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ARTICLE INFO ABSTRACT

Keywords: Alphaviruses such as the Venezuelan equine encephalitis virus (VEEV) are important human emerging pathogens
Alphavirus transmitted by mosquitoes. They possess a unique viral mRNA capping mechanism catalyzed by the viral non-
HT screening structural protein nsP1, which is essential for virus replication. The alphaviruses capping starts by the methy-
Guanylylation

lation of a GTP molecule by the N7-guanine methyltransferase (MTase) activity; nsP1 then forms a covalent link
with m’GMP releasing pyrophosphate (GT reaction) and the m’GMP is next transferred onto the 5’-diphosphate
end of the viral mRNA to form a cap-0 structure. The cap-0 structure decreases the detection of foreign viral
RNAs, prevents RNA degradation by cellular exonucleases, and promotes viral RNA translation into proteins.
Additionally, reverse-genetic studies have demonstrated that viruses mutated in nsP1 catalytic residues are both
impaired towards replication and attenuated. The nsP1 protein is thus considered an attractive antiviral target
for drug discovery. We have previously demonstrated that the guanylylation of VEEV nsP1 can be monitored by
Western blot analysis using an antibody recognizing the cap structure. In this study, we developed a high
throughput ELISA screening assay to monitor the GT reaction through m’GMP-nsP1 adduct quantitation. This
assay was validated using known nsP1 inhibitors before screening 1220 approved compounds. 18 compounds
inhibiting the nsP1 guanylylation were identified, and their ICs, determined. Compounds from two series were
further characterized and shown to inhibit the nsP1 MTase activity. Conversely, these compounds barely in-
hibited a cellular MTase demonstrating their specificity towards nsP1. Analogues search and SAR were also
initiated to identify the active pharmacophore features. Altogether the results show that this HT enzyme-based
assay is a convenient way to select potent and specific hit compounds targeting the viral mRNA capping of
Alphaviruses.

mRNA capping
Approved drugs
Antivirals

1. Introduction

Emergence or re-emergence of alphaviruses represents a serious
health concern, as exemplified by the worldwide epidemics of
Chikungunya virus in recent years (Charrel et al., 2014). Alphavirus
genus comprises 31 species among which at least ten of the arthropod-
borne alphaviruses are important in terms of public health (Gould et al.,
2010). Alphaviruses can be organised into two major groups based on
their geographical distribution: Alphaviruses from the Old World (OW),
most commonly causing febrile illness and painful arthralgia or

polyarthralgia and New World (NW) alphaviruses mostly leading to
neurological diseases. Among NW alphaviruses, Venezuelan equine
encephalitis virus (VEEV) is an important pathogen present in the
Americas from Texas to Argentina (Adams et al., 2012; Pisano et al.,
2013). In 1995, an outbreak in Venezuela and Colombia resulted in
roughly 100,000 human cases including more than 300 fatal en-
cephalitis cases (Rivas et al., 1997). Other epidemics were also reported
indicating that VEEV represents a real public health concern. Moreover,
VEEV infection symptoms resemble those of Dengue fever, likely
leading to an underestimation of the number of cases related to this
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virus infection in regions where both Dengue virus and VEEV are en-
demic (Aguilar et al., 2011). In humans, whilst the overall mortality
rate is low (< 1%), neurological disease, including disorientation,
ataxia, mental depression, and convulsions can be detected in up to
14% of infected individuals, especially in children (Johnson and
Martin, 1974).

Alphaviruses belong to the positive stranded RNA viruses re-
plicating their genome in the cytoplasm of host cells. The genome
contains two open reading frames (ORFs), encoding for the non-struc-
tural proteins (nsPs) and the structural proteins, which are expressed
later from the sub-genomic RNA. Following viral entry, the genomic
RNA is translated into the non-structural polyprotein P123 and P1234
which are processed into non-structural proteins (nsP1 to nsP4). The
non-structural polyproteins and proteins form a complex associated to
the plasma membranes, and this complex is embedding the enzymatic
activities necessary for the viral replication and transcription. Namely,
the nsP4 carries the RNA dependent RNA polymerase activity and
drives antigenome synthesis and its subsequent transcription into
genomic and sub-genomic mRNAs. The 5’ ends of the genomic and sub-
genomic RNAs are decorated by a cap-0 structure (m’G-pppN-RNA) and
RNA are polyadenylated at their 3’ extremity. The capping of viral
mRNA is a key step for virus replication as cap structures protect viral
RNA from cellular 5’-3’ exonucleases and promote the initiation of RNA
translation into viral proteins. In addition, the cap structure, together
with conserved hairpin structure present in the 5’UTR, also hides viral
RNA from detection by sensors of the innate immunity, such as RIG-I
and/or MDAS or by antiviral restriction factors (Hyde et al., 2014). The
cap structure of alphavirus mRNA is thought to be synthetized by an
unconventional capping mechanism involving the methyltransferase/
guanylyltransferase activities of nsP1 and the 5 RNA triphosphatase
activity of nsP2 (Li et al., 2015; Vasiljeva et al., 2000). Reverse genetic
experiments have confirmed that these activities are essential for the
viral life cycle. Indeed, the mutation of either MTase or nsP1 guany-
lylation catalytic residues strongly impairs viral replication (Wang
et al., 1996). Capping enzymes are thus considered as promising anti-
viral drug targets.

