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Abstract: Many viruses utilize endosomal pathways to gain entry to
cells and propagate infection. Sensing of endosomal acidification is a
trigger for release of many virus cores into the cell cytosol. Previous
efforts with inhibitors of vacuolar-ATPase have been shown to block
endosomal acidification and affect viral entry albeit with limited
potential for therapeutic selectivity. Herein, four novel series of
derivatives of the vacuolar-ATPase inhibitor diphyllin were
synthesized to assess their potential for enhancing potency and anti-
filoviral activity over cytotoxicity. Derivatives that suitably blocked
cellular entry of Ebola pseudo-typed virus were further evaluated as
inhibitors of endosomal acidification and isolated human Vacuolar-
ATPase activity. Several compounds with significant increases in
potency over diphyllin in these assays also separated from cytotoxic
doses in human cell models by >100 fold. Finally, three derivatives
were shown to be inhibitors of replication-competent Ebola viral entry
into primary macrophages with comparable potencies and enhanced
selectivity toward anti-viral activity.

Introduction

Filoviruses are highly contagious, lethal viruses that cause
severe hemorrhagic fever in humans and primates.*-® They are
negative-strand RNA, filamentous viruses that group into 3
families named Ceuvavirus, Ebolaviruses (EBOV) and
Marburgviruses (MARV). Viruses from the latter two families are
responsible for outbreaks that have up to 90% fatality, including
the recent outbreak in West Africa that resulted in over 28,000
reported cases and 11,317 deaths.* Efforts are underway to
develop novel EBOV therapies, including discovery of small
molecule inhibitors,>1° repurposed drugs,**=*¢ and vaccines.’-%
Currently, there are no approved therapeutic measures for the
treatment of filovirus infections but the development of a vaccine
is being prioritized by the FDA and a promising viral polymerase
inhibitor has also recently advanced in development.?!

Filoviruses, like many other viruses, utilize the acidification of
endosomes during their maturation to facilitate cellular entry.?2-25
Many cellular infections begin when individual virions are taken
into cells by one of several mechanisms of endocytosis. As the
virion-containing endosomes mature toward lysosomes, the
luminal pH of the endosome decreases. EBOV requires this
acidification to trigger penetration of the endosomal membrane by
the filoviral glycoprotein to release the virus capsid into the cytosol
and initiate replication. For enveloped viruses, penetration
involves fusion of the virion’s membrane with that of the

endosome. Additionally, for filoviruses, pH-dependent endosomal
proteases need to cleave the membrane glycoprotein into a
fusion-capable form that interacts with the endosomal receptor
NPC1.2¢6 Inhibitors of endosomal acidification are therefore
potentially anti-filoviral and broad-spectrum anti-viral compounds.

A primary host factor responsible for endosomal acidification is
the multi-subunit enzyme vacuolar (H*)-ATPase (V-ATPase),
whose role is to couple proton transport across cellular
membranes with the hydrolysis of ATP.?” In addition to endosomall
acidification, many cellular and physiological processes are
associated with V-ATPase function, including roles in renal pH
homeostasis, osteoclast bone remodeling, and sperm
maturation.?’=?° Different forms of V-ATPase are present in renal,
neuronal, osteoclast and cancer cells along with the V-ATPase
found in the endosomal membranes.*° Dysregulation of specific
isoforms have been associated with diseases, including
osteoporosis, metastatic cancers, male infertility and renal
acidosis.®' Disease indications such as Ebola infection where
treatment for acute conditions could justify the pursuit of V-
ATPase inhibition. This case would be valid if useful therapeutic
selectivity can be exhibited through structural modifications of the
inhibitor chemotype.

Many natural product inhibitors of V-ATPase have been
identified with a majority being macrocyclic lactones. Most of
these natural inhibitors, such as bafilomycin Al (Baf), have
historic utility as cellular probes but lack the needed therapeutic
selectivity to serve as drug leads due to off-target effects.3233
Diphyllin is an arylnaphthalene lignan and represents the only
known phenylpropanoid-derived V-ATPase inhibitor to date.3*
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Scheme 1. Synthesis of Diphyllin Derivatives. Reagents and
Conditions. (a) LiAlH4, THF, 0°C, 1h (92%); (b) H2NNH2, MeOH, reflux,
12h (66%); (c) RNH2, MeOH, reflux, 2-12h (57-93%); (d) RX, K2COs,
DMSO, 60°C, 1-48h (36-91%); (¢) R2NH, 0.5 M NaOH in MeOH, reflux,

12-18h (16-57%); (f) RsSCHO, MeOH, reflux, 6-12h (47-88%).
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Cellular activities established for diphyllin have shown useful anti-
tumor and antiosteoclastic activity,3*3° as well as anti-viral activity
in early testing using influenza and Dengue virus models.®%7 The
inhibition of pH-dependent virus infection and lack of cytotoxicity
in tested cell lines prompted a feasibility study of diphyllin as a
scaffold for a medicinal chemistry approach to develop selective
V-ATPase inhibitors as potential broad-spectrum anti-viral
agents. Two major questions about the diphyllin scaffold are
addressed in this initial structure-activity work: a) if the
biochemical and endosomal pH inhibition can be predictive of
filoviral entry inhibition, and b) is there potential for enhancing V-
ATPase inhibition without increasing risks of cytotoxicity?

There are advantages and disadvantages to host-specific anti-
viral agents and an initial challenge is to establish therapeutic
selectivity.?? Herein, we report the identification of several novel
diphyllin derivatives that are potent inhibitors of V-ATPase and
EBOV infection of macrophages by phenotypic screening of a
small library of diphyllin derivatives. The compounds were
screened as inhibitors of EBOV pseudotype virus entry and
endosomal acidification. Compounds selected from these
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screens were ranked by their potency against EBOV entry and
dose selectivity of cellular endosomal acidification versus
cytotoxicity. The positive hits were further assayed for the ability
to inhibit V-ATPase activities in isolated vesicles. Three
compounds were then evaluated on their ability to inhibit MARV
cellular entry and replication-competent EBOV infection of
primary human macrophages (PHMs) due to their importance as
a site of filovirus infection.®® Overall, this approach demonstrates
the use of phenotypic screening to identify more selective V-
ATPase inhibitors that block filoviral infection with reduced
cytotoxicity.

Results and Discussion

Four series of diphyllin-related compounds were synthesized to
determine the tolerance of modifications of the lactone ring and
alkylation of the phenol functional group (Scheme 1). Synthesis
of intermediate 1a was completed using modified procedures

5
L= Table 1. Activity of diphyllin and derivatives against EBOV infection, endosomal acidification and cytotoxicity

Pseudo-EBOV

ID R1 Rz Y z ICso (M) EA ICso (NM)! EA IC50/CCsol
Baf - - - - 14.9+8.93 40.5+3.31 7.90
le T /" N co 5400£2920 >10000 ND
T CH,
2a H - o) CHz 8474125 476£60.1 37.4
2 CH, - o CHy 17140.2 265158.6 21.6
2 CHCH, - o CHy 112+14.7 254+49.0 9.37
2d - \ - o CHa 175+21.7 263+46.6 7.76
2 S - o CH: 73.2411.9 102+19.0 39.6
2f W\N : o CH: 93.1426.8 98.7+29.5 317
‘%\/\Nﬁ
29 ) . o CHa 107+23.7 74.3+23.9 151
k\/\N/\ o
2h S - o) CHa 132432.3 172+40.6 144
2i N“@j“ = 0 CHz 76.2+14.6 104+21.2 299
3a H £NH, N CHa 3940604 9060893 5.40
4N
3b H L@ N CHa 6630+437 >10000 ND
T
3¢ H 7 N CHz 4480+467 8710769 5.73
N
4N
3d H L@.O N CH2 11704518 9930+140 2.86
4N
3g H LQ_:N N CHz 1690+233 >10000 ND
FRF
N
3h H F N CHa 874042180 >10000 ND
F_F

[a] Inhibition of GFP-expressing EBOV GP pseudotyped vesicular stomatitis virus (VSV) infection of HeLa cells; mean+SEM (n=6). [b] Inhibition of cellular endosomal
acidification in HEK-293 cells; mean+SEM (n=9). [c] Selectivity Index of cytotoxicity (Supplementary Table S2) over endosomal acidification in HEK-293 cells.
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Figure 1. Diphyllin derivatives cause an increase in intracellular vesicle pH but no corresponding change in cytosolic pH. A) FITC-dextran stained (0.5mg/ml) HEK-
293 cells after 4h treatment with chosen inhibitor or vehicle. B) Endosomal pH measured by FITC-dextran staining of HEK-293 cells after 4h treatment with chosen
inhibitor or vehicle. C) Cytosolic pH measured by BCECF-AM staining (10pg/ml) of HEK-293 cells after 4h treatment with chosen inhibitor or vehicle.

from Charlton et al.® A set of imide derivatives were synthesized
by condensation of primary amines with 1a (Scheme 1). Diphyllin
(2a) was synthesized from 1a by selective reduction with lithium
aluminum hydride and the final three series were synthesized with
2a as the starting material. A set of propyl ether derivatives were
synthesized by Williamson synthesis to incorporate tertiary amine
and hydrophobic groups. The hydrazone derivatives were
synthesized by first using the nucleophilic attack of hydrazine
upon the lactone ring to create the hydrazide derivative 3a. Then,
condensation of 3a with a set of substituted benzyl aldehydes
provided a hydrazone series. Benzyl aldehydes were chosen with
a broad range of physical properties, including pentafluoro, to test
the toleration of modifications at the aryl position. Ring-opened
amides were synthesized by nucleophilic attack of both primary
and secondary amines upon the lactone ring of diphyllin to yield 1
secondary amide and 4 tertiary amides. All four classes were
evaluated for potential PAINS alerts using SwissADME
(Supplementary Table S2).4° Only the hydrazone class
demonstrate potential alerts, due to the imine functional group. All
four classes were screened for the ability to inhibit EBOV infection
using a GFP-expressing EBOV GP pseudotyped vesicular
stomatitis virus (VSV) in HelLa cells (Supplementary Fig. S1).
Diphyllin, one imide (1e), diphyllin hydrazide (3a), 5 hydrazones
(3b-d, g, h), and all phenol ethers (2b-i) significantly inhibited the
pseudotyped viral infection at 12.5 uM. Compounds were then
ranked by ICso to further evaluate the actives. Phenol ether
derivatives demonstrated the greatest potency amongst those
tested and 2e displayed a 11.5-fold improvement in potency
compared to diphyllin (Table 1). In general, phenol ether
derivatives were the best class of derivatives with both
hydrophobic and amino-alkyl ethers exhibiting improved potency
compared to diphyllin. Hydrazones with para-substituted benzyl
groups had the best activity within their class, though they were
1.4-fold less potent than diphyllin at best.

