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Anti-Filoviral Agents 
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Ebolavirus, a genus of filoviruses, are responsible for outbreaks that cause up to 90% 

fatality, including the recent outbreak in West Africa that has resulted in over 28,603 reported 

cases and 11,301 deaths according to the WHO. Inhibitors of vacuolar-ATPase (V-ATPase), a key 

protein complex that is responsible for endosomal acidification and represents a unique method to 

block this common viral pathway. V-ATPase inhibitors have previously been explored as therapies 

for many diseases but have failed due to high toxicity. Diphyllin is a natural, arylnaphthalene 

lignan that represents a novel structural class of V-ATPase inhibitors with a greater selectivity 

index than previous V-ATPase inhibitors. Diphyllin has shown promising anti-tumor and anti-

osteoclast activity, as well as strong anti-viral activity against Influenza and Dengue viruses.  

Herein, novel modifications of the lactone and phenol functional groups of diphyllin were 

explored for the ability to enhance the potency or therapeutic selectivity of the diphyllin core. Four 

initial sets of derivatives were synthesized and assayed for activity against ebolavirus infection, 

inhibition of cellular endosomal acidification, cytotoxicity and biochemical inhibition of isolated 

V-ATPase. Modification of diphyllin’s lactone functional group reduced both activity and 

selectivity, while alkylation of the phenol groups significantly enhanced activity. The 

incorporation of basic heterocycles to the alkyl group created an alkylamino series of derivatives 

that exhibited significantly improved therapeutic selectivity compared to diphyllin. Further 

investigation of the alkylamino class indicated that they retained activity against Marburgvirus 

infection, a filovirus related to Ebolavirus. Alkylamino derivatives inhibited ebolavirus infection 

of human macrophages at low micromolar levels with no apparent cytotoxicity. 

Further investigation of the alkylamino class of diphyllin derivatives was conducted to 

determine if potency and/or therapeutic selectivity could be optimized. The addition of a 1-

methylpiperazine moiety to the end of the alkyl chain improved potency 1260-fold over diphyllin, 

though therapeutic selectivity was not improved. The modification of the alkylamino linker to an 
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acetamide eliminated cytotoxicity but decreased derivative activity against V-ATPase activity. To 

evaluate if the cytotoxicity evidenced by the alkylamino derivatives was evidenced in organisms, 

the derivative toxicity was assessed in zebrafish and mouse models. Derivatives displayed toxicity 

in a zebrafish developmental model but were all at least 10-fold less toxic than the known V-

ATPase inhibitor bafilomycin A1. Three derivatives were well tolerated in CD-1 mice when 

administered at therapeutically relevant concentrations and caused no abnormal changes in their 

blood chemistry. Overall, these results demonstrate that the alkylamino and acetamide diphyllin 

phenol derivatives should be further studied as therapies for ebolavirus infection in addition to 

other V-ATPase mediated diseases. 
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 INTRODUCTION 

1.1 The Filoviridae family of viruses are the causative agents of severe hemorrhagic disease 

and death in humans.  

1.1.1 Filoviridae Taxonomy  

The Filoviridae family consists of enveloped, negative-sense RNA viruses of large, filamentous 

size that have caused severe hemorrhagic fevers in humans.1–8 The Filoviridae family is part of 

the order Mononegavirales and contains three genera (Ebolavirus, Marburgvirus, and Cuevavirus) 

with seven total viral species.7 Four species of Ebolavirus (EBOV) exhibit acute disease in humans 

(Zaire, Sudan, Bundibugyo, Taï Forest), and one with fatality in non-human primates and pigs but 

no pathology in humans (Reston).8 Three Ebolavirus species (Zaire, Sudan, Bundibugyo) are 

responsible for Ebola virus disease (EVD) and have caused recurrent and severe epidemics in 

humans with fatalities of 25-90%.9 The Marburgvirus genus consists of one viral species with two 

subspecies, Marburg (MARV) and Ravn viruses, and is responsible for deadly outbreaks in 

Germany and Africa with fatality rates of 25 and 90% respectively. MARV is the causative agent 

of Marburg virus disease while Ravn virus was more recently identified and studies are ongoing. 

The Cuevavirus genus was identified by analysis of bat tissues from northern Spain and consists 

of one species, Lloviu virus, of unknown pathogenicity to humans.10 

1.1.2 Filovirus Structure 

The filovirus genome consists of one single-stranded, negative-sense, 19kb RNA strand that 

encodes seven genes that produce seven structural and three non-structural protein products. These 

genes encode proteins known as nucleoprotein (NP), viral protein 35 (VP35), viral protein 40 

(VP40), glycoprotein (GP), viral protein 30 (VP30), viral protein 24 (VP24), and the large protein 

(L) (Table 1.1).11,12 The genes are transcribed by viral RNA-dependent RNA polymerase into nine 

discreet mRNA transcripts that are capped and polyadenylated by the same protein.11 While six of 

the genes are transcribed normally, slippage during transcription of the GP gene results in the 

production of three different mRNA transcripts. An internal stretch of seven uridines within the 

GP gene causes the viral polymerase to slip and results in frameshift changes to the transcript.13 

The polymerase slippage is also controlled by the stretches of genomic RNA around the repeat  
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Table 1.1. Summary of EBOV Genes and Their Functions. 

Viral Protein Function References 

Nucleoprotein 

(NP) 

RNA Encapsulation/ Stabilization, Transcription/ replication 

cofactor 

14–16 

VP35 

Replication/Transcription essential cofactor, mediates the 

interaction of L and NP; Inhibition of RIG-1 and IRF3 

signaling 

17–21 

VP40 
Matrix Protein, aids in localization of nucleocapsid to the 

host plasma membrane, responsible for budding 

22,23 

Glycoprotein 

(GP) 

Surface glycoprotein, responsible for attachment, 

trafficking, and release of the virus from endolysosome 

system 

24–28 

Soluble 

Glycoprotein 

(sGP) 

Truncated, soluble form of GP; aids immune evasion through 

interaction with host antibodies for GP 

13,29 

Short, Soluble 

Glycoprotein 

(ssGP) 

Shorter form of sGP, function is poorly understood but may 

be similar to sGP 

13 

Delta peptide 
Viroporin, aids in EBOV virion release and the prevention 

of further EBOV infection of  

30 

VP30 
Initiation of transcription cofactor, switch between 

transcription and genome replication 

31,32 

VP24 
Integral to the formation of viral nucleocapsid; interferes 

with nuclear translocation of immune factors 

33–35 

L 

Three domains with 1. RNA-dependent RNA polymerase 

activity, 2. 5’ mRNA cap-methyltransferase, 3. 3’-mRNA 

polyadenylation; responsible for genome replication and 

mRNA transcription 

36,37 
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and between the GP and VP30 genes.38 The GP gene can encode for three separate mRNA products 

(pre-sGP, pre-GP, and ssGP) that are transcribed with an approximate ratio of 14:5:1.13,38 

The seven structural proteins of filoviruses (NP, VP35, VP40, GP, VP30, VP24, L) form the 

infectious viral particle. The outer envelope of the virus contains only GP, a transmembrane 

protein that is sufficient for attachment and entry of the virion into cells. VP40 forms a matrix on 

the inside of the plasma membrane that forms the structure of the virion and allows for attachment 

of the nucleocapsid.39 The nucleocapsid consists mainly of genomic RNA coated with NP and 

takes a rigid coiled structure upon interaction with VP24, VP35 and VP40.40 L and VP30 are also 

bound to the genomic RNA and packaged in the nucleocapsid of the virion to allow for 

transcription upon release of the virion.  

1.1.3 Ebolavirus Cellular Lifecycle (Fig. 1.1) 

Cellular infection begins as EBOV begins to interact with the receptors present on the 

plasma membrane of a host cell. The viral glycoprotein has been demonstrated to bind to the Tyro3 

protein kinase (TAM) family of receptors, C-type lectin family members, and  the T-cell 

immunoglobulin mucin domain (TIM) receptors TIM-1 and TIM-4.27,41,42 However, entry of the 

virus has also been shown to be independent of each these receptors in different systems, which 

demonstrates the flexibility of the virus for entry into numerous cell types. The phosphatidylserine-

rich viral envelope can interact with TAM, TIM-1 and TIM-4 which may explain some of the 

ambiguity in EBOV attachment.43 The binding of the virus is believed to elicit a signal cascade 

that induces macropinocytosis in the region of the virus.24,44  

Internalization of the virus-containing macropinosome is trafficked into the endolysosome 

system where the virion can release its contents into the host cytoplasm prior to it is degraded in 

the lysosome. As the EBOV virion is routed through the pathway from endosome to lysosome, 

decreasing pH within the endosomal lumen activates host cathepsin proteases present in the lumen. 

Cathepsins B and L sequentially process GP into a fusion-competent form by removing the glycan 

cap responsible for stabilization of buried fusion sequence.45 Although some processing is 

necessary to activate the filoviral GP, the requirement of cathepsins varies amongst between 

EBOV and MARV and between the EBOV species.46,47 The exposed sequences of GP allow for 

binding with host Niemann-Pick C1 protein (NPC1), an integral membrane protein responsible for 

cholesterol handling in the late endosome.48,49 NPC1 has been identified as an integral protein for 
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filovirus entry and may be responsible for the species-specific effects of the virus.50,51 NPC1 has 

been proposed to stabilize GP as it undergoes the conformational shift necessary for the insertion 

of the GP fusion peptide into the endosomal membrane. A conformational shift in GP is triggered 

by protonation of histidine residues present on the fusion loop of GP.52 The role of pH in the fusion 

of GP with the endosomal membrane has been questioned by recent work in in vitro  systems but 

the requirement of low pH for protease activity still necessitates its role in EBOV entry.53 Further 

work on EBOV entry has also identified calcium channels as important to the entry of EBOV but 

their activities in the pathway are not fully understood.54 

Upon fusion between viral and endosomal membranes, the EBOV ribonucleoprotein is 

released into the cytoplasm of the host cell to begin replication. mRNA transcription by filoviruses 

requires the combined activities of NP, VP30, VP35, and L protein for mRNA transcript 

production. The binding of VP30 to a hairpin loop in the 3’UTR (untranslated region) of the EBOV 

genomic RNA signals the initiation of transcription by preventing polymerase pausing at the 

loop.55 Transcription proceeds sequentially from the 3’ to 5’ ends of the genome as the polymerase 

pauses transcription at each gene ending sequence for polyadenylation of each transcript before 

reinitiating at a transcription start sequence.56–58 Addition of the 5’cap by the L protein occurs 

during transcription and may be important for transcript elongation if the process is similar to other 

related viral polymerases.37,59 The dissociation of the polymerase during the addition of the 

polyadenylated tails to each mRNA transcript may be responsible for the decreasing number of 

transcripts observed in infected cells for later genes.57  Switching between viral transcription and 

genome replication depends on the phosphorylation state of VP30. Phosphorylation of VP30 

increases its affinity for NP and aids in the packaging of the VP30 within the virion but also inhibits 

the interaction with VP30 and L that is necessary for transcription.31 The dephosphorylation of 

VP30 by host protein phosphatases 1 and 2A allows for VP30 oligomerization and initiation of 

transcription.32 The production of new VP30 after transcription results in more copies of 

phosphorylated and dephosphorylated protein and likely aids in the switching between 

transcription and replication through mechanisms still to be defined. 

Ebolavirus genome replication requires the coordination of NP, VP35 and L to produce 

genomic and anti-genomic RNA. The 3’ end of the filoviral genome and anti-genome contain 

promoters necessary for polymerase binding and contain stem-loop structures thought to be used 

in replication initiation.60 VP35 forms an essential cofactor in this process and participates in a 
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number of roles. VP35 interacts with both NP and L and is proposed to act as a bridge between the 

two proteins and regulate their interaction.18,19 An intrinsically-disordered region of the VP35 N-

terminus is responsible for inhibiting NP oligomerization with RNA and likely releases it for 

interaction with the polymerase.61  

Virion assembly is initiated upon the synthesis of new EBOV genomes during replication 

and transitions from nucleocapsid to full virion formation through interaction with VP40. The 

switch from replication/transcription to assembly is poorly understood but may be caused by 

phosphorylation events on NP.15 NP likely encapsulates newly formed EBOV genomes soon after 

synthesis, as it oligomerizes in the presence of RNA when VP35 is not present. As NP coats RNA, 

it forms into helical tubes that interact with VP35 and VP24, which are necessary and sufficient 

for the formation of the viral nucleocapsid.16 Loss of VP24 results in a reduction of virions release, 

though its role in the process is poorly understood.35 The polymerase becomes locked to the 3’ end 

of the genome upon formation of the nucleocapsid to allow immediate activity once the 

nucleocapsid is released into a new host cell.62 VP40 acts as the shuttle of the nucleocapsid to the 

plasma membrane and is integral in the packaging and budding of the virion. Post-translational 

phosphorylation and ubiquitination of VP40 allows it to mediate the trafficking of nucleocapsids 

to the plasma membrane of infected cells by hijacking the host exocytosis machinery.63,64 NP 

interaction with VP40 allows this transport to the membrane where VP40 dimers become anchored 

to the plasma membrane through hydrophobic interactions within phosphatidylserine rich area of 

the membrane.14,23  

While genome replication and assembly of the virion is ongoing, GP is processed and 

becomes localized to lipid rafts on the plasma membrane. The pre-GP mRNA encodes the GP0 

protein that is expressed in the ER and Golgi of infected cells. GP0 is cleaved into two separate 

proteins (GP1, GP2) by furin-like proteases in the Golgi that remain associated by disulfide bonds 

and form a trimeric structure of three GP1 proteins (extracellular exposed) and three GP2 

(membrane-bound).25 GP1 is divided into three domains the exposed glycan cap, the head which 

stabilizes the pre-fusion protein, and the base attached to GP2. GP2 contains the solvophobic fusion 

peptide in an unstable state that is maintained by the presence of GP1. GP1 is heavily glycosylated 

(believed to prevent immune recognition) and formed into a chalice-like structure that protects the 

fusion peptide of GP2.
25 Transport of GP1,2 to lipid raft domains on the plasma membrane allow it 

to associate with VP40.26 Remarkably, the presence of GP and VP40 at the plasma membrane  
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Figure 1.1. Cellular Lifecycle of EBOV Infection. 

