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ABSTRACT: We identified and explored the structure—activity-
relationship (SAR) of an adamantane carboxamide chemical series
of Ebola virus (EBOV) inhibitors. Selected analogs exhibited half-
maximal inhibitory concentrations (ECg, values) of ~10—15 nM in
vesicular stomatitis virus (VSV) pseudotyped EBOV (pEBOV)
infectivity assays, low hundred nanomolar ECs, activity against
wild type EBOV, aqueous solubility >20 mg/mL, and attractive
metabolic stability in human and nonhuman liver microsomes. X-ray cocrystallographic characterizations of a lead compound with
the EBOV glycoprotein (GP) established the EBOV GP as a target for direct compound inhibitory activity and further provided
relevant structural models that may assist in identifying optimized therapeutic candidates.

o o — gwo
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BOV is a single stranded RNA virus associated with severe
hemorrhagic fever exhibiting >50% lethality in humans."”
Symptoms typically manifest with generalized fever, sore
throat, and muscular pain whereupon vomiting, diarrhea, and
both internal and external bleeding may follow; transmission of
EBOV is spread through contact with these bodily fluids. The
development of EBOV vaccines as well as intravenous (i.v.)
administered monoclonal antibody and small molecule
therapeutics, many of which focus on the EBOV glycoprotein
(GP) and/or viral cell entry, has recently drawn intensive
interest; the testing and utilization of these treatments was
accelerated in response to major EBOV outbreaks in West
Africa and the Democratic Republic of the Congo (DRC).*™”
However, despite the availability of effective vaccine and i.v.
administered therapeutics, the DRC Kivu outbreak continued
to escalate and spread geographically from August 2018
through August 2019 at which time the number of new cases
began to stabilize and subsequently decrease.’ Thus, a
significant need remains in some resource settings for the
development of more convenient and readily distributable
therapeutics including oral small molecule treatment options.
EBOV GP, the sole protein expressed on the EBOV
envelope membrane surface, is responsible for host cell
attachment, endosomal entry, and membrane fusion. The
EBOV GP is trimeric, with each monomer cleaved by furin
into two polypepides, GP1 and GP2. The entry of EBOV into
host cells is initiated by the interaction of sites on GP1
subunits with one or more receptors exposed on the host cell
external membrane surface, upon which the virus is
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internalized into endosomes primarily via micropinocyto-
sis.”~>’ Within acidified endosomes glycosylated GP1 is
cleaved of a “mucin-domain” into a smaller form by the pH-
dependent Cathepsin L and B proteases, priming it for
interactions with the Niemann Pick C1 (NPC1) protein, a
secondary intracellular receptor in endosomal/lysosomal
membranes. NPC1 binding, in combination with other events,
triggers GP conformational rearrangements including GP2-
mediated fusion of viral and intracellular organelle membranes
thereby releasing EBOV genetic material into the cell for
further replication.”””

A number of antibody-based EBOV therapeutics bind to GP
blocking early cell entry steps while small molecule EBOV cell
entry inhibitors have primarily been reported to block later
steps in viral entry/fusion by interacting with a number of
intracellular mammalian host proteins regulating EBOV
transport, processing, and membrane fusion or, alternatively,
directly with the viral GP protein.’ >*""% We utilized a
biosafety level 2 (BSL2) nonreplicative vesicular stomatitis virus
(VSV) pseudotyped virus system in which VSV viral particles
express a luciferase reporter gene (in place of the VSV GP
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gene) while the EBOV GP is supplied in trans, to rapidly
screen a chemical library and characterize compound hits."*
Utilizing this approach we screened a collection of small
molecules representing ~72,000 compounds in Vero cells at 5
UM to identify compounds inhibiting 50% of the luciferase
signal generated by infection with pEBOV without similar
activity against control pVSV infected cells.

We report the discovery and initial SAR of an adamantane
carboxamide chemical series of pEBOV inhibitor compounds
identified from our library screen as hit compound 1, which
exhibited >50% activity at 5 uM against pEBOV but not pVSV.
1 was then subjected to concentration—response experiments
and found to exhibit an EC, of ~3.9 uM. We subsequently
obtained commercially available analogs of 1, and identified 2,
which exhibited a ~10-fold greater pEBOV potency (Figure
1). As 2 differed from 1 only by the addition of a phenyl group
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ECsp: 3.9 uM

ECsg: 0.38 uM

Figure 1. Screening hit compound 1 and its phenyl analog 2 with
indicated pEBOV ECy, values.

to the adamantane core, we were interested in further SAR
exploration of phenyl adamantane carboxamides. We sub-
sequently generated analogs with modifications of the phenyl
adamantane core as well as the amine portion as illustrated in
Scheme 1 (see Supporting Information for synthesis details
and analytical data).

