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Through structure-based virtual screening, this study reported that a natural compound

berbamine hydrochloride can disrupt GPcl-NPCI1 interaction, and strongly inhibited

EBOV replication in vitro and in vivo.
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Abstract Ebola virus (EBOV) infection leads to staggeringly high mortality rate. Effective and
low-cost treatments are urgently needed to control frequent EBOV outbreaks in Africa. In this
study, we report that a natural compound called berbamine hydrochloride strongly inhibits
EBOV replication in vitro and in vivo. Our work further showed that berbamine hydrochloride
acts by directly binding to the cleaved EBOV glycoprotein (GPcl), disrupting GPcl interaction
with viral receptor Niemann-Pick C1, thus blocking the fusion of viral and cellular membranes.
Our data support the probability of developing anti-EBOV small molecule drugs by targeting
viral GPcl. More importantly, since berbamine hydrochloride has been used in clinic to treat

leukopenia, it holds great promise of being quickly repurposed as an anti-EBOV drug.
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1. Introduction

Ebola virus (EBOV) and Marburg virus (MARYV) are highly pathogenic. Both viruses belong
to the family Filoviridae, and cause acute hemorrhagic fever in humans with high fatality
rates®. The recent EBOV outbreak (2014-2016) in West Africa claimed over 11,000 lives.
However, there is currently no licensed small-molecule drug to treat or prevent EBOV
infection, making EBOV a severe public health threat with the possibility of causing a global
pandemic®. EBOV is a negative-sense enveloped RNA virus. The virus particle is decorated
with glycoprotein (GP)3, which is solely responsible for virus entry*®. GP exists as a trimer,
and each monomer consists of two subunits, GP1 and GP2. Following internalization at the
cell surface, EBOV transports to the late endosomes where the glycan cap sheathing the
receptor-binding region of GP1 is removed by endosomal cathepsin’. Thus, primed GP
(cleaved GP, GPcl) interacts with the endosomal protein Niemann-Pick C1 (NPC1) and
triggers the fusion of viral and endosomal membranes®*t. Given the crucial role of GP in viral

entry, it has become a primary target for the development of anti-EBOV therapies!?4,

Indeed, a number of small molecule compounds have been tested for inhibition of
EBOV!21518 Three nucleotide analogues galidesivir (BCX4430)1%%, remdesivir (GS-5734)%,
and favipiravir (T-705)?%%3, that target RNA synthesis machinery, have been evaluated in
clinical trials of Ebola virus disease. However, due to the high mortality or rapid metabolism,
further randomized controlled trails are warranted to comprehend the efficacy?*. Other
inhibitors such as MLS000078751, ML.S000394177%, and sunitinib/erlotinib?® were reported
to inhibit the attachment, macropinocytosis, and endolysosome maturation, respectively.
Cathepsin inhibitors such as E-64%"? and AMS36%° prevent GP from being cleaved into its
fusion-active form. NPC1 binding and fusion can be inhibited by compounds such as
compound 3.47, U18666A, MBX2254, MBX2270, SC198, SC073, and SC816%30-33, Besides,
a series of compounds, including toremifene, clomiphene, sertraline, bepridil, imipramine,

clomipramine and thioridazine, were reported to inhibits fusion by destabilizing the stability of

2



GP34%, Although these compounds exhibited in vitro or in vivo antiviral activity, their
therapeutic potential needs further evaluation.

We previously identified small peptides that structurally mimic the GPcl-binding region
in NPC1 and specifically inhibit EBOV entry*’. However, one potential drawback of inhibiting
a cellular target is the risk of toxicity, which often deters use of such drugs in the clinic. We now
report a small molecule with potent anti-EBOV activity that is able to target the
receptor-binding site in GPcl.

2. Materials and methods

2.1. Cell lines, plasmids, and virus

HEK293T (Cat# CRL-11268, ATCC), Vero E6 (Cat# CRL-1586, ATCC), and HeLa (Cat#
CCL-2, ATCC) cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco)
supplemented with 10% fetal bovine serum (FBS, Gibco), 2 mmol/L L-glutamine (Gibco), 50
U/mL penicillin, and 50 ug/mL streptomycin (Macgene) at 37 °C in a humidified atmosphere
of 5% COs..

Plasmids encoding EBOV-GP, vesicular stomatitis virus envelope protein (VSV-G) and
human immunodeficiency virus type 1 (HIV-I) luciferase reporter vector pNL4-3.Luc.R-E-
were kept in the Institute of Medicinal Biotechnology, Beijing, China. The GP genes of
MARYV (GenBank Accession No. ABA87127.1, amino acid [a.a.] 5941-7986) were
synthesized by Suzhou GENEWIZ Biotechnology Co., Ltd. (Suzhou, China), and inserted
into pcDNA3.1(+) vector (Invitrogen, Shanghai, China). Plasmid encoding f-lactamase-Vpr
(BlaM-Vpr) was kindly provided by Dr. Xu Tan (Tsinghua University, Beijing, China).

All work with recombinant EBOV expressing enhanced green fluorescent protein (EGFP)
(EBOV H.Sapiens-rec/GIN/2014/Makona-Guekedou-C07-EGFP), mouse-adapted EBOV
variant Mayinga® and wild type MARV variant Angola (MARV
H.spaiens-tc/AGO/2005/Angola) was performed in the containment level 4 laboratories at the
Canadian Science Centre for Human and Animal Health (CSCHAH), Public Health Agency
of Canada, Winnipeg, MB, Canada.

