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ABSTRACT A key step in the Ebola virus (EBOV) replication cycle involves confor-
mational changes in viral glycoprotein 2 (GP2) which facilitate host-viral membrane
fusion and subsequent release of the viral genome. Ebola GP2 plays a critical role in
virus entry and has similarities in mechanism and structure to the HIV gp41 protein
for which inhibitors have been successfully developed. In this work, a putative bind-
ing pocket for the C-terminal heptad repeat in the N-terminal heptad repeat trimer
was targeted for identification of small molecules that arrest EBOV-host membrane
fusion. Two computational structure-based virtual screens of �1.7 M compounds were
performed (DOCK program) against a GP2 five-helix bundle, resulting in 165 commer-
cially available compounds purchased for experimental testing. Based on assessment of
inhibitory activity, cytotoxicity, and target specificity, four promising candidates emerged
with 50% inhibitory concentration values in the 3 to 26 �M range. Molecular dynamics
simulations of the two most potent candidates in their DOCK-predicted binding poses
indicate that the majority of favorable interactions involve seven highly conserved resi-
dues that can be used to guide further inhibitor development and refinement targeting
EBOV.

IMPORTANCE The most recent Ebola virus disease outbreak, from 2014 to 2016, re-
sulted in approximately 28,000 individuals becoming infected, which led to over
12,000 causalities worldwide. The particularly high pathogenicity of the virus makes
paramount the identification and development of promising lead compounds to
serve as inhibitors of Ebola infection. To limit viral load, the virus-host membrane fu-
sion event can be targeted through the inhibition of the class I fusion glycoprotein
of Ebolavirus. In the current work, several promising small-molecule inhibitors that
target the glycoprotein GP2 were identified through systematic application of structure-
based computational and experimental drug design procedures.

KEYWORDS DOCK, EBOV, computer-aided drug design, docking, footprint similarity,
membrane fusion, molecular dynamics, viral entry, virtual screening

Ebola virus disease (EVD), a severe hemorrhagic fever caused by specific Ebola
viruses, was first documented in West Africa in 1976 (1). During the most recent

outbreak (2014 to 2016), EVD spread across West Africa (2), Europe, and the United
States, (3), resulting in approximately 12,000 deaths worldwide (4). The most common
and also the most pathogenic species, Zaire ebolavirus (EBOV), causes infection with a
mortality rate of approximately 90% (5–7). Infected individuals typically present with
intense fever, weakness, and gastrointestinal symptoms, including excessive diarrhea
(3), abdominal pain, and vomiting (8, 9). The particularly high pathogenicity of the virus
(5–7), likelihood of additional naturally occurring outbreaks (10), concern for use as a
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bioterrorist agent (11), and lack of FDA-approved therapeutics to treat EVD (12) makes
the identification of effective therapeutic interventions paramount.

EBOV contains a nonsegmented, single-stranded, negative-sense RNA genome that
encodes eight viral proteins: nucleoprotein (NP), polymerase cofactor (VP35), matrix
protein (VP40), transcription activator (VP30), matrix protein (VP24), RNA-dependent
RNA polymerase (L), and glycoprotein (GP), which is comprised of two proteins, the
receptor attachment glycoprotein 1 (GP1) and membrane fusion glycoprotein 2 (GP2)
(13, 14). Upon infection, GP1 is involved in host cell recognition/attachment (15) and
virus uptake into host cells, primarily through macropinocytosis (16). Inside the cell, the
virus is trafficked into the endosome (7, 15), where acidification of the late endosome
triggers host cysteine proteases cathepsin L and B (17, 18) to cleave the prefusion form
of GP (Fig. 1i) into its mature 19-kDa form (19, 20). For viral entry to occur, GP1 must
interact with the Neimann-Pick disease type C1 (NPC1) protein (21–23), the only known
fusion receptor for EBOV, which releases GP2 from its conformational constraints (Fig.
1ii). Subsequently, the internal fusion loop of GP2 extends into the endosomal mem-
brane (Fig. 1iii) and GP2 undergoes a conformational change whereby the C-terminal
heptad repeat (CHR) folds around the N-terminal heptad repeat (NHR) trimer, forming
a six-helix bundle (6HB) (Fig. 1iv) (24). Formation of the 6HB brings the virus and host
membrane into close proximity, facilitating membrane fusion, which permits the
escape of the EBOV genome from the endosome into the host cell (25).

Previously reported EBOV inhibitors include antibodies, peptides, and small mole-
cules which target different viral and host cell proteins involved in the EBOV replication
cycle, including GP (6, 26–37), VP40 (38), NPC1 (22, 30), cathepsin (30, 39), and Hsp90
(40). Focusing on small molecules, prior work has led to the identification of com-
pounds that are believed to (6, 36), or have been shown to (32, 35), interact with a
prefusion form of GP which likely destabilizes the complex inhibiting viral entry. To
date, however, no researchers have reported small molecules that target the important
EBOV prehairpin intermediate (Fig. 1iii), which could prevent formation of the 6HB in a
manner exploited by the FDA-approved HIV gp41 inhibitor enfuvirtide (Fuzeon) (41).
Several GP2 peptidomimetics have, however, been identified, which provides an im-
portant proof of concept (26–28). Due to its key role in EBOV entry and the demon-
strated utility of targeting HIV gp41 (an analogous class I fusion protein), GP2 is a
promising target for small-molecule rational drug design and the subject of this
investigation.

The goal of this study was identification of drug-like small molecules that target a
pocket in the NHR of the EBOV GP2 prehairpin intermediate using atomic-level molec-

FIG 1 EBOV entry requires a conformational change in GP2. (i) In the prefusion native state, GP1, along with other
accessory proteins, surrounds the triple-helix GP2. (ii) Upon GP maturation, the cleaved form of GP2 binds to NPC1.
(iii) GP2 extends its internal fusion loop region into the host membrane, forming an extended prehairpin
intermediate that is the structure targeted in this work to identify molecules that bind the NHR. (iv) The GP2 CHR
helices fold over the NHR trimer, forming a postfusion 6HB, which drives fusion of the host-virus membranes,
allowing EBOV to enter the cell (109, 110).
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ular modeling tools and experimental characterization. Specifically, large-scale virtual
screening of �1.7 million small molecules was performed with GP2 using the program
DOCK6 (42). We hypothesize that small molecules that interact with the GP2 NHR
pocket will interfere with assembly of the 6HB required for EBOV-host membrane fusion
(Fig. 1). Interfering with 6HB formation is a strategy previously employed successfully
against HIV (43–52) through targeting an analogous pocket on the viral protein gp41
(53, 54). The computational screening resulted in the prioritization and purchase of 165
compounds for experimental characterization, which led to 11 hits that inhibit viral
entry in both EBOV-GP-pseudotyped virus and EBOV transcription- and replication-
competent virus-like particle (trVLP) systems. Compounds were further evaluated to
assess (i) potential activity artifacts using detergent-containing experiments, (ii) speci-
ficity for EBOV using a vesicular stomatitis virus glycoprotein (VSV-G)-pseudotyped virus
particle counterscreen, and (iii) step(s) within the EBOV replication cycle where they
exerted the majority of inhibitory activity using time-of-addition (TOA) analysis. Results
suggest that 4 of the 11 compounds act to specifically inhibit EBOV entry after
attachment but prior to virus-host membrane fusion. Molecular dynamics (MD) simu-
lations in conjunction with genome analysis identified 7 highly conserved residues
across different Ebola virus strains (E564.A, A568.A, L571.A, F572.A, T566.C, L569.C, and
L573.C) that contribute a majority of the favorable interactions between the com-
pounds and GP2.

RESULTS
Virtual screening outcomes. The goal of this study was to identify molecules that

inhibit EBOV infection by interfering with the interactions required for formation of the
GP2 six-helix bundle (6HB). Since the conformational change required to produce the
postfusion structure is dependent on CHR binding the NHR region of GP2 (Fig. 1), a
virtual screen of approximately 1.7 million compounds was conducted to a five-helix
bundle model of GP2 constructed by the removal of one CHR from a high-resolution
postfusion structure (PDB entry 2EBO [25]) (see Materials and Methods, below). Com-
pound prioritization led to 83 candidates purchased for experimental testing (Fig. 2)
and employed five distinct scoring functions: DCESUM (DOCK Cartesian van der Waals
and electrostatic energy), FPSVDW (footprint comparison of the van der Waals energy of
the reference peptide and selected ligands), FPSES (footprint for electrostatic energy),
FPSSUM (footprint for both van der Waals and electrostatic energy), and TS (total score;
the combination of DCESUM and FPSSUM). A large number of molecules was prioritized
based on their structural and spatial similarity to the reference ligand composed of a
segment of the CHR that made the most favorable interactions with our model of a GP2
five-helix bundle. As a rule, all 83 compounds chosen for experimental testing showed
good overlap with the reference (Fig. 2A). However, those selected based on favorable
footprint similarity (FPS) have somewhat better overlap than those selected based on
DCE or TS (Fig. 2B).

Consistent with visual inspection (Fig. 2), molecules in each of the five groups share
similar size and flexibility, with a mean molecular weight (MW) distribution of 467.3 g/mol
and number of rotatable bonds of 9.5 (Table 1). Compounds purchased based on
similarity in electrostatic (ES) interaction profiles (FPSES) had the overall smallest MW
(414.0 g/mol) and fewer numbers of rotatable bonds (8.3), while those selected from
the TS list were largest (492.3 g/mol) (Table 1). As expected (45, 55), compounds
selected using a specific scoring function (Table 1, scoring function column) generally
showed the best average score with regard to that specific chemical or physical
property (Table 1, Property columns). For example, compounds prioritized using the
DCESUM function yielded a more favorable (lower) average DCESUM energy (�65 kcal/
mol) than those obtained using other functions (�49 to �59 kcal/mol). Likewise,
molecules selected using FPSSUM resulted in a more favorable average FPSSUM score
(5.5) than the other groups (7.8 to 19.1). For compounds prioritized using FPSES and
FPSVDW footprint components, the scores were the lowest (1.6) and second lowest (3.9),
respectively, among their respective FPSES and FPSVDW groups.

Small-Molecule Inhibitors of Ebola Virus Entry Journal of Virology

August 2019 Volume 93 Issue 15 e00676-19 jvi.asm.org 3

http://www.rcsb.org/pdb/explore/explore.do?structureId=2EBO
https://jvi.asm.org


For the DCESUM-selected group, the favorable scores can be attributed to strong ES
interactions resulting in an average DCEES score of �15.5 kcal/mol, over 2-fold greater
than the ensemble average (�6.9 kcal/mol). The overall strength of the DCESUM scores,
in conjunction with being the second smallest group in terms of MW and number of
rotatable bonds (9.2), suggests that the DCESUM list compounds are highly polar. In
contrast, the TS list interactions are dominated by strong VDW interactions due to their
larger size (MW � 492 g/mol) (Table 1). Consistent with the fact that FPSSUM is a part
of the TS scoring function, the FPS score components are better than those observed
using DCESUM. However, the overlap is relatively moderate (FPSSUM � 10.5, FPSVDW �

6.8, FPSES � 3.7); therefore, future work could explore increasing the contribution of the
FPS component of TS. In summary, molecular property analysis confirms that the 83
purchased candidates are similar in size and flexibility but diverse in terms of interac-
tion energy and overlap the reference peptide.

FIG 2 Visualization of the purchased docked molecules. (A) The reference peptide (in blue, i) and all 83
purchased molecules (in green, ii) and how they fit in the surface of the EBOV five-helix bundle, in gray.
(Bi) Reference ligand and surface (in blue). Overlap of the 83 purchased molecules was based on all five
ranked methods, in the following order: (ii) DCESUM (n � 24), (ii) FPSVDW (n � 17), (iii) FPSES (n � 12), (iv)
FPSSUM (n � 10), and (v) TS (n � 20). The reference peptide and its surface are in blue. The overlaid
purchased compounds are in green.

TABLE 1 Summary of ligand properties from the initial computational screen

Scoring functiona

Propertyb

N MW RB DCESUM DCEVDW DCEES FPSSUM FPSVDW FPSES

DCESUM 24 460.9 � 41.8 9.2 � 2.0 �65.0 � 5.9 �49.5 � 3.6 �15.5 � 5.4 19.1 � 2.2 8.8 � 1.5 10.3 � 2.3
FPSSUM 10 479.6 � 30.2 9.8 � 1.8 �49.3 � 0.9 �46.5 � 1.2 �2.7 � 0.9 5.5 � 0.6 3.1 � 0.4 2.4 � 0.5
FPSVDW 17 477.2 � 34.4 9.4 � 1.5 �49.8 � 1.7 �46.1 � 2.0 �3.6 � 2.0 7.8 � 2.3 3.9 � 0.9 3.9 � 1.8
FPSES 12 414.0 � 45.6 8.3 � 1.4 �48.7 � 0.9 �45.3 � 1.4 �3.3 � 1.0 8.6 � 1.5 6.9 � 1.6 1.6 � 0.2
TS 20 492.3 � 19.4 10.7 � 1.6 �59.1 � 3.1 �55.6 � 2.2 �3.5 � 3.1 10.5 � 2.5 6.8 � 1.0 3.7 � 1.9
Cum avg 83 467.3 � 42.5 9.5 � 1.8 �56.2 � 7.8 �49.3 � 4.6 �6.9 � 6.5 11.5 � 5.4 6.3 � 2.4 5.0 � 3.8
aAbbreviations: DCESUM (DOCK Cartesian van der Waals and electrostatic energy), FPSVDW (footprint comparison of the van der Waals energy of the reference peptide
and selected ligands), FPSES (footprint for electrostatic energy), FPSSUM (footprint for both van der Waals and electrostatic energy), TS (total score, the combination of
DCESUM and FPSSUM), cum avg (cumulative average and standard deviation of the total number of compounds or the number of compounds, as appropriate).

bN represents the number of molecules in each category. MW, molecular weight (g/mol); RB, rotatable bonds. The values in each column correspond to the means
and standard deviations for each descriptor. Energy scores (DCESUM and DCEES) are computed in kcal/mol, and FPS scores are calculated using the Euclidian distance
between the energies of the ligands and reference.