To evaluate a role for V-ATPase function as a mechanism for
inhibition of EBOV cell entry, all active compounds were screened
for the ability to inhibit endosomal acidification in HEK-293 cells.
The dichromic dye acridine orange (AO) freely passes through
cells in its uncharged form but accumulates in acidic endosomal
compartments as the dye becomes protonated and aggregates.
The ratio between the neutral dye, which emits at 530 nm, and
the charged dye, which shifts its emission to 650 nm, can be used
to detect vesicle acidification in cells.3”4* Candidate V-ATPase

Table 2. Inhibitory Activity of Derivatives against Isolated Human
V-ATPase

Proton Pump ICso

ID ATPase Inhibition®!

(nM)&

Baf 24.8+2.66 (+)
2a 189+1.66 +)
3c 423+3.96 )
3d 724%13.5 )
2b 47.5+5.28 )
2c 16.9+3.72 )
2e 11.7+2.97 +)
2g 27.4+3.88 (+)
2h 114+1.71 )
2i 61.0+2.84 (+)

(+) denotes significantly less Pi released than control (p>0.01). [a] Inhibition of
V-ATPase induced AO quenching; mean+SEM (n=9). [b] Inhibition of V-ATPase
induced ATP hydrolysis; mean+SEM (n=9).

inhibitors were identified in HEK-293 cells by a significant
decrease in the 650 nm/530 nm ratio of AO fluorescence when
compared to the vehicle control. The ICso values for inhibition of
endosomal acidification (EA assay) where then compared with
the cytotoxicity values (CCso) in the same cell lines to determine
if the different activities could be separated. In this assay, known
V-ATPase inhibitors Baf and diphyllin (2a) showed a potency that
was consistent with those observed in the pseudo-EBOV cell
entry. The well-established V-ATPase inhibitor Baf was more
potent than diphyllin in the assay but its cytotoxicity was also
significantly enhanced. Activity was tested in two cell lines (HEK-
293 and A549) to assess the activity of derivatives in different cell
environments. The A549 cell line was chosen for comparison to
previous reports using diphyllin, while HEK-293 cells offer a model
relevant to previous EBOV inhibitor screens.837:42:43

This article is protected by copyright. All rights reserved.



ChemMedChem

The endosome acidification screen identified significant
differences among the three diphyllin analog classes selected
from the original screen (Table 1 and Supplementary Fig. S2).
Overall, the relative potencies in this assay track with the EBOV
cell entry effects. Imide 1le did not cause a significant change in
the fluorescence ratio, indicating a lack of any effect on
endosomal acidification. Hydrazide 3a and four of the six active
hydrazones moderately inhibited acidification but none achieved
the level of inhibition observed with 2a. Only hydrazide 3a and
hydrazones 3c and 3d inhibited acidification to the level observed
with Baf at concentrations higher than 10 uM but these
compounds were 18-fold less potent than diphyllin on average
(Supplementary Fig. S3). Unfortunately, the cytotoxicity of this
class of compounds had minimal separation from inhibition of
endosomal acidification. The 10-fold difference between ICso
values in the two assays for this class likely indicate activity
against a separate target during EBOV entry assay.

The phenol derivatives presented a different profile from the other
classes when endosomal acidification and cytotoxicity were
assessed (Table 1 and Supplementary Fig. S3). All phenol
ethers inhibited acidification at a level similar to Baf and exhibited
improved ICso values compared with diphyllin. Remarkably, the
basic heterocycle containing derivatives (2g-2i) also exhibited up
to an 8-fold improvement in separation of cytotoxicity compared
with diphyllin (38-fold compared to Baf) in HEK-293 cells as
indicated by the ICs0/CCso ratios. These derivatives potently
inhibited endosomal acidification and exhibited decreased
cytotoxicity compared to diphyllin in both HEK-293 and A549 cell
lines. The morpholino ether derivative 2g was the more potent
derivative in both cell lines and demonstrated similar cytotoxicity
to diphyllin. The piperazinyl acetate ether 2h demonstrated less
activity compared to the morpholino but also had lower
cytotoxicity and a similar separation as 2g in HEK-293 cells.
Derivative 2i demonstrated the greatest separation of the ether
derivatives at nearly 300. Interestingly, the lipophilic derivatives
exhibited a similar, or better, potency compared to the amino
ethers but also increases in cell toxicity. Derivative 2f had a similar
potency to 2g in the endosomal acidification assay but increased
cytotoxicity 5-fold relative to diphyllin. Alkyl derivative 2¢ was the
most potent of all derivatives in the A549 cell line but 4-fold less
potent in HEK-293 cells (Supplementary Table S1) and more
cytotoxic. Thus, while the lipophilic derivatives demonstrated
greater potency than diphyllin, they were more cytotoxicity up to
10-fold in HEK-293 cells. Overall, far less cytotoxicity was
observed in A549 cells for all tested ethers compared to HEK-293
cells but activities against endosomal acidification were similar. In
general, the more basic derivatives expanded the separation of
endosomal acidification and cytotoxicity in HEK-293 cells
compared to diphyllin. The lack of discrimination of cytotoxicity
observed with the A549 cells indicate their utility to be minimal
since they lack the level of stringency needed to define
therapeutically selective inhibitors.
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Since acridine orange is a promiscuous dye and can integrate
with nucleic acids to also give a fluorescent emission, FITC-
dextran fluorescence was used to further assess the ability of our
top compounds to change endosomal pH. FITC-dextran is
exclusively trapped in endosomes and the FITC fluorescence is
guenched by increasing acidity. Fluorescent microscopy of FITC-
dextran stained cells indicated that diphyllin and amino ether 2g
demonstrated increased FITC fluorescence relative to the
vehicle-treated control (Fig. 1A). FITC-dextran was also used to
guantify endosomal pH in cells treated with diphyllin and
derivatives.

Both diphyllin and all tested derivatives resulted in elevated
endosomal pH (pH 7) at low micromolar concentrations (1-7 uM;
Fig. 1b). To ensure that the change in endosomal pH was not due
to an overall change in cellular pH, cytosolic pH was measured
with the BCECF-AM dye mixture. Treatment with Baf, 2a and its
derivatives showed no significant change in cytosolic pH
compared to the vehicle treated control (Fig. 1C). In combination
with the acridine orange assays, these results are consistent with
no optical interference by the arylnaphthalene lactone
chromophore.

To assess if the inhibition of endosomal acidification results from
a block in V-ATPase activity, the active diphyllin derivatives were
tested in the proton-pumping and ATPase functional assays.
Vesicles containing V-ATPase were isolated from HEK-293 cells
by adapting a published method.** To determine the effect of
compounds upon the proton-pumping function of V-ATPase,
vesicles were pre-incubated with acridine orange and the test
compound or vehicle for 1 h prior to the addition of ATP to initiate
pump activity. Quenching of the 530 nm emission of acridine
orange was measured over 1 h before addition of nigericin to relax
the proton gradient within vesicles. I1Csp values for hit compounds
from the cellular assays were calculated by measuring the change
in AO fluorescence immediately before and after the addition of
nigericin (Supplementary Fig. S4). Overall, inhibition of V-
ATPase activities followed a similar activity profile to the cellular
assays. Diphyllin was 7.5 times less potent than Baf at inhibiting
V-ATPase-mediated fluorescent quenching (Table 2). All phenol
derivatives had improved inhibitory potency relative to diphyllin
and several had similar activities to Baf. The lipophilic and amino
phenol derivatives had 8-17 times greater potencies relative to
diphyllin with 2e demonstrating a 2-fold improvement over Baf.
Hydrazone derivatives 3c and 3d were 2 and 4 times less potent,
respectively, than diphyllin which provided additional evidence
that these are weak inhibitors of V-ATPase and less selective for
the on-target effects.

Using the same vesicle preparations, the effect of the diphyllin
derivatives on ATP hydrolysis by V-ATPase was evaluated.
Isolated HEK-293 vesicles were pre-incubated with the active
compounds for 1 h at a concentration of 1 uM. ATP was then
Using the same vesicle preparations, the effect of the diphyllin
derivatives on ATP hydrolysis by V-ATPase was evaluated.

Table 3. Anti-Filoviral activity of Diphyllin and Top Derivatives in HeLa and Primary Human Macrophages

Pseudo-EBOV

Pseudo-MARYV ICso

PHM EBOV ICso PHM

D Hela CCso (M) ICs0/CCsol’ (M) © MARV IC5/CCs (M IC50/CCsol’
2a >100 >147 1770800 >56.5 678+218 >73.7
2e 36.547.13 499 402+45.9 90.8 240+36.4 >416
29 36.6+18.8 342 135+11.4 271 57.748.6 >1530
2h 63.0+11.2 477 81.628.7 772 256+21.3 >391

[a] Cellular cytotoxicity for select compounds; mean+SEM (n=6). [b] Selectivity index between cytotoxicity and inhibition of infection. [c] Inhibition of GFP-expressing
MARYV GP pseudotyped vesicular stomatitis virus (VSV) infection of HeLa cell; mean+SEM (n=6). [d] Inhibition of replication-competent EBOV infection; mean+SEM

(n=6).
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Using the same vesicle preparations, the effect of the diphyllin
derivatives on ATP hydrolysis by V-ATPase was evaluated.
Isolated HEK-293 vesicles were pre-incubated with the active
compounds for 1 h at a concentration of 1 uM. ATP was then
added to the vesicles and the amount of ATP hydrolyzed after 1
h was measured using malachite green to quantify free phosphate
released by ATPase action. Diphyllin and the phenol ether
derivatives inhibited ATP hydrolysis to a similar extent at 1 uM
compared to Baf, while hydrazones 3c and 3d did not (Table 2
and Supplementary Fig. S5). These data are consistent with the
cellular endosomal assay screen and verify that the work-flow
identifies compound as significant V-ATPase inhibitors that block
viral cellular entry.

To further substantiate the compound effects in these assays,
diphyllin and compounds 2e and 2g were all evaluated for time
dependence of effects in both the cellular endosomal acidification
assay and the biochemical assay (Supplementary Fig. S6, S7).
In both cases, there was no observed time dependent changes in
the percent inhibition. The chemical stability of compounds 2a, 2f,
2g, 2i, 3d were also evaluated in cell culture media. In the time
course of the inhibition assays, no significant degradation
products were observed (Supplementary Fig. S8). Compounds
2a, 2f, 2g were also tested for stability in HEK-293 cell culture for
24 h (Supplementary Fig. S9) and no apparent degradation
products were observed. Finally, UV-vis spectra were obtained of
both 2a and 2g to ensure there was no overlap of the diphyllin
chromophore with the excitation/emission spectra of the dyes
used (Supplementary Fig. S10). There was little fluorescence
beyond the 400nm and no overlap with the fluorophores leading
to the conclusion that there was no interference with the
fluorophores used. Therefore, the activity observed for the top
inhibitors is against V-ATPase via non-covalent actions.

