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ABSTRACT

Ebola virus (EBOV) is a filovirus that causes a severe and rapidly progressing hemorrhagic syndrome
whose recent epidemic enlightened the urgent need of novel therapeutic agents, since no drug is
currently approved. A key contribution to the high lethality observed during EBOV outbreaks comes from
viral evasion of the host antiviral innate immune response in which the viral protein VP35 plays a crucial
role, blocking the interferon type | production, firstly by masking the viral dsRNA and preventing its
detection by the pattern recognition receptor RIG-I. Aiming to identify inhibitors of VP35 interaction with
the viral dsRNA, counteracting the VP35 viral innate immune evasion, we established a new methodology
for high-yield recombinant VP35 (rVP35) expression and purification, and a novel and robust
fluorescence-based rVP35-RNA interaction assay (Z'-factor of 0.69). Taking advantage of such newly-
established methods, we screened a small library of Sardinian natural extracts finding Limonium
morisianum as the most potent inhibitor extract. A bio-guided fractionation led to the identification of
myricetin as the component able to inhibit rVP35-dsRNA interaction with an 1Cs, value of 2.7 uM.
Molecular docking studies showed that myricetin interacts with the highly conserved region of the VP35

RNA binding domain, laying the basis for further structural optimization of potent VP35-dsRNA inhibitors.
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INTRODUCTION

The recent Zaire ebolavirus (EBOV) epidemic occurred in West Africa in 2013-2016 has awakened the
international scientific and political communities to the need of finding a cure for Ebola virus disease
(EVD), a severe, frequently fatal hemorrhagic syndrome in humans and non-human primates'. EBOV
belongs to a viral genus that includes 6 species of filamentous, enveloped, non-segmented negative
single-strand RNA viruses, among which it is the one causing most of the epidemics reported to date23.
The average case fatality rate was reported to be around 40% for the recent EBOV West Africa outbreak
4, while it varied from 25% to 90% in the several outbreaks occurring over the past decades °. Given its
high virulence and the consequent ability to induce panic, EBOV is classified by the Centers of Diseases
Control and Prevention (CDC) as Category A biowarfare agent 6. Even if the experimental administration
of few drugs has been attempted to treat patients during the last EVD epidemics, therapy is still mainly
based on early-aggressive supportive care with rehydration, and no approved vaccine 7 or drug 8 is
currently available.

Among the different pathogenic mechanisms involved in EVD, a key contribution to high lethality comes
from EBOV suppression of the host antiviral innate immune response that involves two viral proteins,
VP24 and VP35 %', In fact, it is known that, during infection, viral components are detected by host
pattern recognition receptors (PRRs) such as Toll-like receptors (TLRs) and retinoic acid inducible gene-1
(RIG-I) like receptors (RLRs), which trigger antiviral innate immune response through the production of
type | interferon (IFN-a/B). Particularly, the viral double-stranded RNA (dsRNA) produced in the cytoplasm
during EBOV replication is recognized by RLRs 2. EBOV is able to block IFN production in response to
viral dsRNA detection through its VP35 protein, a multifunctional protein that is also a structural
component of the viral nucleocapsid and an indispensable cofactor for the viral polymerase during
replication and transcription 3. VP35 inhibits the induction of IFN-a/B expression in a dose dependent
manner '* through multiple mechanisms: i) interacting with dsRNA to prevent RIG-l and melanoma
differentiation-associated gene 5 (MDA-5) activation '5¢; ii) binding to Protein ACTivator of the interferon-
induced protein kinase (PACT) to inhibit its interaction with RIG-I and PACT-induced RIG-I ATPase
activity 17; iii) binding to TANK-binding kinase 1 (TBK-1) and IkB kinase epsilon (IKK;), suppressing their
kinase activities '8, to block the virus-induced phosphorylation and activation of IFN regulatory factor 3
(IRF-3) 19 iv) associating non-covalently with polyubiquitin chains to inhibit the TRIM6-mediated IFN-I
induction 29; v) repressing the stress granule assembly 2'. Therefore, given its multifunctional nature and
the multiple roles in EBOV infection and pathogenesis, VP35 is a major target for drug development
against EBOV 22,

EBQOV VP35 is a 340 amino acid protein that contains an N-terminal domain 23 and a C-terminal RNA-
binding domain (RBD) 2425 whose structure has been solved in complex with short dSRNA molecules and

small molecule inhibitors, that inhibit VP35-viral nucleoprotein (NP) interaction 25-28, VP35 binds dsRNA
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as an asymmetric RBD dimer that wrap around dsRNA termini. Within each dimer, one monomer (the so-
called end-capping RBD) interacts with the dsRNA terminal bases, whereas the other one (referred to as
the backbone-binding RBD) interacts with the nucleic acid phosphate groups (26). RBD is also termed
interferon inhibitory domain (1ID), as it is sufficient to exert VP35 IFN inhibition properties, even if as a
single domain it is not able to suppress the type | IFN activation at the same level of the full length protein
15.23,29,30 Between the RBD and N-terminal domain there is a coiled-coil (CC) domain that mediates VP35
homo-oligomerization 31, essential for VP35 interaction with the viral polymerase L and for maximal
suppression of IFN production 2332, The N-terminal domain has at its end a 28 amino acid residues-long
peptide which releases the viral RNA by displacing the NP protomers of the nucleocapsid and exerts a
chaperone function guiding free NPs on the de novo synthesized viral genome 33-35,

Although a rapid accumulation of genetic variations in the EBOV genome has been observed in the last
epidemic of West Africa 3¢, the VP35 RBD contains a highly conserved o-B basic patch whose residues
(Ala-238, GIn-241, Leu-242, Val-245, lle-246, Leu-249, lle-278, lle-280, and Phe-287 that form a a-helical
subdomain and Pro-293, Ala-306, Cys-307, Pro-315, Pro-318, lle-320, Asp-321, Gly-323, Trp-324, Val-
325, Leu-338, and lle-340 that from a B-sheet subdomain) are important for dsRNA binding in a sequence
independent manner 2537, Mutations in the VP35 RBD that suppress the VP35 binding ability to dsSRNA
have been shown to lead to the loss of EBOV virulence in animal models 3839, strongly suggesting that
VP35 ability to bind viral dsRNA is critical to prevent viral detection by cytoplasmic PRRs and it is
therefore a key target in EBOV drug discovery 22.