Singleton et al. Journal of Virology

August 2019 Volume 93 Issue 15 e00676-19 jvi.asm.org 4

https://jvi.asm.org


Nine molecules from the initial in silico screen inhibit EBOV-pseudotyped virus
entry in vitro. The 83 compounds identified from the aforementioned in silico screen
were tested for their ability to inhibit EBOV entry and for cytotoxicity at 25 �M (6, 30,
45). EBOV (HIV-1/EBOV)-pseudotyped virus entry into 293T cells was quantified by
luciferase signal normalized by cytotoxicity and dimethyl sulfoxide (DMSO) control to
yield the infectivity signal per cell as a fraction of the maximum (see Materials and
Methods). Encouragingly, nine compounds resulted in a normalized luciferase signal of
�0.25 (Fig. 3, blue). Additionally, the observed luciferase signal for the nine compounds
was approximately 1.5 standard deviations below the average infectivity signal for all
83 purchased molecules, 0.76 � 0.40. Although the two compounds with the most
activity (I01 and I49) were also the most cytotoxic (Fig. 3, lower, blue), all nine hits with
activity were retained and used as starting points for identification of structurally
related analogs in a secondary computational screen (see Discussion).

Secondary similarity screen. To identify additional compounds with enhanced
activity, a second similarity-based computational screen was conducted to explore the
chemical search space around the nine initial hits. Each of the hits in turn was used to
rescore and rerank the top 100,000 docked molecules from the initial screen to identify
compounds with similar functionality and three-dimensional (3D) shape using the
DOCK Hungarian similarity (HMS) scoring function (56). The 500 top-scoring molecules
from the nine unique lists were further interrogated using five additional functional
methods to assess energy score (DCE) and similarity to the initial hit (footprint [FPS],
pharmacophore [FMS], volume overlap [VOS], and Tanimoto).

Figure 4 compares docked geometries for four of the initial hits (gray) overlaid with
two representative compounds each (orange) from the secondary screen. In these
examples, with the exception of I49, the compounds generally showed strong overlap
and made residue-based interaction patterns similar to those of their respective

FIG 3 Normalized infectivity and cell viability for the top 25 out of 165 compounds tested against
EBOV-GP-pseudotyped virus. Luminescence (top) associated with EBOV-GP-pseudotyped particle entry
into 293T cells was measured and normalized by the DMSO control, and cytotoxicity (bottom) was
obtained by fluorescence. The negative control (DMSO) is shown in black, and the positive control for
inhibition (E64), tested at 50 �M, is shown in red. Molecules from the initial screen (I), in blue, and
similarity screen (S), in green, with normalized luciferase signal of �0.25, are shown. For both screens,
candidate compounds were tested in duplicate at 25 �M.
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references (Fig. 4), corresponding to a high average VOS score of �0.7 and a low
average FPS score of �5.6. Despite the overall similarity of ligand scaffolds within each
group, the use of different DOCK functions generally resulted in the selection of
chemically diverse molecules at the atomic level. In some cases, however, the same
ligand was the top-ranked candidate across the different groups. For example, rank
ordering by pharmacophore or volume overlap yielded the same top-scored results for
I01 (FMS � 1.56, VOS � 0.82), which suggests high structure and functional similarity
with the initial hit (Fig. 4, FMS and VOS). Overall, the secondary virtual screen resulted
in the selection of 82 additional candidates, which were subsequently evaluated for
inhibition and cytotoxicity at 25 �M against EBOV-pseudotyped virus. A luciferase
signal of �0.25, which was more than 1 standard deviation below the population mean
luciferase signal of 0.54 � 0.30, was used to identify 16 additional hits with moderate
to low cytotoxicity (Fig. 3, green, S prefix).

Dose-response characterization of candidates against HIV/EBOV-GP-pseudotyped
virus. To further explore the 25 most promising candidates identified from the two in
silico screens (9 initial plus 16 secondary), in terms of reducing infectivity and their
effects on cell viability, the dose-dependent activity for each was measured. Of the 25
tested from Fig. 3, 11 compounds exhibited generally well-behaved entry inhibition
compared to that of the known control inhibitor, E64, seemingly independent of
cytotoxicity, especially at the observed 50% inhibitory concentration (IC50) values, as
shown in Fig. 5. The structures of the 11 compounds, with code names, are shown in
Fig. 6.

Encouragingly, of the 11 molecules, 7 exhibited IC50 values under 10 �M, compa-
rable to the results observed for the control inhibitor E64 (IC50 � 5.70 � 5.67 �M) under
the same conditions (Fig. 5 and Table 2). Specifically, the IC50 values for I01, I49, and S31
were less than 5 �M, and the IC50 values for S03, S33, S36, and S49 were less than
10 �M (Fig. 5 and Table 2). An accurate cytotoxic concentration that results in 50% cell
death (CC50) could be obtained for 9 of the 11 compounds. For S42, S58, and E64, the
computed CC50 values had large standard deviations, although examination of the
cytotoxicity curves suggests minimal impact on cell viability. The two most potent
molecules in this assay, I01 and I49, displayed CC50 values of approximately 11 to 15 �M
(Table 2). All other hits had observed CC50 values of 29 �M or greater. Selectivity index

FIG 4 Comparison of docked poses between four compounds from the initial screen (I) with representative
candidates selected from the similarity screen (S). Two top-scoring compounds selected from rescoring the virtual
screening library with Hungarian (HMS), footprint (FPS), pharmacophore (FMS), or volume overlap similarity (VOS)
are shown in orange overlaid with I01, I49, I71, and I74 (gray) from the initial screen in their predicted binding pose.
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(SI � CC50/IC50) values were also calculated. The higher the SI ratio, the more potent
and the safer the compound is projected to be in vivo. Examination of the data showed
a range of SI values from 3 to 14 for pseudotyped virus (Table 2). Of the compounds
with computable SI, the two hits with the greatest SI were S03 and S49, which have SI
values around 13 (Table 2).

Candidate compounds show improved or comparable inhibition of EBOV
trVLPs. To test the effects of the inhibitors in an EBOV system that utilizes virus
particles of a size and shape similar to that of native EBOV (57), the 11 compounds were
assessed for inhibitory effect against the EBOV trVLP system at various concentrations
(Fig. 7). Notably, 8 of the 11 yielded IC50s under 5 �M (Table 2). Of particular interest,
comparative linear regression analysis between the IC50s observed for each candidate
against EBOV-pseudotyped virus and trVLPs yielded an r2 value of 0.55 (n � 12), which
increased to 0.98 (n � 10) with the removal of the outliers I53 and S58 (Table 2). As
expected, based on the good correspondence between the two dose-response assays,
I01 remained the most potent compound, with an IC50 of 1.10 � 0.99 �M (Fig. 7 and

FIG 5 Dose-dependent activity and cytotoxicity for the most promising candidates against EBOV-pseudotyped virus.
Activity (black) and cytotoxicity (red) are shown for the most promising 11 out of 25 compounds tested (n � 2) from Fig.
3. Molecules from the initial and secondary screens are labeled with the prefixes I and S, respectively. Computed IC50 values
are also shown along with the number of biological replicates used to calculate the viral entry results, with the standard
error representing the 95% confidence interval for the IC50.
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Table 2). Furthermore, S29, which exhibited an IC50 of approximately 26 �M in the
pseudotyped experiment, was the only compound found to have an IC50 greater than
20 �M. The range of SI values from the trVLP experiments was between 2.9 and 25.8,
with five candidates yielding selectivity indices greater than that of E64 (Table 2). Of the
aforementioned five inhibitors, the two compounds with the largest SI values are S03
(14.3) and S58 (25.8) (Table 2). In summary, the results indicate good reproducibility
between pseudotyped virus and trVLP assays, affirming the observed activity of the
tested hits.

Specificity of candidates for EBOV-GP. The 11 hits were also examined using
computational and experimental methods to ascertain if the observed activity involved
nonspecific effects as a result of colloidal aggregation, pan-assay interference com-
pound (PAINS) liabilities (58–60), or promiscuity. As an initial step to assess whether
activity was a result of colloids, the compounds were screened for structural similarity
to known aggregators using Aggregation Advisor (http://advisor.bkslab.org) (61). Eight
candidates exhibited no known similarity to compounds in the current database. The
three remaining compounds (I01, S29, and S31) were found to have 75%, 70%, and 77%
structural similarity to a known aggregator. As described by Irwin and Shoichet (60), the

FIG 6 Structures of the 11 most promising candidates. Compounds from the initial screen (prefix I) and similarity
screen (prefix S) are depicted with their corresponding name and ZINC identifiers.

TABLE 2 IC50, CC50, and SI for inhibitors of both in vitro EBOV particles

Moleculea

Pseudotyped trVLP

IC50 (�M) CC50 (�M) SIb IC50 (�M) CC50 (�M) SIb

E64 5.70 � 5.67 58.31 � 12364 5.77 � 3.20 42.18 � 18.25 7.3
I01 1.79 � 0.54 14.64 � 5.86 8.2 1.10 � 0.99 9.72 � 3.23 8.8
I49 2.91 � 0.63 10.95 � 6.46 3.8 2.67 � 1.49 17.28 � 2339
I53 36.66 110.20 � 57.97 3.0 13.64 � 12.15 47.49 � 31.84 3.5
S03 5.79 � 6.70 80.03 � 45.48 13.8 4.04 57.65 � 24.16 14.3
S29 25.74 � 9.00 113.10 � 82.25 4.4 26.34 � 17.13 75.10 � 24.35 2.9
S31 4.77 42.37 � 15.40 8.9 2.41 26.67 11.1
S33 5.85 � 5.20 29.02 � 12.39 5.0 3.06 17.50 5.7
S36 6.29 � 1.55 66.93 � 33.30 10.6 3.19 16.49 5.2
S42 11.59 � 9.95 120.10 � 4325 11.05 � 12.93 123.50 � 71.2 11.2
S49 5.06 66.60 � 33.95 13.2 3.81 � 3.16 22.38 5.9
S58 19.50 � 18.88 118.60 � 13353 4.08 � 0.88 105.20 � 57.14 25.8
aPrefix I, initial screen; prefix S, similarity screen.
bSI � CC50/IC50.
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addition of detergent should lead to a decrease in activity if a compound inhibits
exclusively due to colloidal aggregation. Thus, activity was also tested in the presence
of 0.025% Tween 80 (Table 3). Compounds here were defined as not sensitive to
detergent if their IC50 values with and without detergent were similar, if their IC50

ranges with and without detergent overlapped, or if their activity increased. Based on
these criteria, none of the hits appeared to be sensitive, although S49 was classified as
ambiguous due to the absence of a computable error associated with the IC50 value.

The 11 compounds were also subjected to an evaluation for PAINS alerts using 3
distinct computational filters (CBLigand [62], FAFdrugs3 [63], and SwissADME [64]). I49
was the only compound with a PAINS warning, which occurred for all three programs
due to the possibility of Mannich reaction (64). Despite this warning, we opted to retain
compound I49 at this early stage given the fact that multiple FDA-approved drugs elicit
PAINS alerts (60). Finally, PubChem (65) was searched to assess if any of the compounds

FIG 7 Dose-response infectivity of EBOV trVLPs with the treatment of 11 hits. The 11 most promising candidates identified
from assays using pseudotyped virus were retested against EBOV trVLPs. Molecules from the initial and secondary screens
are labeled with the prefixes I and S, respectively. Dose-response curves (black) and cytotoxicity results (red) were
generated from replicate experiments (n � 3). IC50s are displayed above each graph with the number of biological
replicates performed to calculate the viral entry results.
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were previously reported as being active against multiple targets (i.e., whether or not
they were promiscuous inhibitors). Results were only available for I01, which had been
tested in 708 independent studies. In these prior works, I01 was reported as active in
14 studies to different targets, as an inconclusive inhibitor in 11 experiments, and as a
nonspecific inhibitor of steroidogenic acute regulatory protein (BioAssay AID 651611;
https://pubchem.ncbi.nlm.nih.gov/bioassay/651611) (66). Due to its apparent promis-
cuity, I01 was not considered further.