To determine if our derivatives are broadly active against
filoviruses, the top active derivatives were tested for the ability to
inhibit MARYV infection. While related to EBOV, MARV utilizes
different cellular entry pathways from EBOV but it is still
dependent upon endosomal acidification.*® Therefore, the top
active amino and hydrophobic phenol ether derivatives, 2e, 2g,
and 2h were further assessed for activity against MARV cellular
entry in the HeLa cell model using a GFP-expressing MARV GP-
pseudotyped VSV. Both derivative 2e and diphyllin suffered
significant losses in potency against MARV compared with their
activities against EBOV infection. However, amino ether
derivatives 2g and 2h did not significantly change potency against
MARV compared with their activities against EBOV infection,
indicating these derivatives may have a broader anti-viral activity
(Table 3). These data indicate that the derivatives, especially the
amino-alkyl derivatives, selectively block activities required for
cell entry common to both classes of filoviruses without increasing
cytotoxicity (Table 3).

The top active derivatives were used to evaluate the inhibition
of replication-competent EBOV infection of primary human
macrophages with impressive results. Macrophages and other
monocyte-derived cells are a primary cell target of infection by
EBOV and derivative activity against EBOV infection in this model
may better indicate activity during host infection. The three
compounds tested in macrophage had a greater than 3-fold
improvement in activity over diphyllin, with 2g having the most
potent activity (11.8-fold). The derivatives also displayed greater
separations (>300X) of anti-viral activity over cytotoxicity in the
primary macrophages. Note that the only compound with a
measurable CCso was 2g, which had a separation of 1525 from
ICs0 which indicates an even greater separation for the other two
derivatives. For instance, compound 2h showed lower cytotoxicity
than 2g. Overall, these data indicate that these derivatives are
potent inhibitors of EBOV infection of macrophages and appear
safe within a wide range of active concentrations.

10.1002/cmdc.201800587
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Conclusions

In summary, we synthesized four classes of diphyllin
derivatives and tested them for the ability to inhibit EBOV infection
and cellular endosomal acidification. Phenol ethers proved to be
among the most potent V-ATPase inhibitors reported to date and
this activity directly correlated with blockade of cellular endosomal
acidification and EBOV infection. The activities of the derivatives
against filovirus cell entry and endosomal acidification were
paralleled by the activity against isolated V-ATPase containing
vesicles. Together, these data are consistent with a mechanism
of blocking viral infection that involves inhibition of V-ATPase.
Concordantly, the less active V-ATPase inhibition of the
hydrazone and imide classes show reduced potency and dose
selectivity in cell-based assays.

The best derivatives herein described have very potent V-
ATPase inhibitory activities but less cytotoxicity than compared to
known V-ATPase inhibitors. The increase in selectivity for the
alkylamine phenol derivatives may be due to trapping within the
endosome. This localization would trap the compounds in acidic
organelles by protonation of the amine functional group where the
virus, V-ATPase, and inhibitor must co-localize. Confining the
inhibitor to the organelles where V-ATPase is active could
minimize off-target effects of the inhibitors within cells and thus
minimize toxicity. Further studies of the alkylamine group could
lead to optimization of the compounds selectivity and in vivo
evaluation of potential metabolic liabilities of the scaffold is also
needed. Overall, these results represent the first example of
structural derivatization of a natural product scaffold to enhance
the selectivity of V-ATPase inhibitors for blocking viral cell entry.

Experimental Section

Chemistry

General: All commercially purchased reagents used in this study were of
the hghest purity available. Regular solvents (THF, ethyl acetate,
dichloromethane, dimethyl sulfoxide, etc.) were used as recieved without
further purification. NMR spectra were recorded at 298 K on Bruker
ARX300, DRX500, and Avance-l1I-800 spectrometers using DMSO-ds as
the solvent and internal reference (81=2.46 ppm, 8c=40.0 ppm). Chemical
shifts are reported in parts per million (ppm) and coupling constants (J) are
given in Hertz (Hz). The proton spectra are reported as follows &
(multiplicity, coupling constant, number of protons). Proton multiplicities
are designated as follows: s(sin-glet), d(doublet), t(triplet), g(quartet), and
m(multiplet). High resolution mass spectra were taken using an Agilent
6550 Q-Tof mass spectrometer using electrospray ionization (ESI). Low
resolution mass spectra were taken on an Advion expression Compact
Mass Spectrometer using ESI. High performance liquid chromatography
(HPLC) was performed on a Hitachi D-7000 system using a Phenomenex
Kromasil C18 column with water and acetonitrile (ACN) solvents
containing 1% trifluoroacetic acid. HPLC was used for purity determination
using a general method as follows: 5% ACN for 1 min, 5-100% ACN over
15min, 100% ACN for 2 min, 100-5% ACN for 2 min.

9-(benzo[d][1,3]dioxol-5-yl)-4-hydroxy-6,7-dimethoxynaphtho[2,3-

c]furan-1(3H)-one (2a)- 1a was synthesized using methods previously
published in Charlton et al.*6 1a (511 mg, 1.05 mmol, 1 eq.) was dissolved
in 20 mL of tetrahydrofuran (THF) and cooled to 0°C in an ice bath. This
solution was added dropwise to a stirring solution of 50mL of lithium
aluminum hydride (79.7mg, 2.10 mmol, 2 eq.) dissovled in THF. After 1h
at 0°C, the reaction was quenched with saturated sodium sulfate, filtered
through celite, and concentrated under reduced pressure. The crude
mixture was extracted with ethyl acetate (3x50 mL) and washed with water
(50 mL) and brine (50 mL). The water layers were combined and acidified
with 1M HCI. The resulting precipitate was filtered to yield a yellow solid
(368 mg, 92%, Purity: 97.5%). *H NMR (500 MHz, DMSO-ds) & 10.39 (s,
1H), 7.61 (s, 1H), 7.00 (d, J = 7.8 Hz, 1H), 6.94 (s, 1H), 6.85 (d, J = 1.6 Hz,
1H), 6.74 (dd, J = 7.9, 1.7 Hz, 1H), 6.10 (d, J = 1.3 Hz, 2H), 5.35 (s, 2H),
3.93 (s, 3H), 3.64 (s, 3H). 3C NMR (126 MHz, DMSO-ds) d 170.0, 150.9,
150.0, 147.2, 146.9, 145.2,129.8,129.1, 124.1, 123.6, 122.0, 119.0, 111.4,
108.2, 105.7, 101.4, 101.0, 66.9, 56.3, 55.9, 55.4. ESI-MS (ESI+) m/z:
calculated for C21H1607+H*, 381.0969 [M+H]*, found 381.0964 [M+H]*.
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2-amino-4-(benzo[d][1,3]dioxol-5-yl)-9-hydroxy-6,7-dimethoxy-1H-
benzo[flisoindole-1,3(2H)-dione (1b)- 1la (148 mg, 0.316mmol) was
dissolved in methanol (5 mL) and heated to reflux. Hydrazine hydrate
(500ul, ~60% solution) was added dropwise and the reaction was refluxed
overnight. Precipitate formed upon cooling the mixture to -20°C and was
filtered off to yield a pure, yellow solid (121mg, 93%, Purity: 99.3%).
HNMR (500MHz, DMSO-ds): 8.53 (s, 1H), 7.68 (s, 1H), 7.11 (s, 1H), 6.97
(d, J=10Hz, 1H), 6.86 (s, 1H), 6.85 (d, 1.5Hz, 1H), 6.09 (d, J=20Hz, 2H),
4.08 (s, 3H), 4.07 (s, 2H), 3.83 (s, 3H). LC-MS m/z: calculated for
C21H16N207+H*, 409.1 [M+H]*, found 409.2 [M+H]".

4-(benzo[d][1,3]dioxol-5-yl)-9-hydroxy-2-(2-hydroxyethyl)-6,7-
dimethoxy-1H-benzo[flisoindole-1,3(2H)-dione (1c)- 1la (150mg,
0.320mmol) was dissolved in methanol (5ml) and heated to reflux.
Ethanolamine (1ml, 1.012g, 16.6mmol) was added dropwise and the
reaction was allowed to react overnight. The reaction was cooled and
methanol was removed by rotary evaporation. The remaining liquid was
acidified by 1M HCI and the resulting precipitate was collected by vacuum
filtration. The precipitate was recrystallized from toluene and methanol to
yield 120mg (85%, Purity: 95.1%) of yellow solid. *HNMR (500MHz,
DMSO- de): 7.78(s, 1H), 7.03 (s, 1H), 6.93 (d, J=10Hz, 1H), 6.82 (s, 1H),
6.80 (d, J=10Hz, 1H), 6.02 (d, J=5Hz, 2H), 4.59 (s, 2H), 3.97 (s, 3H), 3.72
(s, 3H), 3.68 (s, 4H). LC-MS m/z: calculated for C2sHi19NOsg+H"*, 438.1
[M+H]*, found 438.1 [M+H]*.

4-(benzo[d][1,3]dioxol-5-yl)-9-hydroxy-6,7-dimethoxy-2-(2-
morpholinoethyl)-1H-benzo[flisoindole-1,3(2H)-dione (1d)- 1a (102mg,
0.218mmol) and was dissolved in methanol (5ml) and heated to reflux. 4-
(2-aminoethyl)morpholine (1ml, 0.992g, 7.62mmol) was added dropwise
and the reaction proceeded overnight. The reaction was cooled and
methanol was concentrated under reduced pressure. The crude mixture
was extracted with ethyl acetate (3x20ml) and the organic layers were
combined and washed with distilled water (20mL) and brine (20mL). The
organic layer was dried with anhydrous sodium sulfate and concentrated
by under reduced pressure. The crude solid was recrystallized from
toluene and methanol to yield an amorphous, yellow solid (61mg, 57%,
Purity: 95.3%). *H NMR (500 MHz, DMSO-ds) & 10.96 (s, 1H), 9.56 (s, 1H),
7.74 (s, 1H), 7.04 — 6.97 (m, 2H), 6.90 (d, J = 1.7 Hz, 1H), 6.79 (dd, J =
7.9, 1.7 Hz, 1H), 6.09 (d, J = 7.5 Hz, 2H), 4.01 — 3.95 (m, 2H), 3.93 (s, 3H),
3.87 — 3.83 (m, 2H), 3.66 (s, 3H), 3.56 (d, J = 12.4 Hz, 4H), 3.10 (d, J =
11.0 Hz, 2H). LC-MS m/z: calculated for C27H26N20s+H*, 507.2 [M+H]*,
found 507.1 [M+H]*.

9-(benzo[d][1,3]dioxol-5-yl)-2-(2-hydroxyethyl)-6,7-dimethoxy-1,3-
dioxo-2,3-dihydro-1H-benzolflisoindol-4-yl acetate (1e)- Imide 1c (110
mg, 0.252mmol), activated zinc dust (200 mg), and acetic acid (20mL)
were added to a reaction flask and heated to reflux overnight. The reaction
was cooled to room temperature and the precipitate was filtered off and
the filtrate was washed with methanol until only a black precipitate
remained. The filtrate was condensed under reduced pressure and the
crude product was separated by silica gel column chromatography
(hexanes: ethyl acetate 5:5 to 0:100) to yield a fluorescent, green solid (64
mg, 53%, Purity: 97.5%). *H NMR (500 MHz, DMSO-de) & 7.70 (s, 1H),
7.03-6.93 (m, 2H), 6.90 (d, J = 1.7 Hz, 1H), 6.80 — 6.74 (m, 1H), 6.09 (d,
J=2.9Hz, 2H), 4.14 (t, J = 5.5 Hz, 2H), 3.92 (s, 3H), 3.64 (s, 3H), 1.90 (s,
3H), 1.00 (s, 1H). ESI-MS (ESI+) m/z: calculated for CzsH21NOo+H*,
480.1295 [M+H]*, found 480.1289 [M+H]*.