Scheme 1. Synthesis of Aryl Adamantane Carboxamides”
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D

“Reagents and conditions: (i) Br,, Fe, 0 °C for 30 min, then rt, 8 h;
(ii) AICl;, Ar—H, reflux, 6 h; (iii) R’R*NH, EDC hydrochloride,
HOAt, DIEA, DCM, rt, 12 h; (iv) TFA, DCM, rt, 2 h.

A number of amine groups were thus initially explored as
shown by compounds 3—8 in Table 1. Comparing the
homologous series of compounds 2, 3, and § illustrated a
link between modifications of the terminal amine and
improved potency. In addition, comparison of pEBOV
activities of the tetrahydroisoquinoline compound 8 (a
commercially available compound) vs the 4-aminopiperidine
of compound $ also suggested that the basicity and hydrogen
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bonding ability of terminal amine play an important role in
determining binding affinity.

We subsequently explored the addition of several sub-
stituents at the para-position of the phenyl group. Unfortu-
nately, both polar and nonpolar groups were found to decrease
compound potency as shown for compounds 9—13. Nonpolar
substituents such as Cl resulted in decreased activity (11 vs 5)
while more polar groups including OH caused a more
significant loss of activity (10 vs 5) indicating that para
substitutions on phenyl groups are not well tolerated.

Given the synthetic challenges associated with the
generation of similar ortho- and meta-phenyl substituted
analogs and further exploration of the phenyl group, we next
focused on modifications of the amide position, replacement of
the adamantane core with noradamantane, introduction of a
spacer between the adamantyl moiety and amide functionality,
and amide group replacements that are illustrated by
compounds 14—19 in Table 2 (see Supporting Information,
Schemes S1—SS for the synthesis of intermediates and final
compounds). Transposition of the amide group to an adjacent
secondary carbon, giving compound 14, decreased potency
approximately 3-fold from the analogous tertiary carbon amide
S, whereas noradamantyl 15, acetamide 16, reverse amide 17,
urea 18, and diamine 19 analogs all exhibited even greater
decreases in pEBOV potency.

Since each of the different amide group replacements
(compounds 16—19) decreased pEBOV potency, we next
explored the introduction of additional substituents into the
adamantane core (Supporting Information) and generated
novel phenyl adamantane carboxamides bearing alkyl groups at
the bridgehead positions. The addition of two methyl groups
into the adamantane core of compound 20 (Core D-1, Table
3) resulted in a ~4-fold decrease in pEBOV potency compared
to compound S, whereas in contrast, the addition of a single
methyl group (Core D-2, Table 3) improved potency about
~2-fold as observed in pEBOV activity comparisons of
compounds 21 vs 5. We subsequently generated additional
analogs of Core D-2 by coupling 3-methyl-5-phenyladaman-
tane-1-carboxylic acid with a variety of different mono Boc-
protected diamines, followed by cleavage of the Boc-group
under acidic conditions (Table 3, Scheme 1, steps iii and iv).
Both cyclic and bicyclic amines of different ring sizes
containing an exocyclic or endocyclic nitrogen, as well as
acyclic amines have been investigated. Although substituted
aminopiperidines (compounds 22 and 23) have similar
potency to compound 21, other amines (compounds 24—27
and 29) exhibited decreased activity. Other novel amines
(compounds 28, 30, 31, and 33), particularly trans-cyclo-
hexyldiamine (compound 33) showed promising activity while
cis-cyclohexyldiamine (compound 32) is less active. These
trends further suggested the importance of the protonated
amine group to conform within a specified geometry in
association with its target protein, given the observed
improvement with addition of a single methyl substituent at
the adamantane bridgehead position protein. Given the
observed improvement with the addition of a single methyl
substituent at the adamantane bridgehead position (Core D-
2), we also explored replacement of the methyl group with the
larger and more lipophilic ethyl group (Core D-3, Table 3),
which further increased potency (compare 34 vs 21 and 35 vs
33) to provide compounds with ECsps < 20 nM. Upon the
identification of analogs with improved compound potencies,
we subsequently assessed the SAR of prioritized compounds

https://dx.doi.org/10.1021/acsmedchemlett.0c00025
ACS Med. Chem. Lett. 2020, 11, 1160—-1167


http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.0c00025/suppl_file/ml0c00025_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.0c00025/suppl_file/ml0c00025_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.0c00025/suppl_file/ml0c00025_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.0c00025/suppl_file/ml0c00025_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00025?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00025?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00025?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00025?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00025?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00025?fig=sch1&ref=pdf
pubs.acs.org/acsmedchemlett?ref=pdf
https://dx.doi.org/10.1021/acsmedchemlett.0c00025?ref=pdf