Despite important efforts, antiviral drugs against alphaviruses such
as VEEV are still lacking and to date, the treatment of VEEV infections is
mainly supportive. For instance, the broad spectrum antiviral ribavirin,
that was found to be efficient against Chikungunya virus (CHIKV) in
resolving joint and soft tissue swelling (Ravichandran and Manian,
2008), has almost no significant activity against VEEV in infected cell
cultures (Markland et al., 2000). Therefore, efforts to discover mole-
cules inhibiting alphaviruses such as VEEV have increased in the last
years. Small molecule library screenings were recently developed on
cell based assays to discover compounds active against VEEV or other
alphaviruses (Chung et al., 2013) (Pohjala et al., 2011; Spurgers et al.,
2013) (Delekta et al., 2015; Lucas-Hourani et al., 2014; Seyedi et al.,
2016; Varghese et al., 2016). Several compounds were found to be
associated to the inhibition of functions carried out by the proteins
constituting the viral replication complex. Among the selected com-
pounds, the broad-spectrum antiviral candidate Favipiravir (T-705),
initially developed to treat human influenza, shows a potent antiviral
effect in small animal models (Furuta et al., 2013). This nucleobase
mimetic was proposed to target the polymerase activity of nsP4 after
intracellular activation into its 5’-triphosphate ribonucleotide form
(Delang et al., 2014). In addition, nucleoside or non-nucleoside analo-
gues have revealed antiviral effects supposedly by targeting nsP2 or
nsP4 (Chung et al., 2013, 2014; Urakova et al., 2017; Wada et al.,
2017). nsP1 is also considered as an antiviral target: the recent iden-
tification of compounds inhibiting the mRNA nsP1 mediated-capping
(Delang et al., 2016; Feibelman et al., 2018; Gigante et al., 2014;
Gomez-SanJuan et al., 2018) sheds light on this viral enzyme. Screening
strategies based on the inhibition of alphavirus nsP1 enzymatic activ-
ities can thus be considered for drug discovery.

The enzymatic activities of VEEV nsP1 involved in the formation of

60

Antiviral Research 163 (2019) 59-69

the viral mRNA cap-0 structure were previously characterized (Li et al.,
2015). NsP1 first methylates a GTP molecule into its guanine N7 po-
sition (MTase activity). The methylation reaction requires the S-ade-
nosylmethionine (SAM) as methyl donor and generates S-adenosylho-
mocysteine (SAH) as by-product. The m’GTP product is next used for
nsP1 guanylylation (GT reaction) leading to the formation of an
m’GMP-nsP1 covalent adduct. m’GMP forms a covalent link with a
catalytic histidine of VEEV nsP1. The formation of guanylylated-nsP1
adduct is regulated by the SAM/SAH balance, and the release of SAH by
the MTase reaction stimulates the GT reaction. Finally, the m’GMP
molecule is transferred onto the 5-diphosphate RNA end to yield the
capped RNA (GTase reaction). In order to characterize nsP1 functions
as well as compounds inhibiting nsP1 we developed a Western blot
assay to detect and quantify the guanylylated nsP1. However, this labor
intensive assay is not suitable for high throughput screening of gua-
nylylation inhibitors.

In this work, we developed an assay in order to uncouple the cap-
ping reactions carried by VEEV nsP1 and to specifically quantify the
synthesis of m’GMP-nsP1 adduct using ELISA. After validation of the
assay using known nsP1 inhibitors, we screened a library containing
1220 approved drugs. The best compounds were selected at 50 uM and
further characterized. We determined their ICso on both the nsP1-
mediated MTase and GT reactions. In addition, the specificity of the
inhibitors was assessed comparatively using a cellular MTase and viral
MTase involved in capping process. Compounds analogues and/or
fragments available from commercial libraries were also tested in order
to better understand the structure-activity relationships of molecules
inhibiting nsP1 activities.

2. Material and methods

Chemicals. Chemicals such as GTP, m’GTP, S-adenosylmethionine
(SAM) and S-adenosylhomocysteine (SAH) were purchased from Sigma
Aldrich. The Prestwick Chemical Library (PCL) is a library of 1280
small molecules, mostly approved drugs (FDA, EMA and other agencies)
from which 1220 compounds were picked for the screening
(Strasbourg, France). Other compounds used in this study are com-
mercially available and were purchased from Toronto Research
Chemicals (TRC), Key Organics, Enamine, Chembridge, Combi Blocks,
Enzo Life Science, Sigma Aldrich, Tocris and Alfa Aesar. The synthesis
of compounds MADTP-314 (3-(3-acetylphenyl)-5-methyl-3,6-dihydro-
7H-[1,2,3]triazolo[4,5-d]pyrimidin-7-one) and MADTP-393 (3-(3-
acetylphenyl)-5-ethyl-3,6-dihydro-7H-[1,2,3]triazolo[4,5-d]pyrimidin-
7-one) has already been described (Gigante et al., 2014, 2017). The
FDA-approved compounds and the compounds purchased from other
suppliers were dissolved in DMSO at a stock concentration of 20 mM.

2.1. Expression and purification of VEEV nsP1 wild-type (wt) and mutant
D34S

The codon optimized DNA encoding nsP1 of VEEV (strain P676,
amino acid 1 to 535) was cloned into the expression vector pET28b
(Novagen) to enable the fusion of a 6xHis tag at the C-terminus of nsP1.
The protein was produced in E. coli Rosetta pLysS (DE3) (Novagen) cells
and purified by IMAC chromatography on a 5ml His TrapFF crude
column (GE Healthcare). The proteins eluted 250 mM imidazole,
20mM tris pH 7.5, 100 mM NaCl and 5% glycerol were dialysed in a
dialysis buffer with the following composition; 20 mM Tris pH 7.5,
100 mM NaCl and 10% Glycerol. The protein purity was assessed on
Coomassie blue stained SDS-PAGE gel and protein concentration was
determined by Bradford protein assay (Bio Rad). The same procedure
was performed for D34S nsP1.

2.2. Methyltransferase filter binding assay

The methyltransferase assays were carried out in a 20 uL reaction
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mixture, containing 50 mM Tris (pH 7.0), 2mM DTT, 10 mM KCI, 2 mM
GIDP, 330nM S-adenosyl [methyl—SH] Methionine (83.1 Ci/mmol,
PerkinElmer), 10 uM S-adenosylmethionine, 2 uM VEEV nsP1 and in-
creasing concentrations of inhibitors with 5% final concentration of
DMSO. After incubation at 30°C for 1h, the reaction samples were
loaded on DEAE-cellulose filter (PerkinElmer), and the filter was wa-
shed twice with 20 mM ammonium formate, once with H,O, and once
with absolute ethanol. The filter was dried, and the radioactivity was
measured by scintillation counting with SCINT BETAPLATE solution in
a Wallac MicroBeta Trilux 1450 counter (PerkinElmer). Compounds
were tested in triplicate at a final concentration of 50 uM for single
point analysis.