Synthesis of Hydrophobic Phenol Ethers: Gerenal Procedure. 2a
(1eq), haloalkane (2eq), and potassium carbonate (5eq) were dissolved in
dimethyl sulfoxide (6mL). The reaction was heated to reflux overnight. The
reaction was then cooled to room temperature and 20mL of distilled water
was added to the flask. The mixture was added to a separatory funnel and
extracted with dichloromethane (3x20mL). The organic layers were
combined and washed with distilled water (30mL) and brine (30mL) before
concentrating the organic layers under reduced pressure. The crude
product was purified with normal phase silica gel chromatography
(Hexanes/EtOAc 100/0 to 80/100) to yield the pure solid.

9-(benzo[d][1,3]dioxol-5-yl)-4,6,7-trimethoxynaphtho[2,3-c]furan-

1(3H)-one (2b)- 2a (50mg, 0.131mmol, 1eq), methyl iodide (20pl, 22.8mg,
2.5eq), and potassium carbonate (91mg, 0.655mmol, 5eq) were dissolved
in dimethyl sulfoxide (6mL). The reaction was heated to reflux overnight.
The reaction was worked up and purified as above to yield a white solid
(yield: 46mg, 91%, Purity: 98.0%). *H NMR (500 MHz, DMSO-ds) & 7.49
(s, 1H), 7.00 (d, J = 7.9 Hz, 1H), 6.92 (s, 1H), 6.84 (d, J = 1.6 Hz, 1H), 6.72
(dd, 3 = 7.9, 1.7 Hz, 1H), 6.09 (s, 2H), 5.69 (s, 2H), 4.11 (s, 3H), 3.92 (s,
3H), 3.62 (s, 3H). 13C NMR (201 MHz, DMSO-ds) d 169.5, 151.7, 150.4,
147.7, 147.4, 147.2, 133.0, 129.9, 128.9, 125.3, 124.2, 124.1, 119.47,
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111.3, 108.4, 105.9, 101.6, 101.0, 67.2, 59.5, 56.1, 55.7, 21.2. ESI-MS
(ESI+) m/z: calculated for CzHisO7 +H*, 395.1125 [M+H]*, found
395.1125[M+H]*.

9-(benzo[d][1,3]dioxol-5-yl)-4-ethoxy-6,7-dimethoxynaphtho[2,3-
c]furan-1(3H)-one (2c)- 2a (51mg, 0.134mmol, 1eq), ethyl bromide (20,
29.2mg, 2eq), and potassium carbonate (90mg, 0.651mmol, 5eq) were
dissolved in dimethyl sulfoxide (6mL). The reaction was heated to reflux
overnight. The reaction was worked up and purified as above to yield an
off-white/yellow solid (yield: 40mg, 74%, Purity: 99.1%). *H NMR (500 MHz,
DMSO-ds) 6 7.48 (s, 1H), 6.99 (d, J = 7.9 Hz, 1H), 6.92 (s, 1H), 6.84 (d, J
= 1.7 Hz, 1H), 6.72 (dd, J = 7.9, 1.7 Hz, 1H), 6.09 (s, 2H), 5.72 (s, 2H),
5.57 (s, 2H), 4.29 (g, J = 7.0 Hz, 2H), 3.91 (s, 3H), 3.62 (s, 3H), 1.42 (t, J
=7.0 Hz, 3H). 13C NMR (201 MHz, DMSO-ds) 8 169.5, 151.7, 150.4, 147.4,
147.2,146.9, 133.3,129.9, 128.9, 126.1, 125.8, 124.1, 119.4, 111.3, 108 .4,
106.0, 101.5, 101.1, 68.0, 67.1, 56.0, 55.7, 31.1, 16.1. ESI-MS (ESI+) m/z:
calculated for C23H2007 +H*, 409.1281 [M+H]*, found 409.1276 [M+H]*.

9-(benzo[d][1,3]dioxol-5-yl)-6,7-dimethoxy-4-(prop-2-yn-1-
yloxy)naphtho[2,3-c]furan-1(3H)-one (2d)- 2a (50mg, 0.131mmol, 1eq),
propargyl bromide (30ul of 80 wt.% solution in toluene, 2eq), and
potassium carbonate (85mg, 0.615mmol, 5eq) were dissolved in dimethyl
sulfoxide (6mL). The reaction was heated to reflux overnight. The reaction
was worked up and purified as above to yield a light brown solid (yield:
31mg, 56%, Purity: 95.8%). *H NMR (500 MHz, DMSO-de) & 7.52 (d, J =
1.9 Hz, 1H), 7.01 (dd, J = 7.9, 1.9 Hz, 1H), 6.95 (d, J = 1.9 Hz, 1H), 6.87
(d, J=1.8Hz, 1H), 6.74 (dd, J = 7.9, 1.8 Hz, 1H), 6.10 (d, J = 1.9 Hz, 2H),
5.59 (s, 2H), 5.00 (d, J = 2.4 Hz, 2H), 3.93 (s, 3H), 3.70 (t, J = 2.4 Hz, 1H),
3.63 (s, 3H). 13C NMR (201 MHz, DMSO-ds) & 169.4, 151.8, 150.5, 147.4,
147.3,146.0, 134.6, 130.1, 128.6, 127.6, 126.6, 124.0, 119.2,111.3, 108 .4,
106.0, 101.6, 101.2, 80.1, 79.8, 66.9, 60.4, 56.1, 55.7. ESI-MS (ESI+) m/z:
calculated for C24H1807 +H*, 419.1125 [M+H]*, found 419.1129 [M+H]".

9-(benzo[d][1,3]dioxol-5-yl)-6,7-dimethoxy-4-(pent-4-yn-1-
yloxy)naphtho[2,3-c]furan-1(3H)-one (2e)- 2a (49mg, 0.129mmol, leq),
5-chloro-1-pentyne (28pl, 26.9mg, 2eq), and potassium carbonate (89mg,
0.644mmol, 5eq) were dissolved in dimethyl sulfoxide (6mL). The reaction
was heated to reflux overnight. The reaction was worked up and purified
as above to yield a white solid (yield: 36mg, 61%, Purity: 98%). 'H NMR
(500 MHz, DMSO-ds) 6 7.48 (s, 1H), 7.02 — 6.91 (m, 2H), 6.85 (d, J = 1.6
Hz, 1H), 6.73 (dd, J = 7.8, 1.7 Hz, 1H), 6.09 (s, 2H), 5.56 (s, 2H), 4.28 (t,
J =5.9 Hz, 2H), 3.92 (s, 3H), 3.62 (s, 3H), 2.86 (t, J = 2.7 Hz, 1H), 2.50 —
2.48 (m, 2H), 2.00 (g, J = 6.5 Hz, 2H). 3C NMR (126 MHz, DMSO-de) &
169.4,151.6, 150.3, 147.2, 147.1, 146.5, 133.5, 129.8, 128.6, 126.1, 126.0,
123.9, 119.3, 111.2, 108.3, 105.8, 101.4, 100.7, 84.0, 72.3, 70.6, 66.9,
55.9, 55.5, 28.9, 15.0. ESI-MS (ESI+) m/z: calculated for C2sH2207 +H*,
447.1438 [M+H]"*, found 447.1432 [M+H]*.

4-((9-(benzo[d][1,3]dioxol-5-yl)-6,7-dimethoxy-1-0x0-1,3-
dihydronaphtho[2,3-c]furan-4-yl)oxy)butanenitrile (2f)- 2a (51mg,
0.134mmol, 1eq), 4-bromobutyronitrile (27pl, 38.8mg, 2eq), and potassium
carbonate (89mg, 0.644mmol, 5eq) were dissolved in dimethyl sulfoxide
(6mL). The reaction was heated to reflux overnight. The reaction was
worked up and purified as above to yield a white solid (yield: 21mg, 36%,
Purity: 95.1%. *H NMR (500 MHz, DMSO-de) & 7.54 (s, 1H), 7.03 — 6.91
(m, 2H), 6.86 (d, J = 1.7 Hz, 1H), 6.73 (dd, J = 7.9, 1.7 Hz, 1H), 6.09 (s,
2H), 5.61 (s, 2H), 4.33 (t, J = 5.8 Hz, 2H), 3.94 (s, 3H), 3.63 (s, 3H), 2.80
(t, J = 7.0 Hz, 2H), 2.13 (g, J = 6.5 Hz, 2H). *C NMR (201 MHz, DMSO-
ds) 0 169.4, 151.8, 150.4, 147.4, 147.3, 146.5, 133.6, 130.0, 128.8, 125.8,
125.6, 124.0, 121.0, 119.4, 111.3, 108.4, 106.0, 101.5, 101.1, 70.6, 67.1,
56.2, 55.7, 26.0, 14.1. ESI-MS (ESI+) m/z: calculated for C2sH21NO7 +H*,
448.1390 [M+H]"*, found 448.1287 [M+H]*.

Synthesis of chloro-propylamine precursors: General Procedure. 1-
bromo-3-chloropropane (1.1mL, 1.72g, 1lmmol; 1.5eq) and amine
component (leq) were dissolved in acetonitrile (40mL) at room
temperature while stirring. triethylamine (3.1 mL, 2.2g, 2eq) of was added
dropwise and the reaction mixture was stirred at room temperature for 24-
48 hours. When reaction was deemed complete by thin-layer
chromatography, the solvent was removed under reduced pressure to
yield a crude oil. The crude oil was purified by normal phase silica gel
chromatography (DCM/MeOH 100/0 to 50/50) to yield the pure oil.

4-(3-chloropropyl)morpholine (2ga)- 1-bromo-3-chloropropane (1.1mL,
1.72g, 11mmol; 1.5eq) of 1-bromo-3-chloropropane and amine component
(641pul, 639mg, leq) were dissolved in acetonitrile (40mL) at room
temperature while stirring. triethylamine (3.1mL, 2.2g, 2eq) was then
added dropwise, the reaction mixture was stirred at room temperature for
24h and purified as above to yield a yellow oil (yield: 351mg, 30%). LC-MS
m/z: calculated for C7H14CINO+H*, 164.1 [M+H]*, found 164.1 [M+H]*.
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Ethyl 2-(4-(3-chloropropyl)piperazin-1-yl)acetate (2ha)- 1-bromo-3-
chloropropane (1.1mL, 1.72g, 1lmmol; 1.5eq) of 1-bromo-3-
chloropropane and amine component (1.16g, leq) were dissolved in
acetonitrile (40mL) at room temperature while stirring. triethylamine
(3.1mL, 2.2g, 2eq) was then added dropwise, the reaction mixture was
stirred at room temperature for 24h and purified as above to yield a yellow
oil (yield: 654mg, 36%). LC-MS m/z: calculated for C11H21CIN202+H",
248.1 [M+H]*, found 248.2 [M+H]*.