ACS Medicinal Chemistry Letters

pubs.acs.org/acsmedchemlett

Table 1. SAR of 3-Aryladamantane Carboxamides Exploring Various Amines and Aryl Groups

pEBOV* pEBOV* pEBOV*
# # #
Compound ECso (uM) Compound ECso (uM) Compound ECso (uM)
H NHz N
: L 0
2 I OQ 0.38 6 g\g 0.12 10 o NH 17
OH
H
H (\NH N
~ ) 0
3 o N 0.16 7 J 0.26 11 0 NH o019
[of
H
: 0 ;
4 J O\ 0.28 8 I 2.3 12 ° UH 0.31
F
H H
“ e e
N
3 5 OH 0.072 9 @ NHO 038 13 ° NH O 530
SN NO,

"Data are average of three independent experiments, standard deviation (s.d.) < 20%.

for potential metabolic liabilities. Compounds exhibiting ECy,
values of ~ <150 nM were evaluated for in vitro human liver
microsome (HLM) metabolic stability. Core D-2 compounds
21, 31, and 33 exhibited pEBOV ECgys < 50 nM and HLM
stability >75% at 1 h while core D-3 compounds 34 and 35
exhibited ECyys < 20 nM and slightly lower HLM stabilities of
~70%. These analogs were used as the basis of further
exploration and the 4-aminopiperidine (21), trans-4-
(aminomethyl)cyclohexylamine (31), and trans-cyclohexyldi-
amines (33 and 35) appeared to provide particularly attractive
lead candidates. Kinetic aqueous solubilities (Supporting
Information) were also assessed for all compounds described
in this report and each exhibited a kinetic aqueous solubility
>100 uM at pH 6.4 and 7.5 except compound 27, which
exhibited a solubility of ~61 uM.

Because the adamantane nucleus forms a perfect tetrahe-
dron, adamantanes with four unique substituents at the
bridgehead positions are chiral. Hence, the addition of the
methyl and ethyl groups to the phenyladamantane carbox-
amide core (Cores D-2 and D-3) generates chiral compounds
with the chiral center residing in the center of the adamantane.
In light of this, we next generated the (1S,3R,SR,7S)-
(abbreviated as S) and (1R,3S,5S,7R)- (abbreviated as R)
enantiomers of the prioritized racemic analogs 21, 31, 33, and
35 (Supporting Information). As shown in Table 4, the S
enantiomers are eutomers exhibiting a greater potency than the
R enantiomers. The potency differences between the S and R
enantiomers of the ethyl (42 vs 43) and methyl derivatives (38
vs 39) were ~30 and 10-fold, respectively while the rank order
SAR of pEBOV activity for racemic and S enantiomeric
compounds was similar.

In addition to pEBOV potency (ECs, values) the Hill slopes
and activity curves of the compounds are all roughly equivalent
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as observed in the concentration—response relationships of the
S enantiomeric compounds plotted in Figure 2. Of note, the
Hill slopes are all substantially greater than 1 (Table 4)
indicating a positive cooperativity underlying the inhibitory
activity of each of the compounds.

In order to confirm that compound inhibitory activities
observed in the pEBOV assay format translate to activity
against replicative pathogenic EBOV, the prioritized S
enantiomers were characterized in plaque or viral yield
reduction (VYR) assays (Supporting Information) as shown
in Table 4. Comparison of the EBOV ECy, (from the VYR
assay) values vs the half-maximal cellular cytotoxicity or CCs
provides Sly, therapeutic selectivity indices ([CCsy]/[ECqp])
for compounds 36, 38, and 40 of 34, 77, and 40, respectively.
Compound 42 was only run in the plaque assay and exhibited
an Sl value ([CCs,]/[ECso]) of 221. These data confirm the
antiviral activity of the compounds against replicative EBOV
with potencies that translate in similar rank order to that found
against pEBOV. There is however, an offset in EBOV vs
pEBOV potencies, whereby ECyys against infectious EBOV
correlate more closely with ECgys against the pseudotyped
virus pEBOV. Nonetheless, the discovery and potency
optimization of our prioritized analogs from our initial
screening hit compound 1 vs 38, 40, and 42 (pEBOV ECq,
improvement from ~3.9 uM to ~10 nM) further validates the
use of BSL2 pseudotyped viral systems for the discovery of
novel inhibitors of highly pathogenic BSL4 viruses.