(1) EBOV virion binds to cell surface and is taken into cells by macropinocytosis. (2) The virion-

containing macropinosome is trafficked into the endolysosomal pathway where decreasing pH 

activates cathepsin proteases that modify GP into a fusion-competent state. (3) The combination 

of decreasing pH and interaction with endosomal proteins allow the fusion of the viral and 

endosomal membranes. (4) Fusion allows the release of the viral RNP into the cytoplasm and the 

initiation of cellular infection. (5) Sequential transcription of individual mRNA transcripts from 

the viral genome results in production of viral proteins. (6) Genome replication occurs through the 

synthesis of anti-genomes and new genomes. (7) pre-GP is expressed in the Golgi and is modified 

by furin proteases into the mature GP1,2 and transited to the plasma membrane. (8) Interaction of 

VP40 with NP and other proteins bound to new viral genomes allows for the transit of the genome 

to the plasma membrane for the budding of new virions. 
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Figure 1.1 (cont.) 
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alone is sufficient for the release of virus-like particles with similar morphology to infectious 

virions.22 VP40 binding to lipids at the plasma membrane is integral to its oligomerization as 

hexamers and formation of a long lattice-like structure on the inner surface of the plasma 

membrane.65,66 The budding that follows the change in VP40 oligomerization occurs as the 

nucleocapsid becomes wrapped in the plasma membrane and is pushed through protrusions in the 

plasma membrane to form new viral particle.67 

1.1.4 Ebolavirus Antagonism of the Immune System allows for Increased Infection 

To survive in hosts and specifically host cells, EBOV inhibits the immune response to infection 

through numerous methods. EBOV begins an early and extensive subversion of the host immune 

response soon after the initiation of infection. VP24 blocks the nuclear translocation of 

phosphorylated signal transducer and activator of transcription 1 (STAT1) to the nucleus by 

interfering with its interaction to karyopherin α1.34,68 In addition, VP24 also blocks host interferon 

response by inhibiting the phosphorylation of p38-α and JAK-STAT signaling.69 Through these 

activities, VP24 antagonizes the interferon response by host cells and integral to EBOV’s 

immunosuppression.33 VP35 also obstructs the host interferon response by binding to viral double-

stranded RNA and preventing its interaction with host retinoic acid-inducible gene-1 (RIG-1) and 

melanoma differentiation-associated gene-5 (MDA-5).17,20 Combining this activity with the 

inhibition of interferon-regulatory factor (IRF3), VP35 antagonizes type 1 interferon expression 

by infected cells.17 VP35 interference in the RIG-1 signaling pathway also blocks antigen 

presentation and maturation of dendritic cells.21  

The expression of GP isoforms is also implicated in EBOV evasion of immune response by 

host cells and immune system. sGP mRNA encodes a 60kDa protein that is cleaved by furin 

protease into sGP and the delta peptide.70 The sGP (soluble glycoprotein) is lacking the 

transmembrane portion of the protein and is believed to act in both an anti-inflammatory and anti-

cytotoxicity factor. Secretion of the sGP protein is proposed as an immune system decoy because 

it shares the same epitope with GP that interacts with neutralizing antibodies and likely prevents 

antibody recognition of GP on host cells.71 The delta peptide is highly post-translationally 

modified and is believed to regulate further infection of EBOV-infected cells by new virions and 

may act as a viroporin to facilitate the exit of virions from infected cells.30 The ssGP mRNA 
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encodes a 36kDa protein (short, soluble glycoprotein) that exists as a dimer and is also secreted 

but the function of this protein is not fully known.13  

Despite EBOV subversion of the immune response in host cells, tissue damage caused by the 

host response to viral infection can be severe. The release of proinflammatory cytokines (tumor 

necrosis factor-α (TNF- α), interleukin (IL)-1β, IL-6, and IL8 amongst many others) contribute to 

organ damage and are associated with increased severity and death in EVD.72–74 Vascular 

permeability and hypotensive shock is induced by the release of nitric oxide and other pro-

inflammatory cytokines from EBOV-infected endothelial cells and macrophages.75,76 Impairment 

of coagulation through increased tissue factor expression, increased TNF- α expression, and liver 

injury lead to conjunctival and gingival hemorrhages indicative of EVD.77–79 

1.1.5 Filovirus Pathogenesis 

Filoviruses are zoonotic viruses that cause severe outbreaks when transmitted to humans 

and non-human primates. Reservoirs of Ebola and Marburg viruses are known to be in fruit bats 

but other mammalian species (squirrels, mice, and rats) have also been proposed to harbor the 

virus asymptomatically in enzootic cycles.80 Infections of humans and non-human primates are 

epizootic as these hosts are dead-end reservoirs for the virus given the high mortality and poor 

intraspecies transmission of the virus through them. The natural cycle of the virus within the 

ecosystem appears complex and the method of its recurrence in the human population is currently 

unknown.81,82 Anecdotally, epidemics of the virus in the human populations are preceded by 

outbreaks in non-human primates and other species closely associated with humans but the 

evidence is limited.81  

EBOV infections spread through contact with infectious fluids and affects all parts of a 

population. The virus can be found from infancy to old-age, though the apparent higher prevalence 

in adults is likely due to their activity as caregivers.83 The virus is transmitted between humans, 

and between other species and humans by contact with blood or bodily fluids of an infected 

individual.80,84 Humans can transmit the virus to other individuals from the beginning of fever 

symptoms until after death.85,86 During the 2014 outbreak in Sierra Leone, 74% of viral 

transmissions were within extended family groups.87 Another major mechanism of transmission is 

contact with infected remains and regulation of burial practices is recognized as an important 

epidemic control.88 Infectious particles also remain viable on exposed surfaces for weeks and 
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longer in climate-controlled hospitals which has contributed to outbreaks of the virus amongst 

healthcare workers.89 While airborne spread of the virus has been stated anecdotally and reported 

in non-human primate models, thorough studies have not identified it as an effective mode of 

transmission.90,91 

Filoviruses are not restricted to specific tissue types which results in a rapid spreading 

infection that hits many organs in quick succession.77 Upon contact of infectious material with 

host mucous membranes or breaks in the skin, filoviruses gain entry to the bloodstream and 

initially target macrophages and dendritic cells.92 These early viral reservoirs provide transport 

from the site of infection to the lymphatic system, and the virus is disseminated throughout the 

body from there.92,93 The wide tissue tropism of EBOV is likely caused by the broad variety of 

host cellular receptors found to interact with the virus. The ability of the virus to penetrate organs 

is also be related to the transition of infected macrophages into tissues or the transmission of the 

virus to tissue-specific monocyte-derived cells like Kupffer cells and fibroblastic reticular cells. 

Clinical signs of infection progress from flu-like symptoms into multi-organ failure and death 

within three weeks of the first sign of symptoms. Early non-specific symptoms are 

indistinguishable from those presented by malaria, bacterial, and other viral infections but progress 

into nausea/vomiting, abdominal pain, and diarrhea within a week.80 Rashes and mucosal bleeding 

begin during the first week and become more severe as the disease progresses.94,95 During the 

second week, severe symptoms of the disease present in multiple organs (including the central 

nervous system, kidneys, liver, lungs, and heart) and death follows within 16 days of symptom 

onset.80,86 Recurrence of the disease has been reported months after recovery and symptoms like 

fatigue and hearing loss can persists for over a year.96,97 

Filovirus infection can be identified by two principle methods at steps early during infection 

and other tests have been identified in the aftermath of the 2014-2016 outbreak. After the onset of 

fever symptoms, viral RNA can be detected by qRT-PCR (quantitative reverse transcriptase 

polymerase chain reaction) though viral RNA levels are not predictive of disease severity.98 ELISA 

(Antigen‐capture enzyme‐linked immunosorbent assay) can be used to detect IgM antibodies 

within several days of fever presentation and IgG antibodies can be identified within a week.99 

Both assays have been implemented in field laboratories to rapidly diagnose EBOV infection.86 

Serum transaminases, hemoglobin, and hematocrit blood levels are all elevated early during 

infection and higher levels are correlated with increasingly severe illness.100  
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1.1.6 Filovirus Epidemiology 

Since 1967, there have been 22 outbreaks of EBOV and 11 outbreaks of MARV that have 

resulted in severe disease in humans and 11 have resulted in >100 cases.7,101,102 Most outbreaks of 

filovirus have occurred in central Africa with only sporadic occurrences of the virus in south and 

west Africa before the major outbreak in 2014.9 The first filovirus outbreak occurred in Germany 

and Yugoslavia in 1967, when researchers exposed to green monkeys from Uganda exhibited an 

unknown hemorrhagic fever that was eventually diagnosed as MVD.103,104 In 1976, central Africa 

experienced the first known outbreaks of Zaire and Sudan species of EBOV, which resulted in 

fatality rates of 88 and 53%, respectively.105,106 While sporadic outbreaks of the virus have 

continued to cause severe mortality in rural areas of central Africa, the spread of the virus appeared 

to be curtailed by its limited ability for transmission and high fatality. This situation changed with 

the outbreak of Zaire ebolavirus in west Africa early in 2014. 

The 2014-2016 outbreak of Zaire ebolavirus in west Africa (mainly in Guinea, Liberia and 

Sierra Leone though cases were identified in several adjoining countries) was the largest filovirus 

outbreak in history.107 Although case identification was difficult due to poor surveillance and weak 

public health infrastructure, 28,639 cases of infection were reported with a 39% fatality rate. Lack 

of infrastructure, cultural norms, and the transition of the virus from rural area into urban settings 

are amongst the factors implicated in the widespread occurrence of the virus.108 The imposition of 

proper quarantine procedures, measures of infection prevention and expanded healthcare facilities 

in affected communities are believed to have aided in the containment of the virus. By the declared 

end of the outbreak, significant interest in the virus had been aroused and research has continued 

to be a priority to prevent further outbreaks.108 However, new outbreaks of Zaire ebolavirus have 

occurred in the Democratic Republic of the Congo but these have been considerably smaller in 

number of infected individuals (<100 cases). 

1.1.7 Therapies for EBOV  

1.1.7.1 Vaccines 

The best option for prevention of widespread EBOV infection is through vaccination 

programs. There is no FDA approved filoviral vaccine, but the development of a vaccine has been 

prioritized since the 2014-2016 outbreak of EBOV in west Africa. Several clinical trials have been 

attempted during and after the outbreak to assess the efficacy of vaccines. Multiple strategies are 
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being pursued including inactivated viruses, DNA vaccines, virus-like particles, and vector-based 

vaccines.  

The first EBOV vaccine was produced in 1980 using heat-inactivated EBOV particles and 

demonstrated effective protection from EBOV challenge in guinea pigs.109 However, the overall 

results from conventionally inactivated viruses have resulted in varying results in multiple 

infection models, including non-human primates.110 Safety concerns about the demonstrated 

retention of virulence have also contributed to the failure of these traditional approaches.110 

DNA vaccines are being pursued that allow for the selective expression of the antigenic 

EBOV GP and NP genes are being pursued. These plasmids can be injected into a host, taken up 

by host cells, and used to produce the antigenic protein from the host cells. GP DNA vaccines 

using sequences from the Zaire and Sudan species and Marburg virus have shown protection of 

mice up to 100% from EBOV challenge.111–113 A phase 1 trial utilizing plasmids containing GP 

sequences from Zaire and Sudan species and the NP sequence of the Zaire species were well 

tolerated in healthy adults. This vaccine resulted in CD4+ T-cell responses in all individuals and 

CD8+ T cell responses in the cohort administered with higher vaccine load.114 Further clinical trials 

using EBOV and MARV GPs have been well tolerated in wider populations and produced humoral 

and cellular immunogenic responses.115,116 

Virus-like particles (VLPs) are under study due their lack of a viral genome and the self-

assembling ability of the filoviral VP40 matrix protein. Expression of VP40 alone in cells will 

cause virion formation and budding from cells and the inclusion of GP induces the proper viral 

morphology.22 VLPs have demonstrated efficacy at protection against EBOV challenge in murine 

models, even in the absence of detectable anti-EBOV antibodies.117–119 Production of VLPs has 

been hampered by their production from human cell culture which is costly and hard to scale to 

industrial levels. Currently, production from insect cells and specialized mammalian cells is being 

studied as a method to produce more VLPs for further study and potential clinical trials.119–121 

Recombinant viral vaccines are the most popular method of developing EBOV vaccines 

and have achieved significant success. Replication competent or deficient options are available, 

but both have down sides. Replication-deficient vaccines are safe and cheap to produce but are 

weakly immunogenic and require multiple dosing to achieve immunity. Replication-deficient 

vaccines incorporating the EBOV GP are being developed using vaccinia virus, Venezuelan equine 
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encephalitis virus, adenovirus, or Kunjin virus expression systems. All of these systems have 

shown efficacy for prevention of EBOV infection in rodents and non-human primates.122–125 

Recombinant human adenovirus 5 (rAd5) expressing GP from Zaire or Sudan viral species have 

proved protective in mice and non-human primates and induced CD8+ T-cell and antibody 

responses in non-human primates.126,127 Phase 1 trials with rAd5 encoding GP from the Zaire and 

Sudan viral species did not elicit severe side effects and patients developed humoral and cellular 

immune responses to the antigens presented.128 Pre-existing immunity to rAd5 has shifted focus 

to a vector based on the recombinant chimpanzee adenovirus type 3-vectored vaccine (ChAd3) 

using GP from the Zaire and/or the Sudan viral species. Non-human primates exposed to this 

vaccine exhibited complete immunity to EBOV challenge but the immunity was not long-

lasting.129 The addition of a modified vaccinia Ankara (MVA) expressing the same GPs to the 

ChAd3 vaccine enhanced the durability of the vaccine.129 Clinical trials of the ChAd3 vaccine 

indicated that the vaccine was safe to use and conferred high-level protection and the addition of 

an MVA booster added long-term expression of protective antibodies.130,131 

Replication-competent EBOV vaccines, especially those using the vesicular stomatitis 

virus (VSV), have demonstrated efficient strategies for the prevention of ebolavirus infection. 

Studies on a VSV vector containing the EBOV GP (rVSV∆G/EBOVGP) showed non-human 

primates exposed to the vaccine had completely protective immune responses to EBOV 

challenge.132–134 Clinical studies with the vaccine have shown that a single vaccine dose was 

enough to elicit anti-EBOV antibody responses and was generally well-tolerated and safe to use, 

though minor side effects were reported.135–137 A second VSV vaccine in phase II/III clinical trials 

(rVSV-ZEBOV, expresses the GP from the Zaire viral species) has demonstrated protection in 

multiple mammalian species and a single dose is completely protective in non-human primates 

challenged >7 days after receiving the vaccine (partly protective when challenged <3days after 

receiving the vaccine).134,138–140 A phase III trial conducted in Guinea and Sierra Leone with the 

rVSV-ZEBOV vaccine found complete protection from EBOV infection 10 days after vaccine 

administration.140 A study utilizing a vaccine (GamEvac-Combi) combining live-attenuated 

recombinant VSV expressing the EBOV GP from the recent west African outbreak (Ebola 

virus/H.sapiens-wt/GIN/2014/Makona-C15 strain) and recombinant Ad5 expressing the same GP 

induced humoral and cellular immune responses in all patients who received the vaccine.141 
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1.1.7.2 Therapeutics for EBOV infection 

While vaccine development is prioritized and necessary for the prevention of EBOV 

outbreaks, there are no therapeutics for the treatment of infected individuals. The current 

treatments for EBOV infection are limited to basic care and hydration with some use of interferon-

gamma in severe cases. Numerous studies have been designed to identify novel inhibitors of 

EBOV from existing drugs and novel chemical entities. Multiple drugs that are being developed 

for other viral infections have been repurposed to potentially treat EBOV infection. The following 

is a short review of drugs undergoing therapeutic trials for EBOV infection (Fig. 1.2) or agents 

that hold promise as options to prevent EBOV entry as a therapeutic strategy (Fig. 1.3). 

1.1.7.2.1 EBOV Inhibitors in Clinical Trials 

Favipiravir is a viral polymerase inhibitor that has demonstrated efficacy against EBOV 

infection in vitro and in mouse models if EBOV infection. Favipiravir is an inhibitor of the RNA-

dependent RNA polymerase of influenza virus that has shown efficacy against many RNA viruses 

(flaviviruses, noroviruses, alphaviruses, picornaviruses, paramyxoviruses).142 Favipiravir 

treatment was 100% successful at preventing death in several mouse studies and was believed to 

be a potential therapy for EBOV infection.143,144 A proof-of-concept study with 126 patients during 

the EBOV outbreak in west Africa did not demonstrate efficacy and toleration was not conclusive 

but further studies are planned.145 

Gilead Sciences has pushed the development of another broad-spectrum RNA-dependent RNA 

polymerase inhibitor, Remdesivir (GS-5734), into clinical trials for EBOV infection. Remdesivir 

is an ester prodrug of a 1’cyano substituted adenine C-nucleoside that is metabolized into the active 

nucleotide triphosphate within host cells.146,147 Remdesivir has also demonstrated activity against 

respiratory syncytial virus, Junin virus, Lassa fever virus and Middle East respiratory syndrome 

virus.148 Remdesivir was found to be 100% protective in non-human primates even when 

administered three days post infection.148 Remdesivir has begun Phase 1 clinical trials to treat 

EBOV infection in two compassionate therapy cases in the United Kingdom and Guinea made use 

of this drug.97,149 
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Figure 1.2. Inhibitors of EBOV infection that have entered clinical trials.  