2.3. Guanylylation assay and detection of the m”GMP-nsP1 adduct by
ELISA

The guanylylation reaction (GT) of nsP1 VEEV was performed in
20 pL as previously described (Li et al., 2015). Briefly, 5 uM of nsP1 was
incubated at 30 °C in a buffer containing 20 mM HEPES (pH 7.0), 2 mM
MgCl,, 1 mM DTT, 100 uM m’GMP, 100 uM S-Adenosylhomocysteine
(SAH). Time course experiments using 1 uM, 2.5uM and 5 uM of nsP1
were performed to optimize the incubation time and enzyme con-
centration for the ELISA assay. The screening of GT inhibitors was
performed in a buffer containing 100 uM m’GTP, 100 uM SAH, 5uM
nsP1, and the reaction were incubated during 30 min at 30 °C. Reactions
with DMSO but without compound were used as negative control (NG)
of inhibition and, as background control (BG) were used reactions
without compound and m”GTP. For the validation of the assay, 5 uM of
enzyme and 1h incubation of the reaction at 30°C were selected,
speculating that a high signal at OD430,,m and a complete reaction
would correspond to discriminating and stringent conditions suitable
for the selection of the most potent inhibitors.

The ELISA detection of nsP-1 m’GMP adducts was performed as
follow: 8L of the GT reaction were transferred into 92 puL of PBS
(Phosphate buffered saline, Sigma #P3813) in Nunc MaxiSorp flat-
bottom 96 well plate (eBioscience). The plates were incubated over-
night at 4°C to allow nsP1 capture before plates washing (twice with
PBS), and blocking with 2% (w/v) of non-fat milk in PBS for 2hat
37 °C. The plate was then washed once with PBS, before incubation (1 h
at RT) with 100 yL of primary antibody anti-m3G/m’G-cap monoclonal
antibody (Synaptic Systems, Gotingen, Germany) at a dilution of
1:1000 in PBS with 1% (w/v) of non-fat milk. The wells were washed
three times with PBS-Tween, and three times with PBS solution before
incubation with the peroxidase-conjugated rabbit anti-mouse antibody
(Sigma, #A9044) diluted at 1: 2000 in PBS with 1% (w/v) of non-fat
milk at RT for 1 h. The plate was then washed sequentially three times
with PBS-Tween and three times with PBS. Finally, 3,3’,5,5-
Tetramethylbenzidine (TMB) solution was prepared by dissolving one
3,3,5,5’-Tetramethylbenzidine tablet (Sigma T5525) in 100puL of
DMSO, which was then added into 9.9 mL of 0.1 M Sodium-acetate
buffer, pH 6.0 with 2 uL of fresh 30% hydrogen peroxide. For each well,
100 pL TMB solution were added followed by incubate at 20 min at RT,
then 50 pL of 2M H,SO,4 were added to stop the reaction, and then the
absorbance of each well was read at 430 nm. Each 96-wells reaction and
ELISA plate was used to test 80 compounds. The plates also contained
two negative controls of the inhibition (reactions with no compound)
and two controls for the background of the signal (reactions with no
compound and no m’GTP). For each plate, the controls were used to
define the following values: ODyg represents the mean value of the
ODy430nm measured for the duplicates for the negative control which is
representative of 100% GT activity (reaction without compounds);
ODgg represents the mean value of the OD430,,, measured for the du-
plicates for the background control which is representative of 0% GT
activity (reaction without compounds and without m’GTP).

The percentage of inhibition was calculated according to the fol-
lowing equation (1).
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ODNG - ODlsampleJ

Y (%) = X 100

(€]
Where, Y (%) represents the inhibition percentage of GT activity
mediated by nsP1, which is dose dependent of inhibitor concentration
used; ODgample Tepresents the OD43onm measured from the sample.

2.4. Hit validation

The hit compounds, showing more than 80% of inhibition at 50 uM
were selected for hit validation. The hit validation consisted in the re-
determination of the percentage of inhibition in triplicates at 50 uM
using fresh powders of compounds and in the determination of the ICso
value for the compounds showing more than 80% of inhibition by
Western blot (WB).

The ICs of the inhibitors was assessed by WB, starting from 500 uM
or 100 uM concentration followed by nine 1:2 serial dilutions. For each
inhibitor, a negative control for GT (without both m’GTP and inhibitor)
and positive control for GT (without inhibitor) were included.
Reactions were prepared in a final volume of 20 pL, containing 20 mM
HEPES pH 7.0, 2mM MgCl,, 1 mM DTT, 100 uM SAH, 100 uM m’GTP,
2% DMSO and 5pM of nsP1 enzyme and were incubated at 30 °C for
45 min. The reactions were stopped by adding 2.5 uL of 4x Laemmli
Buffer followed by heat at 95 °C for 5 min prior to the loading in 8%
(SDS-PAGE) acrylamide Tris-Glycine gels. Reactions were performed in
independent duplicates. In order to improve the throughput of the de-
tection by WB, the products of titration of four compounds were loaded
on a single 8% acrylamide SDS PAGE gel. 7 uL of each reaction from a
same titration were loaded on a gel prior 14 min of electrophoresis at
200 V. Negative and positive controls were loaded on the same gel with
each titration for an appropriate quantification. The gel was then re-
loaded with second titration. The procedure was repeated for the third
and fourth titrations. After the last loading the electrophoresis was
performed for 30 min at 200 V. The Western blotting was done using the
already described procedure (Li et al., 2015). After the signal acquisi-
tion of the WB, the PVDF membranes were stained during 3 min with
Coomassie blue and the distained with 50% Ethanol (EtOH) during
5 min.

