25 ± 0.07*
23 0.05 ± 0.02*
24 0.11 ± 0.03
25 1.23 ± 0.57
26 0.83 ± 0.12
27 0.22 ± 0.14
28 0.48 ± 0.16
29 0.16 ± 0.05
30 >250
31 >250
32 0.51 ± 0.11*
33 0.89 ± 0.35
34 122.5 ± 7.70
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3.4.4. Tetracyclines, chalcones, benzophenones and salicyl amides
Chalcone 4 displayed any affinity for EndoN until 250 μM and

benzophenone 5 displayed weak affinity (KD value of
74.75 ± 4.76 μM). Salicyl amides (57–59) were originally designed as
HIV integrase and influenza virus endonuclease inhibitors. Any tested
salicyl amides displayed no affinity for EndoN up to 250 μM.

3.5. Correlation between DSF and MST data

In order to validate the pre-screening of our compounds library, we
performed correlation of the thermal melting transition values and af-
finity measurement. Results are illustrated in Fig. S10 – Supplementary
data. Thermal stability and affinity were strongly correlated for DKAs
with linear coefficient r of −0.72. For DKAs, the smaller the KD value,
the greater the effect on the Tm, meaning that induced stabilization of
protein was positively related to the ligand affinity (ΔTm from 4 to
17 °C). For HIDs, a direct correlation between protein thermal stability
and binding affinity was not observed. Indeed, the thermal stability was
almost identical (ΔTm from 2 to 8 °C) irrespective of the affinity.

3.6. Metal ion preference of the EndoN for RNA binding

In order to develop EndoN activity assay, we performed the titration
of an RNA substrate model by fluorescence polarization by increasing
concentration of EndoN in the presence of Mn2+ or Mg2+ (Fig. S11 –
Supplementary data) or a mixture of Mn2+/Mg2+(data not shown). The
affinity of the EndoN-WT for RNA substrate with Mn2+ or a mixture of
Mn2+/Mg2+ was quite similar (KD values of 29.9 ± 1.1 μM) but weak
with Mg2+ making difficult to calculate reliable affinity value
(KD > 100 μM). In order to map the RNA binding, we performed also
titration on mutants EndoN-D118A and EndoN-D88A. As expected,
with the mutant D88A, RNA binding was lost, whatever the metal ion
used. Conversely, the affinity of the EndoN-D118A mutant for RNA
substrate was similar with Mn2+ and Mg2+ (KD values≈ 35 μM). This
result indicates that side residue such as D118 does not have a direct
effect on binding of the ligand to the active site via metal ion chelation
but might guide the RNA towards the catalytic center.

As a whole, we herein showed that RNA bindings are mainly
mediated in the active site through the metal ions trapping efficiency
and preference (i.e. for Mn2+) and consequently the capacity of the
active site to accommodate catalytic ions and guide the RNA substrate.

3.7. Inhibition of EndoN activity in a in vitro endonuclease assay

We tested the efficiency of compounds 8, 10, 22, 23, 29 and 32
(DKA) 39 (POP) 46 and 52 (HID) to inhibit the LCMV endonuclease
activity in an in vitro endonuclease assay. The compounds were selected
according to their availability, solubility and affinity. A 5′-radiolabelled
RNA substrate model was incubated with the EndoN-WT and 50 μM of
compound and RNA cleavage was analyzed on a denaturing poly-
acrylamide gel and visualized on a phosphoimager. Quantification re-
sults are shown in Fig. 5.

As previously reported (Saez-Ayala et al., 2018), phenyl DKA 8 and
piperidinyl DKA 32 displayed weak inhibition of LCMV endonuclease
activity at 50 μM, while ligands 22 and 23, which bear respectively, bi-
phenyl, and phenantryl moieties, displayed 35 and 40% inhibition at
the same concentration. Ligands 10 and 29 (DKAs) with a para-iso-
propylphenyl and a benzamidophenyl group, respectively displayed
similar inhibitions (30–40%) at 50 μM. Except for compound 32, high
binding affinities seemed to be correlated with potent in vitro inhibi-
tions of EndoN activity. Indeed, DKAs 10, 22, 23 and 29 displayed
around 40% inhibition at 50 μM with KD values ranging from 0.05 to
0.25 μM (Table 1).