A counterscreen using VSV (HIV-1/VSV-G) was performed to experimentally deter-
mine the specificity of the prioritized set of 10 compounds. In a procedure similar to
that of the EBOV-pseudotyped virus screen (Fig. 3), cells were treated with DMSO, the
EBOV inhibitor E64, the nonspecific endosome acidification inhibitor bafilomycin A1
(67), or the candidates (Fig. 8). Compound I49 was tested at 10 �M due to its low CC50

(Table 2), while the other 9 candidates were tested at 25 �M. Notably, all compounds
showed less inhibitory activity against the VSV-G screen (Fig. 8) than the initial EBOV-GP

TABLE 3 Summary of colloidal aggregation, detergent sensitivity, PAINS, and promiscuity alerts

Moleculea Aggregation alert status (%)

IC50 (�M) with:

Detergent sensitivity

Alert

No detergent Tween 80 PAINS Promiscuity

I01 75 1.79 � 0.54 2.48 � 1.35 No No Yes
I49 No 2.91 � 0.63 3.12 � 0.68 No Yes No
I53 No 36.66 35.26 No No No
S03 No 5.79 � 6.70 5.21 No No No
S29 70 25.74 � 9.00 5.03 � 3.62 No No No
S31 77 4.77 4.68 � 0.36 No No No
S33 No 5.85 � 5.20 8.12 � 2.37 No No No
S36 No 6.29 � 1.55 4.83 � 1.11 No No No
S42 No 11.59 � 9.95 36.52 � 16.58 No No No
S49 No 5.06 17.77 � 10.61 Ambiguous No No
S58 No 19.50 � 18.88 40.51 � 24.45 No No No
aPrefix I, initial screen; prefix S, similarity screen.

FIG 8 Infectivity of candidate compounds on VSV-G-pseudotyped virus entry ordered by infectivity.
Compounds were tested against VSV-G-pseudotyped virus entry in triplicate (n � 3), at 10 �M (I49) or
25 �M (all others), based on cytotoxicity determined in the initial EBOV-pseudotyped virus experiments
(Table 1). Cells were also treated with DMSO (black) and E64 at 25 �M (red) as negative controls of
inhibition and bafilomycin A1 at 0.25 �M (purple) as a positive control for inhibition. Data from initial (I)
and similarity (S) screen molecules are shown in blue and green, respectively. The hashed vertical line in
the infectivity graph represents normalized infectivity of 0.8 per cell.
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screen (luciferase signal, �0.25) (Fig. 3). The four compounds with the least average
inhibitory activity against VSV-G and, therefore, likely higher specificity for EBOV were
I49, S29, S31, and S58 (Fig. 8). These hits showed minimal effects on cell viability. Based
on the aforementioned analysis, although other compounds shown in Fig. 8 would also
be promising to explore, at this stage only I49, S29, S31, and S58 were selected for
further characterization.

Candidate compounds exhibited maximal inhibition postattachment and be-
fore membrane fusion. To explore the stage in the EBOV entry cascade at which the
candidates act, time-of-addition (TOA) experiments (6, 30, 31, 68) were performed (Fig.
9) for the four compounds showing the most specificity, as suggested by the averaged
activity results depicted in Fig. 8. In this TOA assay, 293T cells were treated with the four
candidates and the cathepsin inhibitor E64d at various time points postinfection.
Compounds were tested at the concentration required to reach maximum inhibition
without a significant effect on cell viability as described by the dose-response curves
against pseudotyped virus (Fig. 5 and Table 2). Importantly, the four candidate mole-
cules exhibited an activity trend similar to that of the known control E64d, where
maximum inhibition occurred up until the 80-min time point and then began to
decrease (Fig. 9). The fact that the compounds track with E64d suggests they act after
pinocytosis, after cleavage to the NPC1 binding form, but prior to the fusion step, as
expected for molecules targeted to disrupt the interaction between the CHR and NHR
necessary for 6HB formation.

I49 and S31 exhibit reproducible pose stability in MD simulations. Experimental
characterization through concentration-dependent analysis, counterscreening, and
TOA experiments suggested that I49, S29, S31, and S58 were the most potent, specific
inhibitors of the premembrane fusion stage of EBOV entry identified from virtual
screening. To more fully explore the energetic and geometric compatibility of these
inhibitors with GP2 at the proposed pocket, all atom MD simulations of the DOCK-
predicted poses were executed. As previously described (45, 55, 69), six replica 20-ns
simulations for each candidate-GP2 complex were performed in explicit solvent, where
each replica employed a different random seed. Ligand movement was quantified
using RMSDs (root mean squared deviations) that accounted for translation, rotation,
and differences in internal geometry relative to the initial predicted pose.

FIG 9 Candidate compounds act with the timing of E64d in EBOV entry. Time-of-addition experiments
were performed with EBOV-pseudotyped virus on 293T cells. Candidate compounds (I49, S29, S31, and
S58) and the control (E64d) were added at the indicated times of infection. The data shown are from two
biological replicates that were performed in triplicate and normalized as described in Materials and
Methods.
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Analysis of the trajectories showed that of the four compounds simulated, I49 and
S31 maintained their DOCK-predicted poses more closely across all six simulations, as
observed by the reproducible average RMSDs of 2.65 � 0.77 Å and 2.75 � 0.25 Å,
respectively (Fig. 10). Since the average RMSDs of I49 and S31 were less than or equal
to 2.75 Å, which is close to the typical benchmark (2.0 Å) commonly used in redocking
validation tests (42), additional characterization for these two compounds was per-
formed as described further below. In contrast, S29 and S58 adopted a wider variety of
ligand poses during MD simulations, resulting in a larger range of RMSDs (Fig. 10).
Visual inspection showed S29 adopted two overall geometries during its MD simula-
tions, one closer to the original DOCK pose, which contributed to its bimodal RMSD
histogram (Fig. 10). In general, compound S58 showed a much larger overall spread in
RMSDs (mean of �5.5 Å) as a result of larger changes in internal geometry and/or
movement in the pocket.

Footprint interaction analysis. As a step toward understanding the hypothesized
mechanism of action inhibiting six-helix bundle formation, the interactions of I49 and
S31 with GP2 were characterized. To determine which residues had the greatest
contribution to the ligand-receptor interactions across both hits, footprint interaction
profiles were generated for each compound from the energies obtained over the MD
trajectories (Fig. 11). Overall, the footprints showed striking similarity to the reference,
especially in terms of the VDW profile (Fig. 11), suggesting good molecular mimicry of
the CHR region. Moreover, I49 and S31 maintained strong contacts to a similar degree
with the same residues, consistent with their overlap in the binding site and structural
similarity. The residues with the most favorable interactions across the two candidates,
which resulted in combined average energies greater than �2.5 kcal/mol, regarding
VDW packing include (i) E564.A (�5.33 � 2.35 kcal/mol), (ii) A568.A (�3.70 � 0.75 kcal/
mol), (iii) L571.A (�3.45 � 0.96 kcal/mol), (iv) F572.A (�2.90 � 1.06 kcal/mol), (v)
T566.C (�3.69 � 0.88 kcal/mol), (vi) L569.C (�3.66 � 1.13 kcal/mol), and (vii) L573.C
(�2.66 � 0.70 kcal/mol) (Fig. 11). Regarding the ES energies, the reference profile
contains two ES peaks corresponding to E564.A and Q567.A; however, E564.A was

FIG 10 Variation from DOCK-predicted poses. Histograms of ligand RMSD computed from six replica MD
simulations for the 4 hits. RMSDs (Å) include ligand pose variation in translation, rotation, and internal
geometry relative to the initial DOCK pose. Average RMSDs are displayed below each molecule name
with the position indicated by a gray dotted line.
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the only consensus residue with a combined average energy (�5.18 � 2.55 kcal/
mol) of less than �2.5 kcal/mol (Fig. 11). Notably, S31 also had a considerable
interaction with Q567.A (�0.85 � 0.64 kcal/mol) (Fig. 11). Further inspection of the
individual footprint profiles of I49 and S31 showed that S31 interacted slightly more
favorably with the EBOV five-helix bundle than I49 across multiple residues in
addition to Q567.A. For instance, S31 had stronger predicted interactions with
E564.A in both the VDW (�6.05 � 1.12 kcal/mol) and ES (�6.58 � 1.28 kcal/mol)
plots than I49 (VDW, �4.62 � 1.17 kcal/mol; ES, �3.78 � 2.72 kcal/mol). Although
simulation of S31 resulted in slightly greater energies over 6 of the 8 key residues
(Fig. 11), the energies of the candidates are within one standard deviation from the
means and therefore are insignificantly different, highlighting E564.A, A568.A,
L571.A, F572.A, T566.C, L569.C, and L573.C as the key GP2 residues that interact
with the reference ligand, I49, and S31.

Of the corresponding residues, notable favorable VDW interactions were visualized
at F572.A and T566.C. Specifically, F572.A was involved in strong nonspecific VDW
interactions with the 4-methyloxy,6-carboxylphenyl substituent of I49 and the phenyl
substituent of S31 (Fig. 12). Additionally, although both hits interact with T566.C, I49
was the only compound to exhibit a VDW interaction with T566.C throughout approx-
imately 30.03% of the 6 simulations. Regarding ES interactions, the two inhibitors
established and maintained strong ES contacts with E564.A across one main substituent
throughout the majority of their MD simulations. For instance, the protonated nitrogen
of the methylpiperidine substituent of I49 maintained water-mediated hydrogen-
bonding interactions (�25%) with the backbone and sidechain of E564.A and direct
hydrogen-bonding interactions with the sidechain of E564.A about 32% of the time
(Fig. 12). On the other hand, S31 retained water-mediated interaction with E564.A

FIG 11 MD average footprint profile. VDW (top) and ES (bottom) energy footprint score for the reference (in blue),
I49 (in green), and S31 (in black). Both figures show the top 33 residues with a high interaction energy and the
remainder of the protein reference, named Remain. The energy for the reference ligand is derived from a minimized
X-ray pose. The error bars represent the standard deviations from the means.
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through approximately 28% of the simulations and direct hydrogen-bonding interac-
tions for a total of approximately 57% of the simulations (Fig. 12). In summary, results
suggest that I49 and S31 have the potential to establish and retain strong VDW and ES
interactions with the predicted GP2 binding site.

Sequence conservation across the key residues. To assess whether the inhibitors
have the potential to interact favorably with other Ebolavirus species and related
Filoviridae viruses, a comprehensive sequence alignment study was conducted. Specif-
ically, 811 human sample sequences containing the complete GP genome for the five
known Ebolavirus species, Zaire, Bundibugyo, Reston, Sudan, and Tai Forest, were
selected via the Virus Pathogen Resource (ViPR) database (www.viprbrc.org; NIH). An
additional 285 virus sequences were selected using BLAST (70) based on similarity to
the core GP2 sequence (PDB entry 2EBO_A) used to conduct the virtual screens.
Multiple-sequence alignment was then performed using COBALT (71) to align the
above-mentioned 1,096 GP2-containing sequences to the full-genome sequence of
GP2 (Zaire ebolavirus strain Mayinga-76; GenBank accession number AHC70246). Ulti-
mately, 581 sequences seen in humans and nonhuman primates were retained with
fragmented or complete GP sequences, which were used for sequence comparison
analysis (Fig. 13).

Consistent with previous studies (29, 32, 72), there is high sequence identity for the
core region of GP2 (G557-F630), with the exception of an intentional Cys609Ala
mutation introduced into 2EBO_A to facilitate crystallization (25). Comparison of 581
genomes to a complete GP2 sequence (residues 502 to 676) exhibited approximately
90% conservation (Fig. 13, bottom). Notably, the 487 Zaire sequences, which are the

FIG 12 Compounds I49 (left) and S31 (right) in their predicted binding pose and location relative to key
receptor residues. Hydrogen bonds are represented by an orange dashed line.

FIG 13 Sequence alignment of the core sequence of GP2. From top to bottom the representative sequences are, by GenBank accession number, 2EBO_A (Zaire),
AHC70246 (Zaire, Mayinga 1976), YP_003815435.1 (Bundibugyo), APA16571.1 (Reston), ALL26375.1 (Sudan), and ALT19763.1 (Tai Forest). Below is the consensus
sequence of the database of 581 fragmented or complete GP sequences generated by Weblogo3 (University of California, Berkeley). The 2EBO_A sequence
begins at residue 557 and ends at residue 630. Alignment was performed with a Gap penalty opening of �25 and end-gap penalty of �15. The seven key
residues in the protein sequence used for virtual screening and equivalent membrane fusion glycoproteins are highlighted in red. The dots signify sequence
conservation.
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most common and pathogenic (5–7), showed 97% sequence similarity. The seven key
residues identified from the MD-based footprint analysis of I49 and S31 with GP2
(E564.A, T566.C, A568.A, L569.C, L571.A, F572.A, and L573.C) showed greater than 90%
conservation across all 581 sequences, and for Zaire in particular there was �99%
conservation.

Overall, the high sequence conservation among the subset of surveyed genomes for
the five Ebolavirus species, for which a representative example is shown in Fig. 13,
suggests that I49 and S31 have the potential to interact with the seven key residues in
analogous GP2 binding sites (Fig. 13, shaded bars) and thereby inhibit sequence
variants of Zaire ebolavirus and different Ebolavirus species. However, experimental
testing would be required to characterize the activity of the small molecules against the
different viruses.

DISCUSSION

EBOV particles enter the cell through macropinocytosis (16), where they are later
trafficked to the endosome and a conformation change is induced in the viral envelope
protein GP2 that leads to membrane fusion (17–20). During this conformational
change, the three CHR regions bind to the NHR trimer, forming a six-helix bundle (6HB)
and mediating host-virus membrane fusion (25). Due to the current lack of FDA-
approved therapeutics available to treat EVD and the key involvement of GP2 in virus
entry, this study focused on the identification of small-molecule leads to inhibit the
formation of the 6HB necessary for virus entry by targeting GP2 at the interface where
the CHR interacts with the NHR. It is important, however, to note that our GP2 docking
model is only an approximation of the EBOV prehairpin and, thus, is not likely to reflect
all of the subtleties inherent in the actual biological system. Nevertheless, as the
approach was successfully used by our group in prior work (45, 46, 73) and led to
the identification of entry inhibitors targeting HIV gp41, we believe that adapting the
methods to target Ebola is a reasonable strategy.