Despite its pivotal role in EBOV replication and pathogenesis, the molecular characterization of VP35 has
been hampered for a long time by the difficulties to produce a recombinant full length VP35 (rVP35) in
bacteria, due to the fact that viral dsRNA binding proteins can exert a toxic effect on E. coli cells or show
anomalous dsRNA binding due to the binding of bacterial RNA 4°. After the first production of limited
amounts of a heavily truncated version (amino acids 171-339) 5, the full-length rVP35 has been
expressed in E. coli, purified as soluble His-tagged protein 4! and used to validate an in vitro pull-down
assay based on a 3H-labeled 500 bp dsRNA (3H-dsRNA) to screen small molecules targeting VP35-
dsRNA interaction 2. Even though limited by low protein yield and not suited for high-throughput scale-
up, the published method provided a first tool to target full-length VP35-dsRNA interaction, while all the
other studies on this topic used only the RBD 15:26.27.37.43-45_Of note, investigations on the VP35 RBD led
to the identification of small molecules and RNA aptamers that disrupts the interaction between VP35 and
the viral NP, targeting its polymerase co-factor function 2246. Hence, no molecule able to inhibit VP35-
dsRNA interaction has been identified yet.

The use of plants and plant extracts has been the first therapeutic strategy for humans 47, but it suffered a
progressive decline over the past decades in favor of synthetic drugs #8. In particular, the Mediterranean
area offers a great variety of endemic plants and the Sardinia island, where geographical isolation

determined an even greater plant biodiversity with significant variations in genetic and molecular
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characteristics as compared to plants grown in other regions, offers good opportunities for the
identification of novel metabolites endowed of biological activities 4%-%8.

In this study, we firstly implemented the full-length rVP35 purification protocol to obtain high yield protein
and established a novel biochemical assay to measure the VP35-dsRNA binding based on the use of a
fluorescent dsRNA oligomer ligand, instead of the radioactive substrate, and 96-wells nickel-coated plates
instead of the paramagnetic beads previously used. We calculated the equilibrium dissociation constant
(K4) and maximum binding capacity (Bmax) for the VP35-dsRNA binding, and validated the assay
determining its Z'-factor. Next, we screened a small library of Sardinian plant extracts showing that the
Limonium morisianum Arrigoni methanol extract inhibits the VP35-dsRNA binding. Bio-guided purification
of the extract showed that the flavonol myricetin is the component responsible for VP35-dsRNA binding
inhibition. Blind docking studies were carried out to predict the myricetin binding mode showing that it

binds to the VP35 dsRNA binding pocket, thus offering the possibility of designing potent VP35 inhibitors.

MATERIAL AND METHODS

Plasmid construction, cloning and protein expression

Cloning of the EBOV VP35 gene in pET45b(+) vector (Novagen) and production of pET45b-EBOV-VP35
plasmid for the expression of recombinant N-terminal His6-tag-VP35 protein was performed as previously
described 4'. BL21Al E. colicompetent for transformation (Invitrogen) were prepared and transformed with
pET45b-EBOV-VP35 plasmid. Transformants were selected on Luria-Bertani (LB) agar plates containing
150 pg/ml of ampicillin. A transformed bacterial colony was inoculated in 50 ml of LB medium containing
150 pg/ml ampicillin and left to grow overnight (ON) at 200 rpm at 37 °C. Bacterial culture was transferred
in 4 liters LB medium containing 150 pg/ml ampicillin and 0.1 % (w/v) glucose and incubated at 37 °C with
shaking (200 rpm) until 0.6 ODgqo. Protein expression was induced adding 0.4 % (w/v) L-arabinose and
0.65 mM Isopropil-B-D-1-tiogalattopiranoside, and culture was incubated ON at 200 rpm at 18 °C. After
incubation, the cell culture was centrifuged at 4500xg at 4 °C for 20 min and bacterial pellets were
collected and frozen at -80 °C.

Protein purification: denaturation and refolding

The bacterial pellet was re-suspended in 5:1 ml of lysis buffer (100 mM sodium phosphate pH 8.0, 500
mM NaCl, 1 mM 2-mercaptoethanol, 10 % glycerol, 20 mM imidazole, 6 M urea). The suspension was
incubated on ice for 15 min and subsequently sonicated on ice. The cell lysate was centrifuged at
32,000xg at 4 °C for 45 min. The purification was performed in a BioLogic LP Chromatographic System
(Biorad). Supernatant was loaded (0.5 ml/min) to an Econo Column (Biorad) packed with 3 ml of Ni-
Sepharose High Performance (GE Healthcare), pre-equilibrated in binding buffer (100 mM sodium
phosphate pH 8.0, 300 mM NaCl, 1 mM 2-mercaptoethanol, 10 % glycerol, 20 mM imidazole, 6 M urea).
Urea content was gradually removed from the column by a decreasing gradient of concentration from 6
up to 0 M with a flow rate of 0.5 ml/min for around 130 column volumes (800 minutes). The column was