2-(4-(3-chloropropyl)piperazin-1-yl)ethan-1-ol (2ia)- 1-bromo-3-
chloropropane (1.1mL, 1.72g, 11mmol; 1.5eq) of 1-bromo-3-
chloropropane and amine component (0.952g, 1eq) were dissolved in
acetonitrile (40mL) at room temperature while stirring. triethylamine
(3.1mL, 2.2g, 2eq) was then added dropwise, the reaction mixture was
stirred at room temperature for 24h and purified as above to yield a yellow
oil (yield: 551mg, 36%). LC-MS m/z: calculated for CoH19CIN2O+H*, 207.1
[M+H]*, found 207.1 [M+H]*.

General synthetic procedure for hydrophilic phenol ether derivatives:
2a (50mg, 0.131mmol, 1eq), the chloropropylamine precursor (2eq), and
potassium carbonate (91mg, 0.655mmol, 5eq) were dissolved in dimethyl
sulfoxide (6mL). The reaction was heated to reflux overnight (16-20h). The
reaction was then cooled to room temperature and 20mL of distilled water
was added to the flask. The mixture was added to a separatory funnel and
extracted with ethyl acetate (5x30mL). The organic layers were combined
and washed with brine (30mL) before concentrating the organic layers
under reduced pressure. The crude product was purified with normal
phase silica gel chromatography (DCM/MeOH 100/0 to 80/20) to yield the
pure solid.

9-(benzo[d][1,3]dioxol-5-yl)-6,7-dimethoxy-4-(3-
morpholinopropoxy)naphtho[2,3-c]furan-1(3H)-one (2g)- 2a (50mg,
0.131mmol, leq), 2ga (22mg, 2eq), and potassium carbonate (80mg,
0.579mmol, 5eq) were dissolved in dimethyl sulfoxide (6mL). The reaction
was heated to reflux overnight and purified as above to give a yellow solid
(yield: 45mg, 67%, Purity: 95.2%). *H NMR (500 MHz, DMSO-ds) 5 7.49
(s, 1H), 7.00 (d, J = 7.9 Hz, 1H), 6.93 (s, 1H), 6.85 (d, J = 1.6 Hz, 1H), 6.73
(dd,J=7.9, 1.7 Hz, 1H), 6.09 (s, 2H), 5.58 (s, 2H), 4.27 (t, J = 6.1 Hz, 2H),
3.92 (s, 3H), 3.63 (s, 3H), 3.55 (t, J = 4.5 Hz, 4H), 2.53 (t, J = 7.3 Hz, 2H),
2.36 (s, 4H), 1.97 (p, J = 6.6 Hz, 2H). 3C NMR (201 MHz, DMSO-ds) &
169.5, 151.7, 150.4, 147.4, 147.3, 146.9, 133.3, 130.0, 128.8, 126.0, 125.8,
124.1, 119.4, 111.3, 108.4, 106.0, 101.6, 101.0, 70.4, 67.1, 66.7, 56.0,
55.7, 55.4, 53.9, 27.3. ESI-MS (ESI+) m/z: calculated for CagH2oNOg+H*,
508.1966 [M+H]*, found 508.1967 [M+H]*.

Ethyl 2-(4-(3-((9-(benzo[d][1,3]dioxol-5-yl)-6,7-dimethoxy-1-0x0-1,3-
dihydronaphtho[2,3-c]furan-4-yl)oxy)propyl)piperazin-1-yl)acetate
(2h)- 2a (51mg, 0.134mmol, leq), 2ha (33mg, 2eq), and potassium
carbonate (90mg, 0.655mmol, 5eq) were dissolved in dimethyl sulfoxide
(6mL). The reaction was heated to reflux overnight and purified as above
to give an off-white, amorphous solid (yield: 36mg, 46%, Purity: 97.1%).
H NMR (500 MHz, DMSO-ds) & 7.47 (s, 1H), 6.99 (d, J = 7.9 Hz, 1H), 6.92
(s, 1H), 6.84 (d, J = 1.6 Hz, 1H), 6.72 (dd, J = 8.0, 1.7 Hz, 1H), 6.09 (s,
2H), 5.56 (s, 2H), 4.24 (t, J = 6.1 Hz, 2H), 4.04 (g, J = 7.1 Hz, 2H), 3.91 (s,
3H), 3.62 (s, 3H), 3.15 (s, 2H), 2.59 — 2.53 (m, 2H), 2.50 (s, 8H), 1.96 (p,
J =6.6 Hz, 2H), 1.14 (t, J = 7.1 Hz, 3H). *C NMR (201 MHz, DMSO-ds) d
170.2,169.4,151.5,147.2,147.1, 146.7, 133.2, 129.8, 128.7, 125.9, 125.7,
123.9, 119.3, 111.2, 108.2, 105.8, 101.4, 100.8, 70.3, 66.9, 60.1, 58.8,
55.9, 55.5, 53.1, 52.3, 40.7, 27.3, 14.5. ESI-MS (ESI+) m/z: calculated for
Ca2H3sN209+H*, 593.2493 [M+H]*, found 593.2491 [M+H]*.

9-(benzo[d][1,3]dioxol-5-yl)-4-(3-(4-(2-hydroxyethyl)piperazin-1-

yl)propoxy)-6,7-dimethoxynaphtho[2,3-c]furan-1(3H)-one  (2i)- 2a
(51mg, 0.131mmol, 1leq), 2ia (27mg, 2eq), and potassium carbonate
(90mg, 0.655mmol, 5eq) were dissolved in dimethyl sulfoxide (6mL). The
reaction was heated to reflux overnight and purified as above to give a
yellow, amorphous solid (Yield: 32mg, 44%, Purity: 95.1%). *H NMR (500
MHz, DMSO-ds) 5 7.48 (s, 1H), 7.00 (d, J = 7.9 Hz, 1H), 6.93 (s, 1H), 6.73
(dd, J = 7.9, 1.7 Hz, 1H), 6.09 (s, 2H), 5.57 (s, 2H), 4.42 (s, 1H), 4.26 (t, J
= 6.0 Hz, 2H), 3.92 (s, 3H), 3.62 (s, 3H), 3.46 (t, J = 6.3 Hz, 2H), 2.57 —
2.48 (m, 4H), 2.38 (s, 8H), 1.96 (p, J = 6.6 Hz, 2H). 13C NMR (126 MHz,
DMSO-ds) d 169.4, 151.5, 150.2, 147.2, 147.1, 146.7, 133.2, 129.8, 128.7,
125.9, 125.7, 123.9, 119.3, 111.2, 108.3, 105.8, 101.4, 100.8, 70.3, 66.9,
60.5, 58.6, 55.9, 55.5, 54.8, 53.4, 53.0, 27.4. ESI-MS (ESI+) m/z:
calculated for CaoHzaN207+H*, 551.2388 [M+H]*, found 551.2383 [M+H]*.

2-amino-9-(benzo[d][1,3]dioxol-5-yl)-4-hydroxy-6,7-dimethoxy-2,3-
dihydro-1H-benzo[f]isoindol-1-one (3a)- 2a (200mg, 0.526mmol, leq)
and hydrazine hydrate (0.5mL) were dissolved in 50mL of methanol. The
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reaction was heated to reflux overnight (16-20h). The solution was cooled
to -20°C and the precipitate that formed was collected. The crude product
was recrystallized with ethanol to yield 136mg (66%, Purity: 96.1%) of 3a
as a yellow solid. *H NMR (500 MHz, DMSO-ds) & 9.98 (s, 1H), 7.56 (s,
1H), 6.93 (d, J = 7.8 Hz, 1H), 6.88 (s, 1H), 6.75 (d, J = 1.7 Hz, 1H), 6.66
(dd, J=7.9, 1.6 Hz, 1H), 6.06 (d, J = 1.9 Hz, 2H), 4.78 (s, 2H), 4.42 (s,
2H), 3.88 (s, 3H), 3.59 (s, 3H). ESI-MS (ESI+) m/z: calculated for
C21H18N206+H"*, 395.1237 [M+H]*, found 395.1240 [M+H]*.

Hydrazone synthesis: General Procedure. 3a (50mg, 0.126mmol, 1eq)
and the select aromatic aldehyde (1.2eq) were dissolved in methanol
(10mL). The reaction was heated to reflux overnight (16-20h). The reaction
was then cooled to room temperature and concentrated under reduced
pressure. The residual solution was then cooled to -20°C to precipitate the
crude product from solution. The crude precipitate was collected and
recrystallized with ethanol to yield the final product.

(E)-9-(benzo[d][1,3]dioxol-5-yl)-2-(benzylideneamino)-4-hydroxy-6,7-

dimethoxy-2,3-dihydro-1H-benzol[flisoindol-1-one (3b)- 3a (50mg,
0.126mmol, 1eq) and benzaldehyde (15ul 16mg, 1.2eq) were dissolved in
methanol (10mL). The reaction was heated to reflux overnight, and the
final product was purified as above to give a yellow solid (yield: 52mg, 85%,
Purity: 96.2%). *H NMR (500 MHz, DMSO-ds) 5 10.22 (s, 1H), 8.65 — 8.61
(m, 2H), 8.10 (s, 1H), 7.64 (d, J = 5.2 Hz, 4H), 6.98 (d, J = 8.0 Hz, 1H),
6.92 (s, 1H), 6.83 (s, 1H), 6.72 (d, J = 8.0 Hz, 1H), 6.09 (s, 2H), 4.84 (s,
2H), 3.90 (s, 3H), 3.61 (s, 3H). ESI-MS (ESI+) m/z: calculated for
C28H22N206 +HT, 483.1551 [M+H]*, found 483.1547 [M+H]".

(E)-9-(benzo[d][1,3]dioxol-5-yl)-4-hydroxy-6,7-dimethoxy-2-((pyridin-

3-yImethylene)amino)-2,3-dihydro-1H-benzo[flisoindol-1-one (3c)- 3a
(50mg, 0.126mmol, 1leq) and nicotinaldehyde (14pl, 16mg, 1.2eq) were
dissolved in methanol (10mL). The reaction was heated to reflux overnight,
and the final product was purified as above to give a yellow solid (yield:
45mg, 74%, Purity: 95.5%). *H NMR (300 MHz, DMSO-ds) d 10.24 (s, 1H),
8.90 (s, 1H), 8.60 (s, 1H), 8.23 (s, 1H), 8.13 (d, J = 8.1 Hz, 1H), 7.67 (s,
1H), 7.56 — 7.45 (m, 1H), 7.06 — 6.91 (m, 2H), 6.86 (d, J = 1.6 Hz, 1H),
6.75 (d, J = 8.1 Hz, 1H), 6.11 (s, 2H), 4.88 (s, 2H), 3.93 (s, 3H), 3.64 (s,
3H), 1.90 (s, 1H). *C NMR (201 MHz, DMSO-ds) d 164.0, 150.9, 150.5,
149.9, 149.2, 147.2,146.8, 146.0, 140.7, 133.7, 131.2, 130.1, 129.7, 129.1,
124.5,124.2,123.2, 115.8, 111.7, 108.1, 106.0, 101.5, 101.4, 56.0, 55.5,
45.5, 21.5. ESI-MS (ESI+) m/z: calculated for C27H21N30s +H*, 483.1503
[M+H]*, found 483.1500 [M+H]*.