DKA 29 displays moderate activity thanks to the flexible and large
benzamido-phenyl scaffold, allowing the second ring to rotate and to
establish additional contacts in the protein pocket. The smaller DKA 10
may act differently by formation of diketo tweezers: a complex invol-
ving two cations and two DKA ligand molecules. This type of tweezer
has been described for DKAs and also for HIDs with Mn2+ ions speci-
fically (Billamboz et al., 2011b). This constitutes an important question
that should be addressed.

As we described previously, DKA 32 is fitted in the LCMV EndoN
active site, essentially by metal chelation (Saez-Ayala et al., 2018). The
lack of polar, hydrophobic or electrostatic interactions lead to residual
flexibility and sub-optimal efficacy and makes DKA 32 potent ligand
but weak inhibitor.

For POP, the compound 39 which is a poor binder (KD=67.70 μM)
is also a weak inhibitor (8%).

For HID, compounds 46 and 52 are both good inhibitors (43 and
58%, respectively) and good binders (KD of 0.40 and 0.75 μM, respec-
tively, Table 2).

Table 2
Binding affinities of N-hydroxyisoquinoline-1,3-
diones (HID) 45 to 56 determined by MST. The
concentration of labelled protein was kept constant
at 100 nM, while the concentration of compound
was varied from 500 μM or 250 μM in a 15-step
two-fold dilution series. After 5min incubation
period the MST was measured with 80% LED power
and 80% infra-red laser power. KD values were
determined using the NanoTemper analysis soft-
ware (initial fluorescence – photobleaching rate).

Compound KD (μM)

45 2.17 ± 0.80
46 0.40 ± 0.04
47 0.81 ± 0.03
48 0.79 ± 0.16
49 9.67 ± 2.11
50 1.24 ± 0.70
51 0.25 ± 0.01
52 0.75 ± 0.06
53 0.80 ± 0.20
54 >250
55 ND
56 >250

Fig. 5. Quantification of endonuclease activity inhibition in presence of 5%
DMSO or compounds 8, 10, 22, 23, 29, 32 (DKA), 39 (POP), 46 and 52 (HID).
Results obtained with compound 8, 22, 23 and 32 were previously published
(Saez-Ayala et al., 2018). Compounds at a final concentration of 50 μM with 5%
DMSO were incubated with 20 μM of protein and 1 μM of single stranded RNA.
After 6 h reaction at RT, the products were analyzed in 20% polyacrylamide/
8M urea gels. The undigested RNAs were quantified by phosphoimager (Fuji)
and graph was plotted using GraphPad PRISM. All experiments were performed
in triplicates.
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3.8. Evaluation of compounds onto the LCMV minireplicon activity and
virus replication

We proceeded to test the efficiency of the compounds 7, 8, 10, 11,
15, 17, 18, 20–23, 29, 32 (DKA) 36, 38, 39, (POP) 46, 49, 50, 52 (HID)
in a LCMV replicon assay.