washed for 40 column volumes with three Washing buffers (50 mM sodium phosphate pH 8.0, 300 mM
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NaCl, 1 mM 2-mercaptoethanol, 10% glycerol) with increasing concentrations of imidazole (70 mM - 150
mM - 250 mM). Refolded recombinant protein was eluted using 90 ml of the same buffer having 1 M
imidazole and fractions collected. Significant eluted fractions, selected on IMAC chromatogram, were
analyzed in a 12% SDS-PAGE. Fractions containing pure rVP35 protein were gathered and dialyzed
against Dialysis buffer (50 mM sodium phosphate pH 8.0, 800 mM NaCl, 1 mM 2-mercaptoethanol, 10%
glycerol). Afterwards, protein concentration was determined by Bradford assay with the Protein
Quantification Kit-Rapid (Fluka — Sigma Aldrich).

Immunoblot analysis

VP35 recombinant protein was run in 12% sodium dodecy! sulfate-polyacrylamide gel (SDS-PAGE)
(Thermo-Scientific) and then transferred to a polyvinylidene difluoride (PVDF) (Thermo-Scientific)
membrane by standard methods. Membranes were blocked with 5% nonfat dry milk in TBS-T (20 mM
Tris-HCI, 137 mM NaCl, 0.05% Tween 20, pH 7.4) and probed with 1ug/mL of mouse 6x-His Tag
monoclonal antibody (Invitrogen) and HRP-linked anti-mouse IgG secondary antibody (1:10000) (Life
Technologies). Detection was performed using Pierce ECL Western Blotting Substrate and Chemidoc MP

Imaging System (Biorad).

Preparation of dsRNA substrates

500 bp dsRNA was produced by in vitro transcription (IVT) using the T7 MEGAscript RNAI kit (Ambion)
from the linearized DNA provided with the kit as template, according to manufacturer’s instructions. IVT
oligomers were purified from transcription reaction with Quick Spin G25 columns (Roche), following
manufacturer instructions, and quantified by spectrophotometry. Similarly, a 500 bp radiolabeled dsRNA
was obtained by supplementing the in vitro transcription reaction with 0.15 uCi of 3HGTP (35.5 Ci/mmol).
A fluorescence-labeled dsRNA oligomer of 30 bp in length and an unlabeled 30 bp oligomer were
prepared by annealing from three different ssRNA purchased from Metabion International AG (Germany).
Sequences purchased were: a) 5'-ppp-cccuuuccuccuuccuuuuguuccucucce-3', b) 5'-
gggagaggaacaaaaggaaggaggaaaggg-3', c) 5'-Fluorescein-gggagaggaacaaaaggaaggaggaaaggg-3'.
Annealing has been conducted in order to have in each dsRNA molecule one 5-triphosphate end. The
integrity of DNA templates, IVT dsRNAs and synthetic dsRNA molecules were assessed by agarose-gel

electrophoresis.

Magnetic pull-down assay

First phase of the magnetic pull-down assay was the conjugation between 2 pg of rVP35 and 2 mg of
paramagnetic Talon Dynabeads (Invitrogen) in a volume of 700 pl of binding/washing buffer (50 mM
Sodium Phosphate pH 7.5, 150 mM NaCl, 0.03 % Tween-20) for 30 minutes at 4 °C under gentle rotating
agitation (20 rpm). Applying a magnetic field, supernatant with unconjugated rvVP35 was removed and
beads washed twice with binding/washing buffer. Pellets with conjugated rVP35 were re-suspended in a
reaction mixture having 50 mM Sodium Phosphate pH 7.5, 100 mM NacCl, 20 mM MgCl,, 0.03% Tween-
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20, transferred in a 96-multiwell plate in conjunction with labeled, and eventually not labeled, dsRNA
(depending on the type of experiment to be carried out) up to a final volume of 100 ul and incubated for
60 min at 37 °C (200 rpm). After incubation, supernatant with unbound dsRNA was removed under the
application of magnetic field, followed by two rounds of washing with 200 pl of washing buffer to remove it
entirely. After 10 min incubation at room temperature with 200 ul of elution buffer (50 mM Sodium
Phosphate pH 7.5, 300 mM NaCl, 1 M imidazole, 0.03% Tween-20), supernatant containing the complex
rVP35-dsRNA was recovered and either measured at a beta-counter to determine its radioactive signal,
as previously described 42 or transferred into a black 96-multiwells plate to determine the fluorescence
signal with Multilabel counter plate reader Victor 3 (Perkin EImer model 1420-051) equipped with filters
for 490/528 nm (excitation/emission wavelength).

Determination of the kinetic parameters

K4 and By« values for the binding between rVP35 and 30 bp dsRNA were determined using two
approaches. The first method consisted in performing two parallel saturation experiments using
increasing concentrations 30 bp dsRNA labeled on its 5'-end with a fluorescein ligand and the second one
with same concentrations of fluorescence-labeled 30 bp dsRNA in the presence of a fixed concentration
of unlabeled 30 bp dsRNA. Both experiments were performed with the magnetic pull-down and the nickel-
coated plate method.

In the magnetic pull-down assay the concentration of labeled dsRNA ranged from 1.5 to 200 nM, while
the one of unlabeled dsRNA was 2 uM. In the Nickel-coated plates assay, the concentrations of labeled
dsRNA ranged from 0.125 to 32 nM, while the one of unlabeled dsRNA was 200 nM. Values obtained
were analyzed both by Scatchard-plot analysis and by a non-linear regression, in order to calculate K4
and Bpay Values 9.