(E)-9-(benzo[d][1,3]dioxol-5-yl)-2-((4-chlorobenzylidene)amino)-4-
hydroxy-6,7-dimethoxy-2,3-dihydro-1H-benzol[flisoindol-1-one (3d)-
3a (49mg, 0.124mmol, leq) and 4-chlorobenzaldehyde (21mg, 1.2eq)
were dissolved in methanol (10mL). The reaction was heated to reflux
overnight, and the final product was purified as above to give a yellow solid
(yield: 51mg, 77%, Purity: 99.2%). *H NMR (500 MHz, DMSO-ds) & 10.19
(s, 1H), 8.16 (s, 1H), 7.75 (d, J = 8.6 Hz, 2H), 7.64 (s, 1H), 7.55 — 7.48 (m,
2H), 6.98 (d, J = 7.9 Hz, 1H), 6.91 (s, 1H), 6.82 (d, J = 1.7 Hz, 1H), 6.72
(dd, 3 =7.9, 1.7 Hz, 1H), 6.08 (s, 2H), 4.84 (s, 2H), 3.91 (s, 3H), 3.61 (s,
3H). ESI-MS (ESI+) m/z: calculated for CzsH21CIN20s +H*, 517.1161
[M+H]*, found 517.1156 [M+H]*.

(E)-9-(benzo[d][1,3]dioxol-5-yl)-2-((4-bromobenzylidene)amino)-4-
hydroxy-6,7-dimethoxy-2,3-dihydro-1H-benzolf]isoindol-1-one (3e)-
3a (50mg, 0.126mmol, 1leq) and 4-bromobenzaldehyde (28mg, 1.2eq)
were dissolved in methanol (10mL). The reaction was heated to reflux
overnight, and the final product was purified as above to give a yellow solid
(yield: 55mg, 76%, Purity: 97.9%). *H NMR (300 MHz, DMSO-ds) & 10.23
(s, 1H), 8.16 (s, 1H), 7.68 (dd, J = 5.8, 2.9 Hz, 5H), 7.05 — 6.89 (m, 2H),
6.88 — 6.69 (m, 2H), 6.11 (s, 2H), 4.86 (s, 2H), 3.93 (s, 3H), 3.63 (s, 3H).
LC-MS m/z: calculated for C2sH21BrN20e+H*, 561.1 [M+H]*, found 561.4
[M+H]*.

(E)-9-(benzo[d][1,3]dioxol-5-yl)-4-hydroxy-6,7-dimethoxy-2-((4-
methylbenzylidene)amino)-2,3-dihydro-1H-benzo[flisoindol-1-one
(3f)- 3a (49mg, 0.124mmol, leq) and 4-methylbenzaldehyde (18pl, 18mg,
1.2eq) were dissolved in methanol (10mL). The reaction was heated to
reflux overnight, and the final product was purified as above to give a
yellow solid (yield: 39mg, 62%, Purity: 97.3%). *H NMR (500 MHz, DMSO-
ds) 6 10.17 (s, 1H), 8.10 (s, 1H), 7.61 (d, 3 = 6.9 Hz, 3H), 7.24 (d,J = 7.7
Hz, 2H), 6.98 (d, J = 7.9 Hz, 1H), 6.91 (s, 1H), 6.82 (s, 1H), 6.71 (d, J =
7.9 Hz, 1H), 6.08 (s, 2H), 4.80 (s, 2H), 3.90 (s, 3H), 3.60 (s, 3H), 2.30 (s,
3H). LC-MS m/z: calculated for C29H24N206+H*, 497.2 [M+H]*, found 497.3
[M+H]*.

(E)-4-(((9-(benzo[d][1,3]dioxol-5-yl)-4-hydroxy-6,7-dimethoxy-1-oxo-
1,3-dihydro-2H-benzo[flisoindol-2-yl)imino)methyl)benzonitrile (3g)-
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3a (51mg, 0.129mmol, 1eq) and 4-formylbenzonitrile (17mg, 1.2eq) were
dissolved in methanol (10mL). The reaction was heated to reflux overnight,
and the final product was purified as above to give a yellow solid (yield:
30mg, 47%, Purity: 98.1%). *H NMR (300 MHz, DMSO-ds) & 10.22 (s, 1H),
8.17 (s, 1H), 7.65 (s, 1H), 7.01 (d, J = 7.9 Hz, 1H), 6.93 (s, 1H), 6.90 - 6.84
(m, 1H), 6.80 — 6.70 (m, 1H), 6.12 (s, 2H), 4.83 (s, 2H), 3.92 (s, 3H), 3.64
(s, 3H). 3C NMR (201 MHz, DMSO-ds) 8 164.1, 150.5, 149.9, 147.2, 146.8,
146.0, 141.3,139.7,133.2, 130.0, 129.7, 129.2, 127.9, 124.3, 124.2, 123.3,
119.2, 115.8, 111.9, 111.7, 108.1, 106.0, 101.4, 101.4, 56.0, 55.5, 45.5.
ESI-MS (ESI+) m/z: calculated for Ca2oH23N3Oest+H*, 508.1500 [M+H]*,
found 508.1503 [M+H]".

(E)-9-(benzo[d][1,3]dioxol-5-yl)-4-hydroxy-6,7-dimethoxy-2-
(((perfluorophenyl)methylene)amino)-2,3-dihydro-1H-
benzo[flisoindol-1-one (3h)- 3a (51mg, 0.129mmol, 1leq) and 2,3,4,5,6-
pentafluorobenzaldehyde (19ul, 30mg, 1.2eq) were dissolved in methanol
(10mL). The reaction was heated to reflux overnight, and the final product
was purified as above to give a white solid (yield: 64mg, 88%, Purity:
98.9%). *H NMR (300 MHz, DMSO-de) 5 10.41 (s, 1H), 7.65 (s, 1H), 7.12
—6.57 (m, 5H), 6.12 (s, 2H), 3.94 (s, 3H), 3.65 (s, 3H), 3.17 (s, 2H). ESI-
MS (ESI+) m/z: calculated for C2sH17FsN20s+H*, 573.1079 [M+H]*, found
573.1077 [M+H]".

(E)-9-(benzo[d][1,3]dioxol-5-yl)-2-((4-
(diethylamino)benzylidene)amino)-4-hydroxy-6,7-dimethoxy-2,3-
dihydro-1H-benzolf]isoindol-1-one (3i)- 3a (50mg, 0.126mmol, leq)
and 4-(diethylamino)benzaldehyde (27mg, 1.2eq) were dissolved in
methanol (10mL). The reaction was heated to reflux overnight, and the
final product was purified as above to give a bright yellow solid (yield:
45mg, 64%, Purity: 94.9%). *H NMR (300 MHz, DMSO-ds) 8 10.15 (s, 1H),
8.07 (s, 1H), 7.64 (s, 1H), 7.54 (d, J = 8.7 Hz, 2H), 7.04 — 6.90 (m, 2H),
6.83 (d, J = 1.6 Hz, 1H), 6.78 — 6.67 (m, 3H), 6.10 (s, 2H), 4.81 (s, 2H),
3.92 (s, 3H), 3.63 (s, 3H), 3.38 (d, J = 7.0 Hz, 4H), 2.53 (s, 11H), 1.10 (t, J
= 6.9 Hz, 7H). LC-MS m/z: calculated for C32Hs1N3Os+H*, calculated 554.2
[M+H]*, found 554.4 [M+H]*.

(E)-9-(benzo[d][1,3]dioxol-5-yl)-2-((benzo[d][1,3]dioxol-5-
ylmethylene)amino)-4-hydroxy-6,7-dimethoxy-2,3-dihydro-1H-
benzo[flisoindol-1-one (3j)- 3a (50mg, 0.126mmol, 1eq) and piperonal
(23mg, 1.2eq) were dissolved in methanol (10mL). The reaction was
heated to reflux overnight, and the final product was purified as above to
give a beige solid (yield: 55mg, 82%, Purity: 96.1%). *H NMR (300 MHz,
DMSO-ds) 6 8.11 (s, 1H), 7.65 (d, J = 4.2 Hz, 1H), 7.29 (d, J = 1.6 Hz, 1H),
7.22(d, J=8.3 Hz, 1H), 7.00 (dd, J = 7.9, 1.7 Hz, 2H), 6.93 (d, J = 3.4 Hz,
1H), 6.84 (d, J = 1.6 Hz, 1H), 6.73 (dd, J = 7.8, 1.7 Hz, 1H), 6.09 (d, J =
8.0 Hz, 4H), 4.81 (s, 2H), 3.92 (s, 3H), 3.63 (s, 3H). LC-MS m/z: calculated
for C29H22N20s+H*, 527.1 [M+H]*, found 527.4 [M+H]".

(E)-9-(benzo[d][1,3]dioxol-5-yl)-4-hydroxy-6,7-dimethoxy-2-
((thiophen-2-yImethylene)amino)-2,3-dihydro-1H-benzo[flisoindol-1-
one (3k)- 3a (50mg, 0.126mmol, 1eq) and 2-thiophenecarboxaldehyde
(14pl, 17mg, 1.2eq) were dissolved in methanol (10mL). The reaction was
heated to reflux overnight, and the final product was purified as above to
give a beige solid (yield: 43mg, 69%, Purity: 96.7%). *H NMR (500 MHz,
DMSO-ds) 6 8.23 (s, 1H), 7.89 (dd, J = 2.9, 1.2 Hz, 1H), 7.69 — 7.56 (m,
2H), 7.43 (dd, J = 5.1, 1.2 Hz, 1H), 6.97 (d, J = 7.9 Hz, 1H), 6.92 (s, 1H),
6.81 (d, J = 1.7 Hz, 1H), 6.71 (dd, J = 7.9, 1.7 Hz, 1H), 6.08 (dd, J = 3.9,
1.0 Hz, 2H), 4.80 (s, 2H), 3.90 (s, 3H), 3.61 (s, 3H). LC-MS m/z: calculated
for C26H20N206S+H*, 489.1 [M+H]*, found 489.1 [M+H]*.