 

BCX4430 is an adenosine analog developed by BioCryst Pharmaceuticals as a novel 

inhibitor of EBOV RNA-dependent RNA polymerase. BCX4430 was identified as a terminator of 

viral RNA polymerase function from a small molecule library and subsequently demonstrated 

potent activity against EBOV and MARV infection in rodent and non-human primate models.150 

BCX4430 has also shown broad-spectrum efficacy against bunyaviruses, arenaviruses, 

paramyxoviruses, flaviviruses, and coronaviruses.150,151 Phase 1 clinical trials of BCX4430 are 

currently ongoing.152 

Brincidofovir is a broad-spectrum inhibitor of DNA virus infection developed by Chimerix 

used during the 2014-2016 EBOV outbreak in west Africa. It is a hexadecylpropyl prodrug of the 

nucleotide analog cidofovir that has shown potency against poxviruses, herpesviruses, 

adenoviruses, and polyomaviruses.153 Interestingly, the hexadecylpropyl tail is required for 

activity against EBOV, while it needs to be cleaved for activity against DNA viruses.154 

Brincidofovir was removed from human trials during the 2014-2016 epidemic by Chimerix and it 

was subsequently reported that the prodrug is metabolized quickly in non-human primate serum, 

which may limit the bioavailability of the drug.154,155 

Several nucleic acid-based therapies have been studied for activity against EBOV infection 

and several have transitioned into clinical trials. TKM-Ebola is a combination of two siRNA 

molecules (targeting the RNA-dependent RNA polymerase and VP35) and entered Phase 1 clinical 

trials in early 2014 but they were terminated by the FDA.156,157 A second siRNA product, siEbola-

3 was derived from TKM-Ebola by adapting the siRNA for the Makona strain responsible for the 

2014-2016 outbreak.158 A Phase 2 clinical trial of siEbola-3 started in 2015 but was terminated 
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due to limited efficacy.159 An antisense phosphorodiamidate morpholino oligomer called AVI-

6002 targeting VP35 and VP24 protected a majority of non-human primates from EBOV 

challenge.160,161 Phase 1 clinical trials of AVI-6002 indicated that it was well tolerated but no 

further information is available.162 

The use of antibodies to target EBOV infection gained considerable attention during the 

2014-2016 outbreak though there is little precedent for the treatments. Treatment of infected 

patients with plasma donated by EVD survivors was used in a large-scale effort during the 2014-

2016 outbreak.163 In the end, there was no significant difference in survival rate between the treated 

and untreated groups.164 Using non-human primates, concentrated polyclonal IgG antibodies from 

primates who survived EBOV challenge were able to protect 100% of a second group treated with 

the antibody.165 However, the production of enough antibody to treat an outbreak would require 

supplies that are currently unobtainable. Lastly, ZMapp (a combination of monoclonal antibodies 

produced from the plant species Nicotiana benthamiana) was used to treat two patients who were 

transferred to the United States.166 A Phase I clinical trial of ZMapp in west Africa reduced 

mortality by 15% between the treated and control groups but was not deemed significantly 

different than the control group. 167 

1.1.7.2.2 EBOV Entry Inhibitors 

The identification of novel EBOV inhibitors has been accelerated since the 2014-2016 

outbreak of the virus and has involved both cutting edge technologies and old-school medicinal 

chemistry and screening. Inhibitors of ebolavirus infection come in many forms but can be divided 

into two main classes: those directly targeting the virus/viral proteins and those targeting host 

factors that engage the virus. Screening for novel inhibitors has occurred through computer-aided 

approaches and high throughput screening. Targeting EBOV entry pathways is a major area of 

research yielding a wealth of information about EBOV and multiple novel approaches to target the 

virus. 

While several EBOV proteins have been targets of viral entry inhibitors, inhibition of GP 

activity has been the main target. The conformational shift in the EBOV GP have been the focus 

of many studies and several novel and FDA-approved inhibitors can bind in a novel binding pocket. 

Toremifene and Ibuprofen were found to bind to GP in a cavity between the GP1 and GP2 subunits 

and destabilized the GP, which may be the mechanism of inhibition by these compounds.168 
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Multiple FDA approved drugs (benztropine, bepridil, sertraline, paroxetine, imipramine, 

clomipramine, thioridazine) have all been shown as weak binders of GP in a thermal shift assay 

though the binding constant is significantly higher than the activity of the compounds against 

EBOV infection.169,170 All of these compounds bound in the same cavity as toremifene and 

destabilized the glycoprotein though the interaction was weaker than toremifene.  

Host entry inhibitors-A large number of host processes are necessary for ebolavirus infection of 

cells and many inhibitors have been identified that block viral entry at numerous steps. 

Phosphatidylinositol-(3,5)-bisphosphate production is important for the maturation of endosomes 

and is critical for the entry of EBOV.171 Apilimod, an inhibitor of phosphatidylinositol-3-

phosphate 5-kinase (a producer of phosphatidylinositol-(3,5)-bisphosphate), was identified as a 10 

nM inhibitor of EBOV infection of primary human macrophages.172 An adamantane dipeptide 

piperazine inhibitor of EBOV entry through the antagonism of the interaction between NPC1 and 

EBOV GP was identified through the screening of a small molecule inlibrary.50 A derivative of 

this inhibitor, (-)-3-25was combined with the anti-HIV compound ritonavir to achieve blood 

concentrations in mice high enough to match in vitro inhibitory concentrations.173 Inhibition of 

NPC1 cholesterol transport with U18666A was also shown to inhibit EBOV infection, though 

there was no antagonistic interaction between the inhibitor and EBOV GP.174 The antifungal agent 

posaconazole is also an antagonist of NPC1 activity and was identified as an inhibitor of EBOV 

entry in combination with toremifene and clarithromycin, an inhibitor of lysosomal calcium 

release.175 Inhibitors of L-type calcium channel blockers (tetrandrine, verapamil, bepridil) have 

also been identified though screening as inhibitors of EBOV infection in vitro and in vivo and are 

believed to block the trafficking of EBOV-containing endosomes within cells.54,176,177 Nafamostat 

mesylate, an inhibitor of the protease cathepsin B, was found to block EBOV entry and is a 

candidate for treating disseminated intravascular coagulation caused by EVD.178 

1.1.8 Requirements of Vesicular Acidification During the Entry of Filoviruses and Other Viral 

Families 

A potential target for new anti-EBOV therapies is the endosomal acidification responsible 

for protease activation and fusion between the viral and endosomal membranes. Targeting 

acidification has previously been used to inhibit influenza virus infection with M2 channel  
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Figure 1.3 Identified Inhibitors of EBOV entry.  

Inhibitors of NPC-1 are shown in green. Protease inhibitors are shown in purple. Inhibitors of 

phosphatidylinositol-3-phosphate 5-kinase are shown in orange. Proposed inhibitors of EBOV GP 

are shown in blue. Inhibitors of calcium channels are shown in red. 
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inhibitors and has been shown to be important in the lifecycles of numerous viruses.179 Viruses 

from diverse families like flaviviridae, togaviridae, orthomyxoviridae, papillomaviridae, and 

coronaviridae all require the endosomal acidification to commence cellular infection in addition 

to numerous others. .180–185 Flaviviridae, togaviridae, herpesviridae, and many other viruses also 

require acidic activation of furin proteases to process their glycoproteins into infection-competent 

forms.186,187 Thus, targeting the host factors responsible for the acidification of cellular vesicles 

may represent novel targets for antiviral drug development. 

1.2 Vacuolar-ATPase is responsible for cellular endosomal acidification  

1.2.1 V-ATPase Background 

Vacuolar-ATPase (V-ATPase) is a ~1MDa multi-subunit, transmembrane complex that is 

responsible for the maintenance of endosomal and lysosomal pH environments within cells.188,189 

V-ATPase is evolutionarily related to the F and A-type ATPases but has acquired a distinct activity 

profile and wider variety of cellular functions from the other types.188–191 The main activity of V-

ATPase is to couple the energy released in ATP hydrolysis to the transport of protons across a 

lipid membrane.192,193 V-ATPase is found in all eukaryotic organisms, along with multiple species 

of archaea and bacteria that express related homologs of the enzyme.188,191 V-ATPase can be found 

in a variety of locations with cells including endosomes, lysosomes, Golgi vesicles, secretory 

vesicles and at the plasma membrane of certain specialized cells.194 Given the important and varied 

activities of the complex, exquisite regulation of V-ATPase is required to direct its activities and 

dysregulation is associated with a wide variety of diseases.188,194  

1.2.2 V-ATPase Structure 

V-ATPase consists of fourteen proteins organized into the integral membrane bound V0 

domain and the cytosolic V1 domain. The V0 domain acts as the transmembrane proton channel  

composed of subunits a, d, e, c, c’(found in yeast), c’’, Ac45 (found in higher eukaryotes) (Table 

1.2).195–197 The c, c’, and c’’ subunits make up an integral proteolipid ring in the endosomal 

membrane and their interaction with the a subunit allows for the formation of a proton conduit 

through the membrane.191,197 The a subunit is an integral membrane protein that interacts with the 

outside of the proteolipid ring and interacts with the d subunit and the central stalk of the V1 

domain.192,198 Protons are moved through the V0 domain when two half channels in the a subunit  
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Table 1.2 Summary of V-ATPase subunits, isoforms, and their functions within the complex. 

V-ATPase 

Subunit 

Human Gene(s)  

(Tissue expression) 

Subunit Function References 

A ATP6V1A ATP Hydrolysis, Interacts with V-

ATPase regulators 

192,199–201 

B ATP6V1B1 (renal, 

epididymis), 

ATP6V1B2 

(ubiquitous) 

Non-catalytic ATP binding site, 

Interacts with V-ATPase 

regulators 

192,200,202,203 

C ATP6V1C1 

(ubiquitous), 

ATP6V1C2 (lung, 

renal, epididymis) 

Portion of peripheral stator, 

Interacts with V-ATPase 

regulators, C2 has 2 splice variants 

192,204,205 

D ATP6V1D Member of Central Stalk 192,206 

E ATP6V1E1 (testis), 

ATP6V1E2 

(ubiquitous) 

Portion of peripheral stator, 

Interacts with V-ATPase 

regulators 

192,207 

F ATP6V1F Member of Central Stalk 192,208 

G ATP6V1G1 

(ubiquitous), 

ATP6V1G2 (neural), 

ATP6V1G3 (renal, 

epididymis) 

Portion of peripheral stator, 

Interacts with V-ATPase 

regulators  

192,206,209 

H ATP6V1H ATP hydrolysis regulation, 

Interacts with V-ATPase 

regulators, has 2 splice variants 

192,210,211 

a ATP6V0A1 (neural, 

ATP6V0A2 

(ubiquitous), 

ATP6V0A3 

(osteoclasts), 

ATP6V0A4 (renal, 

epididymis) 

Proton hemichannel, Subcellular 

targeting 

192 

c ATP6V0C Proton hemichannel, Proteolipid 

rotor  

192 

c' ATP6V0B Proton hemichannel, Proteolipid 

rotor 

192 

d ATP6V0D1 

(ubiquitous), 

ATP6V0D2 (renal, 

epididymis) 

Coupling V0 domain with V1, 

Member of central stalk 

192,212–214 

e ATP6V0E1 Function unknown, Interacts with 

subunit a 

215 

Ac45 ATP6AP1 V-ATPase assembly and 

trafficking 

216,217 
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and the proteolipid ring line up and allow the conserved glutamate and arginine residues to move 

protons through the channel at a ratio of 10 protons for every 3 hydrolyzed ATP molecules.218 The 

location and activity of subunit e is not entirely known but believed to interact with subunit a.215  

The V1 domain is composed of subunits A-H and is responsible for ATP hydrolysis. Subunits A 

and B form a heterohexamer of the composition A3B3 and form three ATP binding domains.192 

ATP hydrolysis in the hexamer energizes the rotation of the central stalk (composed of subunits 

D, F and d) which rotates the proteolipid ring of the V0 domain.192 Three heterodimers of subunits 

E and G form around the hexamer while subunits C and H each interact with a single heterodimer 

to provide stabilization as stators and interaction surfaces for V-ATPase regulatory proteins.218 

Subunit H is also involved in the regulation of ATP hydrolysis and coupling of proton transport 

with ATP hydrolysis.210,211 The activity of different subunits can vary due to the existence of 

multiple isoforms of many V-ATPase subunits. 

1.2.3 V-ATPase Isoforms 

Higher eukaryotes carry multiple genes of some V-ATPase subunits and are expressed as different 

isoforms. Isoforms of subunits a, d, B, C, E, and G have been identified within cells and their 

expression is generally tissue-specific with one isoform being ubiquitously expressed and another 

being expressed in a specific location like renal intercalated cells. Subunits B2, C1, E2, G1, and 

d1 are all found ubiquitously in cells while specific combinations of the isoforms tend to be found 

in discreet tissues and cell types.194 Examples of these are: Subunits a4, B2, C2, G3, and d2 are 

highly expressed in renal and epididymal cells, a1 and G2 are mainly found in the brain, a3 and d2 

are highly expressed in osteoclasts, and B1 and E1 are highly expressed in the olfactory 

epithelium.194,202,219,220 Understanding of V-ATPase isoforms and the activities of the various 

isoforms is still growing but isoforms of subunit a are the most well-studied due to their importance 

in a number of diseases.  

Isoforms of subunit a are the most characterized and understood of V-ATPase isoforms 

since they are responsible for the localization of V-ATPase within cells. There are four isoforms 

of the a subunit (a1-4) and they share 47-61% amino acid sequence identity, though most of the 

variation occurs in the cytosolic-exposed N-terminal domain.194 Though certain isoforms of a are 

specifically expressed in certain cell types, they may not be the only isoform found within those 

cells. Subunit a1 can be found in the endosomes of many cells types but is most highly expressed 
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within neuronal cells, where it is responsible for the targeting of  V-ATPase to synaptic 

vesicles.196,221 Isoform a2 expression is also widespread and is mainly found within the 

intracellular endosomal system.222 Also, the a2 isoform can specifically be found in endosomes 

near the apical membrane of renal proximal tubule cells.223 In healthy cells, subunit a3 is found in 

osteoclasts, the adrenal, parathyroid, thyroid and pituitary glands, and pancreatic islet cells. The 

a3 subunit becomes localized to the plasma membrane of mature osteoclasts and aids in the 

secretion of insulin and other hormones.222,224 The a3 subunit is also heavily expressed in many 

cancer types, especially those with more invasive and metastatic phenotypes.225,226 The a4 isoform 

is found in renal and epididymal clear cells and is responsible for the translocation of V-ATPase 

to the apical membranes of these cells.227 

1.2.4 V-ATPase Regulation 

Cellular energy status is closely linked to V-ATPase function, as expected for a complex 

able to consume large amounts of cellular energy stores, and V-ATPase activity appears to be 

highly tunable depending on cellular status and metabolic priority. The most well-understood 

cellular method for controlling V-ATPase activity is to regulate the assembly of the complex. 

Other regulation through signaling pathways and interacting partners have been identified with 

more knowledge still to be learned about the complex. 