For additional SAR comparison and compound prioritiza-
tion we further characterized the solubility of the S-
enantiomers 36, 38, 40, and 42 and found them all to exhibit
>20 mg/mL aqueous solubility at pH 7.4. To provide
additional assessments for advancement into one or more in
vivo animal model studies, we subsequently characterized 36,

https://dx.doi.org/10.1021/acsmedchemlett.0c00025
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Table 2. SAR Exploration of Functional Group Spacers

pEBOV*
# Compound
ECso (uM)
o /OIH
N
H
14 0.18
H
N
15 o \O‘JH 0.33
o OH
16 g\* N 0.49
o)
N
17 HJ\OH >1.0
NG
18 NN >1.0
19 0.47

Bo

“Data are averages of three independent experiments, s.d. < 20%.

38, 40, and 42 in multispecies liver microsome (MLM)
metabolic stability assays including human and the potential
efficacy and/or toxicology model species mouse, guinea pig,
rat, cynomolgus monkey, and dog. While each of the S analogs
exhibited suitable HLM metabolic stability, compounds 36 and
38 provided the most favorable MLM metabolic stability
profile. Further in vitro and in vivo ADMET characterizations
of these prioritized analogs will be assessed to identify lead
candidates and suitable species for in vivo efficacy and
toxicology studies.

Herein, we have detailed the discovery and initial SAR of a
novel adamantane carboxamide chemical series of EBOV
inhibitors. Previous reports identifying inhibitors of EBOV cell
entry have provided a number of targets that include a variety
of potential mammalian host proteins regulating intracellular
EBOV processing, transport, and membrane fusion, as well as
the EBOV GP itself, which has been identified as the target for
several FDA-approved drugs.’”>*"'*'>'® Interestingly, the
adamantane chemical series identified here is structurally
related to an adamantane dipeptide piperazine EBOV inhibitor
chemical series found to associate with the mammalian host
protein and intracellular GP receptor NPC1.® Thus, it was
initially expected that NPC1 might also represent the target for
our adamantane carboxamide EBOV inhibitor chemical series.

To identify the target and potential mechanism of action of
our inhibitor compounds, we determined X-ray cocrystallo-
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Table 3. Adamantane Carboxamides Core SAR

R® R® R®
N. e N. s N. s
o 0 o
D-1 D-2 D-3

EBOV*
# R°R‘NH P HLM**
Core ECso (uM)
H
20 D1 -§-N@NH 0.32 ;
H
21 D-2 »§—N@NH 0.043 75
22 D2 e 2"“ 0.046 75
F,
23 D2 iy ’C"” 0.033 60
H
$NH
24 D2 @NH 0.42 -
/T \
25 D-2 4N NH 0.13 100
_/
H
26 D2 —%-N{:NH 0.28 -
27 D2 féfnn<]:NH 0.12 ;
28 D2 O, 0.040 79
29 D=2 YV i 0.25 ;
30 D2 N ww 0.051 81
31 D=2 %H—O \w, 0030 75
32 D-2 %*H—O—NHz 0.11 87
33 D2 gﬂ—OMNHZ 0.031 92
34 D-3 -§-H@NH 0.020 69
33 D3 %H—O‘.‘Nuz 0.010 71

“Data are averages of three independent experiments, s.d. < 20%.
ks
Percent remaining at 60 min. HLM: human liver microsomes.

graphic structures of the EBOV GP protein with compound
38. In Figure 3 we provide structural representations generated
through crystallization of the apo protein with subsequent
soaking of the crystals with 38 similar to that previously
described (Supporting Information)."> As mentioned above,
the functional EBOV GP complex is comprised of a trimer of
GP1-GP2 dimers. In panels A—D (Figure 3) the GP binding
pocket, located at the interface of each GP1-GP2 dimer, and
specific amino acid interactions underlying association with 38
are depicted. The binding pocket is characterized by
hydrophobic residues defining a central hydrophobic cavity
to accommodate the adamantane core and phenyl group of 38
(analogs with a phenyl group showed increased potency of
~10-fold) through lipophilic GP1 residues VAL66, LEU184,
and LEU186 as well as GP2 residues LEUS1S, TYRS17,

https://dx.doi.org/10.1021/acsmedchemlett.0c00025
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Table 4. Ebola Virus Inhibitory Activity, Cytotoxicity, and Liver Microsomal Stability of Enantiomeric Adamantane