2.2. Compounds and antibodies
TargetMol’s small compound library subsets (anti-virus compound library, anti-infection

compound library, nature compound library, plant-sourced compound library,
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anti-inflammation library, and inhibitors library) were used for virtual screening. Small
molecules selected from docking procedure were purchased from Topscience Co., Ltd.
(Shanghai, China). Tetrandrine (TET) and efavirenz (EFV) were maintained in the Institute of
Medicinal Biotechnology, Beijing, China. The purity of all tested compounds is more than
95%. The following antibodies were used: mouse anti-HIS (TA-02, ZSGB-Bio), mouse
anti-FLAG (8146S, CST), rabbit anti-FLAG (B1020, Biodragon), mouse anti-NPC1
(ab134113, Abcam), mouse anti-P24 (ab9071, Abcam), rabbit anti-P24 (produced by our own
lab), mouse anti-LAMP1 (ab24170, Abcam), mouse anti-f-actin monoclonal antibody
(ab6276, Abcam), goat anti-rabbit secondary antibody (ZB-2301, Beijing zhongshan jingiao
Biotechnology), and goat anti-mouse secondary antibody (ZB-2305, Beijing Zhongshan
Jingiao Biotechnology). Alexa Fluor-conjugated secondary antibodies were purchased from

Life Technologies.

2.3. Infection assay

Ebola pseudotyped viruses (EBOV-GP/HIV-luc) were produced as previously described®.
Pseudotyped viruses bearing VSV envelope protein (VSV-G/HIV-luc) and MARV envelope
protein (MARV-GP/HIV-luc) were produced in a similar way. The replication-restricted
pseudoviruses bearing viral glycoprotein proteins represent a safe method that has been
widely used to study the entry of highly infectious viruses*®“°. Screening of the selected
compounds using pesudotyped virus was performed in 96-well plates as previous described®’.
Briefly, cells were infected with the EBOV-GP/HIV-luc in the presence of compounds at a final
concentration of 10 umol/L. The infected cells were lysed, and the anti-EBOV activity of test
compounds was evaluated by measuring the luciferase activities at 48 h post infection (hpi).
DMSO and TET were used as negative and positive controls, respectively. The
VSV-G/HIV-luc was used as a control to determine the specificity of compounds. The 50%
effective concentration (ECso) and 90% effective concentration (ECgo) values were calculated
by using a four-parameter logistic regression in GraphPad Prism 5.

To analyze the retention of EBOV pseudoparticle (EBOVpp) virions in newly infected
cells, HEK293T cells were infected with EBOV-GP/HIV-luc at multiplicity of infection (MOI)
of 1.0 in the presence of MGI132 (4 umol/L). After 4 h, cells were fixed in 4%
paraformaldehyde for 30 min on ice and virus was stained with rabbit or mouse anti-p24

antibody, followed by an anti-rabbit AlexaFluor-555 antibody or anti-mouse AlexaFluor-488



antibody. Fluorescence was monitored with a confocal microscope (PerkinElmer UltraVIEW
VoX, Germany) with a 100x oil objective lens.

To assess the effect of berbamine hydrochloride on EBOV and MARYV replication, Vero
E6 cells were pretreated with drug (0 to 200 umol/L) or DMSO for 1 h at 37 °C and infected at
a MOl of 0.1 with EBOV expressing EGFP (EBOV-EGFP) or wild type MARYV for 1 h at 37
°C, after which the inoculum was removed and replaced with fresh medium (DMEM plus 2%
FBS). Cells were further incubated for 72 h in the presence of EEI-10 or DMSO. For
EBOV-EGFP-infected cells fluorescence was quantified on a Synergy HTX plate reader
(BioTek, Winooski, VT, USA). The percent relative infectivity was determined by comparing
fluorescence readings of EEI-10 treated cells to those of DMSO treated control cells. For
MARYV infected cells, supernatants were harvested, and viral RNA was quantified, as described
below. The percent relative infectivity was determined by comparing the amount of viral RNA
detected in EEI-10 treated cells to that of DMSO treated control cells.

2.4. Real-time quantitative PCR (QRT-PCR)

For HIV-based infections, total RNA was extracted from infected cells by use of an RNA
extraction kit (Tiandz, Beijing, China). The level of viral RNA was determined by performing
gRT-PCR analysis by use of a one-step SYBR PrimeScript RT-PCR kit (TaKaRa, Dalian,
China). The primer pair (5-TTAAGCCTCAATAAAGCTTGCC-3' and
5-GTTCGGGCGCCACTGCTAGA-3") amplifies the long-terminal repeats of HIV. Levels of
cellular glyceraldehyde-3-phosphate dehydrogenase (GAPDH) RNA were amplified with
primers 5-ATCATCCCTGCCTCTACTGG-3' and 5-GTCAGGTCCACCACTGACAC-3';
the results served as an internal control to normalize the level of HIV RNA.

For MARYV infections, viral RNA was extracted from cell culture supernatants using the
QlAamp viral RNA mini kit (Qiagen, Hilden, Germany). Viral RNA levels were quantified by
gRT-PCR using the LightCycler 480 thermal cycler (Roche, Germany) and the LightCycler
480 RNA Master Hydrolysis Probes kit (Roche, Germany) along with the following primers
and probe:

1-F, 5'-GCAAAAGCATTCCCTAGTAACATGA-3';
1-R, 5'-CACCCCTCACTATRGCGTTYTC-3;
2-F, 5'-GCGAAGGCATTCCCTAGTAATATGA-3;
2-R, 5'-CACCTCTTACTATGGCATTCTC-3";



probe, 5'-56-FAM/TGGCACCAY/ZEN/AATTCAGCAAGCATAGG/3IABKFQ-3'.
Cycling conditions were as follows: 63 °C for 3 min and 95 °C for 30 s, then 45 cycles of 95
°C for 15 s and 60 °C for 30 s.

2.5. Cytotoxicity analysis

HEK293T and Vero E6 cells were seeded in 96-well plates. Following overnight incubation at
37 °C, TET and berbamine hydrochloride were added at different concentrations used for the
viral infection studies. Cells in culture media without drug served as control. At 48 h, cell

counting kit-8 (CCK-8, Beyotime, Shanghai, China) was used to evaluate cell viability.