(E)-9-(benzo[d][1,3]dioxol-5-yl)-4-hydroxy-6,7-dimethoxy-2-((4-
(trifluoromethyl)benzylidene)amino)-2,3-dihydro-1H-
benzo[flisoindol-1-one (3l)- 3a (50mg, 0.126mmol, leq) and 4-
(trifluoromethyl)benzaldehyde (21ul, 26mg, 1.2eq) were dissolved in
methanol (10mL). The reaction was heated to reflux overnight, and the
final product was purified as above to give a yellow solid (yield: 61mg, 87%,
Purity: 99.4%). *H NMR (500 MHz, DMSO-de) 8 10.22 (s, 1H), 8.22 (s, 1H),
7.93 (t, J = 9.0 Hz, 2H), 7.82 (d, J = 8.1 Hz, 2H), 7.65 (s, 1H), 6.99 (d, J =
7.7 Hz, 1H), 6.92 (s, 1H), 6.82 (d, J = 11.5 Hz, 1H), 6.72 (d, J = 8.0 Hz,
1H), 6.09 (s, 2H), 4.87 (s, 1H), 3.91 (s, 3H), 3.61 (s, 3H). LC-MS: m/z:
calculated for C29H21F3N206+H"*, 551.2 [M+H]*, found 551.2 [M+H]*.

Ring-opened amide  synthesis: General Procedure. 2a
(50mg, .131mmol, 1eq) and the amine component (2eq) were dissolved in
a 0.5M NaOH in MeOH solution (5mL). The reaction was heated to reflux
overnight (16-20h). The reaction was then cooled to room temperature and
the solvent was removed under reduced pressure. The reaction was then
suspended in 10mL of distilled water and the pH was adjusted to 7. The
solution was then added to a separatory funnel and extracted with ethyl
acetate (3x30mL). The organic layers were combined and washed with
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distilled water (30mL) and brine (30mL) before being concentrated under
reduced pressure. The crude product was purified using normal phase
silica gel chromatography (DCM/MeOH 100/0 to 80/20) to yield the final
product.

(1-(benzo[d][1,3]dioxol-5-yl)-4-hydroxy-3-(hydroxymethyl)-6,7-
dimethoxynaphthalen-2-yl)(piperidin-1-yl)methanone (4a)- 2a
(50mg, .131mmol, 1leq) and the piperidine (26pl, 22mg, 2eq) were
dissolved in a 0.5M NaOH in MeOH solution (5mL). The reaction was
heated to reflux overnight and purified as shown above to yield a yellow
solid (yield: 35mg, 57%, Purity: 95.1%). *H NMR (500 MHz, DMSO-ds) &
7.41-7.37 (m, 1H), 7.13 (d, J = 1.7 Hz, 1H), 7.00 (d, J = 8.2 Hz, 1H), 6.89
(d, 3 =8.1 Hz, 1H), 6.80 (s, 1H), 6.13 — 6.05 (m, 2H), 3.82 (s, 3H), 3.75 (s,
3H), 3.59 (d, J = 18.3 Hz, 2H), 2.86 — 2.69 (m, 10H). LC-MS m/z: calculated
for C23H2007 +H*, 466.2 [M+H]*, found 466.3 [M+H]*.

(1-(benzo[d][1,3]dioxol-5-yl)-4-hydroxy-3-(hydroxymethyl)-6,7-
dimethoxynaphthalen-2-yl)(morpholino)methanone (4b)- 2a
(50mg, .131mmol, 1eq) and morpholine (23pl, 23mg, 2eq) were dissolved
in a 0.5M NaOH in MeOH solution (5mL). The reaction was heated to reflux
overnight and purified as shown above to yield a yellow solid (yield: 26mg,
43%, Purity: 95.4%). 'H NMR (500 MHz, DMSO-ds) & 7.52 (s, 1H), 6.92 —
6.78 (m, 2H), 5.98 (s, 1H), 5.93 (s, 1H), 5.11 (s, 2H), 3.92 (s, 3H), 3.66 (s,
3H), 3.15-3.11 (m, 4H), 2.62 (s, 4H), 2.55 (s, 2H). LC-MS m/z: calculated
for C2sH2sNOs+H™, 468.2 [M+H]*, found 468.2 [M+H]".

(1-(benzo[d][1,3]dioxol-5-yl)-4-hydroxy-3-(hydroxymethyl)-6,7-
dimethoxynaphthalen-2-yl)(4-methylpiperazin-1-yl)methanone (4c)-
2a (50mg, .131mmol, leq) and N-methylpiperazine (24ul, 21mg, 2eq)
were dissolved in a 0.5M NaOH in MeOH solution (5mL). The reaction was
heated to reflux overnight and purified as shown above to yield a yellow
solid (yield: 10mg, 16%, Purity: 94.6%). *H NMR (500 MHz, DMSO-ds) &
8.52 (s, 1H), 7.43 (s, 1H), 7.14 (s, 1H), 6.96 (s, 1H), 6.82 (s, 1H), 6.74 (d,
J = 8.7 Hz, 1H), 5.94 — 5.84 (m, 2H), 4.98 (s, 2H), 4.06 (s, 1H), 3.74 (s,
3H), 3.20 (s, 3H), 3.03 (s, 8H), 1.20 (s, 3H). LC-MS m/z: calculated for
Ca6H28N207+H*, 517.1161 [M+H]*, found 481.2 [M+H]*.

(1-(benzo[d][1,3]dioxol-5-yl)-4-hydroxy-3-(hydroxymethyl)-6,7-

dimethoxynaphthalen-2-yl)(piperazin-1-yl)methanone (4d)- 2a
(50mg, .131mmol, 1leq) and piperazine (23mg, 2eq) were dissolved in a
0.5M NaOH in MeOH solution (5mL). The reaction was heated to reflux
overnight and purified as shown above to yield a yellow solid (yield: 12mg,
20%, Purity: 93.2%). *H NMR (500 MHz, DMSO-ds) & 7.65 (s, 1H), 7.09 (s,
1H), 6.97 (d, J = 8.7 Hz, 1H), 6.84 (s, 1H), 6.73 (d, J = 8.7 Hz, 1H), 6.10
(s, 2H), 5.35 (s, 2H), 3.91 (s, 3H), 3.55 (s, 3H), 2.69 (s, 6H). LC-MS m/z:
calculated for C2sHz6N207+H*, 467.2 [M+H]*, found 467.1 [M+H]*.

1-(benzo[d][1,3]dioxol-5-yl)-N-cyclopentyl-4-hydroxy-3-
(hydroxymethyl)-6,7-dimethoxy-2-naphthamide (4e)- 2a
(50mg, .131mmol, 1eq) and cyclopentylamine (26pl, 23mg, 2eq) were
dissolved in a 0.5M NaOH in MeOH solution (5mL). The reaction was
heated to reflux overnight and purified as shown above to yield an off-white
solid (yield: 21mg, 19%, Purity: 96.7%). *HNMR (500MHz, DMSO-ds)
7.50(s, 1H), 6.91(s, 1H), 6.75( s, 1H), 6.73(s, 1H), 6.675(d, J=5Hz, 1H),
6.03(d, J = 20Hz, 2H), 4.03(s, 2H), 3.84(s, 3H), 3.56 (s, 3H), 3.31(b, 1H),
3.21(s, b,1H), 1.84(m, 2H), 1.64(m, 2H), 1.5(m, 4H). LC-MS m/z:
calculated for C26H27NO7+H*, 466.2 [M+H]*, found 466.1 [M+H]*.

Biological Assays

Cells- 293FT cells (catalog number R700-07; Thermo), HEK-293 cells
(ATCC® CRL-1573™), Vero cells and HelLa cells were maintained in
Dulbecco modified Eagle medium (Fisher Scientific) supplemented with
10% fetal bovine serum (Atlanta Biologicals) (referred to here as complete
medium). Primary human macrophages were differentiated from the buffy
coat fraction of human blood (from the South Texas Blood and Tissue
Center) according to previously published protocols.® Briefly, mononuclear
lymphocytes were isolated using LeucoSep tubes (Fisher Scientific),
resuspended in Iscove modified Dulbecco medium (IMDM, Fisher
Scientific), and plated in 96-well plates (50,000 cells per well). After the
cells were allowed to adhere for 1 h, unattached cells were washed off
using IMDM. Attached monocytes were allowed to differentiate into
macrophages for 7 to 8 days in IMDM containing 2% heat-inactivated
human serum (Corning Inc.), 100 U/ml penicillin, 100 pg/ml streptomycin,
1x nonessential amino acids (Fisher Scientific), 50 uM 2-mercaptoethanol
(Fisher Scientific), and 800 U/ml human macrophage colony-stimulating
factor (BioLegend). Adherent monocytes (PHMs) were washed, and the
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medium was replaced on days 2 and 6 while the cells were differentiating.
All cells were kept at 37°C in a humidified incubator with 5% CO..

Pseudovirus assays- As described previously, Virus-like particles (VLPs)
containing ebolavirus glycoprotein (GP) were produced in 293FT cells.
Plasmid DNA constructs carrying EBOV or MARV matrix protein VP40,
VP40 fused to GFP (VP40-GFP), NP, and GP were used for VLP
production.® HeLa cells were seeded in a 384-well plate (4000 cells/well)
and allowed to adhere overnight in complete medium at 37°C with 5% COx.
Cells were treated with inhibitors at varying concentrations (<1% DMSO)
for 1 h before the cells were infected with EBOV or MARV pseudovirus.
After 24 h, cells were fixed with formalin and washed three times with
phosphate-buffered saline. Nuclei were then stained with Hoechst stain at
a concentration of 1:10,000. Cells were imaged using a Nikon Ti eclipse
robotic microscope and analyzed with CellProfiler software. The number
of infected cells (GFP-expressing cells) was divided by the total number of
cells (Hoechst-stained nuclei) to determine the rate of infection. The
infection rate in vehicle-treated cells was used to determine the ratio of
infection in the drug-treated cells. ICso data are reported as the
concentration at which 50% of the viral infection was inhibited relative to
the vehicle-treated cells with the standard deviation for 6 individual
experiments.

Filovirus-GFP infection- Live EBOV were produced as previously
described.® In brief, Zaire Ebola virus Mayinga strain with an insertion of
green fluorescent protein (GFP) between the nucleoprotein (NP) and VP35,
a kind gift of Heinz Feldmann (NIH, Rocky Mountain Laboratory, Hamilton,
MT). All work was done in a biosafety level 4 (BSL4; protection level 4) lab
at the Texas Biomedical Research Institute.

PHMs were treated with inhibitors at varying concentrations (<1% DMSO)
for 1 h before the cells were infected with EBOV-GFP. After 24 h, cells
were fixed with formalin and washed three times with phosphate-buffered
saline. Nuclei were then stained with Hoechst stain at a concentration of
1:10,000. Cells were imaged using a Nikon Ti eclipse robotic microscope
and analyzed with CellProfiler software. The number of infected cells
(GFP-expressing cells) was divided by the total number of cells (Hoechst-
stained nuclei) to determine the rate of infection. The infection rate in
vehicle-treated cells was used to determine the ratio of infection in the
drug-treated cells. ICso data are reported as the concentration at which
50% of the viral infection was inhibited relative to the controls with the
standard deviation for 6 individual experiments.