For each PVDF membrane, a BIP file was acquired with Kodak
system, the file was converted in a TIF format that was used for analysis
and quantification of the intensity (I) of the bands using ImageJ. After
the quantification, the raw data was used to determine the percentage
of activity for each compound, using the negative control for activity
(NA) and the positive control for activity (MA) as references. The per-
centage of activity for each inhibitor concentration was determined
using equation (2).

[(Isample - INA)] % 100

Y (%) =
%) Iva — Ina

(2)
Where, Y (%) represents the percentage of remaining guanylylation
activity mediated by nsP1, which is dose dependent of inhibitor con-
centration used; Isample is the intensity calculated from the band, of the
sample, obtained through the signal acquisition of the WB, Iya re-
presents the average of the duplicates of the intensity calculated for the
control representative of 0% guanylylation activity (reaction without
compounds and without m’GTP), Iya represents the average of the
duplicates of the intensity calculated for the control representative of
100% guanylylation activity (reaction without compound but with
m’GTP).

ICsp values of selected inhibitors were determined with GraphPad
Prism 6, using a non-linear regression dose response inhibition.

2.5. Analogues search and chemical group validation

The analogues search was first achieved through the internal drug
approved library (The Prestwick Chemical Library). The second
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analogue search was done using the commercial databases Reaxys and
eMolecule. In a similar manner to the analogue search, we used the 4
initial hit compounds and from each compound we selected different
chemical groups, which were used to search for close analogues at
commercial databases. Some of these chemical groups and close ana-
logues were commercially available and purchased for test against the
guanylylation activity of nsP1.

3. Results
3.1. Monitoring the nsP1 guanylylation by ELISA

Alphavirus mRNA are capped by an unconventional mechanism in
which nsP1 catalyses first methylation onto the N7 of GTP (MTase)
followed by the formation of m’GMP-nsP1 adduct (GT). Both MTase
and GT reactions precede the transfer of m’GMP onto the 5’-end of the
PPRNA. In order to identify small molecules inhibiting specifically the
GT activity of nsP1, we developed an assay detecting the synthesis of
m’GMP-nsP1 adduct. The GT reaction assay was performed with pur-
ified recombinant VEEV nsP1 expressed in E. coli. Since the purified
nsP1 protein carries N7 MTase and GT activities, we tried to uncoupled
the two reactions in order to specifically monitor the GT activity. We
thus used m’GTP (100 uM) instead of GTP as substrate and the GT re-
actions were performed in an optimized buffer supplemented with
2mM MgCl, and 100 uM of SAH as both MgCl, and SAH have been
shown to stimulate the nsP1 mediated-GT activity (Li et al., 2015).

After the GT reaction, the guanylylated-nsP1 was detected by ELISA
assay. For this purpose, nsP1 was captured on an ELISA plate and the
m’GMP linked to nsP1 was next detected by the successive addition of
an anti-m3G/m’G-cap antibody and peroxidase-conjugated rabbit anti-
mouse antibody. Fig. 1A shows that using this assay, the m’GMP-nsP1
covalent complex resulting from the GT reaction could be detected in
presence of m’GTP, SAH and nsP1. Conversely, no signal is detected in
absence of SAH, m7GTP or nsP1, demonstrating the specificity of the
ELISA detection system. We next determined the optimal experimental
conditions for the screening. The time course experiment presented in
Fig. 1B indicates that when using 5puM of VEEV nsP1 the saturation
phase is reached after 30-40 min of reaction whereas at lower nsP1
concentration (i.e. 1 and 2.5 uM) the reaction remains in a linear phase
during the 30 min incubation period, but the ELISA signal is lower.
Altogether these results indicate that the ELISA detection system pro-
vides a suitable tool to follow specifically the VEEV nsP1 mediated-GT
reaction in a 96-well format.

The robustness of the GT assay was further assessed by testing al-
ready described VEEV nsP1 inhibitors for validation. In these control
reactions, we used Sinefungin, a SAM analogue, which is known to
inhibit viral and cellular MTases, as well as MADTP compounds, pre-
viously demonstrated to inhibit VEEV nsP1 mediated GT reaction
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(Delang et al., 2016; Gigante et al., 2017). The inhibitory effect of these
compounds was determined at 50 uM and the remaining GTase activity
was normalized with the activity detected in absence of inhibitors. Si-
nefungin inhibits 47.9 = 10.9% of the GT activity whereas MADTP-
393 and MADTP-314 showed 99.2 + 0.6% and 81.4 *+ 2.8% of in-
hibition on the GT activity, respectively. The inhibition induced by
MADTP-393, MADTP-314 and Sinefungin were further confirmed by
determination of their ICso. The GT reaction of VEEV nsP1 was per-
formed in the presence of increasing concentration of inhibitor as
previously described, and the amount of the m’GMP-nsP1 complex
produced was quantified by WB, using the anti m3G/m’G-cap antibody
for detection. Fig. S1 shows that, after WB quantification and Hill plot
curve fitting, Sinefungin, MADTP-393, and MADTP-314, inhibit the GT
activity of VEEV nsP1 in a dose-dependent manner with ICsy of 96 UM,
69 uM and 177 uM, respectively. Of note, the ICs, determined for Si-
nefungin in the current study and the previous one differs (29 and
96 uM, respectively) likely because the reaction conditions slightly
differ from the original assay (Li et al., 2015). Altogether these results
indicate a correlation between inhibitions observed using 50 uM of in-
hibitors by ELISA assay, and ICs, determined by WB. The latter method
was validated in a previous study (Li et al., 2015), confirming that the
developed ELISA assay can be used to screen small molecules inhibiting
specifically the VEEV nsP1 GT activity.