2.6. BlaM-Vpr releasing assay

For production of pseudotyped viruses incorporating BlaM-Vpr, HEK293T cells were
transfected with 6 pg of pNL4-3.Luc.R-E-, 6 pg of pEbola-GP or pVSV-GP, 3 pg of
pBlaM-Vpr and 1.5 pg of pAdvantage using Lipo2000 in 10-cm dishes. Culture supernatants
were collected after 48 h and filtered through a 0.45 um filter. The virus was concentrated by
ultracentrifugation at 138,900 x g for 4 h pelleting through a 20% sucrose cushion or by 100
kDa molecular weight cutoff centrifugal filters. Detection of virus capsid release into the cell
cytoplasm was performed using LiveBLAzer FRET-B/G Loading Kit with CCF4-AM
(Invitrogen) according to manufacturer instructions. Briefly, HeLa or SupT1l cells were
seeded on 6-well plates 1 day before the assay. After preincubation with each drug for 1 h,
cells were infected with EBOV-GP/HIV-luc or VSV-GP/HIV-luc for 2 h at 37 °C in the
presence of the drug. After loading CCF4-AM substrate, cells were fixed in 4%
paraformaldehyde. Amcyan or Pacific Blue fluorescence signals were detected by
fluorescence-activated cell sorting (FACS) method.

2.7. Time-of-addition experiment

Berbamine hydrochloride (1 pumol/L), TET (1 umol/L) and EFV (5 nmol/L) were added to the
293T cell culture medium before infection (-1 h), during infection (0 h), and 1, 4, 5, 6, 8, 18,
and 24 hpi. Viral replication was determined at 48 hpi as described above. Cell culture treated
with DMSO or TET was used as negative and positive control, respectively. The HIV-1 reverse

transcriptase inhibitor EFV was used to confirm the rationality of our assay system.



2.8. Virus binding experiment

For binding tests, 4x10° HEK293T cells were seeded in 6-well plates overnight and infected
with EBOV-GP/HIV-luc for 1 h at 4 °C in the presence of TET (5 umol/L), berbamine
hydrochloride (5 pumol/L) and heparin (5 ug/mL), followed by washing with PBS, and virus
absorption on the cell surface was quantified through the measurement of viral genomic RNA
by gRT-PCR.

2.9. Invitro protease cleavage of EBOV-GP/HIV-luc

Concentrated EBOV-GP/HIV-luc was stocked in HEPES-MES buffer (40 mmol/L HEPES,
40 mmol/L morpholinepropanesulfonic acid, 50 mmol/L NaCl, 0.5mmol/L CaClz, pH 7.5),
the GP protein was cleaved by 0.5 mg/mL thermolysin (Promega, Madison, WI, USA) at
37 °C for 1 h. The reaction was stopped by 0.5 mmol/L EDTA and protease inhibitors. The
cleavage efficiencies were confirmed by immunoblotting using anti-FLAG antibody. Then
HEK293T cells were incubated with the cleaved or uncleaved EBOV-GP/HIV-luc in the
presence of the drug for 48 h, the luciferase activities were detected to evaluate the antiviral

efficiencies of drugs.

2.10. In situ proximity ligation assay (PLA)

In situ PLA was performed using Duolink PLA starter kits (DU092101, Sigma—Aldrich)
according to the manufacturer. Briefly, 4% paraformaldehyde-fixed samples were incubated
with blocking solution to saturate nonspecific binding and subsequently with primary
antibodies at 37 °C for 1 h. Thereafter, slides were incubated for 1 h at 37 °C with Duolink
PLA probes. Ligation solution was added for 30 min at 37 °C. Ligation solution was removed
with wash buffer A, and amplification solution was added for 100 min at 37 °C and removed
with  wash buffer B. Finally, Duolink in situ mounting medium with
4' 6-diamidino-2-phenylin-dole (DAPI) was added. Fluorescence was monitored with a
confocal microscope (PerkinElmer UltraVIEW VoX, Germany) with a 100 x oil objective

lens.

2.11. Protein production and purification
The NPC1-C (residues 374 to 620) gene and the corresponding mutant (F503AF504AY506)

gene were cloned into pGEX-4T-1 vector. All plasmids were transformed into E. coli BL21



(DE3) and cultured in Luria—Bertani (LB) medium containing 100 mg/L ampicillin at 37 °C
when ODG600 reached 0.6-0.8. Protein was induced with 0.5 mmol/L isopropyl
[-D-1-thiogalactopyranoside (IPTG) for more than 18 h at 16 °C. Bacterial cells were
collected by centrifugations at 7000 rpm (3-18K, Sigma, Osterode am Harz, Germany) for 20
min and resuspended in a buffer (25 mmol/L HEPES, pH 7.4, 150 mmol/L NaCl, 1 mmol/L
dithiothreitol (DTT)). Resuspended cells were lysed by sonication and cell debris were
removed by centrifugation at 10,000 rpm (3-18K, Sigma, Osterode am Harz, Germany) for 10
min. Cell supernatants were subjected to a GSTrap™ column (GE Healthcare, USA) for
initial purification. The target proteins were obtained in elution buffer (25 mmol/L HEPES,
pH 7.4, 150 mmol/L NaCl, 1 mmol/L DTT, 10 mmol/L reduced glytathione). Fractions were
pooled and loaded onto a Superdex 200 10/300 Increase column (GE Healthcare, USA) in a
buffer (25 mmol/L HEPES, pH 7.4, 150 mmol/L NaCl, 1 mmol/L DTT). The final product

was concentrated to 4 mg/mL and stored at —80 °C before use.

2.12. The glutathione S-transferase (GST) pull-down assay

Briefly, 10 pg GST-NPC1-C protein (or its mutants) and 10 pg GPcl-HIS were mixed with
glutathione beads (Beyotime, BeyoGoldTM GST-tag purification resin) in reaction buffer (25
mmol/L HEPES, pH 7.4, 150 mmol/L NaCl) for 2 h at 4 °C on a rotating platform. For drug
blocking test, 10 g GPcl-HIS was primarily mixed with EEI-10 or TET for 1 h at 4 °C before
adding 10 pg GST-NPC1-C protein (or its mutants) and glutathione beads, and the mixtures
were incubated at 4 °C for another 2 h. Then washes beads with reaction buffer for three times,
beads bound with proteins were mixed with 50 uLL 1xSDS loading buffer and heated for 10 min
at 100 °C. After centrifugation, these samples were measured by Western blotting using
anti-GST and anti-HIS antibodies.