Carboxamides
WT EBOV** ***Liver Microsomes
Plaque VYR
E %
M c d g CBOV Hill Assay Assay CCso M G R MK D
ompoun S
P % Slope ECso  ECoo  (uM)
(uM)
(uM) (uM)
E H
iy
36 o \O'H 0.028 1.40 ND 2.1 71 81 86 - - 83 -
37 @ @Y 0.24 .02 - - - - - - . ; ;
T
N
38 o \O 0.014 1.52 0.24 0.75 S8 100 74 100 63 89 96
‘NH,
Say
39 \O 0.14 1.31 - - - - - - - - -
° “/NH,
H
N
40 o O NH 0.010 1.70 0.43 0.55 22 82 27 99 27 61 8§
., ~NHz
SYey
H
41 % O 0.074 120 - . . 75 - - - .
NH,
H
e N
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Figure 2. Concentration—response curves of prioritized S-enan-
tiomers against pPEBOV =+ s.d. (n = 3); the cooperative Hill slopes
ranged from 1.4 to 1.7 (Table 4).
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METS548, and LEUS58, while the carbonyl of the amide forms
an important hydrogen bond with ARG64.

In binding to the EBOV GP compound 38 displaces a GP1
polypeptide loop that is normally bound within this pocket in
the apo conformation. This GP1 polypeptide loop, previously
defined as comprising residues 192—194 (the “DFF lid”), was
previously found to be displaced by toremifene and a number
of other small molecules.'”">~"” The association of 38 with the
EBOV GP parallels that of other compounds although as
represented in Figure 3 (panel B) GP1 polypeptide residues
193—195 (residues FFS) appear to bind within the apo pocket
and overlap with bound compound 38 while D192 appears to
lie outside of a shared binding pocket. However the boundaries
of the apo polypeptide loop or “lid” may be defined, the
binding of a GP inhibitor to this site displaces the GP1 loop
and alters GP conformation thereby preventing fusion between
the viral and endosomal membranes. Such ligand induced
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Figure 3. X-ray cocrystallographic structures of compound 38 bound to the EBOV GP. (Panel A) (top left) Compound 38 (yellow) binding
pocket located at the GP1 (dark green)—GP2 (dark blue) dimer interface. (Panel B) (top right) Overlay of the apo GP1 (light green) and GP2
(light blue) and 38-bound GP1 (dark green) and GP2 (dark blue) protein structures. Residues 193—195 (amino acids FFS) in the apo
conformation GP1 polypeptide are highlighted (purple) and exhibit overlap with compound 38 in a shared binding pocket. (Panel C) (bottom left)
GP binding pocket for 38 and residues determining important ligand—protein interactions including lipophilic GP1 residues VAL66, LEU184, and
LEU186 and GP2 residues LEUS1S, TYRS17, METS48, and LEUSSS. (Panel D) (bottom right) Lipophilic (purple) and hydrophilic (green)
molecular surfaces of GP showing the central cavity accommodating the adamantane core, lipophilic phenyl pocket, and amide/cyclohexylamine

association sites with ARG64.

conformational changes may inhibit GP function through
compound-specific mechanisms including premature release of
GP2 and/or deficient GP processing, both of which could
disrupt engagement with its receptor NPC1."*'*~"7 Regardless
of the potential for any compound-specific mechanisms for
these inhibitors, toremifene exhibits an ECy, of ~80 nM in our
pEBOV assays while another recently identified EBOV GP
inhibitor (118a) has a reported pEBOV ECg, of ~50 nM in
comparison to the adamantane carboxamide GP inhibitors
described here, of which some exhibit pEBOV ECgs in the
range of ~10—14 nM."”

Given that the EBOV GP is composed of a trimer of GP1-
GP2 dimers with three potential inhibitor binding sites, along
with the positive cooperativity observed in the Hill slopes of
the prioritized compound inhibition curves (Table 4 and
Figure 2), it appears likely that the adamantane carboxamide
inhibitor molecules act allosterically whereby the binding of
one molecule to an initial GP1-GP2 dimer enhances the
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binding of additional inhibitor molecules to other GP1-GP2
dimers within the same GP1-GP2 trimeric complex in order to
fully abrogate EBOV GP function and viral replication. GP
inhibitors exhibiting steeper Hill slopes would thereby be
expected to provide superior antiviral activity.

In summary, we have identified a novel adamantane
carboxamide chemical series and prioritized analogs exhibiting
potent activity against pEBOV and replicative EBOV, which
directly bind to and inhibit the EBOV GP. Selected lead
compounds also exhibit attractive aqueous (HCl salt) solubility
>20 mg/mL and multispecies in vitro liver microsome
metabolic stability to provide candidates for the further
development of novel small molecule therapeutics. The
determination of a binding site and relevant structural models
may also facilitate structure-based drug design of the
adamantane carboxamide chemical series to provide the
identification of improved therapeutic candidates.
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