The second method consisted in a homologous competition assay where a fixed concentration of labeled
30bp dsRNA (7.5 nM) competed for the binding to rVP35 with increasing concentrations of unlabeled
30bp dsRNA (ranging from 0.15 nM to 500 nM).

For the calculation of the kinetic parameters through non-linear regression model, it was used the
GraphPad Prism 6. K4 and B« values were calculated using the simplification of the Cheng and Prussof
equation presented by De Blasi et al. ¢ starting from the values of ICsq and By, following the equations Ky
=1Cs — L and Bax = Bg ICs / L (where By is the difference between the concentration of the higher

plateau minus that of the lower plateau and L is the concentration of labeled 30bp dsRNA) 5960,

Plant extracts preparation and chromatographic separation

The aerial parts of Clinopodium nepeta (L.) Kuntze (voucher specimen Herbarium CAG 1082), Mentha
pulegium L. (voucher specimen Herbarium CAG 1072), Solanum linnaeanum Hepper & P.-M.L. Jaeger
(voucher specimen Herbarium CAG 989) and Limonium morisianum Arrigoni (voucher specimen
Herbarium CAG 909/G) were dried in a ventilated stove and then extracted with MeOH (3 x 1L, 8 h
each), filtered and evaporated to obtain crude extracts tested for inhibition of EBOV-VP35 binding to
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dsRNA (Table 1). In order to evaluate their effects on the rVP35 binding to dsRNA, dry plant extracts
were resuspended in DMSO at concentration of 2.5 mg/ml at consecutively diluted in water.

The crude methanolic extract of L. morisianum (22 g) was dissolved in water and then successively
partitioned against EtOAc and n-butanol, to afford EtOAc, n-BuOH, and H,O phases. The EtOAc phase
was dissolved in methanol and then successively defatted through partitioning against n-hexane. The
residual methanol phase (3 g) was subjected to Medium Pressure Column Chromatography (MPLC) over
a silica gel column (230—400 mesh) eluting with a solvent gradient of increasing polarity from n-hexane to
EtOAc, EtOAc/MeOH (1:1), and finally MeOH. A total of nine fractions were obtained. Fraction 8 (90 mg)
was purified by reverse-phase HPLC (H,O/ACN 80:20, 0,15% TFA, flow rate 1.0 mL/min) on a Knauer
apparatus equipped with a refractive index detector to afford pure myricetin (1, 20.0 mg). Fraction 9 (300
mg) was purified under the same conditions to afford (-)-epigallocatechin 3-O-gallate (EGCG) (2, 36.0
mg). The compounds were identified on the basis of their MS (LTQ OrbitrapXL Thermo Scientific) and
NMR (Varian INOVA 500 MHz spectrometer) data [47].

Nickel-coated plates assay

In a Pierce® Nickel Coated Plate (Thermo Fisher) the amount of rVP35 needed to saturate Nickel-coated
plate well binding capacity (700 ng) was added in each well in a volume of 200 pl of coating buffer (final
concentration 50 mM Sodium Phosphate pH 7.5, 150 mM NaCl) and incubated for 30 min at 4 °C under
rotating agitation (120 rpm), then washed twice with 200 I of washing buffer (50 mM Sodium Phosphate
pH 7.5, NaCl 150 mM, 0.03 % Tween-20). After removing supernatant, a volume of 100 yl was added
with 7.5 nM of 30 bp 5’-fluorescein-dsRNA in a reaction mixture having 50 mM Sodium Phosphate pH
7.5, 100 mM NaCl, 20 mM MgCl,, 0.03 % Tween-20. When extracts and compounds were tested,
different serial dilutions of extracts or compounds were added together with the 30 bp 5’-fluorescein-
dsRNA and a short dsRNA oligomer was used as positive control for the inhibition. The plate was
incubated for 60 min at 37 °C (200 rpm). After the incubation, unbound dsRNA was removed by two
washing with 200 pl of a reaction mixture and then, adding 200 pl of the same buffer, fluorescence signals
of samples were read with the above-mentioned plate reader (Victor 3 -Perkin-Elmer). ICsy values were
determined by GraphPad Prism 6.

The Z'-factor value was calculated from the following equation developed by Zhang et al

(SD signal + SD background)
Msignal — Mbackground

Z'=1-3+x

where SD signal is the standard deviation of the positive control signal, SD background is the standard
deviation of the negative control, M signal is the mean of the positive control, and M background is the
mean of the negative control. All experiments were repeated at least three times. Quantitative data were

expressed as the mean + SD.
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Docking of Myricetin on EBOV VP35

Ligand preparation. Myricetin was docked in the global minimum energy conformation as determined by
molecular mechanics conformational analysis performed with Macromodel software 2. The protocol
consisted in 1000 steps with an energy window for saving structure of 10 kJ/mol. The algorithm used was
the Monte Carlo method with MMFFs (Merck molecular force fields) 63 water implicit solvation model and
the Polak-Ribier Coniugate Gradient (PRCG) method, converging on gradient with a threshold of 0.01
kJ(moleA)-1 64,

Protein preparation. The protein structure was obtained from the PDB web site with pdb code 3L25%. The
protein was prepared by using the protein preparation wizard 3,

Blind Docking experiments. Docking were conducted by applying Glide % XP, AutoDock 87, QMPL 68 (XP)
and AutoDockVina 8° docking programs. All settings were left as default. We only decided to choose a
higher number of energy evaluations to ensure a sufficient sampling of the conformational space of the
ligands (5M) and 100 runs for Autodock and 32 as exhaustiveness for AutodockVina. For all programs the
whole enzyme was considered in the docking experiments in order to identify the preferred binding site.