2.13. Co-immunoprecipitation (co-IP) for Ebola GPcl and NPC1

HEK293T cells were transfected with plasmid expressing NPC1-C-FLAG using Lipo2000 in
10 cm dishes for 48 h, cells were lysed by NP40 and debris was removed through
centrifugation at 12,000 rpm (Pico 17, ThermoFisher, Osterode am Harz, Germany) for 10 min.
TET (10 umol/L), berbamine hydrochloride (10 umol/L) were pre-incubated with GPcl-HIS
(1 pg) for 1 h before mixing with cell lysate. Anti-HIS antibody coated beads were used to
pull down GPcl-HIS and the bound NPC1-C-FLAG was detected through Western blotting.



2.14. Analysis of intracellular cholesterol

Hela cells were pretreated with TET (5 pumol/L), berbamine hydrochloride (5 umol/L),
U18666A (5 umol/L) for 24 h, and then cells were collected and fixed with paraformaldehyde
(4%) for 30 min on ice. After three PBS washes, cells were incubated with 50 pg/mL filipin
II complex in the dark for 1 h at room temperature. After three PBS washes, cells were
detected by FACS in the DAPI channel.

2.15. Bio-layer interferometry (BLI) binding assay

Octet RED96 (ForteBio/Pall Life Sciences, Menlo Park, CA, USA) was used to measure
binding affinity and kinetic profile. The purified GPcl was biotinylated by EZ-Link
NHS-LC-LC-Biotin (Thermo Scientific). The biotinylated GPcl (50 pg/mL) was then captured
via super streptavidin (SSA) biosensors (120 s, at 30 °C, with a stirring speed of 1000 rpm
[Octet RED96]). A duplicate set of sensors were incubated in assay buffer (0.002% Tween-20,
PBS, pH=7.4) without protein for use as a background binding control. Both the ligand and
reference biosensors were quenched with 5 pg/mL biotin for 1 min. For binding affinity
constant Kp (Kp=Kais'kon) determination, the binding of a dilution series of compounds was
detected for 60 s association (kon, L/mol-s) followed by 60 s dissociation (kdis, 1/s) in parallel to
the ligand biosensors and reference biosensors. Besides, blank binding cycles using buffer only
were used to correct the baseline shift during the analysis. After measurements were complete,
a double reference subtraction method was processed to subtract the effect of baseline drift and
nonspecific binding. Kp acquired from fitting into 1:1 binding model by global fitting of
multiple kinetic traces and analyzed by Data Analysis 9.0 software.

2.16. Pharmacokinetics

Female ICR mice were orally administered 25 mg/kg EEI-10, after which plasma was collected
via orbital puncture at 8 timepoints (15, 30 min, 1, 2, 4, 6, 8, and 24 h) in tubes containing
EDTA-K2 followed by plasma separation by centrifugation at 5000 rpm (IKA-VIBRAX
VXR, IKALabortechnik, Staufen, Germany) for 10 min at 4 °C. Plasma samples were stored
at —80 °C for further processing and analysis. 10 uL of plasma samples were placed into a 1.5
mL Eppendorf tube. After the addition of 100 uL internal standard (60.0 ng/mL
dexamethasone), the samples were vortex mixing for 60 s, and then centrifuged at 12,000 rpm
(IKA-VIBRAX VXR, IKALabortechnik, Staufen, Germany) for 3 min. The supernatant was



then transferred into 96-well plates, and 10 pL aliquot was injected into the LC—-MS/MS
system for analysis. Pharmacokinetics data analysis was performed using WinNonlin
Professional v6.3 (Pharsight, USA) by a non-compartmental analysis method to obtain

pharmacokinetic parameters.

2.17. Computational methods

Using Auto-Dock Vina package*!, structure-based virtual screening was carried out over 4114
compounds in the focused database. Based on the crystal structure of GPcl in complex with the
receptor, we first generated the docking parameter files using AutoDockTools-1.5.6. The grid
center was located at the receptor-binding region on the head of GPcl and was designated at
dimensions (x, y, and z): 34.428 A, —17.200 A, and —317.00 A. The grid size was set to 24 A, 28
A, and 28 A on X, Y and Z coordinates, respectively. Then we used Open Babel software to
create the ligand parameter files for docking*?. Each compound in the library was assigned
hydrogen at pH 7.4 and converted to PDBQT format. Finally, all these compounds were docked
to GPcl and ranked by their calculated binding free energies (AGapv). The molecular dynamic
simulation and molecular mechanics generalized born surface area (MM/GBSA) calculation

were performed as previously described”,

2.18. Animal ethics statement

Animal experiments were performed in the containment level 4 laboratories at CSCHAH. All
experimental protocols were reviewed and approved by the institutional animal care
committee in accordance with guidelines from the Canadian Council on Animal Care. All
staff working on animal experiments completed education and training programs according to

the standard protocols appropriate for this level of biosafety.

2.19. Efficacy of berbamine hydrochloride in EBOV-infected mice

Six- to eight-week-old female BALB/c mice (Charles River) were inoculated intraperitoneally
with the 1000 x 50% lethal dose (LDso) of MA-EBOV. Mice were treated with 100 mg/kg of
body weight of berbamine hydrochloride via oral administration beginning on either day —1 or
day +1 post-infection and continuing daily up to day 6 post-infection. Animals in the control
group were treated with PBS following the same schedule. Mice were observed daily for
weight change and clinical signs.
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2.20. Statistical analysis

Data are presented as mean + standard deviation (SD) from at least three independent
experiments. Statistical comparisons of the Kaplan—Meier survival curves (Fig. 6B and D) were
performed using the Log-rank test. P-values are indicated as follows: *P < 0.05, **P < 0.01,
***P <0.001, n.s. represents not significant.