The dissociation of V1 from the V0 domain during glucose depletion in insects and yeast is 

likely done to conserve ATP but regulation appears to be much more complex than initially 

thought.228 V-ATPase assembly in mammalian cells is upregulated in response to increased 

cellular glucose concentrations and decreased amino acid concentrations.229,230 Glucose-dependent 

activation of V-ATPase is traditionally believed to occur through both protein kinase A (PKA) and 

phosphatidylinositol-3-kinase (PI3K) dependent pathways. The activation of PKA by glucose is 

believed to increase V-ATPase assembly and activity to maintain cytosolic pH that is decreased 

during elevated glycolysis that occurs during high glucose conditions.230 PI3K signaling is 

important in the assembly and localization of V-ATPase to the plasma membrane in osteoclasts 

and renal cells.231,232 During the maturation of dendritic cells, PI3K and mTOR signals increase 

the assembly of V-ATPase to aid in antigen processing.233 Recently, adenosine monophosphate-

activated protein kinase (AMPK) was found to increase V-ATPase assembly and activity in human 

cells during glucose starvation.234 Epidermal growth factor stimulation of V-ATPase assembly is 
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related to increased lysosomal protein degradation and the increase of amino acid levels.235 

Interestingly, PI3K and extracellular signal-regulated kinase (ERK) signaling induced by influenza 

virus infection cause V-ATPase assembly to aid in the release of virus into the cytosol.236  

V-ATPase activity is also regulated by intracellular trafficking, phosphorylation, and 

through its interacting partners. The density of plasma membrane pumps in renal cells is controlled 

by a soluble, bicarbonate-sensitive adenylyl cyclase.237 The adenylyl cyclase increases cytosolic 

cyclic-AMP levels in response to decreased cytosolic pH, which increases PKA activity. PKA 

directly phosphorylates the A subunit of V-ATPase at S175 which promotes the transition of V-

ATPase from endosomal vesicles to the plasma membrane. Phosphorylation of S384 on the A 

subunit by AMPK reduces V-ATPase activity in renal intercalated cells.238 Interaction with the 

actin cytoskeleton and microtubule network allows the correct localization of V-ATPase and 

tightly controls V-ATPase activity at the plasma membrane.239 

1.2.5 Cellular roles of V-ATPase  

V-ATPase is a major enzyme responsible for the maintenance of cellular homeostasis and 

the endosome/lysosome system in all cells. While V-ATPase is known for its maintenance of the 

pH homeostasis observed in the endosomal system, it is also responsible for numerous other 

activities. Receptor recycling relies upon the acidification of early endosomes to dissociate ligands 

from their receptors. For example, the Wnt and Notch signaling pathways rely upon V-ATPase 

mediated endosomal acidification to activate receptors for their proper function in cells.240–242 V-

ATPase also regulates metabolic signaling through amino acid sensing that can cause the 

upregulation of mechanistic target of rapamycin complex 1 (mTORC1). Amino acid sensing by 

V-ATPase is dependent upon its interaction with Ragulator (a heteropentameric complex of 

RagGTPases), which is strengthened upon amino acid starvation.243 Proteases in the endolysosome 

and secretory systems require acidification of their compartments before they are able to modify 

host receptors and other proteins into their active forms.244–246 Trafficking of endosomes and their 

fusion with lysosomes or phagosomes is also dependent upon the activity of V-ATPase although 

the mechanism is not acidification dependent and still under investigation.247,248 

In addition to the general activities of V-ATPase, V-ATPase also has integral activities in 

many specialized cells. The loading of secretory vesicles with neurotransmitters requires V-

ATPase driven acidification of the vesicles to work a proton-neurotransmitter antiporter to move 
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neurotransmitters into the vesicle.249 Hormones like insulin and thyroxine require V-ATPase 

activity for their processing and secretion from cells.250,251 Localization of V-ATPase to the plasma 

membrane is integral for V-ATPase activity in a number of cells including osteoclasts, renal 

intercalated cells, and epididymal clear cells. Osteoclasts move V-ATPase to the plasma 

membrane to aid in the catabolism of bone through the extrusion of protons into the extracellular 

matrix of bone.252 Renal intercalated cells utilize plasma membrane V-ATPase to maintain proper 

blood pH through the secretion of acid into the urine.253,254 Epididymal clear cells utilize plasma 

membrane V-ATPase to maintain low pH in the seminal fluid that is used for sperm maturation 

and storage.253,254 

1.2.6 V-ATPase and Disease 

As might be expected for a complex intimately involved in many integral function, 

dysregulation of V-ATPase is associated with a host of diseases. Mutations in the a4 and B1 

subunits have defective acid secretion from renal intercalated cells that results in renal tubular 

acidosis.255 Knockouts of the a4 isoform in mice result in deafness and enlarged endolymphatic 

fluid compartments.256 Mutations in the E1 isoform can lead to defects in sperm maturation, though 

mutations in the B1 subunit can be covered by increased B2 isoform expression.207,257 Defects in 

bone resorption due to mutations in the a3 and d2 subunits are known causes of osteopetrosis in 

humans and rodents.214,258 Mice with knockouts of the a3 gene are also defective in insulin 

secretion, though cells are still able to process insulin into its active form.251 Mutations in Ac45 

have been identified in patients with immunodeficiency with hepatopathy and neurocognitive 

impairment.216 Defects in the H subunit result in osteoporosis and short stature in humans caused 

by the upregulation of matrix metalloproteases and by upregulation of V-ATPase activity.259 

Plasma membrane localization of V-ATPase can be the cause of severe disease phenotypes 

when specifically dysregulated during osteoporosis and metastatic cancer. Upregulation of the V-

ATPase at the plasma membrane in osteoclasts causes increased bone resorption and remodeling 

and subsequent loss of bone mass that leads to frailty.260 The involvement of V-ATPase in 

metastatic cancer is multifaceted. Increased glycolysis within tumor cells causes a concomitant 

decrease in cellular pH, which V-ATPase is able to ameliorate by pumping protons into the 

extracellular space.261 The decrease in extracellular pH causes the degradation of the extracellular 

matrix through destabilization of protein stability in low pH and the activation of secreted 
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proteases that degrade  the matrix.262 Cancer metastasis is tied to the localization of V-ATPase to 

the plasma membrane in several models though conflicting data also exists.196,225,226 The 

upregulation of plasma membrane localization in non-metastatic cells increases the metastatic 

nature of the cells.263 This activity is also entwined with the epithelial-mesenchymal transition of 

cancer cells, though the exact mechanism of this activity is still under investigation with the 

archazolid class of V-ATPase inhibitors.264 V-ATPase subunits have been identified as integral in 

the infection of influenza viruses, flaviviruses, and human immunodeficiency virus (HIV) through 

siRNA screening.265,266 Subunit c has been identified as integral for infection of all three types of 

viruses and subunits b, d, A, and B have been identified as necessary in various contexts. 

1.2.7 V-ATPase Inhibitors 

Multiple classes of V-ATPase inhibitors have been identified with both natural product 

(Fig. 1.4) and synthetic inhibitors (Fig. 1.5) demonstrating a variety of interesting activities. V-

ATPase appears to be a common target of secondary metabolites developed by bacteria and other 

organisms and likely plays a defensive role for these species. For example, modulation of host 

defenses by V-ATPase inhibitors like the protein SidK in L. pneumonia also appear to function in 

a protective role for intracellularly-oriented parasites.267 The development of synthetic derivatives 

of these natural products has led to the identification of novel selectivity between different V-

ATPase isoforms that is not found in nature. Furthermore, several inhibitors have demonstrated 

the ability to separate on-target activity against V-ATPase from the associated cytotoxicity. No 

discussion of V-ATPase inhibitors can begin without mentioning the bafilomycin A1, which is the 

most recognized member of the plecomacrolide class of inhibitors. 

1.2.8 Natural Products Inhibitors 

The most well-known V-ATPase inhibitor class is the plecomacrolides, of which 

bafilomycin A1 and concanamycin A are the most prominent members. Plecomacrolides are have 

16-18 member macrolactone rings with conjugated diene units and a hemiacetal sidechain.268 

Bafilomycin A1 is the standard-bearer used for all types of V-ATPase related studies and was the 

first specific inhibitor of V-ATPase identified.269 Bafilomycin A1 and concanamycin A interact 

with the c subunit of V-ATPase in the proteolipid ring and bind at the interface of two of the c 

subunits and the a subunit.270,271 Binding at this site blocks the proton channel formed by the 
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subunits and inhibit proton flux. Bafilomycin is used widely to interrogate the necessity of V-

ATPase and endosomal acidification to pathways in cancer, viral infection, osteoporosis, 

autophagy, in addition to many others.272–275 Bafilomycin A1 has been used to inhibit alphaviruses, 

influenza virus, flaviviruses, filoviruses, and picornaviruses amongst numerous other viruses.180–

184 Bafilomycin A1 has been evaluated as a potential therapeutic numerous times but has failed 

due to high toxicity in in vivo models and off-target effects.276,277 

The archazolid class are another identified macrolactone class of V-ATPase inhibitor that 

has been studied mainly as a novel inhibitor of cancer metastasis. Archazolid A and B are 

myxobacterial products with a similar macrolactone core seen in the plecomacrolides that differ 

by the presence or absence of a methyl group.278,279 The archazolids and binds to a similar region 

of the c subunit of V-ATPase proteolipid ring though they to bind on the lipid face of a single c 

subunit instead of between subunits.279–281 The archazolids have been used as inhibitors of cancer 

cell metastasis through interference with signaling pathways dependent upon membrane-related 

Ras and Rac activity.264,282,283 Archazolid treatment of M1 macrophages increases the secretion of 

tumor necrosis factor α through NFκB and SAPK/JNK activation that can lead to the suppression 

of tumor cell viability.284 Archazolid B also potently inhibits Influenza virus infection but the 

selectivity index is 3-8 and not very different from the activity demonstrated by the plecomacrolide 

class.180 

The iejimalides are another class of macrolide V-ATPase inhibitors but has represented a 

slightly different activity profile from the plecomacrolides.285,286 Iejimalides are derived from 

marine microorganisms and have demonstrated potent activity against both V-ATPase and actin 

polymerization, though these activities may be intertwined.287 Iejimalides have demonstrated 

picomolar activities against V-ATPase activity and causes cancer cell apoptosis through S phase 

arrest, though this mechanism appears to vary by cell type.288,289 Modification of the iejimalide 

framework has indicated that modification of the core macrocyclic structure is not tolerated but 

the N-formyl-L-serine tail can be modified to enhance potency and cell line selectivity.290–292 

While a wealth of anticancer data is available for the compound, no antiviral work has been done 

with the iejimalide class. Iejimalides would likely produce similar antiviral profiles to those of the 

plecomacrolide and archazolid classes. 

Benzolactone enamides contain a significantly different macrolactone superstructure from 

the previously discussed V-ATPase inhibitors and have demonstrated novel activities. The natural  
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Figure 1.4 Natural Product V-ATPase inhibitors  
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products salicylihalamide A, apicularen, oximidines I and II, lobatamides A-f and, and cruentaren 

A are structurally different benzolactone enamide V-ATPase inhibitors isolated from separate  

marine sources.293 All benzolactone enamides demonstrate unprecedented selectivity for V-

ATPase from mammalians sources and are ineffective against V-ATPase from yeast and insects.294 

The two most well characterized benzolactone enamides are salicylihalamide and apicularen. Both 

of these compounds bind to the V0 domain of V-ATPase at a different site from those occupied by 

other macrolactone inhibitors.279,295,296 Apicularen has been used as an anticancer agent in human 

colon cancer models where it induces caspase-independent apoptosis through destabilization of 

the microtubule network.297,298 Apicularen also changes to response of lipopolysaccharide treated 

monocytes through repression of cytokine secretion in a mechanism similar to that of bafilomycin 

and archazolid.299 Salicylihalamide has also demonstrated potent anticancer activity though more 

focus has been payed to its synthetic analogs.300 

Destruxins are a class of cyclodepsipeptides isolated from fungi that have a wide-range of 

functions including potent and specific V-ATPase activity. Destruxin B was initially identified as 

an inhibitor of EGF and insulin response in a mechanism similar to bafilomycin A1 and 

subsequently identified as a V-ATPase inhibitor.301 Destruxins B and E disrupt actin organization 

and V-ATPase localization in polarized osteoclasts.302,303 Destruxin B has been identified as an 

inhibitor of E. Hirae V-ATPase with a 5 µM IC50 value.304,305 Multiple destruxins were identified 

as inhibitors of yeast V-ATPase and dextruxin E had an IC50 value of 400 nM.305,306  

Several proteins identified in bacteria and plants have been identified as inhibitors of V-ATPase 

with modes of inhibition and selectivity different from small molecule inhibitors. The Legionella 

pneumophila effect protein SidK is an inhibitor of V-ATPase induced acidification in human 

macrophages and binds to the A subunit.267,307 V-ATPase activity is not entirely inhibited by SidK 

but it does reduce the affinity of subunit A for ATP.267,307 A second L pneumophila WipB was 

identified as interacting with V-ATPase subunits B and d1 and inhibited cellular lysosomal 

function.308 Pea Albumin 1 subunit b is a novel peptide inhibitor of V-ATPase isolated from pea 

seeds that is insect-specific.309 It is also the first known inhibitor to bind to subunit e, through 

which it interacts with c subunits and prevents the rotation of the proteolipid ring.310 
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1.2.9 Synthetic Inhibitors 

Extensive structure-activity relationships have been conducted on bafilomycin A to identify the 

key structural features necessary for V-ATPase inhibition. A main problem with small-molecule, 

natural product V-ATPase inhibitors was their lack of specificity for specific isoforms of the 

complex. Exploration of the structure-activity relationships between bafilomycin A1 and its V-

ATPase activity led to the identification of a core area of the structure that was eventually modified 

into several classes of indolyl inhibitors.275 The C1-C7 subunit was deemed critical to 

bafilomycin’s V-ATPase activity and became the focus of studies that resulted in the derivative 

SB242784. SB242784 is the first identified selective V-ATPase inhibitor, with 40-fold greater 

potency against V-ATPase isolated from human osteoclasts over V-ATPase isolated from human 

kidneys.311,312 The binding site of SB242784 has been studied by classical competition and novel 

spin-labelling technique and is very similar to that of bafilomycin A1 and concanamycin A.313 

However, these studies have not identified the interactions that lead to the selectivity of SB242784 

though they claim their understanding of the a subunit contributions are incomplete. Interestingly, 

in vivo studies of SB242784 in an ovariectomized rat osteoporosis model indicated the inhibitor 

was as effective as estrogen therapy at preventing bone loss.314 SB242784 was also 1,000-fold 

more potent against V-ATPase isolated from rat osteoclasts than V-ATPase isolated from liver or 

kidney cells.314 Further studies comparing the V-ATPase inhibition in human osteoclast and other 

cell models have not demonstrated the same isoform preference though this may be due to 

compensation of other isoforms present in osteoclasts lysosomes (a1 instead of a3) for the inhibited 

enzyme.315 Unfortunately, SB242784 has been reported to cause body weight decrease, increase 

plasma total cholesterol, and decrease blood glucose in another rat osteoporosis model.262 

Further derivatization of the SB242784 class of indolyl inhibitors identified NiK-12192 as 

a novel derivative of SB242784 with a more rigid linker between the indole and amide groups.316 

NiK-12192 is a potent inhibitor of V-ATPase activity in bovine chromaffin granules and human 

osteoclasts.317 NiK-12192 can also block cancer cell proliferation and synergize with 

topoisomerase inhibitors to potentiate their effects in colorectal carcinoma models.318–321 

Several other synthetic V-ATPase inhibitors have been identified with isoform selectivity 

and interesting properties that are still under investigation. FR167356 was identified by random 

screening of a chemical library using chicken osteoclasts as a selective inhibitor of V-ATPase 

activity. FR167356 inhibited osteoclast V-ATPase activity (170 nM) 7-fold more than lysosomal 
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Figure 1.5 Synthetic V-ATPase inhibitors  



45 

 

V-ATPase (1200 nM) though it demonstrated similar activities against V-ATPase isolated from 

macrophages (220 nM) and kidneys (370 nM).322 Studies in ovariectomized rat osteoporosis 

models have indicated that FR167356 restored bone mineral density and had none of the adverse 

side effects observed in SB242784-treated rats.262 FR167356 has also been used to inhibit distant  

metastasis of mouse B16-F10 melanoma cells that express plasma membrane localized a3 V-

ATPase isoforms in a mouse model.323 FR177995 inhibits V-ATPase activity, blocks bone loss, 

and ameliorates adjuvant-induced arthritis in rats.324 FR202126 was identified as a V-ATPase 

inhibitor and used to prevent osteoclast-mediated alveolar bone destruction in rat models and bone 

loss in a mouse breast cancer model.325–327 An benzohydrazide inhibitor of the interaction between 

a3 and B2 isoforms, KM91104, was identified by library screening library and blocked osteoclast 

bone resorption in vitro.328 KM91104 treatment of primary human hepatic stellate cells 

downregulates the fibrogenic profile through activation of AMPK.329  

Saliphenylhalamide (Saliphe) is derived the benzolactone enamide salicylihalamide and 

has shown potent V-ATPase activity and an improved selectivity index not before seen. Saliphe 

was selected from synthetic derivatives of salicylihalamide A because of ease of synthesis, activity 

against V-ATPase similar to salicylihalamide, and differential effects on tumorigenic and human 

cells lines.300 Saliphe has been used as a probe to interrogate the role of V-ATPase in trafficking 

of endosomal and synaptic vesicle exocytosis pathways in normal cells and neurons.330,331 Saliphe 

has potent activity against influenza virus infection and separated its anti-influenza activity from 

the cytotoxicity up to 61-fold, as opposed to a factor of 0-8 for the plecomacrolides and 

archazolid.180,332 Saliphe also protected 62.5% of mice from influenza virus challenge while 

bafilomycin showed no protection. In addition to activity against influenza viruses, Saliphe has 

demonstrated activity against Zika virus and human papilloma virus infection.333,334 Unfortunately, 