Inhibition of cellular vesicle acidification- HEK-293 cells were seeded
into clear 96-well plates (Falcon) at 10,000 cells/well and allowed to grow
for 18-20 h at 37°C and 5% CO: in complete medium. Cells were treated
with inhibitors at varying concentrations (<2% DMSO) for 4 h before the
addition of 1 pug/ml acridine orange in DMEM for 10min before media is
removed and cells washed twice with 1x PBS. Fluorescent readings were
taken with a Biotek Synergy 4 microplate reader using the following filter
pairings: 485/20 nm-530/30 nm and 485/20 nm-665/7 nm. Data are shown
the 665 nm/530 nm emission ratio for 12 individual experiments. |Cso data
are reported as the concentration at which 50% of the 665 nm/ 530 nm
ratio was inhibited relative to the vehicle-treated control with the standard
deviation. All compounds were also assayed without the acridine orange
dye to determine if background fluorescence was interfering with the assay.
This background fluorescence was determined by washing cells with 1x
PBS twice and reading in both fluorescence wavelengths and subtracted
from the total fluorescence in both channels before determining the
fluorescent ratio after dye treatment.

Aggregation screening for cellular endosomal acidification- All hits
from the cellular endosomal acidification assay were further screened at
10uM under two different conditions to eliminate any compounds that
inhibit the assay by aggregation. The first condition was the addition of
0.1% Triton X-100 as inhibitors were added to HEK-293 cells. The assay
was run for 4h before 1 pg/ml acridine orange in DMEM was added with
0.1% Triton X-100 to additionally inhibit any aggregation between dye and
inhibitors. The second condition was to add inhibitors to assay media and
centrifuge them for 10min at 14,000xg to remove aggregates before
adding inhibitors to HEK-293 cells. The assay was conducted as above.

Time-dependent inhibition of cellular vesicle acidification- HEK-293
cells were seeded into clear 96-well plates (Falcon) at 10,000 cells/well
and allowed to grow for 18-20 h at 37°C and 5% CO3 in complete medium.
Cells were then treated with a dilution series of diphyllin and incubated at
37°C and 5%CO:2 until 1 pg/ml acridine orange was added at 2, 4, and 8h.
After 10min incubation the dye, cells were washed with 1x PBS twice and
100ul of PBS was added. Fluorescent readings were taken with a Biotek
Synergy 4 microplate reader using the following filter pairings: 485/20 nm-
530/30 nm and 485/20 nm-665/7 nm. Data are shown as meanz standard
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error of the mean of the 665 nm/530 nm emission ratio for 4 individual
experiments.

Measurement of intracellular endosomal pH- HEK-293 cells were
seeded into clear 96-well plates (Falcon) at 10,000 cells/well and allowed
to grow for 18-20 h at 37°C and 5% COz in complete medium. Cells were
then incubated with 0.5 mg/ml FITC-dextran for 3 h. The dextran was then
removed and the cells washed once with 1x PBS before the addition of
inhibitors (<2% DMSO) in DMEM for 4 h. Cell were then washed 1x with
PBS and read with a Biotek Synergy 4 microplate reader with the 485/20
nm and 380/20nm excitation filters and the 530/30 nm emission filter. The
380 nm induced emission was subtracted from the 485 nm induced
emission to normalize the results for dye concentration. Data are shown
as meanz standard error of the mean of the normalized 530nm emission
for 12 individual experiments. FITC-dextran fluorescence was
standardized in vehicle-treated cells using HEPES-phosphate buffers with
10 pg/ml of nigericin at pH values from 4-8 for a standard curve. The
ionophore nigericin was added to equilibrate the cell’s internal pH with the
external buffer pH.

Measurement of cytosolic pH- HEK-293 cells were seeded into clear 96-
well plates (Falcon) at 10,000 cells/well and allowed to grow for 18-20 h at
37°C and 5% CO:2 in complete medium. Cells were then treated with
inhibitors at varying concentrations (<2% DMSO) for 3.5 h before the
addition of 10 pg/ml of BCECF-AM. After 30 min, cells were washed twice
with 1xPBS before reading the plate with a Biotek Synergy 4 microplate
reader with the 485/20 nm and 380/20nm excitation filters and the 530/30
nm emission filter. The 380 nm induced emission was subtracted from the
485 nm induced emission to normalize the results for dye concentration.
Data are shown as mean+ standard error of the mean of the normalized
530 nm emission for 12 individual experiments. BCECF-AM fluorescence
was standardized in vehicle-treated cells using HEPES-phosphate buffers
with 10 pg/ml of nigericin at pH values from 4-8 for a standard curve. The
ionophore nigericin was added to equilibrate the cell’s internal pH with the
external buffer pH.

Determination of cytotoxicity- HEK-293 cells were seeded into clear 96-
well plates (Falcon) at 10,000 cells/well and allowed to grow for 18-20 h at
37°C and 5% CO:2 in complete medium. Cells were then treated with
inhibitors at varying concentrations (<2%DMSO) for 72 h. 0.5 mg/ml MTT
was added to cells for 4 h before quenching the reaction with acidic
isopropanol (10% Triton, 0.1 M HCI). After incubation for 24 h at room
temperature, the absorbance at 570 nm and 650 nm was measured using
a Biotek Synergy 4 microplate reader. The absorbance at 650 nm
subtracted from the 570 nm to normalize data to any residual media
fluorescence. Data are shown as mean+ standard error of the mean of the
normalized 570nm absorbance. CCso data are reported as the
concentration at which cell viability was 50% relative to the controls with
the standard deviation for 12 individual experiments.

HeLa cytotoxicity was determined as shown previously.® In brief, HeLa
cells plated in 96-well plates (20,000 cells/well) were treated with the
compounds at different concentrations in a 100 pl final volume. After 24 h
of incubation with the compounds, cytotoxicity was measured using a
CytoTox-Fluor cytotoxicity assay (Promega) per the manufacturer's
protocol.

PHM cytotoxicity was determined as shown previously.® In brief, PHMs
were treated with the top three diphyllin derivatives at varying
concentrations (<1% DMSO). After 24 h of incubation with the compounds,
cytotoxicity was measured using a CytoTox-Fluor cytotoxicity assay
(Promega) per the manufacturer’s protocol for 3 individual experiments.

HEK-293 vesicle isolation- The following isolation and assays were
performed similar to that previously described.**#” In brief, cells were
grown to confluency with complete medium in a 175 cm? flask (Corning)
before growth media was removed and replaced with serum-free DMEM
for 2 h. To neutralize endosomes prior to lysis, FCCP was added to the
cellular media to reach a final concentration of 1 pM. Cells were incubated
with FCCP for 15 min before cells were scrapped form the plate and
pelleted at 1000xg for 5 min. The media was discarded and cells were re-
suspended in HEK assay buffer (20 mM HEPES, 5 mM Glucose, 50 mM
Sucrose, 50 mM KCI, 90 mM potassium gluconate, 1 mM EGTA, Pierce™
protease inhibitor Mini tablet, pH=7.4) were then lysed by passage through
a 22g needle 10-15 times. Lysates were then centrifuged at 10,000xg for
30 s with a Beckman Coulter Microfuge 22R centrifuge. The supernatant
was removed and centrifuged at 14,500xg for 20 min. The remaining
supernatant was discarded and the pellet was resuspended in HEK assay
buffer.

Inhibition of acridine orange quenching assay-The vesicle mixture was
resuspended in HEK assay buffer+1%BSA+6 UM acridine orange and split
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into fractions with the protein concentration being 100 pg/mL and
transferred to a clear 96-well plate. The isolated vesicles were pretreated
with inhibitors for 60 min at 37°C. Fluorescent readings were taken with a
Biotek Synergy 4 microplate reader with the 485/20 nm excitation filter and
the 530/30 nm emission filter. Plates were read at 1 min intervals for 2 min
to measure baseline fluorescence before 5 mM ATP and 5 mM MgCl:
were added to initiate V-ATPase activity. Readings were taken at 1 min
intervals for 60 min before the addition of 1 pg/ml nigericin (Tocris) and
further reading for 15 min at 1 min intervals. The change in fluorescence
between the 60-minute timepoint after ATP addition and the reading 2 min
after nigericin was added were used to quantify the activity of V-ATPase
in each sample. Data are shown as meant standard deviation of nine
individual experiments for each compound and concentration.

Inhibition of ATPase activity- The vesicle mixture was resuspended in
HEK assay buffer and split into fractions with the protein concentration
being 300 pg/mL in 97.5 pl of buffer and transferred to a clear 96-well plate.
Vesicles were pretreated with inhibitors (DMSO<1%) for 1hr at 37°C in the
presence of 2 mM NaNs and 100 pM sodium orthovanadate. The reaction
was initiated by the addition of 2.5 pl of 200 mM ATP+100 mM MgClz (5
mM ATP+5 mM MgClz in solution). 10 pl aliquots of the reaction were
added to 90 pl of Pi detection mixture (0.0135% malachite green, 0.954%
ammonium molybdate, 0.387% polyvinyl alcohol, 1 M HCI in water) after
60 minutes. After 2 minutes, 10 pl of 34% sodium citrate was added to
quench the reaction. After a 30min incubation at room temperature, the
absorbance at 620 nm was read using a Biotek Synergy 4 microplate
reader. Data are shown as meanz standard error of the mean of the 620nm
absorbance for nine individual experiments per compound.

Stability in cell media assessment- Compounds were suspended in
DMEM+10%FBS at 100mM concentration and aliquots were removed at
0, 4, 24, 48h while incubating 37°C with 5% CO.. Sample media was
diluted 1/10 in acetonitrile+0.1% trifluoroacetic acid and cooled to 4°C for
30 min. Samples were then centrifuged at 14,000xg and the supernatant
was removed and analyzed by HPLC using a Phenomenex Kromasil C18
HPLC column. The percentage of the original sample peak was used to
determine the amount of compound remaining at each time point in
comparison with phenol standard. Data shown are the mean+ standard
error of the mean for five individual experiments.

Stability in HEK-293 cells- HEK-293 cells were seeded into Corning 6-
well plates at a concentration of 5x10° cells/well in DMEM+10% FBS and
incubated overnight at 37°C with 5% CO2. The media was then removed
and replaced with DMEM+10% FBS containing 100mM of select inhibitors
and allowed to incubate for 24h at 37°C with 5% CO2. Media was then
collected and cells were washed three times with cold PBS before being
allowed to dry for 15min. A 1:1:0.0005 mixture of acetonitrile: methanol:
trifluoroacetic acid was then added to each well and incubated at 4°C for
16 h. The supernatant was then removed and centrifuged at 14,000xg for
10min to remove cellular debris. The new supernatant was then
concentrated to 500uL and analyzed by HPLC using Phenomenex
Kromasil C18 HPLC column. Data shown are the average of 3
independent experiments.
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Novel Ebolavirus therapies: Vacuolar-ATPase inhibitors were created and identified as therapeutically-selective inhibitors of
Ebolavirus infection. Four series of derivatives of the natural product diphyllin were screened for activity against Ebolavirus infection
and cellular V-ATPase activity. Phenol alkylation was identified as a potent method for increasing derivative activity and several
alkylamino phenol derivatives exhibited therapeutic selectivity greater than any previous V-ATPase inhibitor.
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