3. Results

2.1. ldentification of berbamine hydrochloride as an EBOV entry inhibitor

We previously characterized the NPC1-binding site in GPcl, consisting of residues V79, T83,
K84, F88, 1113, V141, and P146% (Fig. 1A). Based on this result, we designed a virtual
screening strategy, as shown in Fig.1B, and systematically examined 4114 compounds from the
focused small compound libraries, and ranked these compounds based on the predicted binding
free energies (AGapv) (Supporting Information Fig. S1). A total of 334 compounds had a
AGapv lower than —9.0 kcal/mol and were further visually inspected for H-bond, 7, or salt
bridge interactions to discard unrealistic poses with unreasonably high score. A final list of 46
compounds (Supporting Information Table S1) were selected for further study.

We first assessed the inhibitory effect of the selected 46 compounds on infection of
HIV-Luc reporter virus that was pseudotyped with EBOV GP (EBOV pseudoparticle,
EBOVpp) or VSV GP (VSV pseudoparticle, VSVpp), as we described previously®’. Of these
46 compounds, EEI-10 (Fig. 1C), EEI-33 and EEI-45 (Supporting Information Fig. S2)
exhibited more than 80% inhibition of EBOVpp infection, but less than 20% reduction in
VVSVpp infectivity, suggesting that the three compounds selectively block EBOV
GP-mediated viral entry. Such a selective inhibition was also observed for the known EBOV
entry inhibitor tetrandrine (thereafter called TET)*!. Next, we determined the binding affinity
of the selected compounds to the purified GPcl in vitro in the BLI binding assay. The
association and dissociation data suggest that only EEI-10 and EEI-20 interacted directly with
GPcl with a Kp of 217 and 229 umol/L, respectively (Fig. 1D and Supporting Information Fig.
S3). Together, among the 46 compounds tested, only EEI-10 both binds to GPcl and
selectively inhibits EBOV GP-mediated viral entry. Furthermore, we investigated if EEI-10 is
able to compete with NPC1 in vitro for binding to GPcl in a GST pull-down assay using the
recombinant protein GST-NPC1-C (C-terminus of NPC1 fused with GST) and GPcl
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(Supporting Information Fig. S4). A significant reduction is found in bound GPcl by EEI-10
in a dose dependent fashion (Fig. 1E and F). This suggests that EEI-10 may inhibit fusion of
viral and endosomal membranes by blocking the binding of GPcl to NPCL1, resulting in the
inhibition of EBOV GP-mediated viral entry.

EEI-10, also called berbamine hydrochloride, is a natural compound extracted from the
berberis amurensis and has been used in the clinic to treat leukopenia®. Repurposing of an
approved drug to inhibit EBOV represents a great opportunity of developing new anti-EBOV
drugs. We thus decided to further characterize EEI-10 inhibition of EBOV. First, we observed
that EEI-10 profoundly inhibited EBOVpp but not VSVpp (Fig. 1G). Results of
dose—response experiments revealed a concentration-dependent inhibition of EBOVpp in
293T cells with ECso of 0.49 pmol/L (ECgeo =2.10 umol/L) (Fig. 1H). No cytotoxic effect of
EEI-10 was observed even at 10 umol/L (Supporting Information Fig. S5A). Importantly,
EEI-10 potently suppressed EBOV infection of Vero E6 cells (ECso = 4.1 + 1.06 umol/L,
ECg =7.6 pmol/L) (Fig. 11 and Supporting Information Table S2) and did not affect cell
viability at the concentrations used (Fig. S5B). These data together suggest that EEI-10 is a
potent EBOV inhibitor.

Insert Fig. 1

2.2. EEI-10 inhibits EBOV GP-mediated fusion of viral and cellular membranes

The in vitro data support that EEI-10 suppresses EBOV infection by inhibiting fusion of viral
and endosomal membranes (Fig. 1). To further validate the idea, we first performed a
time-of-addition experiment using EBOVpp. EEI-10 was added at different time points before
and after EBOVpp infection. The results showed that both EEI-10 and TET markedly inhibited
viral infection at the early time points of drug addition, and their inhibitory effects decreased
after 4 hpi (Fig. 2A). In contrast, the HIV-1 reverse transcriptase inhibitor efavirenz (EFV)
maintained its inhibitory effect up to 8 hpi. We further measured the possible effect of EEI-10
on the internalization of EBOVpp from the cell surface by quantifying the uptake of viral
genomic RNA, and observed no effect as opposed to the marked inhibition by heparin (Fig.
2B), which has been shown to block the early attachment of EBOV to the target cells*. These
data support that EEI-10 inhibits an early step of EBOVpp infection, after EBOV GP-mediated
internalization from the cell surface but prior to viral RNA replication.

12



It is known that following internalization at the cell surface, EBOV particles translocate
to the acidic late endosomes where virus-cell membrane fusion occurs, leading to the release
of viral RNA into the cytoplasm*'“¢, Imaging EBOVpp-infected cell at 4 hpi revealed a
similar number of virions in the LAMP1-positive late endosome/lysosome compartments in
cells treated with either EEI-10 or control DMSO (Fig. 2C and Supporting Information Fig.
S6). This further supports the data in Fig. 2B that EEI-10 does not affect the early events of
virus entry from uptake of virus at the cell surface to trafficking of virions to the acidic
compartments. We next tested whether the fusion of viral and cellular membranes is inhibited
by EEI-10 using a BlaM-Vpr release assay that has been established to measure the delivery
of HIV-1 core into the cytoplasm®. We found that EEI-10 significantly reduced the
cytoplasmic entry of BlaM-Vpr from EBOVpp by approximate 80%, whereas no such effect
of EEI-10 was observed for VSVpp (Fig. 2D and Supporting Information Fig. S7). This
suggests that EEI-10 specifically inhibits the delivery of BlaM-Vpr into the cytoplasm
resulting from EBOV GP-mediated membrane fusion. In further support of this conclusion,
adding the proteasome inhibitor MG132° to cell culture for preventing the degradation of
incoming virion, a pronounced increase was detected in the level of EBOVpp particles in
newly infected cells treated with either EEI-10 or TET, but not for VSVpp infection (Fig. 2E
and Supporting Information Fig. S8), suggesting that EEI-10-mediated delay of virus entry at
the late endosomes causes accumulation of EBOVpp particles.