Saliphe impairs innate immune responses by influenza virus infected macrophages and thus may 

prevent immune responses to infection in vivo.335  

Several covalent inhibitors of V-ATPase have been identified that bind to new pockets on 

V1 domain of V-ATPase. The anticancer agent 3-bromopyruvate was found to inhibit V-ATPase-

induced dye uptake that was dependent on the modification of a cysteine residue on V-ATPase, 

supporting the idea that it was covalently modifying the enzyme.336 The photoactivated nucleotide 

analog 3'-O-(4-benzoyl)benzoyladenosine 5'-triphosphate (BzATP) can inhibit V-ATPase by 

covalent modification of a non-catalytic nucleotide binding site on the B subunit.200 Most 



46 

 

interestingly, a screen of a library of covalent kinase inhibitors identified a molecule that 

covalently bound to the non-homologous region of the A subunit of the V1 domain.201 The binding 

of the inhibitor appeared to be specific to Cys138 and dependent upon electrophile and scaffold.201 

The compound was demonstrated to inhibit cellular acidification driven by V-ATPase in a 

roundabout way and more information is eagerly awaited.201 BRD1240 was recently identified as 

a putative inhibitor of V-ATPase from a screen of autophagy modulators.337 The mechanism of 

inhibition is unknown but involved different kinetics than bafilomycin A1.337 

1.2.10 Diphyllin and Related Lignans 

Diphyllin is an arylnaphthalene lignan isolated from plant species that have demonstrated 

a wide range of bioactivities. Natural extracts of plants like C. collinus, J. procumbens, H. 

bucharicum, and numerous others that contain diphyllin have been used as therapeutic and toxic 

mixtures for thousands of years. Diphyllin from natural sources possesses antiviral, anticancer, 

and antileishmanial activity in addition to general cytotoxicity.338–341 Eleven years ago, the 

mechanism for much of this activity was explained in diphyllin’s potent inhibition of V-ATPase 

activity in an osteoclast model of bone resorption.342 Diphyllin represents a significantly different 

chemotype than previous inhibitors of V-ATPase activity and has generated renewed interest in 

the compound. Diphyllin has been shown to reduce the proliferation of gastric adenocarcinoma 

and esophageal cancer cells through antagonism of the mTORC1/HIF-1α/VEGF pathway (which 

is caused by V-ATPase inhibition).343,344 Most interestingly, diphyllin has also been identified as 

an inhibitor of influenza, dengue and feline coronavirus infection in cellular models.345,346  

Diphyllin glycosides have also demonstrated a wide range of biological activities and are 

being investigated for multiple types of therapies. The natural product cleistanthin is xylopyranose 

glycoside derivative of diphyllin at the phenol position that has demonstrated potent V-ATPase 

inhibition in biochemical assays and cytotoxicity in a number of cancer cell lines.347–349 Several 

natural derivatives of cleistanthin have also been identified as V-ATPase inhibitors with 

antiproliferative activity.348,350 Several groups have worked to modify the glycoside moiety of 

cleistanthin and have identified an alkylamino derivative of the diphyllin glycoside, ZT-25, with 

improved potency against V-ATPase activity and antiproliferative effects in the HepG2 liver 

cancer cell model.351,352 Further work with ZT-25 demonstrates that the observed selective 

cytotoxicity in cancer cells occurs through mitochondrial-associated mechanisms.353 A class of 
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arabinopyranosyl diphyllin glycosides (phyllanthusmins) isolated from P. poilanei have 

demonstrated potent cytotoxicity toward HT-29 human colon cancer cells though the mechanism 

of toxicity was not entirely identified.354 Derivatives of the phyllanthusmin glycoside and lactone 

moieties have recently shown improved antiproliferative effects against colon, breast, and ovarian 

cancer cell lines though the mechanism of action is still poorly understood.355 

1.3 Research Focus 

V-ATPase inhibitors have not entered the clinic for the treatment of any disease, especially 

viral diseases. The lack of clinical treatments for EBOV infection represents a new possible avenue 

for the use of V-ATPase inhibitors in the clinic if selectivity can be added to the potent inhibition 

of V-ATPase by current inhibitors. The novel selectivity between V-ATPase activity and 

cytotoxicity identified for diphyllin represents a never-before-seen opportunity for the 

development of a selective V-ATPase inhibitor and could be useful in the treatment of EVD. 

However, little work has been done to identify areas of diphyllin’s structure that are important for 

its interactions with V-ATPase (its V-ATPase pharmacophore). Due to the size and complexity of 

V-ATPase, ligand-based drug design was determined to be the best method for identifying which 

areas of the diphyllin scaffold define the pharmacophore. Therefore, the goal of this work was to 

create novel derivatives of diphyllin that improve both the potency and therapeutic selectivity of 

the structure. To accomplish the objective, a set of novel assays were designed to identify diphyllin 

derivatives that selectively inhibited EBOV infection through activity against V-ATPase. These 

assays identified modification of the phenol moiety as being highly tolerant of additional groups 

while the lactone ring was not. Further derivatization of the phenol group allowed for increases in 

selectivity and potency that have not been seen in previous V-ATPase inhibitors. Therefore, 

modification of the phenol ring may be the best method to introduce modification of the diphyllin 

pharmacophore and the development of novel EBOV therapies. 
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 PHENOTYPIC PRIORITIZATION OF DIPHYLLIN 

DERIVATIVES THAT BLOCK FILOVIRAL CELLULAR ENTRY BY 

VACUOLAR (H+)-ATPASE INHIBITION 

2.1 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 natural product inhibitors of the V-ATPase have been shown to block endosomal 

acidification and affect viral entry albeit with limited selectivity. Herein, four series of novel 

derivatives of the V-ATPase inhibitor diphyllin were synthesized to assess their potential for 

enhancing potency and selectivity toward filoviral entry inhibition. Derivatives that suitably 

blocked of Ebola virus entry were further evaluated for inhibition of endosomal acidification and 

cytotoxicity in human cell models, as well as inhibition of isolated human V-ATPase activity. 

Finally, three compounds showed significant selectivity indices for the inhibition of infection of 

primary human macrophages by wild-type Ebola virus. 

2.2 Introduction 

The Filoviridae family of viruses are highly contagious, lethal viruses that cause severe 

hemorrhagic fever in humans and primates.1–3 The Filoviridae family consists of large, 

filamentous, negative-strand RNA viruses that are grouped into Ebolavirus (EBOV),  

Marburgvirus (MARV), and Cuevavirus genera. Viruses from the EBOV and MARV genera 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.356 Efforts are underway to develop 

novel EBOV therapies, including discovery of small molecule inhibitors,357–362 repurposed 

drugs,363–368 and vaccines.369–372 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.373  

Filoviruses, like many other viruses, utilize the acidification of endosomes during their 

maturation to facilitate cellular entry.180,374–376 Many cellular infections begin when individual 

virions are taken into cells by one of several mechanisms of endocytosis. As the virion-containing 
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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 NPC1.377 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.188 In addition to endosomal acidification, many cellular 

and physiological processes are associated with V-ATPase function, including roles in renal pH 

homeostasis, osteoclast bone remodeling, and sperm maturation.188,284,378 Different forms of V-

ATPase are present in renal, neuronal, osteoclast and cancer cells along with the V-ATPase found 

in the endosomal membranes.379 Dysregulation of specific isoforms have been associated with 

diseases, including osteoporosis, metastatic cancers, male infertility and renal acidosis.380 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 A1 (Baf), have historic 

utility as cellular probes but lack the needed therapeutic selectivity to serve as drug leads due to 

off-target effects.277,293 Diphyllin is an arylnaphthalene lignan and represents the only known 

phenylpropanoid-derived V-ATPase inhibitor to date.6 

Cellular activities established for diphyllin have shown useful anti-tumor and 

antiosteoclastic activity,6,343 as well as anti-viral activity in early testing using influenza and 

Dengue virus models.265,381 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 
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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.22 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 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.382 Overall, this approach demonstrates the use of phenotypic screening to 

identify more selective V-ATPase inhibitors that block filoviral infection with reduced cytotoxicity. 

2.3 Experimental Methodology 

2.3.1 Biological Assays 

Cells- 293FT cells (catalog number R700-07; Thermo), HEK-293 cells (ATCC® CRL-1573™), 

Vero cells and HeLa 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.357 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 μg/ml streptomycin, 1× nonessential amino acids (Fisher Scientific), 

50 μM 2-mercaptoethanol (Fisher Scientific), and 800 U/ml human macrophage colony-

stimulating factor (BioLegend). Adherent monocytes (PHMs) were washed, and the medium was 
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replaced on days 2 and 6 while the cells were differentiating. All cells were kept at 37°C in a 

humidified incubator with 5% CO2. 

 

Pseudovirus assays- This work was completed by Manu Anantpadma in the Davey lab at Boston 

University. Recombinant VSV pseudovirions expressing Zaire EBOV GP were produced as 

described previously.238,357 Briefly, virions expressing the EBOV GP were formed in HEK-293T 

cells by transfection of cells with the EBOV GP-expressing plasmid 24 h before transduction with 

VSVΔG-EGFP virions. Supernatant was collected from 48-72 h and filtered through a 0.45 µm 

filter to yield new pseudotyped virions. Viral titer was determined by exposure of HEK-293T cells 

to the new pseudotyped virions and analyzing EGFP expression 24 h later by flow cytometry. 

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% CO2. 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. IC50 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- This work was completed by Manu Anantpadma in the Davey lab at 

Boston University. Live EBOV were produced as previously described.357 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 
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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. IC50 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% CO2 in complete 

medium. Cells were treated with inhibitors at varying concentrations (<2% DMSO) for 4 h before 

the addition of 1 µg/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. IC50 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 10µM 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 µg/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. 
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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% 

CO2 in complete medium. Cells were then treated with a dilution series of diphyllin and incubated 

at 37°C and 5%CO2 until 1 µg/ml acridine orange was added at 2, 4, and 8h. After 10min 

incubation the dye, cells were washed with 1x PBS twice and 100µl 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 mean± standard 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% CO2 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 mean± 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 µg/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% CO2 in complete medium. Cells 

were then treated with inhibitors at varying concentrations (<2% DMSO) for 3.5 h before the 

addition of 10 µg/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-
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phosphate buffers with 10 µg/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% CO2 in complete medium. Cells 

were then treated with inhibitors at varying concentrations (<2%DMSO) for 72 h. 0.5 mg/ml 3-

(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) was added to cells for 4 h 

before quenching the reaction with acidic isopropanol (10% Triton, 0.1 M HCl). 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. CC50 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.357 In brief, HeLa cells plated in 96-well 

plates (20,000 cells/well) were treated with the compounds at different concentrations in a 100 µl 

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.357 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.383,384 In brief, cells were grown to confluency with complete medium in a 

175 cm2 flask (Corning) before growth media was removed and replaced with serum-free DMEM 

for 2 h. 1 µM FCCP in DMEM was then added for 15 min before cells were scrapped form the 

plate and pelleted at 1000xg for 5min. The media was discarded and cells were re-suspended in 

HEK assay buffer (20 mM HEPES, 5 mM Glucose, 50 mM Sucrose, 50 mM potassium chloride, 

90 mM potassium gluconate, 1 mM EGTA, PierceTM 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 
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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 µM acridine orange and split into fractions with the protein concentration 

being 100 µg/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 MgCl2 were added to initiate V-ATPase activity. Readings were taken at 1 min intervals for 

60 min before the addition of 1 µg/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 mean± 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 µg/mL in 97.5 µl 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 NaN3 and 100 µM sodium orthovanadate. The reaction was 

initiated by the addition of 2.5 µl of 100 mM ATP+100 mM MgCl2 (5 mM ATP+5 mM MgCl2 in 

solution). 10 µl aliquots of the reaction were added to 90 µl of Pi detection mixture (0.0135% 

malachite green, 0.954% ammonium molybdate, 0.387% polyvinyl alcohol, 1 M HCl in water) 

after 60 minutes. After 2 minutes, 10 µl 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 mean± 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% CO2. 

100µL of sample media was suspended in 900µL of acetonitrile+0.1%trifluoroacetic acid and 
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cooled to 4°C for 30min. 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 5x105 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. 1.5ml of 

a 1:1:0.0005 mixture of acetonitrile: methanol: trifluoroacetic acid was then added to each well 

and incubated at 4°C for 16h. 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. 

2.3.2 Chemistry 

 

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

diethyl 1-(benzo[d][1,3]dioxol-5-yl)-4-hydroxy-6,7-dimethoxynaphthalene-2,3-dicarboxylate (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.). 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 HCl. The resulting precipitate was filtered 

to yield a yellow solid (368 mg, 92%, Purity: 97.5%). 1H NMR (500 MHz, DMSO-d6) δ 10.39 (s, 
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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). 13C NMR (126 MHz, 

DMSO-d6) δ 169.98, 150.79, 150.02, 147.16, 146.91, 145.20, 129.78, 129.09, 124.09, 123.59, 

121.98, 119.01, 111.39, 108.18, 105.73, 101.35, 101.04, 66.94, 56.34, 55.93, 55.43. 13C NMR 

(126 MHz, DMSO-d6) δ 169.98, 150.79, 150.02, 147.16, 146.91, 145.20, 129.78, 129.09, 124.09, 

123.59, 121.98, 119.01, 111.39, 108.18, 105.73, 101.35, 101.04, 66.94, 56.34, 55.93, 55.43. ESI-

MS (ESI+) m/z: calculated for C21H16O7+H+, 381.0969 [M+H]+, found 381.0964 [M+H]+.  

 

Synthesis of Imide Derivatives: 

 

2-amino-4-(benzo[d][1,3]dioxol-5-yl)-9-hydroxy-6,7-dimethoxy-1H-benzo[f]isoindole-1,3(2H)-

dione (1b)- 1a (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%). 1HNMR (500MHz, DMSO-d6): 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 C21H16N2O7+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[f]isoindole-1,3(2H)-dione (1c)- 1a (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 HCl and the resulting precipitate was 

collected by vacuum filtration. The precipitate was recrystallized from toluene and methanol to 
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yield 120mg (85%, Purity: 95.1%) of yellow solid. 1HNMR (500MHz, DMSO- d6): 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 C23H19NO8+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[f]isoindole-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%). 1H NMR (500 MHz, DMSO-d6) δ 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 C27H26N2O8+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-

benzo[f]isoindol-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 
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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%). 1H NMR 

(500 MHz, DMSO-d6) δ 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 = 2.9 Hz, 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 C25H21NO9+H+, 480.1295 [M+H]+, found 

480.1289 [M+H]+. 