In this work, an initial virtual screen followed by a second similarity screen were
performed to prioritize molecules with energetically favorable interactions with the GP2
NHR pocket. This led to a total of 165 compounds for experimental testing, of which 25
appeared promising in an EBOV-pseudotyped virus entry assay. Subsequent dose-
response analyses narrowed down the group to 11 inhibitors with low to moderate
cytotoxicity. To further validate activity, the hits were tested against EBOV trVLPs, which
are more similar in shape and size to the native virus. The trVLP results correspond well
with those obtained using pseudotyped virus, affirming the hits are promising EBOV
inhibitors. To probe specificity, the hits were also tested using VSV-G-pseudotyped
virus-like particles (Fig. 8). At this stage, four compounds (I49, S29, S31, and S58) were
prioritized for additional analysis given their strong inhibition, low cytotoxicity, and
apparent specificity for EBOV.

In the time-of-addition assay, the control curve for E64d showed the maximal level
of inhibitory activity occurring between time 0 and up to the 80-min time point at
which inhibition starts to decrease (Fig. 9). This is consistent with other studies (68) that
have a lag in the EBOV entry pathway compared to that of influenza virus due to
trafficking to the late endosome/lysosome. The timing of loss of inhibition of E64d and
the experimental compounds, as reported in Mingo et al. (68), occurred with full
restoration of infectivity by the 3-h time point. In contrast, full infectivity was not
restored in our system until approximately 6 h. This could be due to differences in VLPs,
cell types, or the readout assay. Importantly, all four hits (I49, S29, S31, and S58)
exhibited a time-of-addition trend similar to that of E64d, suggesting that they are
acting late in entry at a step that is after NPC1 binding.

Although the hits are hypothesized to prevent the collapse of the metastable
intermediate into the stable 6HB, it is possible they interact with an earlier GP2/GP1
prefusion conformation. They could also disrupt interactions with other partner pro-
teins, the lipid bilayer, or bilayer components or disrupt the putative E64d-sensitive
cleavage step (68). Additional mechanistic investigation, such as site-directed mutagen-

Small-Molecule Inhibitors of Ebola Virus Entry Journal of Virology

August 2019 Volume 93 Issue 15 e00676-19 jvi.asm.org 15

https://jvi.asm.org


esis and structural studies, will be required to confirm our hypothesis that the hits are
inhibiting 6HB formation. Further study of the candidate compounds and future work
on analogs and additional target sites could uncover important details about the fusion
trigger. As an initial step, to help validate that the inhibitors prevent 6HB formation, the
steric and energetic compatibility of the hits were explored via MD simulations. For the
two hits with the most reproducible ligand poses (lower RMSDs), the MD analysis
identified seven key GP2 residues (E564.A, A568.A, L571.A, F572.A, T566.C, L569.C, and
L573.C) engaged in significant favorable protein-ligand interactions (Fig. 11). Notably,
these residues are highly conserved (Fig. 13) across different Ebolavirus species, sug-
gesting the hits have the ability to inhibit different types of EVD-causing viruses.

The compounds identified in this work have efficacy similar to that of other reported
inhibitors of virus entry. Specifically, we identified 7 compounds with IC50 values of less
than 10 �M, and three of the hits had IC50 values of less than 5 �M. Previously reported
inhibitors include ZMapp, which is a combination of three antibodies, two of which
appear to prevent conformational changes in the NPC-1-primed GP that are necessary
for progression to late-stage entry (74). The estimated IC50 value for ZMapp is 5 to
10 �M (estimated from literature values reported by Holtsberg et al. [75] of 0.75 to
1.5 �g/ml). Other examples include C-peptide inhibitors (76) designed on the concept
of the successful HIV peptides T20 (enfuvirtide) and C34, which prevent 6HB collapse
(77). In contrast to HIV C-peptides, EBOV C-peptides showed weak or insignificant
antiviral activity due to their inability to access the endosomal compartment (76).
However, inhibition was significantly improved when researchers added the HIV Tat
protein transduction domain (PTD), for which the resulting Ebo-Tat hybrid showed 99%
inhibition at 75 �M (76). Other peptide-based inhibitors include prehairpin intermedi-
ate mimics reported by Clinton et al. (28), which showed mid-nanomolar inhibition in
a pseudotype assay and a series of cyclopeptides (78) with IC50 values ranging from 3.2
to 5.9 �M.

In terms of small molecules, Basu et al. (6) reported a benzodiazepine derivative
hypothesized to bind in a pocket observed in a prefusion conformation of GP1/GP2 that
inhibited entry with an IC50 of 12.1 �M. Another study identified that the G protein-coupled
receptor (GPCR) antagonist benztropine inhibited EBOV with an IC50 of 3.7 �M. Subsequent
crystallographic studies by Stuart and coworkers (32, 35) showed that benztropine and
other compounds, including bepridil, paroxetine, sertraline, toremifene, and, interestingly,
ibuprofen, bound to the GP1/GP2 site and are thought to destabilize the protein complex
(35). In contrast, the present compounds are hypothesized to stabilize a GP2 fusion
intermediate, which prevents conformational changes required for formation of the 6HB.
Notably, an investigation of drug synergy reported by Dyall et al. (79) using FDA-approved
drugs showed that the majority of pairs identified as synergistic inhibitors of Ebola virus
included an entry inhibitor. This suggests it is worthwhile to determine if there is synergy
between the entry inhibitors identified in this work and other compounds.

In summary, this study has demonstrated the utility of computer-aided modeling, in
conjunction with experimental testing, to identify four compounds (I49, S29, S31, and
S58) that appear to be specific inhibitors of EBOV entry. We targeted a previously
unexploited site on EBOV GP2 in a conformation representative of a prehairpin inter-
mediate and utilized protein mimicry to select for small-molecule GP2 mimics. The
identified inhibitors, hypothesized to prevent formation of the critical 6HB, serve as
proof of principle for this technique and as a starting point for further GP2-targeted
studies.

MATERIALS AND METHODS
Computational methods. In this work, several computational methods were employed to target

GP2, which can be arranged into five distinct protocols: (i) GP2 binding site and reference ligand
designation through hot-spot identification, (ii) receptor and reference preparation, (iii) DOCK receptor
setup, (iv) DOCK virtual screening protocols and compound prioritization, and (v) MD simulations. The
work employed several software packages, including antechamber, tleap, cpptraj (80), sander, and pmemd
from the AMBER suite of programs (University of California San Francisco) and dms, grid (81), and sphgen
(82), which are part of the DOCK suite of programs (University of California San Francisco).
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Summary of approach for identification of CHR molecular mimics. As described below, virtual
screening was conducted for a high-resolution postfusion crystal structure of GP2 with one C-terminal
heptad repeat (CHR) removed (termed the five-helix bundle). To identify molecules to compete with the
removed CHR, docked ligands were characterized for their ability to mimic the interaction energetic
patterns (footprints) (83) made by key CHR residues from chain C (I619.C to I626.C) with the N-terminal
heptad repeat (NHR) trimer (discussed below). The procedure compares the VDW and ES interactions of
a reference ligand (derived from key CHR residues) with a docked ligand (obtained from virtual
screening) with each residue of the five-helix bundle to generate a footprint similarity score based on the
Euclidian distance between the two interaction patterns. This similarity score, in combination with
energy scores, was used to prioritize docked molecules for purchase and experimental characterization.
We hypothesize that molecules that have interactions similar to those of the reference ligand will have
an increased probability of serving as effective molecular mimics.

GP2 binding site and reference ligand designation. By following previous protocols employed to
target HIV gp41 (45, 73), hot-spot residues at the interface of the CHR (residues 599 to 632) and NHR
(residues 556 to 599) of GP2 were identified in the postfusion X-ray structure (PDB entry 2EBO [25])
through examination of molecular footprints (84). Strong favorable van der Waals (VDW) and electrostatic
(ES) interactions present in the 6HB were used to identify a promising binding site for virtual screening
and a subset of CHR residues to aid in the selection of small-molecule mimics. The AMBER14 accessory
program tleap was used to protonate the 2EBO X-ray structure and assign the ff99SB protein force field
(85). A three-step minimization protocol was employed to relax the coordinates using the AMBER14
sander module, where 100 cycles were completed in turn with decreasing heavy-atom restraints of 1,000,
100, and 10 kcal mol�1 Å�2, respectively. As shown in Fig. 14A, the CHR residues with the most favorable
VDW interactions in the energy-minimized structure include I619.C, K622.C, I623.C, and I626.C, and the
residues with the most favorable ES interactions are W615.C, W616.C, and K622.C. Of the aforementioned
residues, only K622.C was selected due to its central location in the pocket and strong hydrogen-bonding
interaction with Q567.A of the adjacent chain’s NHR at its carbonyl oxygen. For simplicity, a continuous
CHR peptide sequence in the range of I619.C to I626.C (Fig. 14B) was subsequently chosen as the
reference ligand to prioritize molecules for purchase and to further define a narrow binding site for
screening.

Receptor and reference ligand preparation. To create a suitable GP2 model for docking, residues
A609 to F630 from the CHR of chain C were removed from the preminimized, crystallographic structure,
resulting in a five-helix bundle with the previously designated binding pocket exposed. The CHR residues
(I619.C to I626.C) that made the most favorable interaction with the five-helix bundle in footprint analysis
were prepared by following standard docking preparation protocols (86, 87). Briefly, the reference ligand
was manually isolated (Chimera [88]), protonated (MOE; Chemical Computing Group), and assigned
AM1-BCC (89, 90) charges (antechamber program). To avoid introduction of artificial terminus charges
due to fragmentation, the N and C termini of the reference peptide were capped with acetaldehyde (ACE)
and N-methylamide (NME) groups, respectively, using tleap. AMBER14 was then employed to minimize
the noncovalent complex following tleap assignment of the ff99SB (85) force field for the receptor and
GAFF (91) force field for the reference. Subsequently, a short restrained 3-stage energy minimization was
performed to relax the complex coordinates prior to saving separate receptor and reference files (MOL2
format) to be used for the virtual screening.

DOCK receptor setup. The GP2 receptor (five-helix bundle) was prepared for docking by following
protocols outlined in Allen et al. (45). Briefly, a molecular surface of the 2EBO five-helix bundle was
computed using the DOCK accessory program dms, followed by the generation of docking spheres using
the program sphgen (82). Subsequently, docking grids were generated using the program grid (81) with
6 to 9 Lennard-Jones exponents for the intermolecular van der Waals energies and a � � 4r distance-
dependent dielectric to scale the intermolecular Coulombic energies. The calculations employed a 0.3-Å
grid spacing, which extended 8.0 Å in all directions around the sphere set (86).

DOCK virtual screening protocols and compound prioritization. Following previously published
protocols (45, 55), a screening library of 1,707,345 commercially available drug-like molecules from the
ZINC database (92) (Chembridge vendor) was sorted according to the number of rotatable bonds and

FIG 14 Reference ligand selection. (A) VDW (in blue) and ES (in magenta) footprint profiles for a subset of CHR peptide residues with the
GP2 five-helix bundle. (B) Key reference ligand residues (orange) in the targeted protein binding site (gray).
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divided into 42 chunks of at most 50,000 molecules. Compounds were flexibly (FLX) (42) docked to the
GP2 five-helix bundle in parallel, using the MPI version of DOCK6.6 (University of California San
Francisco). For each docked compound, the best scoring pose was retained, which was then energy
minimized using the standard DOCK Cartesian energy (DCE) function to further fine-tune the interactions
between the receptor and candidate ligands and permit footprint similarity scoring (42, 84), where the
similarity in VDW and ES interaction profiles between the reference and screened molecules was
quantified using Euclidean distance.

Key descriptors were computed with the program MOE for the 100,000 top-scoring molecules based
on DCE score, including the number of Lipinski violations, number of chiral centers, and logP, to aid in
compound prioritization. The MOE MACCS clustering method was concurrently employed, using a
best-first approach, to group compounds into structurally related families with the best DCE scored
compound per family to serve as a clusterhead. To promote diversity in compound selection, the
top-scored clusterheads were rank ordered using five distinct scoring criteria: (i) the sum of the van der
Waals and electrostatic DOCK Cartesian energy score (DCESUM), (ii) the van der Waals FPS score (FPSVDW),
(iii) the electrostatic FPS score (FPSES), (iv) the sum of the FPSVDW and FPSES scores (FPSSUM), and (v) the
combined DCESUM and FPSSUM scores (total score, or TS) (45). Following 3D visual inspection of the
top-scoring members from each of the five lists, 83 compounds, referred to with the prefix I (initial
screen), were purchased for experimental testing. A second set of 82 ligands, referred to with the prefix
S (secondary screen), was purchased based on similarity comparisons to hits identified in the initial
screen. Similarity was computed using the following DOCK6 scoring functions: Hungarian similarity (56),
footprint similarity (83), pharmacophore similarity (93), and volume overlap. For both screens, additional
ligand properties considered included central location in the pocket, number of chiral centers (less than
2), formal charge between �1 and �1, favorable overall score with respect to the particular rank-order
method, and favorable electrostatic score.

MD simulations and analysis. For the most promising candidates, MD simulations were performed
to assess geometric and energetic stability. The AMBER14 accessory programs antechamber and tleap
were used to protonate, solvate, assemble, and assign force-field parameters for the protein receptor
(ff14SB) (94), solvent (TIP3P) (95), and ligand (GAFF) (91). Ligand partial charges were obtained from those
preassigned by the ZINC database (92). The five-helix bundle was capped where the N terminus was
capped with ACE and the C terminus was capped with NME.