Since the compounds were supposed to target the polymerase
function, the assay was particularly suited to detect a decrease of the
minigenome replication and/or transcription through the quantitative
measurement of the GLuc reporter gene. We also tested the cytotoxic
effect of the compounds (Fig. 6). Out of the 20 compounds, fourteen
had no effect on the reporter gene expression whatever were the tested
concentrations, whereas the positive controls resulted either in a 25%
decrease (ribavirin at 50 μM) or a 66% decrease (ribavirin at 100 μM). 5
compounds presented a cytotoxic effect at the concentration associated
with a decrease of GLuc expression. For compounds 32, 49 and 52, the
cytotoxicity was very pronounced, associated with more than 50% cell
death 3 days post-treatment. For compounds 10 and 11, a moderate
cytotoxicity was associated with a moderate inhibition (15–22%) of the
minigenome expression. Compounds 18, 29 and 38 presented at certain
concentrations a moderate inhibition (until 14%) without cytotoxicity.
Several compounds were then further studied to determine their effect
on the growth of the LCMV. The BHK-21 cells were infected at a M.O.I.
of 0.01 by the virus in the presence of the compounds. Three day post-
infection, viral titers were determined. The ribavirin showed a very
strong inhibition of the virus replication: a 5-log reduction on viral titer
at 50 μM and titer below the limit of detection at 100 μM. Most of the
compounds did not show any effect. Compounds 18 and 11, which
showed a moderate effect onto the GLuc expression did not show any
inhibition on virus replication (Figs. S12 and S13 – Supplementary
data). Compound 23 showed almost a 3-fold decrease of the viral titer
at 50 μM. A second experiment was done with other combinations of
compounds and concentrations (Fig. S13 – Supplementary data). None
of the compounds had any detectable inhibitory effect on viral titers.
Compounds 32 and 38 were tested in a last experiment at different
time-points of the infection (Fig. 7). Compound 38 induced a 13-fold
and a 2.4-fold decrease of the viral titer by day 1 and 2, respectively but
by day three, the inhibitory effect was undetectable. Compound 32,
despite being cytotoxic onto the BHK-21 cells by day 3, had no de-
tectable effect onto the cell viability by day 1 (Fig. S14 – Supplementary
data). Compound 32 strongly inhibited the viral replication by day 1.
Indeed, the viral titer was diminished by 3 logs and probably resulted

only from what remained of the initial inoculum.

4. Discussion

In order to design inhibitors of the LCMV EndoN, we followed a
metal chelation approach. Our strategy was to find ligands able to block
the catalytic center through the chelation of critical metal ions within
the active site that would translate into a functional impairment.

Fig. 6. Effect of DKAs (a) and POPs+HIDs (b) in the minigenome assay of LCMV (bars) and in cell viability (diamonds). BHK-21 cells in 96 well plates were
transfected with the plasmids expressing the minigenome, and 5 hours post-transfection the culture supernatant was replaced with fresh media containing the
indicated ligand. 3 days post-transfection luciferase activity was monitored in parallel with the cell viability. Each condition was done in triplicates.

Fig. 7. Inhibitory effect of compounds 32 and 38 onto the LCMV. BHK-21 cells
in 96 well plates were infected at a MOI of 0.01 and treated with indicated
concentration of compounds. At indicated time points post-infection, the su-
pernatants were collected and titrated. Each condition was done in triplicates.
The dotted line represents the limit of detection of the titration assay. * in-
dicates that the viral titer was close to the limit of detection.

M. Saez-Ayala et al. Antiviral Research 162 (2019) 79–89

86



We built a « chelators library » of 59 compounds, divided into 3
main families: DKAs, POPs and HIDs which were never tested against
arenaviruses. Our library was first pre-screened on LCMV EndoN using
DSF. Major ligand-induced protein stabilization was observed with
DKAs, to a lesser extent with HIDs and strong destabilization was
measured with POPs. In light of these results, DKAs and HIDs are
considered as potent EndoN binders. Conversely POPs do not give a
specific and reproducible interaction.

Next, we measured binding affinities by MST for all stabilizers.
Apart from the compounds that did not show any binding, most DKAs
and HIDs displayed affinities in the nanomolar to micromolar range.
Binding was completely lost without metal ions and with the catalytic
mutant D88A, indicating that is mainly mediated by metal ions chela-
tion. For DKAs, a good correlation between thermal melting transition
values and affinity was observed. The chelating motif of DKAs (γ-ke-
tone, enolizable α-ketone and carboxylic acid) is strictly necessary and
must be intact to ensure optimal binding mode. DKAs binding efficiency
is deeply improved introducing large aromatic substituent on the
phenyl ring which could establish hydrophobic contacts with residues
of the active site. Moreover, the importance of the aromatic framework,
by the way of its electronic influence on the α-diketo moiety, affects
directly the acidic constant values, one of the most important para-
meters involved in DKA-ions complex formation (Sechi et al., 2006).