General synthetic procedure for hydrophobic phenol ether derivatives: 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 (20µl, 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%). 1H NMR (500 MHz, DMSO-d6) δ 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, J = 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-d6) δ 169.45, 151.65, 150.41, 147.65, 

147.37, 147.23, 133.00, 129.89, 128.91, 125.31, 124.16, 124.05, 119.47, 111.30, 108.38, 105.94, 

101.56, 101.02, 67.24, 59.54, 56.12, 55.65, 21.23. ESI-MS (ESI+) m/z: calculated for C22H18O7 

+H+,  395.1125 [M+H]+, found 395.1125[M+H]+. 
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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 (20µl, 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%). 1H NMR (500 MHz, DMSO-d6) δ 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 (q, 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-d6) δ 169.51, 151.68, 150.40, 147.36, 147.23, 146.86, 133.29, 

129.94, 128.85, 126.10, 125.82, 124.05, 119.41, 111.30, 108.38, 105.98, 101.54, 101.06, 68.03, 

67.11, 56.04, 55.65, 31.14, 16.14. ESI-MS (ESI+) m/z: calculated for C23H20O7 +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 (30µl 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%). 1H NMR (500 MHz, DMSO-

d6) δ 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 = 

1.8 Hz, 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-d6) δ 

169.35, 151.81, 150.46, 147.39, 147.34, 145.97, 134.58, 130.07, 128.60, 127.61, 126.61, 124.03, 

119.20, 111.25, 108.40, 106.03, 101.58, 101.20, 80.08, 79.84, 66.93, 60.44, 56.09, 55.68. ESI-MS 

(ESI+) m/z: calculated for C24H18O7 +H+, 419.1125 [M+H]+, found 419.1129 [M+H]+. 
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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, 1eq), 5-chloro-1-pentyne (28µl, 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%). 1H NMR (500 MHz, DMSO-d6) δ 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 (q, J 

= 6.5 Hz, 2H). 13C NMR (126 MHz, DMSO-d6) δ 169.35, 151.58, 150.25, 147.23, 147.13, 146.51, 

133.45, 129.82, 128.64, 126.08, 125.95, 123.92, 119.25, 111.17, 108.25, 105.84, 101.43, 100.70, 

83.97, 72.30, 70.57, 66.85, 55.90, 55.51, 28.85, 14.95. ESI-MS (ESI+) m/z: calculated for 

C26H22O7 +H+, 447.1438 [M+H]+, found 447.1432 [M+H]+. 

 

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

yl)oxy)butanenitrile (2f)- 2a (51mg, 0.134mmol, 1eq), 4-bromobutyronitrile (27µl, 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%. 1H NMR (500 MHz, DMSO-d6) δ 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 (q, 

J = 6.5 Hz, 2H).  13C NMR (201 MHz, DMSO-d6) δ 169.41, 151.80, 150.44, 147.37, 147.26, 

146.51, 133.58, 129.96, 128.79, 125.84, 125.62, 124.03, 121.02, 119.40, 111.26, 108.38, 105.99, 

101.54, 101.10, 70.55, 67.07, 56.19, 55.66, 25.99, 14.09. ESI-MS (ESI+) m/z: calculated for 

C25H21NO7 +H+, 448.1390 [M+H]+, found 448.1287 [M+H]+. 
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General Procedure for synthesis of chloro-alkene precursors: of 1-bromo-3-chloropropane 

(1.1mL, 1.72g, 11mmol; 1.5equiv.) and amine component (1eq) 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; 

1.5equiv.) of 1-bromo-3-chloropropane and amine component (641µl, 639mg, 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: 351mg, 30%). LC-MS m/z: calculated for C7H14ClNO+H+, 164.1 

[M+H]+, found 164.1 [M+H]+. 

 

ethyl 2-(4-(3-chloropropyl)piperazin-1-yl)acetate (2ha)- 1-bromo-3-chloropropane (1.1mL, 1.72g, 

11mmol; 1.5equiv.) of 1-bromo-3-chloropropane and ethyl 2-(piperazin-1-yl)acetate (1.16g, 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: 654mg, 36%). LC-MS m/z: calculated for 

C11H21ClN2O2+H+, 248.1 [M+H]+, found 248.2 [M+H]+. 
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2-(4-(3-chloropropyl)piperazin-1-yl)ethan-1-ol (2ia)- 1-bromo-3-chloropropane (1.1mL, 1.72g, 

11mmol; 1.5equiv.) of 1-bromo-3-chloropropane and 2-(piperazin-1-yl)ethanol (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 

C9H19ClN2O+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 linker (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, 1eq), 2ga (43mg, 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: 99.3%). 1H 

NMR (500 MHz, DMSO-d6) δ 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). 13C NMR (201 MHz, DMSO-d6) δ 169.49, 151.68, 150.40, 147.36, 147.25, 146.88, 

133.33, 129.95, 128.82, 126.01, 125.84, 124.05, 119.44, 111.29, 108.38, 106.02, 101.55, 100.95, 

70.42, 67.06, 66.66, 56.02, 55.66, 55.36, 53.89, 27.25. ESI-MS (ESI+) m/z: calculated for 

C28H29NO8+H+, 508.1966 [M+H]+, found 508.1967 [M+H]+. 
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Ethyl 2-(4-(3-((9-(benzo[d][1,3]dioxol-5-yl)-6,7-dimethoxy-1-oxo-1,3-dihydronaphtho[2,3-

c]furan-4-yl)oxy)propyl)piperazin-1-yl)acetate (2h)- 2a (51mg, 0.134mmol, 1eq), 2ha (66mg, 

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%). 1H NMR (500 MHz, DMSO-d6) δ 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 (q, 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). 13C NMR (126 MHz, DMSO-d6) δ 170.24, 169.37, 151.51, 147.22, 147.11, 146.71, 133.19, 

129.78, 128.67, 125.85, 125.71, 123.91, 119.27, 111.17, 108.24, 105.81, 101.43, 100.75, 70.26, 

66.92, 60.12, 58.75, 55.87, 55.50, 53.06, 52.25, 40.73, 27.34, 14.46. ESI-MS (ESI+) m/z: 

calculated for C32H36N2O9+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, 0.134mmol, 1eq), 2ia (54mg, 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%). 1H NMR (500 MHz, DMSO-d6) δ 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, Chloroform-d) δ 169.38, 151.52, 

150.24, 147.23, 147.11, 146.73, 133.19, 129.80, 128.67, 125.87, 125.74, 123.92, 119.29, 111.17, 
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108.26, 105.83, 101.43, 100.78, 70.29, 66.94, 60.46, 58.62, 55.89, 55.52, 54.75, 53.41, 53.00, 

27.37.  ESI-MS (ESI+) m/z: calculated for C30H34N2O7+H+, 551.2388 [M+H]+, found 551.2383 

[M+H]+. 

 

Diphyllin Hydrazide Synthesis: 

 

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, 1eq) and hydrazine hydrate (0.5mL) were 

dissolved in 50mL of methanol. The 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. 1H NMR 

(500 MHz, DMSO-d6) δ 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 C21H18N2O6+H+, 395.1237 [M+H]+, 

found 395.1240 [M+H]+. 

 

General Procedure for Hydrazone synthesis: 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-benzo[f]isoindol-1-one (3b)- 3a (50mg, 0.126mmol, 1eq) and benzaldehyde (15µl 16mg, 
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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%). 1H 

NMR (500 MHz, DMSO-d6) δ 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 C28H22N2O6 +H+, 

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-ylmethylene)amino)-

2,3-dihydro-1H-benzo[f]isoindol-1-one (3c)- 3a (50mg, 0.126mmol, 1eq) and nicotinaldehyde 

(14µl, 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%). 1H NMR (300 MHz, DMSO-d6) δ 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). 13C NMR (201 MHz, DMSO-d6) δ 164.01, 150.86, 150.45, 149.88, 149.23, 147.16, 146.83, 

146.02, 140.67, 133.66, 131.17, 130.05, 129.72, 129.10, 124.53, 124.21, 123.23, 115.80, 111.72, 

108.13, 106.01, 101.47, 101.39, 56.04, 55.54, 45.53, 21.50. ESI-MS (ESI+) m/z: calculated for 

C27H21N3O6 +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-benzo[f]isoindol-1-one (3d)- 3a (49mg, 0.124mmol, 1eq) 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%). 1H NMR (500 MHz, DMSO-d6) δ 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), 
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6.72 (dd, J = 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 C28H21ClN2O6 +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-benzo[f]isoindol-1-one (3e)- 3a (50mg, 0.126mmol, 1eq) 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%). 1H NMR (300 MHz, DMSO-d6) δ 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 C28H21BrN2O6+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[f]isoindol-1-one (3f)- 3a (49mg, 0.124mmol, 1eq) and 4-methylbenzaldehyde 

(18µl, 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%). 1H NMR (500 MHz, DMSO-d6) δ 10.17 (s, 1H), 8.10 (s, 1H), 7.61 (d, J = 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 C29H24N2O6+H+, 497.2 [M+H]+, found 497.3 [M+H]+. 
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(E)-4-(((9-(benzo[d][1,3]dioxol-5-yl)-4-hydroxy-6,7-dimethoxy-1-oxo-1,3-dihydro-2H-

benzo[f]isoindol-2-yl)imino)methyl)benzonitrile (3g)- 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%). 1H NMR (300 MHz, DMSO-d6) δ 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). 13C NMR (201 MHz, DMSO-d6) δ 164.08, 150.46, 149.86, 

147.15, 146.82, 145.99, 141.27, 139.71, 133.18, 130.01, 129.69, 129.17, 127.85, 124.29, 124.21, 

123.28, 119.17, 115.78, 111.90, 111.70, 108.13, 105.99, 101.42, 101.38, 56.01, 55.52, 45.54. ESI-

MS (ESI+) m/z: calculated for C29H23N3O6+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[f]isoindol-1-one (3h)- 3a (51mg, 

0.129mmol, 1eq) and 2,3,4,5,6-pentafluorobenzaldehyde (19µl, 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%). 1H NMR (300 MHz, DMSO-d6) 

δ 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 C28H17F5N2O6+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-benzo[f]isoindol-1-one (3i)- 3a (50mg, 0.126mmol, 1eq) 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 
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(yield: 45mg, 64%, Purity: 94.9%). 1H NMR (300 MHz, DMSO-d6) δ 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 C32H31N3O6+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[f]isoindol-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%). 1H NMR (300 MHz, DMSO-d6) δ 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 C29H22N2O8+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-ylmethylene)amino)-

2,3-dihydro-1H-benzo[f]isoindol-1-one (3k)- 3a (50mg, 0.126mmol, 1eq) and 2-

thiophenecarboxaldehyde (14µl, 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%). 1H NMR (500 MHz, DMSO-d6) δ 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 
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(s, 2H), 3.90 (s, 3H), 3.61 (s, 3H). LC-MS m/z: calculated for C26H20N2O6S+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[f]isoindol-1-one (3l)- 3a (50mg, 

0.126mmol, 1eq) and 4-(trifluoromethyl)benzaldehyde (21µl, 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%). 1H NMR (500 MHz, DMSO-

d6) δ 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 C29H21F3N2O6+H+, 551.2 

[M+H]+, found 551.2 [M+H]+. 

 

General synthesis of ring-opened diphyllin amide synthesis- 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 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, 1eq) and the piperidine (26µl, 22mg, 2eq) 
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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%). 

1H NMR (500 MHz, DMSO-d6) δ 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, J = 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 C23H20O7 +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 (23µl, 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%). 

1H NMR (500 MHz, DMSO-d6) δ 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 C25H25NO8+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, 1eq) and N-methylpiperazine (24µl, 

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%). 1H NMR (500 MHz, DMSO-d6) δ 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 C26H28N2O7+H+, 517.1161 

[M+H]+, found 481.2 [M+H]+. 
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(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, 1eq) 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%). 1H NMR 

(500 MHz, DMSO-d6) δ 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 C25H26N2O7+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 (26µl, 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%). 

1HNMR (500MHz, DMSO- d6) 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]+. 

2.4 Results 

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 from Charlton et al.385 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  
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Scheme 2.1. 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, K2CO3, DMSO, 60°C, 1-48h (36-91%); 

(e) R2NH, 0.5 M NaOH in MeOH, reflux, 12-18h (16-57%); (f) R3CHO, MeOH, reflux, 6-12h 

(47-88%). 

 

 

Figure 2.1. Antiviral Screening of Ebolavirus (EBOV) infection at 12.5 µM in HeLa cells.  

All four classes of compounds were screened for inhibitory activity against a GFP-expressing 

Ebola pseudovirus at 12.5 µM to isolate compounds with activity against EBOV infection. 

Significance was determined using a one-way ANOVA test with multiple comparison to the 

vehicle-treated control. *p>0.05, **p>0.005, ***p>0.001. ****excluded due to instability. This 

work was completed by Manu Anantpadma in the Davey lab at Boston University. 
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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 (Table 2.1).386 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 HeLa cells (Fig. 2.1). 

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 µM. Compounds were then 

ranked by IC50 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 2.2). 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.381,387 Candidate V-ATPase 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 IC50 values for inhibition of endosomal acidification (EA assay) where then compared with 

the cytotoxicity values (CC50) 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  
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Table 2.1. SwissADME LogP and PAINS Information for Compounds in Chapter 2 

ID Consensus LogP PAINS alerts 

1a 3.97 0 

1b 2.34 0 

1c 2.65 0 

1d 2.94 0 

1e 2.80 0 

2a 3.23 0 

2b 3.62 0 

2c 3.94 0 

2d 3.92 0 

2e 4.56 0 

2f 3.85 0 

2g 3.81 0 

2h 3.87 0 

2i 3.35 0 

3a 2.34 1 (hydrazide) 

3b 4.18 1 (imine) 

3c 3.45 1 (imine) 

3d 4.71 1 (imine) 

3e 4.79 1 (imine) 

3f 4.51 1 (imine) 

3g 3.96 1 (imine) 

3h 5.56 1 (imine) 

3i 4.77 1 (imine) 

3j 4.03 1 (imine) 

3k 4.25 1 (imine) 

3l 5.13 1 (imine) 

4a 3.46 0 

4b 2.52 0 

4d 2.3 0 

4c 2.56 0 

4e 3.52 0 
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Table 2.2. Activity of diphyllin and derivatives against EBOV infection, endosomal acidification 

and cytotoxicity.  

 

ID R1 R2 Y Z 
Pseudo-EBOV 

IC50 (nM)a 

HEK EA 

IC50 (nM)b 

HEK-293 

CC50 (µM) 

HEK-293 

IC50/CC50
c 

Baf - - - - 14.9±8.93 40.5±3.31 0.32±0.042 7.90 

1e   N CO 5400±2920 >10000 ND ND 

2a H - O CH2 847±125 476±60.1 17.8±4.31 37.4 

2b CH
3
 - O CH2 171±40.2 265±58.6 5.73±0.841 21.6 

2c CH
2
CH

3
 - O CH2 112±14.7 254±49.0 2.38±0.229 9.37 

2d  - O CH2 175±21.7 263±46.6 2.04±0.270 7.76 

2e  - O CH2 73.2±11.9 102±19.0 4.04±2.03 39.6 

2f  - O CH2 93.1±26.8 98.7±29.5 3.31±0.740 31.7 

2g  - O CH2 107±23.7 74.3±23.9 11.2±2.49 151 

2h  - O CH2 132±32.3 172±40.6 24.7±2.68 144 

2i  - O CH2 76.2±14.6 104±21.2 31.1±4.82 299 

3a H  N CH2 3940±604 9060±893 48.9±3.61 5.40 

3b H  N CH2 6630±437 >10000 ND ND 

3c H 
 

N CH2 4480±467 8710±769 49.9±15.9 5.73 

3d H  N CH2 1170±518 9930±140 28.4±2.71 2.86 

3g H  N CH2 1690±233 >10000 ND ND 

3h H 
 

N CH2 8740±2180 >10000 ND ND 

[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 over endosomal 

acidification in HEK-293 cells. The pseudo-ebolavirus work was completed by Manu Anantpadma 

in the Davey lab at Boston University.  
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A) 

 

B) 

 

C) 

 

Figure 2.2. Screening of hit compounds with HEK-293 cells for activity against endosomal 

acidification.  

A) All compounds that were active in the EBOV screen were further screened for activity against 

cellular endosomal acidification. To identify any compounds that may inhibit endosomal 

acidification through colloid formation or compound aggregation: B) Hits were further screened 

for inhibition in the presence of 0.01% Triton X-100 to remove any artifacts from compound 

aggregation using the same assay setup and C) Hits compounds were suspended in assay media 

and centrifuged at 14,000xg for 10min before adding to cells to remove any potential aggregates 

from solution before performing the endosomal acidification assay. Significance was determined 

using a one-way ANOVA test with multiple comparison to the vehicle-treated control (untreated). 

*p>0.01, **p>0.001. 
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Figure 2.3. Selectivity Indices (CC50/IC50) graphs of compound hits in HEK-293 cells.  