As previously described (69), a nine-step protocol was used to equilibrate each solvated ligand-
protein complex. Briefly, all simulations were performed using the CUDA-accelerated version of pmemd
(96–98) in AMBER16. In short, first the solvent and protein-ligand hydrogens were minimized with a
restraint weight of 20.0 kcal mol�1 Å�2 on all complex heavy atoms for 10,000 cycles. Second, the
restraint was lifted and the entire complex was minimized for 5,000 cycles. Third, over 250 ps, the system
was heated from 50 to 300K. Fourth, a short MD simulation of 500 ps, with an all-atoms restraint weight
of 20.0 kcal mol�1 Å�2, was performed to optimize the water box density to 1. Lastly, each complex
underwent five equilibration steps, each 200 ps in length, with lessening restraint weights of all protein
and ligand heavy atoms. For the protein, the restraint weights were (i) 10.0, (ii) 5.0, (iii) 0.1, (iv) 0.1, and
(v) 0.1 kcal mol�1 Å�2, and for the ligand they were (i) 10.0, (ii) 5.0, (iii) 0.1, (iv) 0.1, and (v) 0 kcal
mol�1 Å�2. The equilibrated complexes underwent six replica MD simulations for 20 ns, with a restraint
weight of 0.1 kcal mol�1 Å�2 on protein heavy atoms. The equilibration and production runs were
performed at a constant temperature of 300.0K.

Visualization of MD trajectories was conducted using VMD (99) and Chimera (88). The AMBER14
accessory program cpptraj (80) and in-house protocols were utilized to extract VDW and ES energies
(with distance-dependent dielectric) and compute molecular footprints, RMSDs (root mean squared
deviations), and hydrogen-bonding interactions of each compound throughout its MD trajectories (4,000
frames for each simulation). As previously described (45, 55), predicted interaction energies from all six
replica MD trajectories were used to calculate the mean VDW and ES energies between the small
molecule and each residue of the five-helix bundle. Residues with energies of less than �2.5 kcal/mol for
the reference ligand and experimentally verified GP2 entry inhibitors were used to select key GP2
residues involved in an interaction energy. To compute ligand RMSDs, a two-step protocol was executed
(73). First, the protein-ligand complex in each frame of the trajectory was aligned using cpptraj so that
the protein’s alpha carbons overlapped. Second, atomic-level small-molecule translation and rotation
compared to that of the docked pose was quantified. For interpretation, RMSDs were binned based on
frequency using cpptraj and plotted using Python (Python Software Foundation). The AMBER accessory
program cpptraj was used to extract the direct and water-mediated hydrogen-bonding interactions from
each trajectory and provide a frequency, location, and frame.

Experimental methods. The experimental methods to characterize the inhibitory activity of the
small molecules identified from in silico screening are described below. Three different assays were
employed: (i) pseudotyped HIV-1/EBOV-GP was utilized to assess viral entry, (ii) pseudotyped HIV-1/VSV-G
was utilized to assess inhibitor specificity, and (iii) EBOV trVLP was utilized as a second confirmatory assay
of viral entry.

Cell lines and plasmids. The following reagents were obtained through the AIDS Reagent Program,
Division of AIDS, NIAID, NIH: TZM-bl cells (number 8129; from J. C. Kappes and X. Wu) (100) and
replication-defective HIV vector pNL4-3.Luc.R-E- (number 3418; from N. Landau) (101). The following
reagent was obtained through BEI Resources, NIAID, NIH: vector pcDNA3.1 containing Zaire ebolavirus
glycoprotein NR-19814 (102). Plasmid pCMV-VSV-G was a gift from E. Freed (NCI-Frederick). The EBOV
trVLP transfection plasmids pCAGGS-VP30, pCAGGS-NP, pCAGGS-VP35, pCAGGS-L, pCAGGS-T7, p4cis-
vRNA-Rluc, and pCAGGS-Tim1 were a gift from H. Feldmann (NIH) (57).
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293T cells (ATCC CRL-11268) and TZM-bl cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Corning) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Gemini Bio-
Products) containing 100 �g/ml of streptomycin and 100 U/ml of penicillin (DMEM–PS–10% FBS) in a
37°C incubator with 5% CO2 atmosphere.

Pseudotyped HIV-1/EBOV-GP and HIV-1/VSV-G virus preparation and titration. Replication-
incompetent pseudotyped virus containing the replication machinery of HIV-1 and the outer glycopro-
teins of either Ebola (HIV-1/EBOV-GP) or vesicular stomatitis (HIV-1/VSV-G) virus were prepared by a
standard transfection method using polyethylenimine (PEI) MAX 4000 (Polysciences) (103, 104). Specif-
ically, 24 h prior to transfection, 3 � 106 cells of 293T cells were seeded per 100-mm dish. The cells were
cotransfected with equal amounts (7.5 �g) of HIV-1 core plasmid (pNL4-3.Luc.R-E-) and envelope protein
plasmid using 45 �g PEI transfection reagent per plate. Twenty-four h posttransfection the medium was
replaced, and pseudotyped virus was harvested from the supernatant at 48 and 72 h posttransfection.
The supernatant was clarified by low-speed centrifugation followed by filtration with a 0.45-�m-pore-size
filter (Millipore). The filtered supernatant was centrifuged (27,000 rpm) at 4°C for 2 h, and the pellet was
resuspended in Dulbecco’s phosphate-buffered saline (DPBS) and stored at �80°C until needed (105).
Infectious titers of virus stocks were quantified by 5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside
staining in TZM-bl cells (106, 107).

EBOV trVLP preparation. A transient-transfection-based transcription- and replication-competent
system that models the entire replication cycle at biosafety level 2 was utilized to confirm inhibition. This
system is more physiologically relevant than pseudotyped virus due to the native size and shape of the
EBOV particles. Preparations of EBOV trVLPs were prepared as previously described (57, 108). Briefly, 293T
cells were seeded in 2 ml in a 6-well plate at �50% confluence. Twenty-four h postseeding, the cells were
transfected with the following plasmids per well: 75 ng pCAGGS-VP30, 125 ng pCAGGS-NP, 250 ng
pCAGGS-T7, 125 ng pCAGGAS-VP35, 1 �g pCAGGS-L, and 250 ng p4cis-vRNA-Rluc, using 5.5 �g PEI
transfection reagent. Twenty-four h posttransfection, medium was replaced with 4 ml DMEM–PS–5% FBS.
Seventy-two h posttransfection, the supernatant containing the trVLPs was pooled, clarified by low-
speed centrifugation, and stored at 4°C.

Screening of in silico-selected compounds in viral entry assays. Viral entry was measured using
a luciferase reporter. Testing of selected compounds and controls against all three types of virus particles,
EBOV (HIV-1/EBOV-GP) pseudotyped, VSV (HIV-1/VSV-G) pseudotyped, and EBOV trVLP, was performed in
a similar procedure. 293T cells were seeded at 2 � 104 cells/well in 96-well tissue culture-treated
white-bottom plates (Greiner) that were precoated with 25 �g/ml linear PEI (Sigma). For EBOV trVLP
infection, helper ribonucleoprotein (RNP) components must be provided in trans through expression
plasmid transfection 24 h postseeding (amounts of helper RNP plasmids per well were 4.16 ng pCAGGS-
VP30, 6.94 ng pCAGGS-NP, 6.94 ng pCAGGS-VP35, 55.55ng pCAGGS-L, and 13.88 ng pCAGGS-Tim1, with
262.41 ng PEI transfection reagent). Twenty-four h postseeding (pseudotyped virus particles) or post-
transfection (trVLPs), 293T cells were pretreated with selected compounds or controls for 1 h at 37°C. The
medium then was removed and the cells were infected with virus particles that had also been pretreated
for 1 h at 37°C. After 2 h the inoculum was removed, the cells were washed briefly with PBS, and fresh
medium was added. Plates were incubated for 48 h, and viral entry was measured using the luciferase
reporter. The experiment was also performed in the absence of virus to determine the toxicity of the
selected compounds and controls.

Viral entry and cell viability were measured using ONE-Glo � Tox Luciferase reporter and cell viability
assay (Promega) according to the manufacturer’s protocol using a Spectra Max M5 plate reader
(Molecular Devices). Luciferase signal was normalized to the cell viability and then further normalized to
the luciferase signal in the DMSO-treated samples (45). Compounds with infectivity signal per cell as a
fraction of the maximum below 0.25 were considered active hits in the initial screening. Additionally, for
the dose-response assays, 50% inhibitory concentration (IC50), 50% cytotoxicity concentration (CC50), and
95% confidence intervals (CI95) were computed, and IC50 was plotted using Prism 7.0c (GraphPad
Software, La Jolla California USA). CC50s were reported if a standard deviation within 2-fold of the CC50

could be calculated.
As previously described (6), selected controls were dissolved in DMSO. Cathepsin inhibitor E64

(Millipore) is a cysteine protease inhibitor that prevents cleavage events that are necessary specifically for
EBOV fusion with the endosomal membrane. It is used as a positive control for inhibition in HIV/EBOV-GP
and EBOV trVLP assays and as a negative control in VSV-G assays, as it does not inhibit VSV-G fusion. E64d
has the same action as E64 but is cell permeable. Bafilomycin A1 (Calbiochem) is a vacuolar ATPase
inhibitor that prevents both EBOV and VSV entry by alkalinizing the endosome and is used as a positive
control for inhibition in both assays.

Cells were infected with either EBOV- or VSV-G-pseudotyped virus at a multiplicity of infection (MOI)
of 0.1 or with 50 �l of EBOV trVLPs. Where indicated, 0.025% Tween 80 (Sigma) was also added to the
assay to test for colloidal aggregation.

Time-of-addition assay. 293T cells were seeded at 2 � 104 cells/well in PEI-precoated 96-well tissue
culture-treated white-bottom plates. The next day, EBOV-pseudotyped virus was added to the cells at an
MOI of 0.1. The plates were centrifuged for 1 h at 4°C at 1,000 � g to allow the virus to attach to the cells
and to synchronize the infection. The plates were washed with PBS to remove unbound virus. The plates
were then moved to 37°C to allow for viral entry (0 h). Small molecules I49 (10 �M), S31 (10 �M), S29
(50 �M), and S58 (50 �M) and the E64d control (10 �M; Millipore) were added to the plates at various
time points as indicated. Cell viability and viral entry were measured and analyzed 48 h postinfection as
described above.

Small-Molecule Inhibitors of Ebola Virus Entry Journal of Virology

August 2019 Volume 93 Issue 15 e00676-19 jvi.asm.org 19

https://jvi.asm.org


ACKNOWLEDGMENTS
We thank Carlos Simmerling, Carol Carter, Miguel Garcia-Diaz, and Dwight

McGee, Jr., for helpful discussions. The following reagents were obtained through
the NIH AIDS Research and Reference Reagent Program, Division of AIDS, NIAID,
NIH: TZM-bl from John C. Kappes, Xiaoyun Wu, and Tranzyme, Inc., HL2/3 from
Barbara K. Felber and George N. Pavlakis, pNL4-3.HSA.R-E- from Nathaniel Landau,
pHXB2-env from Kathleen Page and Dan Littman, and the HIV-1 IIIB C34 peptide
from DAIDS, NIAID.

This work was funded in part by the Stony Brook University Office of the Vice
President for Research, NSF awards 1521595 (to R.C.R.) and 1521547 (to A.J.), and NIH
grants R01GM083669 (to R.C.R.), R35GM126906 (to R.C.R.), P30AI078498 (to A.J.), and
R21AI102796 (to A.J.). The research utilized resources at the New York Center for
Computational Sciences at Stony Brook University/Brookhaven National Laboratory,
which is supported by the U.S. Department of Energy under contract no. DE-AC02-
98CH10886 and by the State of New York. We thank Stony Brook Research Computing
and Cyberinfrastructure and the Institute for Advanced Computational Science at Stony
Brook University for access to the high-performance LIred and SeaWulf computing
systems, the latter of which was made possible by a $1.4M National Science Foundation
grant (no. 1531492).

REFERENCES
1. Report of an International Commission. 1978. Ebola haemorrhagic fever

in Zaire, 1976. Bull WHO 56:271–293.
2. Gulland A. 2014. Fifteen countries are at risk of Ebola outbreak, says

WHO. BMJ 349:6305.
3. Uyeki TM, Mehta AK, Davey RTJ, Liddell AM, Wolf T, Vetter P, Schmiedel

S, Grünewald T, Jacobs M, Arribas JR, Evans L, Hewlett AL, Brantsaeter
AB, Ippolito G, Rapp C, Hoepelman AIM, Gutman J. 2016. Clinical
management of Ebola virus disease in the United States and Europe. N
Engl J Med 374:636 – 646. https://doi.org/10.1056/NEJMoa1504874.

4. Waxman M, Aluisio AR, Rege S, Levine AC. 2017. Characteristics and
survival of patients with Ebola virus infection, malaria, or both in Sierra
Leone: a retrospective cohort study. Lancet Infect Dis 17:654 – 660.
https://doi.org/10.1016/S1473-3099(17)30112-3.

5. Nyakatura EK, Frei JC, Lai JR. 2015. Chemical and structural aspects of
Ebola virus entry inhibitors. ACS Infect Dis 1:42–52. https://doi.org/10
.1021/id500025n.