3.2. Screening of 1220 approved compounds inhibiting GT by ELISA

We next used the ELISA nsP1 GT assay to screen a library containing
1220 compounds from the Prestwick Chemical Library (PCL), a library
containing approved drugs. The compounds were incubated with VEEV
nsP1 at a final concentration of 50 uM and the GT reaction was started
by addition of m’GTP. After an incubation period of 30min, the
m’GTP-nsP1 adduct was quantitated by ELISA assay and the % of in-
hibition of each compound was determined (Fig. 2A). The percentage of
inhibition follows a right skewed bell-shaped distribution close to the
normal distribution (Fig. 2B) with a mean inhibition “0” of 16.5% close
to the median (19.0%) =~ Mode (20%) and a standard deviation (o) of
26.8%. 229 compounds present a negative value, most of them yielding
to a weak increase of GT activity. The compounds showing more than
40% activation were tested twice in order to determine if some com-
pounds could efficiently stimulate nsP1 GT activity, but none of them
showed reproducible activation of the enzyme. We selected 18 com-
pounds presenting at least ~80% of inhibition among which 6 were
considered as “strong inhibitors” as they showed more than 30 above
the average (> 96.9% of inhibition) (Table 1).

3.3. Analysis of the screen and hits confirmation

We confirmed the initial screen results by determining the ICso

) 10 20 30
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Fig. 1. Setup, optimization and validation of the ELISA monitoring the GT activity of VEEV nsP1. Panel A: Setup of the assay. The m’GTP-nsP1 complex is
formed with 2.5 uM of VEEV nsP1 in the presence of 100 uM m’GTP, and 100 uM SAH. Panel B: Time course experiment performed with intervals of 10 min and the
last time point was collected at 40 min. Panel C: percentage of GT inhibition for selected compounds used as reference and tested at 50 uM, namely Sinefungin,

MADTP-393 and MADTP-314.
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Fig. 2. Screening of approved drugs from
Prestwick Chemical Library and hit se-
lection. Panel A: Graph representing the GT
inhibition of each tested compound. The
average GT inhibition is presented in red
and in blue the threshold (80% of GT in-
hibition) for the hit selection. Panel B: fre-
quency histogram of the GT inhibition with
a bin range of 10 and a Gaussian distribu-
tion curve fitting performed using
GraphPad.
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N
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value using the anti-m3G/m’G-cap WB assay on fresh solutions from
commercially available powders. The WB assay is more sensitive than
the ELISA assay and presents the advantage to detect unambiguously
the formation of m’GMP-nsP1 complex with a low background. The
limitation of this assay being the throughput, it was improved by serial
loading of 4 titrations on a single SDS Page gel allowing the determi-
nation of ICso of 4 compounds in a single experiment (Fig. 3). The ICso
value was determined for the selected compounds, except Prest-998
that was not available. 7 compounds display ICs, values below 50 uM
and 2 show ICsy value between 50 and 110 uM (Table 1). The best
compound corresponds to Prest-37 (pyrimethamine) and shows an ICsq
of 2.7 = 0.4uM. Interestingly, two other compounds, Prest-392 and
Prest-531, both containing a 4-F-benzoylpiperidine, show ICs, values in
the 10 uM range, highlighting the accuracy of the assay to detect potent
inhibitors. Based on the ICso and chemical nature of the compounds we
arbitrarily decided to further investigate additional compounds based
on the scaffold of Prest-37 (series 1) and that of Prest-392/Prest-531
(series 2).

We first searched for analogues already present in the screened li-
brary (PCL). Three compounds having structural and chemical simila-
rities with Prest-37 were identified and their ICsq for the GT reaction
was determined. The 3 compounds (Prest-347, 858, and 947) share
with Prest-37 an aminopyrimidine included in a fused bicyclic ring, and
were demonstrated to inhibit the GT reaction less efficiently than the
initial hit (Table 2), though. Interestingly, one of these compounds
(Prest-858) was picked in the initial screen whereas the two others
showed an inhibitory effect at 50 uM, but below the 80% threshold.
Nine analogues of Prest-392, bearing a piperidine linked to an aromatic
moiety through a flexible chain, were selected in the PCL to confirm the
hit lead (Table 3). All of them inhibit more than 50% of the nsP1 GT
activity at 50 uM, highlighting the robustness of the ELISA screening
and suggesting the possible presence of active common pharmacophore
(s) in the two series. ICso determined by WB showed that none of the
compound has a higher potency than the original hit to inhibit nsP1 GT
activity. Table 3 also shows that 3 compounds display a weak inhibition
effect on the GT reaction (Prest-1117, 115, 1029), suggesting that the
detection of m’GMP-nsP1 adduct by ELISA might yield false positive
results.

As the GT and the MTase reaction involve the same protein domain,
we next tested if the selected GT inhibitors also inhibit the VEEV nsP1
MTase activity. The selected compounds were thus incubated with
VEEV nsP1 in presence of radio-labelled SAM and the [3H] methyl
transfer on the non-hydrolysable GTP (GIDP) was measured by DEAE
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filter binding assay (FBA) (Tables 2 and 3). In this experimental con-
dition uncoupling the MTase activity from the GT, the two heads of
series, Prest-37 and Prest-392, display the best inhibitory effect on the
MTase activity with 73.5 = 2.86% and 79.3 = 1.7% of inhibition at
50 uM, respectively. This analysis highlights the robustness of the in-
hibition observed for the two compounds and confirms the interplay
between nsP1 mediated GT and MTase activities.

3.4. Hit/series validation beyond the screened library and pharmacophore
evaluation of Prest-392

We next looked for analogues of Prest-37 and Prest-392 available in
commercial libraries and their ICs( for the GT reaction was determined
by WB. 5 analogues of Prest-37 were purchased. None of them showed
higher or equal inhibitory effect to limit the GT reaction (Table 2).
However, the comparative analysis of the inhibitors suggests that the
alkyl group (ethyl or methyl) in the 6 position of diaminopyrimidine
ring may play a key role in the GT inhibition (Prest 37, E925220 and
M338835 vs EN300-183279 and EN300-208764). Indeed, when the
alkyl group is missing, the analogues are inactive. The nature of sub-
stitution on the phenyl group in the 5 position seems also to modulate
the inhibition (Prest 37, E925220 and M338835).