Insert Fig. 2

2.3. EEI-10 disrupts binding of EBOV GPcl to NPC1

We next determined whether EEI-10 inhibits EBOV GP-mediated entry by disrupting the
binding of GPcl to its receptor NPC1 in the infected cell. We first observed that that EEI-10
treatment reduced the colocalization of EBOVpp particles with NPC1 in the infected cells
(Fig. 3A), as opposed to TET which targets the two-pore channels and had no effect as
previously reported**. EBOV GP can only bind to NPC1 after cleavage by the endosomal
cathepsin. We thus pretreated EBOVpp with the protease thermolysin, which completes GP
cleavage®, and then infected cells in the presence of EEI-10. Again, strong inhibition was
observed with EEI-10 but not with cysteine protease inhibitor E-64%"% (Fig. 3B). Thus,
EEI-10 diminishes the colocalization of EBOVpp with NPC1 not through affecting GP

proteolysis. We next performed co-immunoprecipitation to measure the association of GPcl
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with its receptor NPC1 and found that EEI-10, but not TET, markedly reduced GPcl-NPC1
interaction (Fig. 3C). This observation was supported by the data of PLA, showing that
treatment with EEI-10 diminished GPcl-NPC1 interaction in the infected cells by
approximately 80% (Fig. 3D). We further showed that EEI-10 did not affect the cellular
content of cholesterol (Supporting Information Fig. S9) in contrast with NPC1 inhibitors
U18666A%° and compound 3.47'° that inhibited EBOV entry by causing cholesterol
accumulation in late endosomes, suggesting that EEI-10 does not act on NPC1. Together with
the in vitro data (Fig. 1), we thus conclude that EEI-10 binds to GPcl, prevents GPcl from
binding NPC1, and inhibits GP-mediated fusion of viral and cellular membranes.
Insert Fig. 3

2.4. GPs of EBOV and MARYV share a similar binding pocket for EEI-10 and are both
inhibited by EEI-10

We next used the AutoDock Vina computation program to model the binding of EEI-10 to
GPcl. In the generated model of GPcl in complex with EEI-10 (Fig. 4A), EEI-10 is located at
the hydrophobic pocket in GPcl and forms hydrogen bond interaction with the amino residue
E112. We further employed MM/GBSA computation approach to calculate the binding free
energy of EEI-10 and decomposed the free energy at the amino acid level. The cavity analysis
showed that the major contributing amino acids to the binding of EEI-10 include E112, T83,
1113, V141, F88, L111, W86, V79, P80, and G143, which are ranked based on their AGapv In
the range from —2.54 to —0.62 kcal/mol (Supporting Information Table S3).

To validate this binding model, we mutated the three top-ranking amino acids E112, T83
and 1113, and examined their effect on the sensitivity of EBOV GP-mediated entry to EEI-10.
The E112A mutation severely impaired viral infectivity, thus was not further tested for
EEI-10 inhibition (Supporting Information Fig. S10). The 1113A GP mutant was refractory to
EEI-10 while remaining sensitive to the TET entry inhibitor (Fig. 4B). In the meantime, the
T83A mutation exerted no effect on the sensitivity of GP to either EEI-10 or TET inhibition
(Fig. 4B); this is likely because A83 is able to restore the van der Waals interaction with
EEI-10 which is observed for T83 as predicted in our computation model (Table S3). These
data demonstrate that 1113 is a key residue in contact with EEI-10 and that its mutation leads

to resistance to EEI-10, which supports the structural model of GPcl binding to EEI-10.
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Recent studies have revealed a common receptor-binding site in GPs of several filoviruses
including EBOV and MARV!4%1%2 syggesting that EEI-10 may inhibit MARV infection as
well. Indeed, EEI-10 inhibited the MARV-GP/HIV-luc virus infection at an ECso = 0.99
umol/L, and inhibited MARYV itself at an ECso = 4.06 £ 3.03 umol/L (Fig. 4C, D and Table S2).
We further conducted computational docking of EEI-10 to MARV-GP1 and then preformed
molecular dynamic simulation to relax the complex. The binding free energy of the MARV
GP/EEI-10 was calculated as AGapv = —9.3 kcal/mol, which is moderately higher than that of
EBOV-GPcl/EEI-10 complex (AGapv = —10.9 kcal/mol). Notably, these two complexes are
well superposed at the EEI-10 binding sites (Fig. 4E). The top 10 amino acids in MARV-GP1
that contribute most to the binding energies are L64, S67, K68, A71, F72, 195, V97, 1125,
G127, and N129 (Supporting Information Table S4), which are equivalent to P80, T83, K84,
G87, F88, L111, 1113, V141, G143, and G145 in EBOV GPcl. Importantly, seven of the top 10
major contributing amino residues are shared in both complexes (Fig. 4F). These data suggest
that EEI-10 is able to bind to the GPs of EBOV and MARYV, and inhibits both viruses.