Depictions were taken by means of Pymol 70 and Maestro GUI 5,

RESULTS AND DISCUSSION
rVP35 purified under denaturing conditions still binds dsRNA

The mentioned biochemical in vitro assay for the screening of antiviral agents targeted to VP35-dsRNA
interaction 42 and the related methods of purification of full-length rVP35 4! were affected by two limiting
factors: firstly, the amount of available rVP35 coming from IMAC was very limited, since after the
expression of rVP35 in E. coli most of the protein was retrieved in the inclusion bodies, resulting in time-
consuming efforts to produce the needed amount of protein. Secondly, the binding experiments were
performed using a ®H-GTP-labeled dsRNA, a radioactive molecule that makes the assay expensive and
hazardous. To improve the yield of purification we developed a protocol based on the recovery of r'VP35
from inclusion bodies by denaturation in urea. It is known that the conversion of aggregated proteins into
soluble and biologically active proteins could be done by different methods, however, the on-column
refolding during the chromatography gives better quality proteins and higher yield 7', therefore, rVP35
expressed in E. coli was denatured with high urea concentrations and then refolded on-column. After
elution, fractions were collected and analyzed by SDS-PAGE that showed a main band corresponding to

a molecular weight of ~40 kDa and one fainter around 80 kDa (Figure.1A).
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Figure. 1. Comparison between native and refolded rVP35 [A] Coomassie Blue-stained polyacrylamide
gels of purification and western blot of EBOV rVP35. Lanes 1-6, denaturing conditions. 1, molecular
weight marker; lane 2, crude extract cell lysate; lane 3, flow through; lane 4, washing fraction; lanes 5-6,
elution fractions; lanes 7-8, western blot caption of fractions in lanes 5-6;

lane 9, molecular weight marker; lane 10, purification under denaturing conditions of EBOV rVP35,
fraction correspondent to elution peak; lane 11, purification under non-denaturing conditions of EBOV
rVP35, fraction correspondent to elution peak. [B] Comparison between the binding activity of EBOV
rVP35 purified with native or denaturating and refolding conditions, by magnetic pull down assay. [C]
Scatchard-plot analysis. Values of bound [B] and free [F] obtained with the experiment of saturation
analysis were used in the Scatchard-plot analysis, obtaining that Ky = 3.9 £ 0.3 nM and Bax = 29.5 £ 3.7
nM.

The main band was expected at ~40 kDa, since the presence of an additional 10 amino acid-tag in rVP35
sequence brings the theoretical molecular weight to be near to 38.6 kDa. The second faint band could be
interpreted as a residual dimeric form of rVP35, as previously reported for the protein purified without
denaturation and subsequent refolding 4!, suggesting that homo-dimerization is strong enough to resist
SDS-PAGE denaturation, as it has been observed for other proteins 72. In fact, the presence of SDS in
the polyacrylamide gel should have had disrupted subunit hydrophobic interactions, their persistence
even in a small percentage confirms that this binding is very stable, as recently reported 73. In order to
confirm that all bands observed in SDS-PAGE were indeed rVP35, a Western blot analysis was
performed using anti-His6-tag monoclonal primary antibody, confirming that the bands were indeed
EBOV rVP35 (Fig 1.A, lines 7-8). Of note, as compared to the previous methodology 41, the rVP35 yield
was increased by 13-15 folds, rising from about 150 ug/l of bacterial broth, obtained under non-denaturing
conditions, to approximately 2-2.5 mg/l obtained under denaturing conditions (figure 1.A lines 10-11).
Consequently, it was required to verify whether the refolded high-yield purified EBOV rVP35 still had the
ability of binding dsRNA. Hence, we performed the previously described magnetic pull-down assay 42,
using a IVT 500 bp SHGTP-dsRNA as substrate and the rVP35 proteins obtained under both denaturing
and non-denaturing conditions. Results clearly showed that both proteins were able to bind the same
amount of dsRNA (figure. 1.B), demonstrating that the refolded rVP35 still retains the ability to bind
dsRNA. It is worth noting that, in addition, the denaturation of rVP35 offers the further advantage of
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ensuring that the protein is purified without the presence of any bacterial RNA linked to it, that might

interfere in the type of assay subsequently used.

Validation of fluorescence-labeled dsRNA as substrate for rVP35-RNA binding assay

Once verified that EBOV rVP35 purified under denaturing conditions was indeed able to bind dsRNA, we
wanted to establish a fluorescence-based method to be used to screen new compounds against the
VP35-RNA interaction. Therefore, we designed a new fluorescence-labeled oligo RNA to be used as a
substrate in order to determine the binding parameters and hence determined the values of Ky and B«
with different methodologies. We used the data from saturation binding assays to calculate the kinetics
parameters both with non-linear regression and Scatchard-plot analysis, while the data coming from
competitive binding experiments have been analyzed only by non-linear regression.