For Prest-392, three commercial compounds were tested, among
which Altanserin and Tocris-DV7028 show high chemical similarity
(Table 3). The three compounds present pharmacophore similarities to
Prest-392: a central piperidine, a bicycle diamide on one side and a
phenyl ring on the other side. Altenserin, the direct thio analogue of
Prest-392 has a higher to equivalent ICs, on the GT activity
(ICs0 = 9.3 * 2.7) than the one of the head of series confirming the
structure related activity of the lead compound. Tocris-DV7028 lacking
the quinazoline-2,4-dione motif for the benefit of an unsaturated ring is
inactive. This single modification compared to Prest-392 indicates a
determinant role of this heteroaromatic bicycle in the inhibitory ac-
tivity. In Chembridge-9231888 molecular structure, the inversion of
flexibility and rigidity on either side of the central piperidine seems
detrimental for the activity. This conformational change could be re-
sponsible for the complete loss of affinity to the target. To further in-
vestigate the role of the structural features in the inhibitory activity, we
performed a chemical group assessment on Ketanserin and selected four
fragments representative of the main chemical groups present in the
molecule. Unfortunately, none of these fragments showed ICs, below
100 puM. Although these fragments could have an individual affinity to
the target, the level of binding energy was not high enough to result in
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Table 1
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List of compounds presenting more than 80% inhibition on the GT activity carried out by VEEV nsP1. n.d.: not determined.

Compound information

GT reaction

ELISA WB
Prestw n2 Commercial name Structure % Inhi. at 50 yM 1Cso (UM) *= SD
37 Pyrimethamine @ N, 100 2.7 = 0.4
Head of series 1 a
\N)\ml
oy
143 Chlorhexidine &% 81.3 > 200
\O\A)KN)KN\/\/NIHINO\
172 Etofylline o fH 89.4 15.8
N
N N\Fo
KN “cH,
182 Levamisole hydrochloride S N CH 97.5 > 200
g
=)
203 Flufenamic acid . HO.__O 90.6 > 200
F
N
308 Pimozide [ 87.4 102.3 + 40.3
O
N.
DA
.
388 Dequalinium dichloride o o 88.1 15.7 = 7.5
- | :Nji\/VV\/\N’ 1
H ",
392 Ketanserin tartrate hydrate @(Y’ 99.4 146 = 2.9
Head of series 2 1A
531 Pirenperone N 85.6 39.6 + 18.3
Head of series 2 i O)\Q
NS en
544 Tobramycin »8 o 101 > 200
1447 Nalidixic acid sodium salt N 85.3 59.8 = 32.2
2
777 Alexidine dihydrochloride - o 85.5 > 200
858 Doxazin mesylate Nclﬁlw 83.2 29.6 = 23.9
zm@*@@
998 Zuclopenthixol dihydrochloride - 81.9 n. d.
O
NS
1029 Risperidone C(;’I:[‘”A 79.5 > 200
|
1068 Thiethylperazine dimalate . . LM 100 n. d.
1105 Verteporfin 99.5 135 = 3.1
1117 Azaperone 81.1 > 200
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Fig. 3. ICso determination of compounds on the VEEV nsP1 GT activity determined by Western blot. Panel A: Detection of m’GMP-nsP1 complex by Western
blot. Panel B: PVDF membrane stained with Coomassie blue. Panel C: Hill plot fitting curve for ICs, determination deduced after Western blot quantification.

Table 2

Selected compounds from the analogue search of the head of series 1 (Prest-37) used for the evaluation of the GT activity carried by nsP1 VEEV. The analogue search
was performed using the screened library from Prestwick Chemical and commercially available databases. n.d.: not determined.

Compound information

GT reaction

MTase reaction

ELISA WB FBA
Supplier Supplier reference Commercial name or CAS (n%) Structure % Inhi. at 50 pM 1Cso (UM) % Inhi. at 50 pM
Series 1: Head of series
Prestwick Chemical 37 Pyrimethamine ° " 100 2.7 + 0.4 735 + 2.9
Head of serie 1 :N)\“\
o, :
Series 1: Analogue search in screened librarys
Prestwick Chemical 347 Thioguanosine o NY 47.8 115 + 69.4 n.d.
7
S N N
HO  OH
NH,
Prestwick Chemical 858 Doxazoxin mesylate o 83.2 29.6 = 12.6 38.3 = 3.3
Jovens
0o
Prestwick Chemical 947 Prazosin hydrochloride - 74.3 29.5 = 239 37.2 = 3.0
ZNJCQO)M
A
Series 1: Analogue search in commercial databasess
TRC E925220 N. A ON NH, n. d. 39.9 = 21.3 n.d.
CAS: 71552-34-6 AN
]
\N)\NHZ
TRC M338835 Metoprine cl NH, n. d. 16.1 + 3.6 n.d.
CAS: 7761-45-7 . Ay
|
\N)\NHZ
Key Organics 1B-058 N. A SN n. d. > 200 n.d.
CAS: 320424-61-1 2N
\N)\NHQ
Enamine EN300-183279 N. A NH, n. d. > 200 n.d.
CAS: 18588-49-3 SN
I
\N)\NH
Enamine EN300-208764 N. A cl NH, n. d. > 200 n.d.
CAS: 17039-14-4 A
|
S
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Table 3
Selected compounds from the analogue search of the head of series 2 (Prest-392 and 531) used for the evaluation of the GT activity carried by nsP1 VEEV. The
analogue search was performed using the screened library from Prestwick Chemical and commercially available databases.

Compound information GT reaction MTase reaction
ELISA WB FBA
Supplier Supplier reference Commercial name CAS (n°) Structure % Inhi. at 50 yM 1Cso (UM) % Inhi. at 50 pM

Serie 2: Head of series

Prestwick Chemical 392 Ketanserin tartrate hydrate ©;’;f° 99.4 14.6 = 29 79.3 = 1.7
Head of serie 3 1 IOES
Prestwick Chemical 531 Pirenperone I 85.6 39.6 = 18.3 44.6 = 0.5

Head of serie 3
A A

Serie 2: Analogue search in screened library

Prestwick Chemical 1117 Azaperone Iy 81.0 > 200 n.d.
QL
NM@\
¢
Prestwick Chemical 115 Haloperidol a o 62.7 > 200 n.d.
Pa
N
HO
Prestwick Chemical 360 Droperidol H_/° 75.5 22.5 n.d.