Insert Fig. 4

2.5. EEI-10 protects mice from lethal EBOV infection

Finally, we asked whether EEI-10 was able to protect mice from lethal EBOV infection.
Assessment of EEI-10 plasma pharmacokinetics (PK) parameters in the ICR female mice
revealed that EEI-10 exhibited a low level of oral bioavailability (Fig. 5 and Supporting
Information Table S5). Following a single 25 mg/kg oral doses of EEI-10, the maximum
concentration (Cmax) and daily systemic exposure (AUCo 241) of EEI-10 was 1.03 umol/L and
12.5 umol/L-h, respectively. Considering that EEI-10 had a low order of acute toxicity in
mice, with the LDso value of 1.7 + 0.2 g/kg®®, mice were treated orally once per day for 6 days
with 100 mg/kg EEI-10 beginning the day prior to inoculation with a lethal dose of
mouse-adapted EBOV (MA-EBOV) (Fig. 6A). Remarkably, 100% of the mice treated with
EEI-10 survived infection while only one of the PBS-treated animals survived (Fig. 6B),
although all exhibited weight loss (Fig. 6C). To determine whether EEI-10 was also effective
if treatment was begun post-infection, mice were again inoculated with MA-EBOV and then
treated orally with the same dose of drug beginning on the 1st day post-infection for a period
of 6 days. Whereas all PBS-treated mice succumbed to infection by Day 7, nearly all mice
treated with EEI-10 survived, and the time to death was prolonged in the single treated animal
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that died (Fig. 6D). Again, all animals exhibited weight loss (Fig. 6E), suggesting that, while
EEI-10 treatment provided a significant survival advantage, it did not prevent some signs of
disease.

Insert Fig. 6

4. Discussion

This remarkable protective efficacy of EEI-10 may be partially attributed to the relatively
weak interaction of GPcl with its receptor NPC1. With a Kp of 158 umol/L, as measured in
vitro using recombinant proteinst!, the interaction between these two proteins was likely easily
disrupted by EEI-10. Given that EEI-10 is directly targeting EBOV GPcl rather than a host
factor, there exists the problem of virus escape mutations. Our data demonstrated that 1113 is a
key residue in contact with EEI-10 and that its mutation leads to resistance to EEI-10. It has
been reported that 1113A have a defect in virion incorporation®, and thus may generate a genetic
barrier to resistance development. Besides, through medicinal chemistry to modify EEI-10 and
select for variants with greater affinity to GPcl, we expect to identify EEI-10 derivatives
exhibiting much stronger inhibition of EBOV as well as a higher genetic barrier to deter the
development of viral resistance. Additionally, as a drug to treat leukopenia, EEI-10 is expected
to modulate certain cellular pathways and host immunity, which may have also contributed to
its protection of mice against lethal EBOV infection.

Of note, EEI-10 was demonstrated to bind to EBOV GPcl and potently inhibit virus entry,
whereas in vitro binding assay revealed that EEI-10 exhibited a low affinity for GPcl, with Kp
values above 100 umol/L (Fig. 1D), which is much higher than its ECso in micromolar range
for inhibition of viral infection. Similarly, we observed the discrepancy between the
concentration of EEI-10 to inhibit the interaction between GPcl and NPCL1 in vitro (50 pumol/L
for 50% inhibition) and in cell (10 umol/L for more than 80%) (Figs. 1 and 3). This raises the
possibility of enhanced potency of EEI-10 in physiological condition through either enhanced
binding of GPcl or additional effect upon membrane fusion. Although the detail mechanism
awaits further investigation, the observation that mutated residue in contact with EEI-10 leads
to resistance to the compound supports that the antiviral activity largely depends on its
binding of EBOV GPcl.

Virtual screening method has proven efficient in accelerating drug discovery for its

knowledge-driven, cost-benefit and time-saving advantages. Since the three-dimensional
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structure of target protein is available, we applied structure-based virtual screening of
commercial chemical databases against the receptor binding site of EBOV GPcl. Using this
technique, we have identified a natural compound berbamine hydrochloride (EEI-10) that
potently inhibits EBOV infection of cultured cells through direct binding to viral GPcl and
impairing the interaction of GPcl with the viral receptor NPC1. Our data further showed that
EEI-10 strongly inhibits another pathogenic filovirus, MARV, implicating the potential use of
EEI-10 as a broad-spectrum inhibitor of filovirus infection, while further studies on other

strains of filovirus are warranted to comprehend the efficacy.

5. Conclusions

Overall, starting from the structure-based virtual screening, we identified a natural compound
berbamine hydrochloride (EEI-10) that strongly inhibits EBOV replication in vitro and in vivo.
This compound binds to the EBOV-GPcl, disrupts the interaction between GPcl and viral
receptor NPC1, and thus blocks the fusion of viral and cellular membranes. These findings
further support the feasibility of inhibiting EBOV entry by targeting GPcl with small
molecules. Given that berbamine hydrochloride is already approved to treat leukopenia and
has been thoroughly evaluated for its safety and pharmacokinetics properties, this drug holds
great promise for saving the lives of EBOV patients and preventing future EBOV epidemics
or pandemics.
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Figure captions

Figure 1 Identification of EEI-10 as an EBOV entry inhibitor. (A) The receptor binding
region identified in GPcl (PDB ID 5F1B). Left, the structure of the GPcl (yellow) in
complex with NPC1 (green). Right, the receptor binding cavity at the top of GPcl.
Highlighted in magenta is residues that constitute the interaction interface and are
targeted by the virtual screening. (B) The virtual screening strategy designed to identify
small molecules targeting GPcl. (C) Chemical structure of EEI-10, with molecule
weight (MW). (D) Representative association and dissociation sensorgrams of EEI-10
binding to EBOV-GPcl. Values of Kp and Kp error are presented. Data shown represent
three independent experiments. The values are expressed as means = SD. (E, F) GST
pull-down assay was applied to characterize the interaction between GPcl and NPC1-
C in the presence of EEI-10 or TET. GPcl-His was primarily mixed with EEI-10 or TET
(10, 50, and 250 pumol/L) for 1 h at 4 °C before adding GST-NPC1-C protein. (G)
HEK293T cells were infected with the EBOVpp in the presence of EEI-10 at the final
concentration of 10 pmol/L. VSVpp was used to control the specific antiviral effect of
the tested drugs. Data are normalized to that of the control group (arbitrarily set as 1).
(H) Does-depended inhibition of EBOVpp by EEI-10 or TET. (I) Inhibition of EBOV
infection of Vero E6 cells by EEI-10 of different doses. Each data point is the average
of three independent experiments. ECso values were calculated with GraphPad Prism
5.0. All data shown above are mean + SD (n = 3), if not otherwise specified. *P < 0.05,

*kk

P <0.001 compared to control.