We performed a magnetic pull-down assay using a fluorescence-labeled substrate to measure the VP35—
dsRNA binding and characterize this interaction. To this aim, we designed a 30 bp long dsRNA with a
triphosphate in a 5' end and a fluorescein molecule in the other 5' end. The length has been chosen
considering the ability of EBOV VP35 to bind dsRNA > 8 bp 152527.37.4243.74 " |n order to verify whether the
refolded rVP35 could really be comparable to the native rVP35, the biochemical parameters of the
refolded rVP35 were determined by a series of saturation experiments. Since it was not possible to
measure directly the specific binding due to the rate of non-specific binding events included in the
measured signal, in order to discriminate between specific and non-specific binding, we performed two
parallel saturation experiments, the first one with fluorescent dsRNA only and the second one with the
same fluorescent dsRNA in the presence of high concentration non-labeled dsRNA. The excess of non-
labeled RNA led to a shift of fluorescent dsRNA from the specific binding sites, so that we measured the
signal coming from non-specific binding. The rVP35 dsRNA specific binding was calculated indirectly as
the difference between total dsRNA binding minus non-specific dsRNA binding as described 75. Results
showed that the trend of points for nonspecific binding related to the ligand concentration is linear, as
usually expected, and its value is negligible with respect to the total binding, particularly at low
concentrations of fluorescent dsRNA (data not shown). A Scatchard-plot analysis was performed on the
results (Figure. 1.C). The Ky and B, values obtained were 3.9 £ 0.3 nM and 29.5 + 3.7 nM, respectively,
showing that the Ky value obtained for the re-folded rVP35 to dsRNA was comparable to the Ky value (3.2
nM) previously reported for the native rVP35 measured with a longer (50 bp) radioactive-labeled dsRNA
substrate 42, further demonstrating that the refolded rVP35 protein has the same biochemical properties of
the native rVP35.

Establishment of 96-well nickel-coated plates assays to measure rVP35-dsRNA interaction.
Since it was needed to establish a robust 96-well assay for rVP35 binding to fluorescent dsRNA, an
assay with the same rVP35 protein and the same fluorescence-labeled 30 bp dsRNA was performed

using Nickel-coated 96-well plates able to bind the his-tagged rVP35. At first, we determined the amount
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of r'VP35 needed to saturate the Nickel-coated plate well binding capacity. Increasing amounts of protein
were used (from 100 ng to 900 ng, steps of 100 ng) with an excess of 5'-labeled-dsRNA (250 nM). The
signal plateau was reached at 700 ng (Figure. 2.A).
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Figure. 2 Nickel-coated well/binding determination [A] Saturation analysis of well-specific binding of
26 rVP35 to Nickel-coated plates [B] Saturation analysis of well-specific binding of dsRNA to rVP35 in Nickel-
27 coated plate.

29 Of note, this amount of protein corresponds to 18 pmol of rVP35, exactly double of the value indicated for
the binding capacity by the manufacturer 78, strongly pointing to the homo-dimeric nature of the rvVP35

32 binding to the his-tagged wells. This protein amount was used to determine the optimum of dsRNA
needed in the assay. A saturation curve was performed (Figure. 2.B) obtaining a Ky value of 6.6 + 2.2 nM
35 and the dsRNA concentration of 7.5 nM was chosen for as optimal for further experiments.

36 Subsequently, we performed a saturation analysis with the Nickel-coated plate assay, indirectly

38 calculating also the specific binding by non-linear regression as described above (Figure. 3.A), and

39 obtaining a K, value of 4.6 + 0.5 nM and a Ba value of 9.0+ 0.4 nM (while the Ky and B« values

obtained with the Scatchard-plot analysis were, respectively, 1.6 + 0.2 nM and 8.0 + 1.5 nM).
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Figure. 3 Refolded rVP35 binding to dsRNAs [A] Saturation analysis of dsRNA specific binding performed
with Nickel-coated plates assay. Ky value obtained through a non-linear regression was 4.6 + 0.5 nM and
Bmax Was 9.0 £ 0.4 nM. [B] Homologous competition performed with Nickel-coated plates assay.
Increasing concentrations of unlabeled 30bp dsRNA from 0.5 nM to 500 nM compete with a fixed
concentration of fluorescent 30bp dsRNA. [C] Heterologous competition performed with Nickel-coated
plates assay. Increasing concentrations of unlabeled 500 bp dsRNA from 0.15 up to 500 nM compete
with a fixed concentration of fluorescent 30 bp dsRNA.

We then performed a homologous competition assay using fixed concentration of labeled 30 bp dsRNA
(7.5 nM) competed by increasing concentrations of unlabeled 30bp dsRNA (from 0.5 nM to 500 nM) (Fig.
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3.B). Using the simplification of the Cheng and Prussof equation presented by De Blasi et al. 0, we then
again calculated the refolded EBOV rVP35 kinetics parameters values K (4.95 + 0.4 nM) and Bk (4.5
nM), that were comparable to the ones previously obtained. Overall the K4 data obtained were in
agreement with the ones obtained in the magnetic pull-down assay showing that the Nickel-coated plate
assay was reliable: Ky value obtained with homologous competition binding experiments in Nickel-coated
plate assay (4.9 nM) was very close to the Ky value obtained in saturation analysis by the non-linear
regression (4.6 nM) and with the one obtained in the pull-down using the Scatchard-plot analysis (3.9
nM). Additionally, we observed a difference in the B« values obtained using the two different assays
(29.5 nM in the pull-down and 9.0 nM in the Ni-coated plate, respectively) that were however expected,
since B« indicates the total number of binding sites that is obviously different in the pull-down and in the
Nickel-coated plate assay. Analysis of binding between rVP35 and dsRNA reported in previous
publications also gave analogous Ky values. Zinzula et al., working with full-length rVP35, obtained values
of Ky, 2.8 +£0.1nM, 2.4 + 0.3 nM and 3.2 + 0.5 nM, respectively, for 500, 150, 50 bp IVT dsRNA, while
using a 8 bp 5'-phosphate dsRNA the Ky value was 64 + 9 nM 42, Other groups, obtained for the VP35 IID
alone a Ky value of 30 nM for the binding to a IVT 8 bp dsRNA containing 5’ -ppp by isothermal titration
calorimetry experiments %7.