Prestwick Chemical 484 Benperidol J_°>_OF 51.2 62.6 n.d.
G

Prestwick Chemical 136 Astemizole N\%N \ 70.8 97.8 = 59.2 n.d.

Prestwick Chemical 308 Pimozide 87.4 102 = 40.3 n.d.

Prestwick Chemical 1029 Risperidone C(/ ] . 79.5 > 250 n.d.
\
OO
[
N=g
Prestwick Chemical 1166 Rebamipide O 74.0 94.5 + 49.8 n.d.

Serie 2: Analogue search in Commercial data bases

ChemBridge 9231888 N. A Wi n. d. > 200 n.d.
N. A d‘@ﬁ»‘@
Aldrich Sigma A8106 Altanserin n. d. 9.3 = 27 n.d.

CAS: 76330-71-7 O/\Q\

Tocris DV7028 N. A A0 n. d. > 200 n.d.
C( T
CAS: 133364-62-2 NYN\/\OY@‘
°
HCI 0
Serie 2: Fragments in commercial databases
Alfa Aesar B23142 N. A o n. d. > 200 n.d.
CAS:25519-78-2
NH_HCI
£
Alfa Aesar AS 142026 Benzoylneurea o n. d. > 200 n.d.
CAS: 86-96-4 ©fj\w
X
Enamine EN300-23764 N. A H ° n. d. > 200 n.d.
CAS: 607-19-2 N N
O
o
Chembridge 9195974 N. A n. d. > 200 n.d.
CAS:144734-42-9? o
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Table 4
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Evaluation of the inhibition of the head of series 1 and 2 in both GT and MTase activity carried by VEEV nsP1 and/or Human N7 methyltransferase. Determination of
ICs for the GT activity was performed by Western blot and the determination of the %age of inhibition of MTase activity at 50 pM was measured by DEAE filter
binding assay (FBA). Sinefungin was included as a reference compound. n.d.: not determined. n.i.: no inhibition.

Heads of series used for analogue search

Compound information

GT reaction MTase reaction

Hit series Head compound Commercial name Structure WB FBA
1Cso (UM) % Inhi. at 50 pM
nsP1(WT) VEEV nsP1(D34S) VEEV nsP1 VEEV H7N
1 37 Pyrimethamine B " 2.7 £ 0.4 2.8% 73.5 = 29 n. i
O;@\
CH, :
2 392 Ketanserin tartrate hydrate @(F(L 14.6 = 29 n.d. 79.3 = 1.7 2.8 = 4.0
531 Pirenperone . O/ﬁ\@k 39.6 + 18.3 65.3" 44.6 £ 0.5 n i
s
Reference compound - Sinefungine - VTNC" 2012 + 2.6 1.5 + 0.6 98.2 + 0.3
L CL

£

oo HO On

i: The value is original from Li, C., Guillen, J., Rabah, N., Blanjoie, A., Debart, F., Vasseur, J. J., Canard, B., Decroly, E. & Coutard, B. (2015). J Virol 89, 8292-8303.

n. i.: no inhibition; n. d.: not determined; +: data from a single experiment.

detectable inhibition. We also mixed fragments representative of the
two distinct chemical groups. The groups tested were the B23142 to-
gether with AS 142026, the B23142 together with EN300-23764 and
the B23142 together with Chembridge 9195974. None of the combi-
nation could give ICsy in the 100 uM range or below (data not shown).

3.5. Prest-37 and Prest-531 specificity and preliminary characterization of
their mode of action

A series of compounds with a chemical structure of 3-aryl-[1,2,3]
triazolo[4,5-d]pyrimidin-7(6H)-ones called MADTPs, targeting alpha-
virus nsP1 has recently been described (Gigante et al., 2014, 2017)
(Delang et al., 2016). A resistance mutation (D34S) to these compounds
was found in the N-terminal region of nsP1. The D34S mutation was
introduced into the VEEV nsP1 sequence, and allowed the enzyme to
keep its GT activity in the presence of MADTP whereas MADTP in-
hibited the wt VEEV nsP1. To evaluate if some of the identified in-
hibitors could share the same mode of action (MoA) with MADTPs, we
tested Prest-37 and Prest-531 on both wt and D34S VEEV nsP1. The data
in Table 4 show that the D34S mutation did not reduce the inhibitory
effect of the compounds on the GT activity, suggesting the MoA is
different from that of MADTPs series.

The inhibition of the Human N7-MTase (also known as RNMT) was
also tested to evaluate the specificity of the compounds. Prest-37 and
Prest-392 were tested at 50 uM, and no significant inhibition effect was
observed (Table 4), suggesting that the hit compounds are VEEV nsP1
specific inhibitors.

4. Discussion

Arboviruses, among which alphaviruses, are responsible for many
viral emergences causing worldwide health and economic troubles.
Many efforts on the development of therapeutics are currently on the
way but to date there is no approved treatment dedicated to alpha-
viruses. One of the first steps toward the development of drugs is the
selection and validation of drug targets defined as proteins bearing
functions which are essential for the virus replication and which can be
modulated by small compounds. Alphavirus nsP1 is the central enzyme
of the viral mRNA capping as it is involved in at least three steps of the
cap synthesis, namely GTP methylation (MTase), nsP1 guanylylation
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(GT) and cap transfer on mRNA (GTase). Mutational abrogation of one
of these functions leads to loss of viral replication (Kallio et al., 2016).
Since the first reports of nsP1 production and purification suitable for
inhibition assays, compounds inhibiting MTase and GT reactions were
characterized and showed antiviral effect in cell based assays
(Feibelman et al., 2018; Tomar et al., 2011) (Delang et al., 2016), thus
validating nsP1 as a bona fide antiviral target suitable for enzyme-based
drug design. Enzyme-based screening assays have recently been de-
veloped for CHIKV nsP1, both based on the detection of the formation
of m’GMP-nsP1 complex (Bullard-Feibelman et al., 2016; Feibelman
et al., 2018; Kaur et al., 2018). Our study presents here the develop-
ment of an ELISA-based assay in which the GT reaction was uncoupled
from the MTase. This assay was validated with known nsP1 inhibitors,
and then used for the screening of a library of more than 1200 approved
drugs on the VEEV nsP1 GT reaction. We identified 18 compounds ef-
ficiently inhibiting the GT reaction at 50 uM, and 7 of them were further
validated by a specific WB assay already used to determine their mode
of action (Delang et al., 2016; Gigante et al., 2017). Thus, our results
validated a high throughput ELISA assay to identify compounds
blocking the VEEV nsP1-mediated GT reaction. During this work, Kaur
and colleagues also reported a similar ELISA assay to detect the CHIKV
m’GMP-nsP1 adduct, confirming the robustness of this technique for
small molecules screening (Kaur et al., 2018). The main difference
between the two reports is that we have found experimental conditions
uncoupling the GT from the MTase reaction.