Graphs detail the difference between a compounds cytotoxicity (% Viability), determined by MTT 

assay, and its ability to inhibit endosomal acidification (AO), determined with the cellular acridine 

orange assay. Selectivity indices were calculated by dividing the CC50 by the IC50. Curves were 

fitted using the log[inhibitor] vs. response – Variable Slope (four parameters) function in the 

Analysis tool of GraphPad Prism 7.02. 
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Figure 2.3 (cont.) 
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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.360,381,388,389 

The endosome acidification screen identified significant differences among the three diphyllin 

analog classes selected from the original screen (Table 2.2 and Fig. 2.2). Overall, the relative 

potencies in this assay track with the EBOV cell entry effects. Imide 1e 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 µM but these 

compounds were 18-fold less potent than diphyllin on average (Fig 2.2). Unfortunately, the 

cytotoxicity of this class of compounds had minimal separation from inhibition of endosomal 

acidification. The 10-fold difference between IC50 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 2.2 and Fig. 2.2). All phenol ethers inhibited 

acidification at a level similar to Baf and exhibited improved IC50 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 IC50/CC50 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 
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relative to diphyllin. Alkyl derivative 2c was the most potent of all derivatives in the A549 cell 

line but 4-fold less potent in HEK-293 cells (Table 2.3) 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.  

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 quenched 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. 2.4A). FITC-dextran was also used to 

quantify endosomal pH in cells treated with diphyllin and derivatives. All treatments resulted in 

elevated endosomal pH (pH 7) at low micromolar concentrations (1-7 µM; Fig. 2.4B). 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. 2.4C). 

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.383 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. 

IC50 values for hit compounds from the cellular assays were calculated by measuring the change  

 



82 

 

Table 2.3. Inhibition of endosomal acidification, Cytotoxicity and SI data for A549 

ID A549 EA IC50 (nM)a A549 CC50 (µM) A549 EA IC50/CC50
b 

Bafilomycin A1 21.3±2.55 0.479±0.266 22.5 

2a 149±20.5 50.1±15.5 336 

2b 58.2±8.76 >100 >1720 

2c 52.4±19.3 77.4±11.0 >1480 

2e 84.8±11.9 >100 >1180 

2g 56.1±15.9 >100 >1780 

2h 101±13.8 >100 >990 

3a 8110±670 28.7±16.6 3.40 

3c 11,600±840 50.1±27.7 4.32 

3d 8440±367 78.0±26.4 9.24 

[a] Inhibition of cellular endosomal acidification in HEK-293 cells; mean±SEM (n=9). [b] 

Selectivity index of cytotoxicity over endosomal acidification. 

 

  

Figure 2.4. 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 (10µg/ml) of 

HEK-293 cells after 4h treatment with chosen inhibitor or vehicle. 
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Figure 2.5. Dose-response curves of the inhibition of V-ATPase mediated proton-translocation by 

diphyllin and derivatives.  

ATP was added to the vesicle mixture on 96-well plates and incubated for 1 h at room temperature 

before reading fluorescence at 530 nm when excited at 485 nm. Nigericin was then added and the 

fluorescence after 10 min was again measured. The difference between the two fluorescence values 

was used to determine the amount of acridine orange quenched. Data are shown as mean± standard 

error of the mean of the change in fluorescence at each inhibitor concentration. Curves were fitted 

using the log[inhibitor] vs. response – Variable Slope (four parameters) function in the Analysis 

tool of GraphPad Prism 7.02. 
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Table 2.4. Inhibitory Activity of Derivatives against Isolated Human V-ATPase  

Compound Proton Pump IC50 
(nM)[a] ATPase Inhibition[b] 

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). 

 

 

 

Figure 2.6. 1 µM screening of compound hits with HEK-293 vesicles for ATPase activity.  

Phosphate ions (Pi) released after 1 h incubation at 37°C was quantified using the Pi detection assay 

with malachite green for all compounds tested for the inhibition of proton-pumping ability in the 

biochemical acridine orange quenching assay. Significance was determined using a one-way 

ANOVA test with multiple comparison to the vehicle-treated control. Compounds that were 

considered significantly different than the control were labeled (+) (*p>0.01, Table 2). 
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Figure 2.7. Inhibition of Cellular Endosomal Acidification is not Time-Dependent in HEK-293 

cells. 

HEK-293 cells were treated with doses of 2a and endosomal acidification was assessed at 2 h, 4 

h, and 8 h using the dye acridine orange. Curves were fitted using the log[inhibitor] vs. response 

– Variable Slope (four parameters) function in the Analysis tool of GraphPad Prism 7.02.  

 

 

 

 

    

Figure 2.8. Inhibition of V-ATPase mediated acridine orange quenching is not time-dependent.  

Vesicles isolated form HEK-293 cells were treated with varying concentrations of 2a, 2e, and 2g. 

Then, the assay was either conducted immediately or incubated for 1 h or 2 h. Dose-response 

curves of the change in quenching of acridine orange are shown for each treatment and overlaid 

for each inhibitor. Curves were fitted using the log[inhibitor] vs. response – Variable Slope (four 

parameters) function in the Analysis tool of GraphPad Prism 7.02. 
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Figure 2.9. Stability of select compounds under assay conditions.  

A) Compounds 2a, 2f, 2g, 2i, 3d were tested for their time-dependent stability in DMEM+FBS 

over 48 h. Samples were withdrawn at 0 h, 4, h, 24 h and 48 h and diluted in 9 volumes of 

acetonitrile+0.1% trifluoroacetic acid to precipitate out serum proteins. Data shown are the mean± 

the standard error of the mean for each sample and time point for 5 individual experiments. B) 

Subsequent follow-up studies with compound 2g showed compound loss was not due to the media 

but interaction with the plastic used during the assay. Conducting the assays in glass exhibited 

little loss of compound until 48h into the assay. Treatment of plastic or glass with 100mM 

propranolol for 24h also decreased loss of 2g significantly compared with the control at the 24h 

mark. 

 

A) 

 

Figure 2.10. Example chromatographs from the isolation of select inhibitors from treated HEK-

293 cells. 

HEK-293 cells were treated with 2a (chromatograph A), 2f (B), and 2g (C) for 24 h before 

extraction with a 1:1:0.005 methanol:acetonitrile:trifluoroacetic acid solution for 16 h. The 

solution was removed and centrifuged for 10 min at 14,000xg to remove remaining cellular debris 

and concentrated. Samples were run using a Hitachi D-7000 HPLC system to identify potential 

metabolic products of the select inhibitors. Peaks present in the DMSO-treated control are 

indicated by retention time on each chromatograph but were not further analyzed. Peaks that were 

not present in the DMSO-treated control sample were collected and analyzed with an Advion 

expression Compact Mass Spectrometer and the major m/z is indicated with the retention time of 

the peak. 
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Figure 2.10 (cont.) 

B) 

 

C) 
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Table 2.5. Anti-Filoviral activity of Diphyllin and Top Derivatives in HeLa and Primary Human 

Macrophages.  

Compound 
HeLa CC50 

(µM)[a] 

Pseudo-

EBOV 

IC50/CC50
[b] 

Pseudo-

MARV IC50 

(nM) [c] 

MARV 

IC50/CC50
[b] 

PHM EBOV 

IC50 (nM)[d] 

PHM 

IC50/ 

CC50
[b] 

2a >100 >147 1770±80.0 >56.5 678±218 >73.7 

2e 36.5±7.13 499 402±45.9 90.8 240±36.4 >416 

2g 36.6±18.8 342 135±11.4 271 57.7±8.6 >1530 

2h 63.0±11.2 477 81.6±28.7 772 256±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 MARV 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). This work was completed by Manu 

Anantpadma in the Davey lab at Boston University. 

 

in AO fluorescence immediately before and after the addition of nigericin (Fig. 2.5). 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 2.4). 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 µM. 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 µM compared to Baf, while hydrazones 3c and 3d did not (Table 
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2.4 and Fig. 2.6). 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 (Fig. 2.7, 2.8). 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 (Fig. 2.9). Compounds 2a, 2f, 2g were also tested 

for stability in HEK-293 cell culture for 24 h (Fig. 2.10) and no apparent degradation products 

were observed.  

To determine if our derivatives are broadly active against the Filoviridae family, the top 

active derivatives were tested for the ability to inhibit MARV infection. While related to EBOV, 

MARV utilizes different cellular entry pathways from EBOV but it is still dependent upon 

endosomal acidification.47 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 2.5). 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 2.5). 

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 CC50 was 2g, which had a separation of 1525 from IC50 

which indicates an even greater separation for the other two derivatives. For instance, compound 
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2h showed lower cytotoxicity than 2g. The difference between the cytotoxicities in immortalized 

cell lines and primary macrophages could be due to the inhibition of the growth of the immortalized 

cell lines as opposed to true toxicity. The inhibitors may cause immortalized cells to stop dividing 

due to resource strain from the inhibition of endocytic pathways or other off-target effects while 

the cytostatic macrophages are not dividing and would not suffer from the same resource strain. 

The lack of dividing cells would cause changes in the MTT assay results while the lack of a 

resource strain on the macrophages would not change their ATP levels. 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. 

2.5 Discussion 

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 

alkylamino 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. 
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 SYNTHESIS AND EVALUATION OF NOVEL, 

HETEROCYCLIC DIPHYLLIN ETHERS IN VITRO AND THEIR 

SAFETY PROFILES IN VIVO 

3.1 Abstract 

Despite many years of discovery research, the transition of V-ATPase inhibitors from useful 

probes to clinical therapies has not occurred. The multitude of potential therapeutic applications 

of a V-ATPase inhibitor has repeatedly spawned novel inhibitor derivatization and formulation yet 

none have translated into the clinic. The main objective of this study was to evaluate the class of 

arylnaphthalene lactone V-ATPase inhibitors class for potential to exhibit a useful therapeutic 

window. Herein, several novel alkylated phenol derivatives of diphyllin were synthesized and 

evaluated in vitro for activity against V-ATPase and cytotoxicity. Evaluation of derivatives in a 

zebrafish developmental model indicated that inhibitors were less toxicity than known V-ATPase 

inhibitor bafilomycin A1. In addition, several top derivatives were well-tolerated by mice treated 

with high doses in formulation. These results demonstrate that alkylated diphyllin analogs exhibit 

therapeutic potential for the treatment of V-ATPase mediated diseases. 

3.2 Introduction 

Filoviruses are highly contagious, lethal viruses that cause severe hemorrhagic disease in 

humans and primates.1–3 Viruses from two genera, Ebola virus (EBOV) and Marburg virus, 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.356 Efforts are underway to develop 

novel EBOV therapies but there are no approved therapeutic measures for the treatment of filovirus 

infections. While vaccine development has been prioritized, therapeutics for the treatment of 

individuals already infected are also needed.110,167 Two general targets of antiviral development 

are the viral proteins and the host proteins/processes that aid viral infection. Targeting the viral 

proteins is the more common approach but resistance to virus-targeted antivirals can quickly lead 

to losses in their efficacy. 

Antiviral drug resistance to traditional virus-targeted antivirals is a common occurrence due 

to the error-prone nature of viral replication. Viruses, especially those of the RNA variety, are 
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prone to the production of numerous genetic mutants, deemed quasispecies, during a single cellular 

lifecycle due to the error-prone replication of their genomes.390 Most viruses have no mechanism 

through which to edit out genetic mutations that commonly occur during genome replication, 

which leads to significantly higher error rates during viral replication when compared with host 

cell genome replication.391 While many of these mutants are defective in one form or another, 

mutations that confer resistance to a therapy are evolutionarily selected by treatment with an 

antiviral.392 The selected mutants go on to infect new cells and carry on their mutation while the 

susceptible species are removed from the population. This can quickly lead to the development of 

resistance to common antivirals as has been shown in cases with influenza, HIV, and HCV 

amongst others.393,394 

The adamantane class of influenza virus inhibitors represent a prime example of viral 

evolution to resist virus-targeted antiviral therapies. The adamantane class of influenza virus 

inhibitors, amantadine (Symmetrel) and rimantadine (Flumadine), were the first approved 

therapies for influenza infection beginning in 1966.395,396 Both drugs blocked proton flow through 

the viral M2 ion channel and prevented the release of the viral ribonucleoprotein into the host 

cytoplasm.397 Resistance to adamantanes emerged during an epidemic in 1980 but resistance was 

limited to 1-2% of subtypes until recently.398 Resistance has increased markedly since 2000, with 

around 45% of all influenza A subtypes exhibiting resistance by 2013.399 Resistance to the 

adamantanes is caused by mutations in the M2 channel (particularly mutations of serine-31) lead 

to changing of the pore size that prevent the blockage of the channel by the inhibitor.400 There are 

further examples of resistance development in many viruses, including HIV, HCV, and HSV.401–

403 

To avoid the development of resistance, targeting the host proteins that are essential for 

viral infection presents a novel avenue for antiviral therapy development. Viruses are obligate, 

intracellular parasites that require the actions of host proteins and processes to replicate and form 

new viral particles. Numerous host factors and processes are engaged by viruses at all points of 

their lifecycle and many are used by multiple classes of viruses or conserved within viral families. 

This conservation by viruses has led to the proposal of some host-targeted therapies for use as 

multi-viral or pan-viral therapies. Host-targeted antivirals have a higher barrier to viral resistance 

because of limited mutations within host proteins which is believed to make them a more 

dependable option for antiviral therapy development. The downside to targeting host factors is that 
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many of them perform important functions within host cells and blockage of their activity may be 

determinantal to the cellular health, though this toxicity can also be found in virus-targeted 

therapies. Overall, host-targeted antivirals represent a mostly untapped potential for the 

development of novel therapies. 

Identifying ways to selectively inhibit host factors necessary for viral infection has become 

a hot topic in viral research. Vacuolar-ATPase (V-ATPase) represents an important potential target 

for the development of broad-spectrum, host targeted antivirals. Many viruses utilize V-ATPase 

mediated endosomal acidification to gain access to cells.181,185,334,345 V-ATPase inhibitors have 

been investigated for the treatment of numerous diseases but attempts to utilize them in in vivo 

models have indicated toxicities that were not always apparent in the cell culture models.188 The 

toxicity of the plecomacrolide class is particularly apparent due to their repeated failure in mouse 

models.277,293,404 Derivatives of bafilomycin like the indolyl class have also been proposed and 

used in animal models but their transition to the clinic has not occurred.311,314,325   

Diphyllin represents a new opportunity for the development of a V-ATPase inhibitor for 

clinical use. Diphyllin has shown efficacy against osteoporosis, metastatic cancer and viral 

infection in multiple models and demonstrated a large selectivity index between the antiviral 

activity against influenza and cytotoxicity.265,342–345 Recently, diphyllin was packaged into 

nanoparticles, used in the treatment of feline coronavirus infection, and evaluated for safety in 

mice.405 Diphyllin nanoparticles appeared well tolerated in mice and did not elicit changes in any 

essential factors measured during the treatment. Recent work by our lab has indicated that the 

potency and cytotoxicity of diphyllin could by modified through alkylation of the phenol group 

(Chapter 2). The addition of basic heterocycles to diphyllin was shown to improve the derivatives 

potency against EBOV infection and V-ATPase but also improved the selectivity index up to a 

factor of 9 from diphyllin.  

In this work, our goal was to identify a window of selectivity for the use of the diphyllin 

scaffold as an inhibitor of EBOV infection based upon the previous work. We identified further 

modifications of the phenol group on diphyllin that could be used to improve the potency and 

selectivity of the molecule. New heterocycles and changes to the linker were made to further 

explore the pharmacophore of phenol derivatives. To further evaluate the toxicity of the diphyllin 

phenol ethers, studies of top derivatives in zebrafish and mice were undertaken to identify if the 

toxicity witnessed in cell culture was evident in the animal models.  
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3.3 Experimental Methodology 

3.3.1 Biological Assays 

Cells- HEK-293 cells (ATCC® CRL-1573™) were maintained in Dulbecco modified Eagle 

medium (Fisher Scientific)supplemented with 10% fetal bovine serum (FBS) (Atlanta Biologicals) 

(referred to here as complete medium). Caco-2 cells (ATCC® HTB-37™) were cultured in 

DMEM supplemented with 10% FBS, 1X Penicillin/Streptomycin, 1X Non-Essential Amino 

Acids, and 2mM L-Glutamine in T-75 flasks at 37oC in 5% CO2
 and 90% relative humidity. Cells 

were grown for at least 2 weeks after removing from cryopreservation before studies were 

conducted. 