Moreover, since competitive binding experiments are used to determine whether a drug binds to the
receptor 77, we used a heterologous binding experiment to confirm the validity of the assays. Since it has
been previously shown that the rVP35 binding to dsRNA is dependent on the presence of 5'-ppp but does
not change significantly increasing the dsRNA length 2642, we used an unlabeled 500 bp dsRNA (ranging
from 0.15 nM up to 500 nM) as competitor in a heterologous competition assay (Figure. 3.C). Results
show that the 500 bp dsRNA was able to compete with the labeled 30 bp dsRNA for the binding to rVP35
with an ICsq value of 5.0 + 0.4 nM. Interestingly, in all competitive binding experiments, the downhill from
the maximum to the minimum plateau happened in two logarithmic unit of concentration (Figure. 3.B and
3.C) meaning that labeled and unlabeled ligands compete for a single binding site 77. Finally, for a further
validation of the assay, the Z'-factor was calculated, obtaining a value equal to 0.69, which is indicative of
a robust assay 8'. Overall, such an assay will be useful to identify VP35 inhibitors and to biochemically
investigate the impact of VP35 amino acid mutations that were hypothesized to have an impact on

dsRNA binding and oligomerization?23.2743.78,

Screening natural molecules on EBOV rVP35-dsRNA binding assay.

To fight highly pathogenic viruses, antiviral drugs of natural origin are an attractive source to exploit given
that a number of small molecules of plant origin are already known for their antiviral effects 5879-81 even if
no antiviral drug based on these natural compounds has been approved so far. Sardinian plants are a
good source of characteristic secondary metabolites with potential biological activities considering their
endemic nature. Thus, we have tested some extracts from Sardinian plants to identify new molecules that

may be used as antiviral agents to subvert EBOV VP35 effects or as lead compounds for a further drug
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development. Herbal extracts of Clinopodium nepeta, Mentha pulegium, Solanum linnaeanum and
Limonium morisianum have been tested in the fluorescence-based rVP35-dsRNA interaction assay
(Table 1).

Table 1. Inhibition of EBOV-VP35 binding to dsRNA by Sardinian plants extracts.

Plant extract 2ICso (pg/ml)

Calamintha nepeta > 100 (85%)°

Mentha pulegium > 100 (61%)

Solanum sodomaeum > 100 (87%)
Limonium morisianum Arrigoni 19.2+6.7
dsRNA 30 bp 12.5+4.3¢

aExtract concentration required to inhibit rVP35 binding to
dsRNA by 50%. Data show mean * standard deviation of at
least three independent experiments.

bPercentage of rVP35 control binding value to dsRNA in the
presence of 100 pg/ml extract concentration.
¢Concentration expressed in nM.

Out of the four plant extracts screened, only L. morisianum proved to inhibit the VP35-dsRNA binding at
the concentration of 19 ug/ml (Table 1). Of note, the therapeutic use of plants of the Limonium genus has
been reported 82-8%5 and L. morisianum is an endemic Sardinian species with a characteristic composition
and some potential anti HIV-1 activity 8. Thus, the active extract was fractioned with a solvent gradient of
increasing polarity obtaining several fractions, which were tested for their ability to inhibit the VP35-
dsRNA binding. Results showed that fraction 8 was the one with the lowest IC5, value (2.1 £ 0.8, Table 2),
followed by fraction 9 (4.9 + 3.8 ug/ml, Table 2)

Table 2. Inhibition of EBOV-VP35 binding to dsRNA by Limonium morisianum Arrigoni fractions and main
component.

Limonium morisianum Arrigoni 2Cso (ug/ml)
Fraction 1 > 100 (79.8%)°
Fraction 2 > 100 (94.9%)
Fraction 3 > 100 (74.3%)
Fraction 4 > 100 (66.1%)
Fraction 5 13.2+1.7
Fraction 6 100 (55.0%)
Fraction 7 100 (53.3%)
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Fraction 8 21+0.8
Fraction 9 49+3.8
Fraction 10 20.0+ 4.1
Myricetin 2.7 +0.9¢
EGCG 43.5+4.2¢
dsRNA 30 bp 0.012 £ 0.004¢

agxtract/compound concentration required to inhibit rVP35 binding to dsRNA by 50%.
Data show mean * standard deviation of at least three independent experiments.
bPercentage of rVP35 control binding value to dsRNA in the presence of 100 pg/ml
extract concentration.

¢Concentration expressed in uM.

Given the complexity of the mixture, we could not exclude that some components of the whole natural
extract or fractions could directly interact with the dsRNA, somehow contributing to the inhibition of the
interaction between rVP35 and dsRNA. In order to better understand the mode-of-action, we moved
forward on the identification of the main components of the active fractions. The active fractions were
inspected by 1H NMR spectroscopy. The main component of Fraction 8 was the polyhydroxylated
flavonoid myricetin (Figure 4.A), while the main component of Fraction 9 was (-)-epigallocatechin 3-O-
gallate (EGCG) (Figure 4.B), and the fraction contained also a small percentage of myricetin. Both these
fractions were further processed to isolate the pure compounds. Fraction 10 showed to contained mostly
EGCG and traces of myricetin. Differently, Fraction 5 was actually a very complex mixture of compounds
including esters of ferulic acid, caffeic acid, methyl gallate and several others components and it was
obtained in considerably smaller amounts compared to the other fractions. Since Fraction 5 was 4-fold
less potent than Fraction 8 and 9, it was not further investigated. We focused therefore our attention on
the two main isolated components. Myricetin has been reported to have several biological effects since it
i) inhibits the HIV-1 integrase (IN) &, ii) inhibits HIV-1 reverse transcriptase (RT) 88, iii) has antioxidant and
prooxidant activities that could increase damages of non-lipids components such carbohydrates and
DNA, inducing DNA degradation, iv) possesses antiviral activities against viruses other than HIV-1 &,
Differently, EGCG is the main catechin found in green tea, it is known to be a mitochondrion-targeting
medicinal agent, regulating mitochondrial metabolism, including mitochondria-mediated cell cycle and
apoptosis®. EGCG it has also been reported to possess antiviral properties on viruses from diverse
families®'-9%, and to reduce the DNA binding potency of nuclear antigen 1, hence impairing EBV
infection®.