6. Basu A, Li B, Mills DM, Panchal RG, Cardinale SC, Butler MM, Peet NP,
Majgier-Baranowska H, Williams JD, Patel I, Moir DT, Bavari S, Ray R,
Farzan MR, Rong L, Bowlin TL. 2011. Identification of a small-molecule
entry inhibitor for filoviruses. J Virol 85:3106 –3119. https://doi.org/10
.1128/JVI.01456-10.

7. White JM, Schornberg KL. 2012. A new player in the puzzle of filovirus
entry. Nat Rev Microbiol 10:317–322. https://doi.org/10.1038/nrmicro2764.

8. Kortepeter MG, Bausch DG, Bray M. 2011. Basic clinical and laboratory
features of filoviral hemorrhagic fever. J Infect Dis 204:S810 –S816.
https://doi.org/10.1093/infdis/jir299.

9. Chertow DS, Kleine C, Edwards JK, Scaini R, Giuliani R, Sprecher A. 2014.
Ebola virus disease in west Africa–clinical manifestations and management.
N Engl J Med 371:2054–2057. https://doi.org/10.1056/NEJMp1413084.

10. Baize S, Pannetier D, Oestereich L, Rieger T, Koivogui L, Magassouba NF,
Soropogui B, Sow MS, Keïta S, De Clerck H, Tiffany A, Dominguez G,
Loua M, Traoré A, Kolié M, Malano ER, Heleze E, Bocquin A, Mély S,
Raoul H, Caro V, Cadar D, Gabriel M, Pahlmann M, Tappe D, Schmidt-
Chanasit J, Impouma B, Diallo AK, Formenty P, Van Herp M, Günther S.
2014. Emergence of Zaire Ebola virus disease in Guinea. N Engl J Med
371:1418 –1425. https://doi.org/10.1056/NEJMoa1404505.

11. Bossi P, Garin D, Guihot A, Gay F, Crance JM, Debord T, Autran B,
Bricaire F. 2006. Bioterrorism: management of major biological agents.
Cell Mol Life Sci 63:2196 –2212. https://doi.org/10.1007/s00018-006
-6308-z.

12. Centers for Disease Control and Prevention. 2015. Ebola (Ebola virus
disease) treatments. Centers for Disease Control and Prevention, At-
lanta, GA.

13. Sanchez AG, Geisbert TW, Feldmann H. 2007. Filoviridae: Marburg and

Ebola viruses, p 1409 –1448. In Knipe DM, Howley PM, Griffin DE, Lamb
RA, Martin MA, Roizman B, Straus SE (ed), Fields virology, vol 5. Lippin-
cott Williams & Wilkins, Philadelphia, PA.

14. Han Z, Boshra H, Sunyer JO, Zwiers SH, Paragas J, Harty RN. 2003.
Biochemical and functional characterization of the Ebola virus VP24
protein: implications for a role in virus assembly and budding. J Virol
77:1793–1800. https://doi.org/10.1128/JVI.77.3.1793-1800.2003.

15. Rasmussen AL. 2015. Host factors in Ebola infection. Annu Rev Genom-
ics Hum Genet 17:10.1–10.19.

16. Aleksandrowicz P, Marzi A, Biedenkopf N, Beimforde N, Becker S,
Hoenen T, Feldmann H, Schnittler H-J. 2011. Ebola virus enters host
cells by macropinocytosis and clathrin-mediated endocytosis. J Infect
Dis 204:S957–S967. https://doi.org/10.1093/infdis/jir326.

17. Chandran K, Sullivan NJ, Felbor U, Whelan SP, Cunningham JM.
2005. Endosomal proteolysis of the Ebola virus glycoprotein is
necessary for infection. Science 308:1643–1645. https://doi.org/10.1126/
science.1110656.

18. Kaletsky RL, Simmons G, Bates P. 2007. Proteolysis of the Ebola virus
glycoproteins enhances virus binding and infectivity. J Virol 81:
13378 –13384. https://doi.org/10.1128/JVI.01170-07.

19. Dube D, Brecher MB, Delos SE, Rose SC, Park EW, Schornberg KL, Kuhn
JH, White JM. 2009. The primed ebolavirus glycoprotein (19-kilodalton
GP1,2): sequence and residues critical for host cell binding. J Virol
83:2883–2891. https://doi.org/10.1128/JVI.01956-08.

20. Hood CL, Abraham J, Boyington JC, Leung K, Kwong PD, Nabel GJ. 2010.
Biochemical and structural characterization of cathepsin L-processed Ebola
virus glycoprotein: implications for viral entry and immunogenicity. J Virol
84:2972–2982. https://doi.org/10.1128/JVI.02151-09.

21. Carette JE, Raaben M, Wong AC, Herbert AS, Obernosterer G, Mulherkar
N, Kuehne AI, Kranzusch PJ, Griffin AM, Ruthel G, Dal Cin P, Dye JM,
Whelan SP, Chandran K, Brummelkamp TR. 2011. Ebola virus entry
requires the cholesterol transporter Niemann-Pick C1. Nature 477:
340 –343. https://doi.org/10.1038/nature10348.

22. Cote M, Misasi J, Ren T, Bruchez A, Lee K, Filone CM, Hensley L, Li Q, Ory
D, Chandran K, Cunningham J. 2011. Small molecule inhibitors reveal
Niemann-Pick C1 is essential for Ebola virus infection. Nature 477:
344 –348. https://doi.org/10.1038/nature10380.

23. Gong X, Qian H, Zhou X, Wu J, Wan T, Cao P, Huang W, Zhao X, Wang
X, Wang P, Shi Y, Gao George F, Zhou Q, Yan N. 2016. Structural Insights
into the Niemann-Pick C1 (NPC1)-mediated cholesterol transfer and
Ebola infection. Cell 165:1467–1478. https://doi.org/10.1016/j.cell.2016
.05.022.

24. Lee JE, Saphire EO. 2009. Ebolavirus glycoprotein structure and mecha-
nism of entry. Future Virol 4:621–635. https://doi.org/10.2217/fvl.09.56.

Singleton et al. Journal of Virology

August 2019 Volume 93 Issue 15 e00676-19 jvi.asm.org 20

https://doi.org/10.1056/NEJMoa1504874
https://doi.org/10.1016/S1473-3099(17)30112-3
https://doi.org/10.1021/id500025n
https://doi.org/10.1021/id500025n
https://doi.org/10.1128/JVI.01456-10
https://doi.org/10.1128/JVI.01456-10
https://doi.org/10.1038/nrmicro2764
https://doi.org/10.1093/infdis/jir299
https://doi.org/10.1056/NEJMp1413084
https://doi.org/10.1056/NEJMoa1404505
https://doi.org/10.1007/s00018-006-6308-z
https://doi.org/10.1007/s00018-006-6308-z
https://doi.org/10.1128/JVI.77.3.1793-1800.2003
https://doi.org/10.1093/infdis/jir326
https://doi.org/10.1126/science.1110656
https://doi.org/10.1126/science.1110656
https://doi.org/10.1128/JVI.01170-07
https://doi.org/10.1128/JVI.01956-08
https://doi.org/10.1128/JVI.02151-09
https://doi.org/10.1038/nature10348
https://doi.org/10.1038/nature10380
https://doi.org/10.1016/j.cell.2016.05.022
https://doi.org/10.1016/j.cell.2016.05.022
https://doi.org/10.2217/fvl.09.56
https://jvi.asm.org


25. Malashkevich VN, Schneider BJ, McNally ML, Milhollen MA, Pang JX,
Kim PS. 1999. Core structure of the envelope glycoprotein GP2 from
Ebola virus at 1.9-Å resolution. Proc Natl Acad Sci U S A 96:2662–2667.
https://doi.org/10.1073/pnas.96.6.2662.

26. Harrison JS, Higgins CD, Chandran K, Lai JR. 2011. Designed protein mimics
of the Ebola virus glycoprotein GP2 �-helical bundle: stability and pH
effects. Protein Sci 20:1587–1596. https://doi.org/10.1002/pro.688.

27. Higgins CD, Koellhoffer JF, Chandran K, Lai JR. 2013. C-peptide inhibitors of
Ebola virus glycoprotein-mediated cell entry: effects of conjugation to
cholesterol and side chain–side chain crosslinking. Bioorg Med Chem Lett
23:5356–5360. https://doi.org/10.1016/j.bmcl.2013.07.056.

28. Clinton TR, Weinstock MT, Jacobsen MT, Szabo-Fresnais N, Pandya MJ,
Whitby FG, Herbert AS, Prugar LI, McKinnon R, Hill CP, Welch BD, Dye
JM, Eckert DM, Kay MS. 2015. Design and characterization of ebolavirus
GP prehairpin intermediate mimics as drug targets. Protein Sci 24:
446 – 463. https://doi.org/10.1002/pro.2578.

29. Davidson E, Bryan C, Fong RH, Barnes T, Pfaff JM, Mabila M, Rucker JB,
Doranz BJ. 2015. Mechanism of binding to Ebola virus glycoprotein by
the ZMapp, ZMAb, and MB-003 cocktail antibodies. J Virol 89:
10982–10992. https://doi.org/10.1128/JVI.01490-15.

30. Basu A, Mills DM, Mitchell D, Ndungo E, Williams JD, Herbert AS, Dye
JM, Moir DT, Chandran K, Patterson JL, Rong L, Bowlin TL. 2015. Novel
small molecule entry inhibitors of Ebola virus. J Infect Dis 212(Suppl
2):S425–S434. https://doi.org/10.1093/infdis/jiv223.

31. Cheng H, Lear-Rooney CM, Johansen L, Varhegyi E, Chen ZW, Olinger
GG, Rong L. 2015. Inhibition of Ebola and Marburg viral entry by G
protein-coupled receptor antagonists. J Virol 89:9932–9938. https://doi
.org/10.1128/JVI.01337-15.

32. Zhao Y, Ren J, Harlos K, Jones DM, Zeltina A, Bowden TA, Padilla-Parra
S, Fry EE, Stuart DI. 2016. Toremifene interacts with and destabilizes the
Ebola virus glycoprotein. Nature 535:169 –172. https://doi.org/10.1038/
nature18615.

33. Zhang Q, Gui M, Niu X, He S, Wang R, Feng Y, Kroeker A, Zuo Y, Wang
H, Wang Y, Li J, Li C, Shi Y, Shi X, Gao GF, Xiang Y, Qiu X, Chen L, Zhang
L. 2016. Potent neutralizing monoclonal antibodies against Ebola virus
infection. Sci Rep 6:25856 –25871. https://doi.org/10.1038/srep25856.

34. Howell KA, Qiu X, Brannan JM, Bryan C, Davidson E, Holtsberg FW, Wec
AZ, Shulenin S, Biggins JE, Douglas R, Enterlein SG, Turner HL, Pallesen
J, Murin CD, He S, Kroeker A, Vu H, Herbert AS, Fusco ML, Nyakatura EK,
Lai JR, Keck Z-Y, Foung SKH, Saphire EO, Zeitlin L, Ward AB, Chandran
K, Doranz BJ, Kobinger GP, Dye JM, Aman MJ. 2016. Antibody treatment
of Ebola and Sudan virus infection via a uniquely exposed epitope
within the glycoprotein receptor-binding site. Cell Rep 15:1514 –1526.
https://doi.org/10.1016/j.celrep.2016.04.026.

35. Ren J, Zhao Y, Fry EE, Stuart DI. 2018. Target identification and mode of
action of four chemically divergent drugs against Ebola virus infection. J
Med Chem 61:724–733. https://doi.org/10.1021/acs.jmedchem.7b01249.

36. Cui Q, Cheng H, Xiong R, Zhang G, Du R, Anantpadma M, Davey RA, Rong
L. 2018. Identification of diaryl-quinoline compounds as entry inhibitors of
Ebola virus. Viruses 10:678. https://doi.org/10.3390/v10120678.

37. Cui Q, Du R, Anantpadma M, Schafer A, Hou L, Tian J, Davey RA, Cheng
H, Rong L. 2018. Identification of ellagic acid from plant Rhodiola rosea
L. as an anti-Ebola virus entry inhibitor. Viruses 10:152. https://doi.org/
10.3390/v10040152.

38. Abazari D, Moghtadaei M, Behvarmanesh A, Ghannadi B, Aghaei M,
Behruznia M, Rigi G. 2015. Molecular docking based screening of
predicted potential inhibitors for VP40 from Ebola virus. Bioinformation
11:243–247. https://doi.org/10.6026/97320630011243.

39. van der Linden WA, Schulze CJ, Herbert AS, Krause TB, Wirchnianski AA,
Dye JM, Chandran K, Bogyo M. 2016. Cysteine cathepsin inhibitors as
anti-Ebola agents. ACS Infect Dis 2:173–179. https://doi.org/10.1021/
acsinfecdis.5b00130.

40. Smith DR, McCarthy S, Chrovian A, Olinger G, Stossel A, Geisbert TW,
Hensley LE, Connor JH. 2010. Inhibition of heat-shock protein 90 re-
duces Ebola virus replication. Antiviral Res 87:187–194. https://doi.org/
10.1016/j.antiviral.2010.04.015.

41. LaBonte J, Lebbos J, Kirkpatrick P. 2003. Enfuvirtide. Nat Rev Drug
Discov 2:345–346. https://doi.org/10.1038/nrd1091.

42. Allen WJ, Balius TE, Mukherjee S, Brozell SR, Moustakas DT, Lang PT,
Case DA, Kuntz ID, Rizzo RC. 2015. DOCK 6: impact of new features and
current docking performance. J Comput Chem 36:1132–1156. https://
doi.org/10.1002/jcc.23905.