Figure 2 EEI-10 inhibits EBOV-GP-dependent virus—cell membrane fusion. (A) Time-
addition experiment to determine the inhibition mechanism by EEI-10, TET and EFV.
(B) Binding test to measure the effect of EEI-10 on virus binding to the cell membrane.
Heparin was used as a positive control. Viral RNA from virus particles binding to the
cell membrane was quantified by qRT-PCR. Data are normalized to that the control
group which is arbitrarily set to 1. (C) Virus particles (red) in the acidic endosomes
were scored by their colocalization with LAMP1 (green) (as for Fig. S6). Fluorescence
intensity of green and red signals from randomly selected cells (n > 30) was quantified
by Image-Pro Plus 10 software. (D) VLPs (EBOVpp and VSVpp) loaded with BlaM-
Vpr were used to measure membrane fusion and virus capsid release into the cytoplasm
after EEI-10 and TET treatment by flow cytometry (as for Fig. S7). The bar graph
presents the percentages of virus release into the cytoplasm. (E) VLPs (EBOVpp and



VSVpp) accumulated in the cytoplasm after EEI-10 and TET treatment. The number of
VLPs (red signals) in confocal images was determined from randomly selected cells (n
> 80). The fluorescence intensity was quantified by Image-Pro Plus 10 software. All
data shown above are mean + SD of three independent experiments. “P < 0.05, **P <

0.001 compared to control. n.s., not significant.

Figure 3 EEI-10 disrupts the binding of EBOV-GPcl to NPC1. (A) Colocalization of
Ebola VLPs with NPC1 was determined by incubating VLPs with HEK293 cells for 4
h. Representative confocal images are shown. Colocalized Ebola VLPs (Green) and
NPCI1(Red) were indicated by arrowheads. Scale bar, 5 pm. (B) HEK293T cells were
exposed to EBOVpp which were treated with protease thermolysin to generate EBOV
GPcl, in the presence of EEI-10 or TET. The cysteine protease inhibitor E-64 was used
as a positive control. Luciferase activities were measured and normalized to those of
untreated controls. (C) Interaction between NPCI1-C-Flag and GPcl-His was
determined with Co-IP in the presence of EEI-10 or TET. Data shown are the
representative of three independent experiments. (D) /n situ PLA was used to analyze
the interaction between EBOV-GP (or VSV-G) and cellular NPC1 in the presence of
the EEI-10 or TET. Images were collected from five fields of view per condition per
experiment, in which the surface of a total of at least 30 cells were observed. Each data
point represents the average fluorescence intensity of cells observed in each field.
Representative confocal images are shown. Scale bar, 5 um. All data shown above are
mean + SD of three independent experiments. **P < 0.001 compared to control. n.s.,

not significant.

Figure 4 EEI-10 inhibits infection mediated by the GPs of EBOV and MARV. (A)
Structural model of EEI-10 binding to GPcl. Amino residues (in yellow) binding to
EEI-10 (in green) are shown as sticks. The oxygen, nitrogen, and hydrogen atoms are
colored in red, blue, and white, respectively. For clarity, only polar hydrogen atoms are
shown. The PDB ID of the EBOV-GPcl crystal structure used for molecular modeling
is SF1B. (B) Inhibition of the T83A and [113A GP mutants by EEI-10. Luciferase
activities were measured and normalized to those of untreated controls. (C) Inhibition
of MARV GP-pseudovirions by EEI-10 of different doses. (D) Different doses of EEI-
10 were tested for inhibition of MARYV infection in Vero E6 cells. Each data point is the

average of three independent experiments. ECso values are calculated with GraphPad



Prism 5.0. (E) Superposition of the structures of the EBOV-GPcl/EEI-10 and MARV-
GP1/EEI-10 complexes. EBOV-GPcl and MARV-GP1 are shown as yellow and slate
cartoons, and their associate inhibitor EEI-10 was shown as green and orange sticks. (F)
Comparison of protein—ligand interactions in the EBOV-GPcl/EEI-10 and MARV-
GP1/EEI-10 complexes. Key residues in the MARV-GP1/EEI-10 binding pocket are
highlighted in red. The PDB IDs of crystal structures used for molecular modeling are
5F1B for EBOV GPcl and 5UQY for MARV GP1. All data shown above are mean +
SD (n = 3), if not otherwise specified. P <0.01, ™ P <0.001 compared to control. n.s.,

not significant.

Figure 5 Single-does PK study in mice showing plasma concentrations of EEI-
10 as specified after dosing with EEI-10 (25 mg/kg; p.o.). Symbols represent
individual biological repeat (n=3), error bars show standard deviations, lines

depict sample means.

Figure 6 EEI-10 prevents lethal EBOV infection in mice. (A) Schematic representation
of EEI-10 treatment protocol and EBOV infection of mice. (B, C) BALB/c mice were
treated orally with EEI-10 (100 mg/kg; n = 10) or PBS (n = 7) one day before infection
with 1000 LD50 mouse-adapted EBOV (MA-EBOV). Treatment continued once daily
until Day 6 after infection. Survival (in B) and average percent weight changes + SD
(in C) are shown. (D, E) BALB/c mice were infected with 1000 LD50 MA-EBOV one
day prior to oral treatment with EEI-10 (100 mg/kg; n = 6) or PBS (n = 6). Treatment
continued once daily until Day 6 post-infection. Survival (in D) and average percent
weight changes + SD (in E) are shown. Survival curves were compared using the

Mantel-Cox (log-rank) test: ***P < (0.001.
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