These two molecules were tested by dose-response curves showing an ICsq value of 2.7 £+ 0.9 and 43.5 £
4.2 uM, respectively (table 2). Since it has been reported that flavonoids-like molecules, given their planar
structure, can interact with dsDNA 8, it could be possible to speculate that these compounds can inhibit
VP35-dsRNA binding by directly interacting with the dsRNA. However, on the one side myricetin has
been shown to intercalate into dsDNA at concentrations greater than 300 uM, hence 100-fold higher than

the observed ICs, value; on the other side, intercalation is considered more unlikely to happen in the case
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of dsRNA. In fact, dsRNA has a weaker stretching rigidity versus the one of dsDNA, due to the stronger
basepair inclination and slide in dsRNA 7. Such hypothesis is also unlikely given the fact that other
flavonoinds with intercalating properties similar to myricetin, such as luteolin, are inactive in our assay
(data not shown), further confirming that the myricetin effect can’t be linked to a hypothetic dsRNA

binding.

Figure. 4 [A] Myricetin chemical structure, [B] EGCG chemical structure.

Comparing the structures of the two compounds it is clear that the myricetin has an extensive network of
conjugated sp? carbons that make the all structure almost planar, while the EGCG lacks of planarity on its
chromane group and has a bulky gallate ester substituent that may negatively impact the binding.

In order to have some insights on the mode of action of the most promising ligand myricetin on the VP35-

dsRNA interaction, a docking model of its binding within EBOV VP35 was then performed.

Myricetin inhibits EBOV VP35-dsRNA interaction by binding on RBD

Most docking algorithms are able to locate molecules according to experimental observations (X-Ray
NMR), however their performance depends on the target %. It has been shown that consensus docking
statistically improved the reliability of the docking results . Therefore, we decided to use a consensus
docking approach applying four molecular docking algorithms and analyzing the best poses of the active
compound. In particular, we considered Glide %, AutoDock 67, QMPL 88 and AutoDockVina ©° docking.
The first important information obtained is that all programs placed the ligand in correspondence with the
dsRNA binding site. Then we can suppose that myricetin acts directly inhibiting the viral dsDNA binding.
This is not surprising since it has been shown in several studies that myricetin activity has a structural
similarity with triphosphate substrates %0, Another interesting aspect is that three out of four programs (all

except AutodockVina) showed the same best binding pose (Figure. 5).
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Figure. 5 Docking of Myricetin into the VP35 dsRNA binding pocket. [A] Putative binding mode of
Myricetin in complex with VP35. The figure shows the Myricetin binding mode obtained with three docking
programs (in green, magenta and violet); [B] 2D depictions of interactions of Myricetin with the VP35; [C]
Superimposition of Myricetin complex (docking) with dsRNA-VP35 complex (pdb code 3125): the ligand is
shown in violet sticks while the terminal dsRNA bases are shown in yellow sticks.

For this reason, we can consider the predicted binding mode to be reliable and hence highlights the
critical interactions that stabilize the myricetin-VP35 complex and to derive some considerations to design
new and more active compounds. In particular, docking studies showed that myricetin could interact with
important conserved residues in the RBD, establishing hydrogen bonds with GIn-274, with lle-340, that is
located in the B-sheet subdomain, and with Ala-238 and lle-278 that are part of the a-helical subdomain
(Fig. 5.B). In addition, the planar portions mimic the nucleoside while the OH mimics the sugar hydroxylic
groups (Fig. 5.C). This information could help further optimization of this scaffold to improve the ligand
affinity.

Finally, it is worth noting that most VP35 inhibitors reported so far act differently, binding to a pocket
formed by residues from the a-helical and $-sheet subdomains including Ala221, Arg225, GIn241,
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Leu242, Lys248, Lys251, Pro293, 11295, 11297, Asp302, and Phe328 which is reported to be important
for NP interaction 28101102 Considering that the VP35 pocket binding to dsRNA has also been involved
with the interaction with other cellular factors such as PACT, IKK-¢ and TBK-1 along the RIG-I pathway,
as well as with other EBOV proteins such as NP, these results may suggest that small molecules
interacting with this pocket could also be able to have multiple effects, impairing other VP35 functions in

addition to its IFN antagonism.

CONCLUSIONS

In the present study, we established a new method for high-yield r'VP35 expression and purification, and
a new and robust fluorescence-based rVP35-RNA interaction assay (Z'-factor of 0.69) that will allow
further biochemical characterization of the impact of VP35 structural changes on its dsRNA binding
properties..Taking advantage to these methodologies, we identified the flavonoid compound myricetin,
from the plant L. morisianum, as a powerful inhibitor of VP35 binding to dsRNA and showed that it binds
to the VP35 dsRNA binding pocket with a new mechanism of action not yet explored that can offer the
possibility of designing potent inhibitors. The development of myricetin derivatives with more potent anti-
VP35 activity will be a good starting point to move further steps in the discovery of an effective anti-EVD

therapeutic strategy.
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Identification of Myricetin as Ebolavirus VP35-dsRNA interaction inhibitor

through a novel fluorescence-based assay
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