43. Cai L, Jiang S. 2010. Development of peptide and small-molecule

HIV-1 fusion inhibitors that target gp41. ChemMedChem
5:1813–1824. https://doi.org/10.1002/cmdc.201000289.

44. Allen WJ, Rizzo RC. 2012. Computer-aided approaches for targeting
HIVgp41. Biology (Basel) 1:311–338. https://doi.org/10.3390/
biology1020311.

45. Allen WJ, Yi HA, Gochin M, Jacobs A, Rizzo RC. 2015. Small molecule
inhibitors of HIVgp41 N-heptad repeat trimer formation. Bioorg Med
Chem Lett 25:2853–2859. https://doi.org/10.1016/j.bmcl.2015.04.067.

46. Holden PM, Kaur H, Goyal R, Gochin M, Rizzo RC. 2012. Footprint-based
identification of viral entry inhibitors targeting HIVgp41. Bioorg Med
Chem Lett 22:3011–3016. https://doi.org/10.1016/j.bmcl.2012.02.017.

47. Zhou G, Wu D, Snyder B, Ptak RG, Kaur H, Gochin M. 2011. Develop-
ment of indole compounds as small molecule fusion inhibitors target-
ing HIV-1 glycoprotein-41. J Med Chem 54:7220 –7231. https://doi.org/
10.1021/jm200791z.

48. Debnath AK, Radigan L, Jiang SB. 1999. Structure-based identification
of small molecule antiviral compounds targeted to the gp41 core
structure of the human immunodeficiency virus type 1. J Med Chem
42:3203–3209. https://doi.org/10.1021/jm990154t.

49. Jiang S, Debnath AK. 2000. Development of HIV entry inhibitors tar-
geted to the coiled-coil regions of gp41. Biochem Biophys Res Com-
mun 269:641– 646. https://doi.org/10.1006/bbrc.1999.1972.

50. Jiang S, Lu H, Liu S, Zhao Q, He Y, Debnath AK. 2004. N-substituted
pyrrole derivatives as novel human immunodeficiency virus type 1
entry inhibitors that interfere with the gp41 six-helix bundle formation
and block virus fusion. Antimicrob Agents Chemother 48:4349 – 4359.
https://doi.org/10.1128/AAC.48.11.4349-4359.2004.

51. Katritzky AR, Tala SR, Lu H, Vakulenko AV, Chen Q-Y, Sivapackiam J,
Pandya K, Jiang S, Debnath AK. 2009. Design, synthesis, and structure-
activity relationship of a novel series of 2-aryl 5-(4-oxo-3-phenethyl-2-
thioxothiazolidinylidenemethyl)furans as HIV-1 entry inhibitors. J Med
Chem 52:7631–7639. https://doi.org/10.1021/jm900450n.

52. Lu L, Yu F, Cai L, Debnath AK, Jiang S. 2016. Development of small-
molecule HIV entry inhibitors specifically targeting gp120 or gp41. Curr
Top Med Chem 16:1074 –1090.

53. Chan DC, Chutkowski CT, Kim PS. 1998. Evidence that a prominent
cavity in the coiled coil of HIV type 1 gp41 is an attractive drug target.
Proc Natl Acad Sci U S A 95:15613–15617. https://doi.org/10.1073/pnas
.95.26.15613.

54. Ji H, Shu W, Burling FT, Jiang S, Lu M. 1999. Inhibition of human immu-
nodeficiency virus type 1 infectivity by the gp41 core: role of a conserved
hydrophobic cavity in membrane fusion. J Virol 73:8578–8586.

55. Zhou Y, McGillick BE, Teng YG, Haranahalli K, Ojima I, Swaminathan S,
Rizzo RC. 2016. Identification of small molecule inhibitors of botulinum
neurotoxin serotype E via footprint similarity. Bioorg Med Chem 24:
4875– 4889. https://doi.org/10.1016/j.bmc.2016.07.031.

56. Allen WJ, Rizzo RC. 2014. Implementation of the Hungarian algorithm
to account for ligand symmetry and similarity in structure-based de-
sign. J Chem Inf Model 54:518 –529. https://doi.org/10.1021/ci400534h.

57. Watt A, Moukambi F, Banadyga L, Groseth A, Callison J, Herwig A,
Ebihara H, Feldmann H, Hoenen T. 2014. A novel life cycle modeling
system for Ebola virus shows a genome length-dependent role of VP24
in virus infectivity. J Virol 88:10511–10524. https://doi.org/10.1128/JVI
.01272-14.

58. Aldrich C, Bertozzi C, Georg GI, Kiessling L, Lindsley C, Liotta D, Merz
KM, Schepartz A, Wang S. 2017. The ecstasy and agony of assay
interference compounds. ACS Cent Sci 3:143–147. https://doi.org/10
.1021/acscentsci.7b00069.

59. Capuzzi SJ, Muratov EN, Tropsha A. 2017. Phantom PAINS: problems
with the utility of alerts for pan-assay interference compounds. J Chem
Inf Model 57:417– 427. https://doi.org/10.1021/acs.jcim.6b00465.

60. Irwin JJ, Shoichet BK. 2016. Docking screens for novel ligands confer-
ring new biology. J Med Chem 59:4103– 4120. https://doi.org/10.1021/
acs.jmedchem.5b02008.

61. Irwin JJ, Duan D, Torosyan H, Doak AK, Ziebart KT, Sterling T, Tumanian G,
Shoichet BK. 2015. An aggregation advisor for ligand discovery. J Med
Chem 58:7076–7087. https://doi.org/10.1021/acs.jmedchem.5b01105.

62. Baell JB, Holloway GA. 2010. New substructure filters for removal of pan
assay interference compounds (PAINS) from screening libraries and for
their exclusion in bioassays. J Med Chem 53:2719 –2740. https://doi
.org/10.1021/jm901137j.

63. Lagorce D, Sperandio O, Baell JB, Miteva MA, Villoutreix BO. 2015.
FAF-Drugs3: a web server for compound property calculation and

Small-Molecule Inhibitors of Ebola Virus Entry Journal of Virology

August 2019 Volume 93 Issue 15 e00676-19 jvi.asm.org 21

https://doi.org/10.1073/pnas.96.6.2662
https://doi.org/10.1002/pro.688
https://doi.org/10.1016/j.bmcl.2013.07.056
https://doi.org/10.1002/pro.2578
https://doi.org/10.1128/JVI.01490-15
https://doi.org/10.1093/infdis/jiv223
https://doi.org/10.1128/JVI.01337-15
https://doi.org/10.1128/JVI.01337-15
https://doi.org/10.1038/nature18615
https://doi.org/10.1038/nature18615
https://doi.org/10.1038/srep25856
https://doi.org/10.1016/j.celrep.2016.04.026
https://doi.org/10.1021/acs.jmedchem.7b01249
https://doi.org/10.3390/v10120678
https://doi.org/10.3390/v10040152
https://doi.org/10.3390/v10040152
https://doi.org/10.6026/97320630011243
https://doi.org/10.1021/acsinfecdis.5b00130
https://doi.org/10.1021/acsinfecdis.5b00130
https://doi.org/10.1016/j.antiviral.2010.04.015
https://doi.org/10.1016/j.antiviral.2010.04.015
https://doi.org/10.1038/nrd1091
https://doi.org/10.1002/jcc.23905
https://doi.org/10.1002/jcc.23905
https://doi.org/10.1002/cmdc.201000289
https://doi.org/10.3390/biology1020311
https://doi.org/10.3390/biology1020311
https://doi.org/10.1016/j.bmcl.2015.04.067
https://doi.org/10.1016/j.bmcl.2012.02.017
https://doi.org/10.1021/jm200791z
https://doi.org/10.1021/jm200791z
https://doi.org/10.1021/jm990154t
https://doi.org/10.1006/bbrc.1999.1972
https://doi.org/10.1128/AAC.48.11.4349-4359.2004
https://doi.org/10.1021/jm900450n
https://doi.org/10.1073/pnas.95.26.15613
https://doi.org/10.1073/pnas.95.26.15613
https://doi.org/10.1016/j.bmc.2016.07.031
https://doi.org/10.1021/ci400534h
https://doi.org/10.1128/JVI.01272-14
https://doi.org/10.1128/JVI.01272-14
https://doi.org/10.1021/acscentsci.7b00069
https://doi.org/10.1021/acscentsci.7b00069
https://doi.org/10.1021/acs.jcim.6b00465
https://doi.org/10.1021/acs.jmedchem.5b02008
https://doi.org/10.1021/acs.jmedchem.5b02008
https://doi.org/10.1021/acs.jmedchem.5b01105
https://doi.org/10.1021/jm901137j
https://doi.org/10.1021/jm901137j
https://jvi.asm.org


chemical library design. Nucleic Acids Res 43:W200 –W207. https://doi
.org/10.1093/nar/gkv353.

64. Daina A, Michielin O, Zoete V. 2017. SwissADME: a free web tool to
evaluate pharmacokinetics, drug-likeness and medicinal chemistry
friendliness of small molecules. Sci Rep 7:42717. https://doi.org/10
.1038/srep42717.

65. Kim S, Thiessen PA, Bolton EE, Chen J, Fu G, Gindulyte A, Han L, He J,
He S, Shoemaker BA, Wang J, Yu B, Zhang J, Bryant SH. 2016. PubChem
substance and compound databases. Nucleic Acids Res 44:
D1202–D1213. https://doi.org/10.1093/nar/gkv951.

66. Wang Y, Bryant SH, Cheng T, Wang J, Gindulyte A, Shoemaker BA,
Thiessen PA, He S, Zhang J. 2017. PubChem BioAssay: 2017 update.
Nucleic Acids Res 45:D955–D963. https://doi.org/10.1093/nar/gkw1118.

67. Roberts PC, Kipperman T, Compans RW. 1999. Vesicular stomatitis virus
G protein acquires pH-independent fusion activity during transport in
a polarized endometrial cell line. J Virol 73:10447–10457.

68. Mingo RM, Simmons JA, Shoemaker CJ, Nelson EA, Schornberg KL,
D’Souza RS, Casanova JE, White JM. 2015. Ebola virus and severe acute
respiratory syndrome coronavirus display late cell entry kinetics: evi-
dence that transport to NPC1� endolysosomes is a rate-defining step.
J Virol 89:2931–2943. https://doi.org/10.1128/JVI.03398-14.

69. McGee TD, Edwards J, Roitberg AE. 2014. pH-REMD simulations indicate
that the catalytic aspartates of HIV-1 protease exist primarily in a
monoprotonated state. J Phys Chem B 118:12577–12585. https://doi
.org/10.1021/jp504011c.

70. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. 1990. Basic local
alignment search tool. J Mol Biol 215:403– 410. https://doi.org/10.1016/
S0022-2836(05)80360-2.

71. Papadopoulos JS, Agarwala R. 2007. COBALT: constraint-based align-
ment tool for multiple protein sequences. Bioinformatics 23:
1073–1079. https://doi.org/10.1093/bioinformatics/btm076.

72. Dutta DK, Rhodes K, Wood SC. 2015. In silico prediction of Ebola Zaire
GP1,2 immuno-dominant epitopes for the Balb/c mouse. BMC Immunol
16:1–10.

73. McGee TD, Yi HA, Allen WJ, Jacobs A, Rizzo RC. 2017. Structure-based
identification of inhibitors targeting obstruction of the HIVgp41
N-heptad repeat trimer. Bioorg Med Chem Lett 27:3177–3184. https://
doi.org/10.1016/j.bmcl.2017.05.020.

74. Tran EE, Nelson EA, Bonagiri P, Simmons JA, Shoemaker CJ, Schmaljohn
CS, Kobinger GP, Zeitlin L, Subramaniam S, White JM. 2016. Mapping of
Ebolavirus neutralization by monoclonal antibodies in the ZMapp cock-
tail using cryo-electron tomography and studies of cellular entry. J Virol
90:7618 –7627. https://doi.org/10.1128/JVI.00406-16.

75. Holtsberg FW, Shulenin S, Vu H, Howell KA, Patel SJ, Gunn B, Karim M,
Lai JR, Frei JC, Nyakatura EK, Zeitlin L, Douglas R, Fusco ML, Froude JW,
Saphire EO, Herbert AS, Wirchnianski AS, Lear-Rooney CM, Alter G, Dye
JM, Glass PJ, Warfield KL, Aman MJ. 2016. Pan-ebolavirus and pan-
filovirus mouse monoclonal antibodies: protection against Ebola and
Sudan viruses. J Virol 90:266 –278. https://doi.org/10.1128/JVI.02171-15.

76. Miller EH, Harrison JS, Radoshitzky SR, Higgins CD, Chi X, Dong L, Kuhn
JH, Bavari S, Lai JR, Chandran K. 2011. Inhibition of Ebola virus entry by
a C-peptide targeted to endosomes. J Biol Chem 286:15854 –15861.
https://doi.org/10.1074/jbc.M110.207084.

77. Yi HA, Fochtman BC, Rizzo RC, Jacobs A. 2016. Inhibition of HIV entry by
targeting the envelope transmembrane subunit gp41. Curr HIV Res
14:283–294. https://doi.org/10.2174/1570162X14999160224103908.

78. Li Q, Ma L, Yi D, Wang H, Wang J, Zhang Y, Guo Y, Li X, Zhou J, Shi Y,
Gao GF, Cen S. 2018. Novel cyclo-peptides inhibit Ebola pseudotyped
virus entry by targeting primed GP protein. Antiviral Res 155:1–11.
https://doi.org/10.1016/j.antiviral.2018.04.020.