For HID, the chelation is ensured by the three oxygen triad of the N-
hydroxyimide moiety. HID binding efficiency is dependent of the sub-
stituents on the position 4 of the isoquinoline ring. The introduction of
alkyl, benzyl or naphthyl groups is unfavorable, in contrast to N-alkyl-
(or N-benzyl)-carboxamides. It has been proposed that the carboxamide
in position 4 impacts the resonance stabilization of the enolate required
for metal chelation and is able to create an intramolecular hydrogen
bond with the oxygen at position 3 also favorable for metal ion chela-
tion (Billamboz et al., 2013). As described previously (Saez-Ayala et al.,
2018), to be inhibitors of LCMV endonuclease activity, phenyl DKAs has
to bear large aromatic moieties on the phenyl ring. Hence, their effi-
ciency is related to their capacity to chelate metal ions and also es-
tablish hydrophobic interactions with some key amino acids of the
active site. HIDs are also moderate inhibitors of LCMV endonuclease
activity. The relative higher inhibition observed with HIDs compare to
DKAs, could be explained by their supposed larger surface of interaction
in the active site of the EndoN.

In conclusion, the anchorage of compound by metal chelation is
necessary but not sufficient for efficacious inhibition: to design potent
inhibitors, a combination of peculiar structural, steric, and electronic
features of the substituents of the chelating scaffold has to be per-
formed, in order to identify the features necessary to obtain good ac-
tivity by fullest occupancy binding mode.

Regarding the efficiency of the compounds in a LCMV replicon assay
and in LCMV infected cell cultures, amongst the 22 tested compounds,
only DKA 32 and POP 38 slightly inhibited the virus growth, mostly at
the beginning of the infection. Because POP 38 did not bind target
EndoN, another function could be affected by the compound. In ac-
cordance with this assumption, POP 44 [EGCG] was previously de-
scribed as inhibitor of influenza virus through alteration of physical
integrity of virus particles, reduction of reactive oxygen species (ROS)
or by inhibition of entry through binding to haemagglutinin (Imanishi
et al., 2002; Ling et al., 2012; Nakayama et al., 1993; Song et al., 2005).

DKA 32 was originally identified as a potent inhibitor of influenza
viral growth in both cell culture and mouse models (Hastings et al.,
1996; Nakazawa et al., 2008; Parkes et al., 2003; Tomassini et al.,
1994). This compound, more recently, was described to be able to re-
duce the accumulation of viral RNAs in PR8 influenza virus infected
cells by inhibiting the RNA polymerase (Song et al., 2016). In our as-
says, DKA 32 showed a very strong inhibition of the viral load in LCMV
infected cells by day 1 post-treatment (3 log), however its cytotoxicity
in the sensitive BHK-21 cells by day 3 post-treatment prevented the
observation of extended antiviral activity. We do not exclude that

another cellular model less tenuous to the transfection or infection in-
terference may help to understand the effect of DKA 32 and to identify
the target of this compound, that could be another viral nuclease used
by the virus to escape the immune system during infection (Reynard
et al., 2014).

5. Conclusion

We assembled a focused library never screened before against the
LCMV endonuclease domain, on the basis of a chelation strategy. We
found several potent binders and inhibitors of its activity. Both diketo
acids and N-hydroxyisoquinoline-1,3-diones can be considered now as
anti-EndoN metal-chelating pharmacophores. Reporting specificities in
the recognition properties of these compounds, these two pharmaco-
phores make different contributions to their interaction with EndoN
catalytic site and these differences should be taken into account for the
improvement of their inhibitory properties. Interestingly, the tested
compounds demonstrated moderate (DKA) to good (HID) inhibition at
50 μM in in vitro enzymatic assays, re-enforcing the idea that chelating
ligands can be active across metal-dependent viral enzymes.

Unfortunately, in a sub-optimal cellular model, cytotoxicity im-
paired the cell-culture assays of the most interesting compounds and
other resulted inactive, probably as a result of poor membrane per-
meability of ionic compounds as DKA and HID or low chemical stability
or rapid metabolism.

Divalent cation chelators have already been FDA-approved for
clinical use and success against several viral diseases. This validated the
« metal chelation strategy » as an important milestone in drug design
that could lead to the development of efficient inhibitors also in the
case of Arenaviruses.
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