From this screening, 18 compounds (1.48% success rate) showed
more than 80% inhibition at 50 uM, among which 9 had ICs, values
below the 100 uM range, as determined by WB. None of these com-
pounds show structure similarity when compared to compounds se-
lected from a GTP competition assay on CHIKV nsP1 (Feibelman et al.,
2018). The best compounds Prest-37 and Prest-392 that were chosen as
head of series show a better ICso on the GT activity of VEEV nsP1 than
Sinefungin (29.1 = 2.6 uM (Li et al., 2015),), and ICsq in the same
range as compounds already described to have an antiviral effect on
CHIKV (Gigante et al., 2017). The search of analogues for compounds
Prest-37 (series 1) and Prest-392 (series 2) was first done within the PCL
screened library, and then extended to commercial databases. With the
search of compounds in the PCL screened library, 12 structurally re-
lated compounds were selected. All of them show a significant inhibi-
tion activity on the GT reaction, suggesting that the screening assay
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reproducibly detect inhibitors, even when not highly potent. In parti-
cular, Prest-531 which is very close to Prest-392 had been selected as a
hit, highlighting a potent scaffold for GT inhibition. The second phase
of the analogue search was performed in commercial libraries. None of
the selected compounds for series 1 gave inhibition higher than or
equivalent to that of Prest-37 but the structure analysis revealed the
possible key role of an aliphatic group in position 6 of the diamino-
pyrimidine ring, as the three compounds lacking this group showed no
GT inhibition. However, the number of tested compounds remains low
(including Prest-37, n = 6) and deeper structure activity relationship
studies on a larger number of compounds is required to confirm this
hypothesis. The number of selected analogues for series 2 was higher
(n = 13, including hits Prest-392 and 531). Altanserin, known to be
bind 5-HT,, receptors (5-Hydroxytryptamine (serotonin) 2A receptor),
is a more potent inhibitor than the hits of series 2. Altanserin differs
from Prest-392 by harbouring a thioketone instead of a ketone in po-
sition 2 of the quinazoline-2,4-dione group. A preliminary SAR seems to
emerge in this chemical series. Two aromatic moieties are mandatory at
each extremity of the molecule with a defined spatial orientation.
However, at this stage of the study and regarding the low number of
analogues tested, we cannot conclude on the best nature of these aro-
matic moieties. Moreover, we do not know the importance of the cen-
tral piperidine ring, or the nature and the length of the chains linking
the piperidine to both external rings.

In order to gain insight into the mechanism of inhibition, we as-
sessed the inhibition of head of series 1 and 2 on the MTase activity
carried by VEEV nsP1. Prest-37 and 531 can significantly affect the
MTase reaction (Table 1). This dual activity is not surprising as it has
been already demonstrated that both MTase and GT reactions are co-
ordinated (Li et al., 2015). Other developed compounds were also
found to affect both GT and MTase activity of VEEV nsP1 among which
compounds from MADTP series or SAM/SAH analogues represented by
Sinefungin (Delang et al., 2016; Li et al., 2015), prompting us to eval-
uate a possible common mode of action despite structural differences.
To this aim, we assessed the inhibition of GT activity of VEEV D34S
nsP1 reluctant to MADTP inhibition. Both Prest-37 and 531 showed
comparable inhibitory effect on both VEEV D34S and wt nsP1, sug-
gesting that their mechanism of action is likely different from that of
the MADTP which targets the N-terminal region of nsP1.

One of the key issue in the development of antivirals targeting
capping enzymes is the specificity towards the viral protein, as cellular
methyltransferases may share common structural features and have
conserved substrate binding pockets with the viral target (Lim et al.,
2011). The lack of structural information for nsP1 does not allow to
claim that the binding pockets such as the SAM/SAH binding site are
conserved with cellular MTases, it is therefore useful to address the
specificity issue at the early stage of the study by testing the compounds
on a cellular MTase of similar activity spectrum (Aouadi et al., 2017)
(Coutard et al., 2017). Unlike Sinefungin, none of the tested compounds
are able to inhibit the human N7-MTase used as a reference enzyme to
address specificity. The development of an initial screening on the GT
activity instead of the MTase may have resulted in the selection of
compounds targeting an original viral activity, thus with a higher
probability to be specific than compounds selected for MTase inhibi-
tion.

5. Conclusion

It is now established that capping of viral mRNA is a possible target
for the development of molecules with antiviral effect as inhibitors of
the capping would abrogate the translation of viral proteins and
thereby impair viral replication. As the structure of the alphavirus nsP1
is not known, we developed an enzyme based assay to select among
approved compounds small molecules inhibiting one of the step of the
capping process using VEEV nsP1 as model. The development of the
assay enabled the screening of 1220 compounds and the selection of 18
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compounds followed by further characterization of two series of com-
pounds. The analysis of the series suggest that they work through an
original mechanism of action when compared to reference molecules,
opening new opportunities for the development of novel anti-VEEV
compounds.
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