79. Dyall J, Nelson EA, DeWald LE, Guha R, Hart BJ, Zhou H, Postnikova E,
Logue J, Vargas WM, Gross R, Michelotti J, Deiuliis N, Bennett RS,
Crozier I, Holbrook MR, Morris PJ, Klumpp-Thomas C, McKnight C,
Mierzwa T, Shinn P, Glass PJ, Johansen LM, Jahrling PB, Hensley LE,
Olinger GG, Jr, Thomas C, White JM. 2018. Identification of combina-
tions of approved drugs with synergistic activity against Ebola virus in
cell cultures. J Infect Dis 218:S672–S678. https://doi.org/10.1093/infdis/
jiy304.

80. Roe DR, Cheatham TE, III. 2013. PTRAJ and CPPTRAJ: software for
processing and analysis of molecular dynamics trajectory data. J Chem
Theory Comput 9:3084 –3095. https://doi.org/10.1021/ct400341p.

81. Meng EC, Shoichet BK, Kuntz ID. 1992. Automated docking with grid-
based energy evaluation. J Comput Chem 13:505–524. https://doi.org/
10.1002/jcc.540130412.

82. DesJarlais RL, Sheridan RP, Seibel GL, Dixon JS, Kuntz ID, Venkataragha-
van R. 1988. Using shape complementarity as an initial screen in
designing ligands for a receptor binding site of known three-
dimensional structure. J Med Chem 31:722–729. https://doi.org/10
.1021/jm00399a006.

83. Balius TE, Allen WJ, Mukherjee S, Rizzo RC. 2013. Grid-based molecular
footprint comparison method for docking and de novo design: appli-
cation to HIVgp41. J Comput Chem 34:1226 –1240. https://doi.org/10
.1002/jcc.23245.

84. Balius TE, Mukherjee S, Rizzo RC. 2011. Implementation and evaluation
of a docking-rescoring method using molecular footprint comparisons.
J Comput Chem 32:2273–2289. https://doi.org/10.1002/jcc.21814.

85. Hornak V, Abel R, Okur A, Strockbine B, Roitberg A, Simmerling C. 2006.
Comparison of multiple Amber force fields and development of im-
proved protein backbone parameters. Proteins 65:712–725. https://doi
.org/10.1002/prot.21123.

86. Holden PM, Allen WJ, Gochin M, Rizzo RC. 2014. Strategies for lead
discovery: application of footprint similarity targeting HIVgp41. Bioorg
Med Chem 22:651– 661. https://doi.org/10.1016/j.bmc.2013.10.022.

87. Mukherjee S, Balius TE, Rizzo RC. 2010. Docking validation resources:
protein family and ligand flexibility experiments. J Chem Inf Model
50:1986 –2000. https://doi.org/10.1021/ci1001982.

88. Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng
EC, Ferrin TE. 2004. UCSF Chimera–a visualization system for explor-
atory research and analysis. J Comput Chem 25:1605–1612. https://doi
.org/10.1002/jcc.20084.

89. Jakalian A, Bush BL, Jack DB, Bayly CI. 2000. Fast, efficient generation of
high-quality atomic charges. AM1-BCC model. I. Method. J Comput Chem
21:132–146. https://doi.org/10.1002/(SICI)1096-987X(20000130)21:
2	132::AID-JCC5�3.3.CO;2-G.

90. Jakalian A, Jack DB, Bayly CI. 2002. Fast, efficient generation of
high-quality atomic charges. AM1-BCC model. II. Parameterization
and validation. J Comput Chem 23:1623–1641. https://doi.org/10
.1002/jcc.10128.

91. Wang J, Wolf RM, Caldwell JW, Kollman PA, Case DA. 2004. Devel-
opment and testing of a general amber force field. J Comput Chem
25:1157–1174. https://doi.org/10.1002/jcc.20035.

92. Irwin JJ, Shoichet BK. 2005. ZINC–a free database of commercially
available compounds for virtual screening. J Chem Inf Model 45:
177–182. https://doi.org/10.1021/ci049714�.

93. Jiang L, Rizzo RC. 2015. Pharmacophore-based similarity scoring for
DOCK. J Phys Chem B 119:1083–1102. https://doi.org/10.1021/
jp506555w.

94. Maier JA, Martinez C, Kasavajhala K, Wickstrom L, Hauser KE, Simmerling C.
2015. ff14SB: improving the accuracy of protein side chain and backbone
parameters from ff99SB. J Chem Theory Comput 11:3696–3713. https://
doi.org/10.1021/acs.jctc.5b00255.

95. Jorgensen WL, Chandrasekhar J, Madura JD, Impey RW, Klein ML. 1983.
Comparison of simple potential functions for simulating liquid water. J
Chem Phys 79:926 –935. https://doi.org/10.1063/1.445869.

96. Götz AW, Williamson MJ, Xu D, Poole D, Le Grand S, Walker RC. 2012.
Routine microsecond molecular dynamics simulations with AMBER
on GPUs. 1. Generalized born. J Chem Theory Comput 8:1542–1555.
https://doi.org/10.1021/ct200909j.

97. Salomon-Ferrer R, Götz AW, Poole D, Le Grand S, Walker RC. 2013.
Routine microsecond molecular dynamics simulations with AMBER on
GPUs. 2. Explicit solvent particle mesh Ewald. J Chem Theory Comput
9:3878 –3888. https://doi.org/10.1021/ct400314y.

98. Le Grand S, Götz AW, Walker RC. 2013. SPFP: speed without
compromise–a mixed precision model for GPU accelerated molecular
dynamics simulations. Comput Phys Commun 184:374 –380. https://doi
.org/10.1016/j.cpc.2012.09.022.

99. Humphrey W, Dalke A, Schulten K. 1996. VMD: visual molecular dynamics. J
Mol Graph 14:33–38. 27-8. https://doi.org/10.1016/0263-7855(96)00018-5.

100. Platt EJ, Wehrly K, Kuhmann SE, Chesebro B, Kabat D. 1998. Effects
of CCR5 and CD4 cell surface concentrations on infections by mac-
rophagetropic isolates of human immunodeficiency virus type 1. J
Virol 72:2855–2864.

101. He J, Choe S, Walker R, Di Marzio P, Morgan D, Landau N. 1995. Human
immunodeficiency virus type 1 viral protein R (Vpr) arrests cells in the
G2 phase of the cell cycle by inhibiting p34cdc2 activity. J Virol
69:6705– 6711.

102. Klaus JP, Eisenhauer P, Russo J, Mason AB, Do D, King B, Taatjes D,
Cornillez-Ty C, Boyson JE, Thali M, Zheng C, Liao L, Yates JR, III, Zhang

Singleton et al. Journal of Virology

August 2019 Volume 93 Issue 15 e00676-19 jvi.asm.org 22

https://doi.org/10.1093/nar/gkv353
https://doi.org/10.1093/nar/gkv353
https://doi.org/10.1038/srep42717
https://doi.org/10.1038/srep42717
https://doi.org/10.1093/nar/gkv951
https://doi.org/10.1093/nar/gkw1118
https://doi.org/10.1128/JVI.03398-14
https://doi.org/10.1021/jp504011c
https://doi.org/10.1021/jp504011c
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1093/bioinformatics/btm076
https://doi.org/10.1016/j.bmcl.2017.05.020
https://doi.org/10.1016/j.bmcl.2017.05.020
https://doi.org/10.1128/JVI.00406-16
https://doi.org/10.1128/JVI.02171-15
https://doi.org/10.1074/jbc.M110.207084
https://doi.org/10.2174/1570162X14999160224103908
https://doi.org/10.1016/j.antiviral.2018.04.020
https://doi.org/10.1093/infdis/jiy304
https://doi.org/10.1093/infdis/jiy304
https://doi.org/10.1021/ct400341p
https://doi.org/10.1002/jcc.540130412
https://doi.org/10.1002/jcc.540130412
https://doi.org/10.1021/jm00399a006
https://doi.org/10.1021/jm00399a006
https://doi.org/10.1002/jcc.23245
https://doi.org/10.1002/jcc.23245
https://doi.org/10.1002/jcc.21814
https://doi.org/10.1002/prot.21123
https://doi.org/10.1002/prot.21123
https://doi.org/10.1016/j.bmc.2013.10.022
https://doi.org/10.1021/ci1001982
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1002/(SICI)1096-987X(20000130)21:2%3C132::AID-JCC5%3E3.3.CO;2-G
https://doi.org/10.1002/(SICI)1096-987X(20000130)21:2%3C132::AID-JCC5%3E3.3.CO;2-G
https://doi.org/10.1002/jcc.10128
https://doi.org/10.1002/jcc.10128
https://doi.org/10.1002/jcc.20035
https://doi.org/10.1021/ci049714+
https://doi.org/10.1021/jp506555w
https://doi.org/10.1021/jp506555w
https://doi.org/10.1021/acs.jctc.5b00255
https://doi.org/10.1021/acs.jctc.5b00255
https://doi.org/10.1063/1.445869
https://doi.org/10.1021/ct200909j
https://doi.org/10.1021/ct400314y
https://doi.org/10.1016/j.cpc.2012.09.022
https://doi.org/10.1016/j.cpc.2012.09.022
https://doi.org/10.1016/0263-7855(96)00018-5
https://jvi.asm.org


B, Ballif BA, Botten JW. 2013. The intracellular cargo receptor ERGIC-53
is required for the production of infectious arenavirus, coronavirus, and
filovirus particles. Cell Host Microbe 14:522–534. https://doi.org/10
.1016/j.chom.2013.10.010.

103. Tang Y, Garson K, Li L, Vanderhyden BC. 2015. Optimization of lentiviral
vector production using polyethylenimine-mediated transfection. On-
col Lett 9:55– 62. https://doi.org/10.3892/ol.2014.2684.

104. Longo PA, Kavran JM, Kim MS, Leahy DJ. 2013. Transient mammalian
cell transfection with polyethylenimine (PEI). Methods Enzymol 529:
227–240. https://doi.org/10.1016/B978-0-12-418687-3.00018-5.

105. Kutner RH, Zhang XY, Reiser J. 2009. Production, concentration and
titration of pseudotyped HIV-1-based lentiviral vectors. Nat Protoc
4:495–505. https://doi.org/10.1038/nprot.2009.22.

106. Kimpton J, Emerman M. 1992. Detection of replication-competent and
pseudotyped human immunodeficiency virus with a sensitive cell line

on the basis of activation of an integrated beta-galactosidase gene. J
Virol 66:2232–2239.

107. Yi HA, Diaz-Aguilar B, Bridon D, Quraishi O, Jacobs A. 2011. Permanent
inhibition of viral entry by covalent entrapment of HIV gp41 on the virus
surface. Biochemistry 50:6966–6972. https://doi.org/10.1021/bi201014b.

108. Nelson EA, Barnes AB, Wiehle RD, Fontenot GK, Hoenen T, White JM.
2016. Clomiphene and its isomers block Ebola virus particle entry and
infection with similar potency: potential therapeutic implications. Vi-
ruses 8:E206. https://doi.org/10.3390/v8080206.

109. Li H, Ying T, Yu F, Lu L, Jiang S. 2015. Development of therapeutics for
treatment of Ebola virus infection. Microbes Infect 17:109 –117. https://
doi.org/10.1016/j.micinf.2014.11.012.

110. Moller-Tank S, Maury W. 2015. Ebola virus entry: a curious and complex
series of events. PLoS Pathog 11:e1004731. https://doi.org/10.1371/
journal.ppat.1004731.

Small-Molecule Inhibitors of Ebola Virus Entry Journal of Virology

August 2019 Volume 93 Issue 15 e00676-19 jvi.asm.org 23

https://doi.org/10.1016/j.chom.2013.10.010
https://doi.org/10.1016/j.chom.2013.10.010
https://doi.org/10.3892/ol.2014.2684
https://doi.org/10.1016/B978-0-12-418687-3.00018-5
https://doi.org/10.1038/nprot.2009.22
https://doi.org/10.1021/bi201014b
https://doi.org/10.3390/v8080206
https://doi.org/10.1016/j.micinf.2014.11.012
https://doi.org/10.1016/j.micinf.2014.11.012
https://doi.org/10.1371/journal.ppat.1004731
https://doi.org/10.1371/journal.ppat.1004731
https://jvi.asm.org

	RESULTS
	Virtual screening outcomes. 
	Nine molecules from the initial in silico screen inhibit EBOV-pseudotyped virus entry in vitro. 
	Secondary similarity screen. 
	Dose-response characterization of candidates against HIV/EBOV-GP-pseudotyped virus. 
	Candidate compounds show improved or comparable inhibition of EBOV trVLPs. 
	Specificity of candidates for EBOV-GP. 
	Candidate compounds exhibited maximal inhibition postattachment and before membrane fusion. 
	I49 and S31 exhibit reproducible pose stability in MD simulations. 
	Footprint interaction analysis. 
	Sequence conservation across the key residues. 

	DISCUSSION
	MATERIALS AND METHODS
	Computational methods. 
	Summary of approach for identification of CHR molecular mimics. 
	GP2 binding site and reference ligand designation. 
	Receptor and reference ligand preparation. 
	DOCK receptor setup. 
	DOCK virtual screening protocols and compound prioritization. 
	MD simulations and analysis. 
	Experimental methods. 
	Cell lines and plasmids. 
	Pseudotyped HIV-1/EBOV-GP and HIV-1/VSV-G virus preparation and titration. 
	EBOV trVLP preparation. 
	Screening of in silico-selected compounds in viral entry assays. 
	Time-of-addition assay. 

	ACKNOWLEDGMENTS
	REFERENCES