 

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% CO2 in complete 

medium. Cells were treated with inhibitors at varying concentrations (<2% DMSO) for 4 h before 

the addition of 1 µg/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. IC50 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. 

 

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% CO2 in complete medium until 

they reach ~80% confluency. 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 HCl). 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 was subtracted from the 570 nm to normalize data to any residual media 
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fluorescence. Data are shown as mean± standard error of the mean of the normalized 570 nm 

absorbance. CC50 data are reported as the concentration at which cell viability was 50% relative to 

the controls with the standard deviation for 12 individual experiments. 

 

HEK-293 vesicle isolation- The following isolation and assays were performed similar to that 

previously described.383,384 In brief, cells were grown to confluency with complete medium in a 

175 cm2 flask (Corning) before growth media was removed and replaced with of 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 µM. 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 KCl, 

90 mM potassium gluconate, 1 mM EGTA, PierceTM protease inhibitor Mini tablet, pH=7.4) were 

then lysed by passage through a 22 g 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 µM acridine orange and split into fractions with the protein concentration 

being 100 µg/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 MgCl2 were added to initiate V-ATPase activity. Readings were taken at 1 min intervals for 

60 min before the addition of 1 µg/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 mean± standard deviation of nine individual experiments for each 

compound and concentration. 

 



96 

 

Stability in cell media assessment- Compounds were suspended in DMEM+10% FBS at 100 mM 

concentration and aliquots were removed at 0 h, 4 h, 24 h, 48 h while incubating at 37°C with 5% 

CO2. 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 5x105 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 100 mM of 

select inhibitors and allowed to incubate for 24 h 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 15 min. 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 10 

min to remove cellular debris. The new supernatant was then concentrated to 500 uL and analyzed 

by HPLC using Phenomenex Kromasil C18 HPLC column. Data shown are the average of 3 

independent experiments. 

 

Zebrafish toxicity assays- This study was conducted by Jason Ray Nielson in the Peterson lab at 

the University of Utah. Animals were maintained and embryos were obtained according to 

standard fish husbandry protocols. Fertilized eggs were collected from group mating of TuAB 

zebrafish and stored in E3 media at 28˚C until 5 days post fertilization (dpf). At 5 dpf, groups of 3 

larvae were distributed into the wells of flat-bottom, square 96 well plates filled with 300 µL of 

20 mM HEPES pH 7.0 buffered E3 media. Compound were added to each well for a final DMSO 

concentration of 1% DMSO per well and the plates were then incubated at 28˚C.  For assessment 

of compound toxicity, larvae were treated for ~20 h with compounds and viability was assessed 

by observing heart rate and response to touch as described previously.406 
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Formulation of drugs and assessment of formulation stability- These studies were conducted 

by Monika Lavan and Mark Joseph Schopper in the Knipp lab. The compounds were dissolved a 

Transcutol HP and incubated at 40°C overnight. Solutions were analyzed for concentration by 

HPLC and appropriate dilutions were made to obtain the desired concentration in the final 

formulation by adding additional Transcutol HP. Solutol HS 15 was added to PBS and mixed to 

form a homogenous solution that was then combined with the drug solution. The final formulation 

composed of 25% Transcutol HP, 20% Solutol HS 15, and 55% PBS and the final concentration 

of the formulations were confirmed by HPLC.  

To determine drug stability in formulation, samples were stored at room temperature for 

72 h and analyzed by HPLC. Aliquots were removed at 0 h, 24 h, and 72 h and analyzed with an 

Agilent 1100 HPLC by injection and separation with a Ascentis® C18 analytical reversed phase 

column (15 cm x 4.6 mm, 5 μm). Time points were compared to standard curves of each drug to 

determine the concentration. Data shown are the mean± standard error of the mean for five 

individual experiments. 

 

Gastrointestinal permeability estimation- This study was conducted by Kelsey Lubin in the 

Knipp lab. Permeability studies were conducted over 6 wells on Corning 12-well 0.4 μm polyester 

Transwell filter supports.  Transwells were pre-treated with 65 μL of 1 mg/mL Type I rat tail 

collagen in 60% ethanol.  Transwells were left overnight to evaporate ethanol prior to plating.  

Passage 46 Caco-2’s was plated at a density of 70,000 cells/cm2.  After plating, media was changed 

every other day for 21 days.  Drug solutions were prepared from provided 10 mM DMSO stocks 

of each compound. A C0 concentration of 25 µM in Hank’s Balanced Salt Solution (HBSS), 

containing 5% DMSO was prepared for each compound. Prior to studies, cells were washed twice 

with PBS and then equilibrated for 30 minutes in HBSS, pH 7.4. After equilibration, HBSS was 

removed and 0.5 mL of drug solutions were added to the apical chamber. Transwells were then 

moved into well plates with 1.5 mL of pre-warmed HBSS.  200 μL samples were removed from 

the basolateral compartment at 30, 60, 120, and 180-minute time points. After each sample, 200 

μL of HBSS was added to replace sample volume.  Apparent permeability coefficients were 

determined using the following equation. 

𝑃𝑎𝑝𝑝 =
𝑉𝐴 ∗ (

𝑑𝐶
𝑑𝑡⁄ )

𝑆𝐴 ∗ 𝐶0 ∗ 60
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Here, Papp is the apparent permeability, VA is the volume of the acceptor compartment, dC/dt is 

the change in basolateral compartment concentration over time, SA is the Transwell surface area, 

C0 is the initial donor concentration, and 60 is a unit conversion from minutes to seconds. All 

HPLC analysis was performed on an Agilent 1100 HPLC with Supleco Ascentis C18 Column, 5 

μm, 4.6 mm x 150 mm. Samples were kept in the autosampler at 4oC. All sample and standard 

curve injections were 25 µL. 

3.3.2 Chemistry 

General Procedure for synthesis of chloro-alkene precursors: of 1-bromo-3-chloropropane 

(1.1mL, 1.72g, 11mmol; 1.5equiv.) and amine component (1eq) 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.  

 

1-(3-chloropropyl)piperidine (1aa)- 1-bromo-3-chloropropane (1.1 mL, 1.72 g, 11 mmol; 1.5 

equiv.) of 1-bromo-3-chloropropane and piperidine (725 µL, 625 mg, 1 eq) were dissolved in 

acetonitrile (40 mL) at room temperature while stirring. Triethylamine (3.1 mL, 2.2 g, 2 eq) was 

then added dropwise and the reaction mixture was stirred at room temperature overnight and 

purified as above to yield a yellow oil (yield: 824 mg, 70%). LC-MS m/z: calculated for 

C7H14ClNO+H+, 162.1 [M+H]+, found 162.1 [M+H]+. 

 

4-(3-chloropropyl)morpholine (1ba)- 1-bromo-3-chloropropane (1.1 mL, 1.72 g, 11 mmol; 1.5 

equiv.) of 1-bromo-3-chloropropane and morpholine (641 µL, 639 mg, 1 eq) were dissolved in 

acetonitrile (40 mL) at room temperature while stirring. triethylamine (3.1 mL, 2.2 g, 2 eq) was 

then added dropwise, the reaction mixture was stirred at room temperature overnight and purified 
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as above to yield a yellow oil (yield: 351 mg, 30%). LC-MS m/z: calculated for C7H14ClNO+H+, 

164.1 [M+H]+, found 164.1 [M+H]+.  

 

1-(3-chloropropyl)-4-methylpiperazine (1ca)- 1-bromo-3-chloropropane (1.1 mL, 1.72 g, 11 mmol; 

1.5 equiv.) of 1-bromo-3-chloropropane and 1-methylpiperazine (813 µL, 735 mg, 1 eq) were 

dissolved in acetonitrile (40 mL) at room temperature while stirring. triethylamine (3.1 mL, 2.2 g, 

2 eq) was then added dropwise, the reaction mixture was stirred at room temperature overnight 

and purified as above to yield a yellow oil (yield: 452 mg, 35%). LC-MS m/z: calculated for 

C7H14ClNO+H+, 177.1 [M+H]+, found 177.2 [M+H]+.  

 

2-(4-(3-chloropropyl)piperazin-1-yl)ethan-1-ol (2ia)- 1-bromo-3-chloropropane (1.1 mL, 1.72 g, 

11 mmol; 1.5 equiv.) of 1-bromo-3-chloropropane and 2-(piperazin-1-yl)ethanol (0.952 g, 1 eq) 

were dissolved in acetonitrile (40 mL) at room temperature while stirring. triethylamine (3.1 mL, 

2.2 g, 2 eq) was then added dropwise, the reaction mixture was stirred at room temperature 

overnight and purified as above to yield a yellow oil (yield: 551 mg, 36%). LC-MS m/z: calculated 

for C9H19ClN2O+H+, 207.1 [M+H]+, found 207.1 [M+H]+.  

 

General synthetic procedure for alkylation of diphyllin phenol: 2a (1 eq), the 

chloropropylamine linker (2 eq), and potassium carbonate (5 eq) were dissolved in dimethyl 

sulfoxide (6 mL) and heated to reflux overnight (16-20 h). The reaction was then cooled to room 

temperature and 20 mL of distilled water was added to the flask. The mixture was added to a 

separatory funnel and extracted with ethyl acetate (5x30 mL). The organic layers were combined 

and washed with brine (30 mL) 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. 
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9-(benzo[d][1,3]dioxol-5-yl)-6,7-dimethoxy-4-(3-(piperidin-1-yl)propoxy)naphtho[2,3-c]furan-

1(3H)-one (1a)- 3a (51 mg, 0.134 mmol, 1 eq), 1aa (42 mg, 2eq), and potassium carbonate (85 

mg, 0.616 mmol, 5 eq) were dissolved in dimethyl sulfoxide (3 mL). The reaction was heated to 

90oC for 1.5 h and purified as above to give a yellow solid (yield: 9.5mg, 14%, Purity: 95.7%). 1H 

NMR (500 MHz, DMSO-d6) δ 7.49 (s, 1H), 7.00 (d, J = 8.0 Hz, 1H), 6.93 (s, 1H), 6.85 (d, J = 1.8 

Hz, 1H), 6.73 (dd, J = 7.9, 1.8 Hz, 1H), 6.09 (s, 2H), 5.59 (s, 2H), 4.27 (t, J = 6.1 Hz, 2H), 3.92 (s, 

3H), 3.63 (s, 3H), 3.19 (d, J = 11.4 Hz, 2H), 2.59 (s, 2H), 1.99 (d, J = 8.4 Hz, 2H), 1.56 – 1.44 (m, 

4H), 1.37 (s, 2H), 1.19 (s, 2H). ESI-MS (ESI+) m/z: calculated for C29H31NO7+H+, 506.2173 

[M+H]+, found 506.2174 [M+H]+.  

 

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

1(3H)-one (1b)- 3a (50 mg, 0.131 mmol, 1 eq), 1ba (43 mg, 2 eq), and potassium carbonate (80 

mg, 0.579 mmol, 5 eq) were dissolved in dimethyl sulfoxide (6 mL). The reaction was heated to 

90oC for 8 h and purified as above to give a yellow solid (yield: 45mg, 67%, Purity: 99.3%). 1H 

NMR (500 MHz, DMSO-d6) δ 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). 13C NMR (201 MHz, DMSO-d6) δ 169.49, 151.68, 150.40, 147.36, 147.25, 146.88, 

133.33, 129.95, 128.82, 126.01, 125.84, 124.05, 119.44, 111.29, 108.38, 106.02, 101.55, 100.95, 

70.42, 67.06, 66.66, 56.02, 55.66, 55.36, 53.89, 27.25. ESI-MS (ESI+) m/z: calculated for 

C28H29NO8+H+, 508.1966 [M+H]+, found 508.1967 [M+H]+. 
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9-(benzo[d][1,3]dioxol-5-yl)-6,7-dimethoxy-4-(3-(4-methylpiperazin-1-yl)propoxy)naphtho[2,3-

c]furan-1(3H)-one (1c)- 3a (50 mg, 0.131 mmol, 1 eq), 1ca (46 mg, 2 eq), and potassium carbonate 

(89 mg, 0.645 mmol, 5 eq) were dissolved in dimethyl sulfoxide (3 mL). The reaction was heated 

to 90oC for 3 h and purified as above to give a yellow solid (yield: 52mg, 73%, Purity: 97.2%). 1H 

NMR (500 MHz, DMSO-d6) δ 7.48 (s, 1H), 7.00 (d, J = 7.9 Hz, 1H), 6.93 (s, 1H), 6.85 (d, J = 1.7 

Hz, 1H), 6.73 (dd, J = 7.9, 1.7 Hz, 1H), 6.09 (s, 2H), 5.57 (s, 2H), 4.25 (t, J = 6.1 Hz, 2H), 3.91 (s, 

3H), 3.62 (s, 3H), 2.51 (d, J = 4.0 Hz, 6H), 2.11 (s, 3H), 1.95 (p, J = 6.5 Hz, 2H). 13C NMR (126 

MHz, DMSO-d6) δ 169.38, 151.52, 150.24, 147.23, 146.74, 129.80, 128.68, 125.88, 125.74, 

123.92, 119.30, 111.17, 108.26, 105.83, 101.43, 100.78, 70.31, 66.95, 55.88, 55.52, 55.06, 54.76, 

53.09, 46.04, 40.73, 27.45. ESI-MS (ESI+) m/z: calculated for C29H32N2O7+H+, 521.2282 [M+H]+, 

found 521.2283 [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 (1d)- 3a (51 mg, 0.134 mmol, 1 eq), 1da (54 mg, 2 eq), 

and potassium carbonate (90 mg, 0.655 mmol, 5 eq) were dissolved in dimethyl sulfoxide (6 mL). 

The reaction was heated to 90oC for 3 h and purified as above to give a yellow, amorphous solid 

(Yield: 32 mg, 44%, Purity: 95.1%). 1H NMR (500 MHz, DMSO-d6) δ 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-d6) δ 169.38, 151.52, 150.24, 

147.23, 147.11, 146.73, 133.19, 129.80, 128.67, 125.87, 125.74, 123.92, 119.29, 111.17, 108.26, 
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105.83, 101.43, 100.78, 70.29, 66.94, 60.46, 58.62, 55.89, 55.52, 54.75, 53.41, 53.00, 27.37.  ESI-

MS (ESI+) m/z: calculated for C30H34N2O7+H+, 551.2388 [M+H]+, found 551.2383 [M+H]+. 

 

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

yl)oxy) acetate (1e)- 3a (50mg, 0.131mmol, 1eq), ethyl bromoacetate (46mg, 2eq), and potassium 

carbonate (92mg, 0.674mmol, 5eq) were dissolved in dimethyl sulfoxide (3mL). The reaction was 

heated to reflux for 1h before cooling to room temperature. 20mL of distilled water was added to 

the flask and the mixture was transferred to a separatory funnel. The aqueous layer was extracted 

with dichloromethane (3x30mL). The organic layers were combined and washed with water 

(30mL)  brine (30mL) before concentrating the organic layers under reduced pressure.  The dried 

product was a crude, beige solid (yield 61mg, 100%) that was immediately used in the next reaction 

to form 1f. LC-MS m/z: calculated for C25H22O9+H+, 467.1[M+H]+, found 467.0 [M+H]+. 

 

 

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

yl)oxy)acetic acid (1f)- 1e (61 mg, 0.131 mmol, 1 eq) was mixed with 5 mL of a 0.2 M NaOH in 

Water/Isopropanol (1:4  v/v) and mixed at room temperature overnight. After the reaction was 

deemed complete by TLC (all reactant had been consumed). While stirring, 1 M HCl was added 

to the mixture until the pH decreased to 1-2. If the product did not immediately precipitate, the 

solution was concentrated under reduced pressure until precipitate formed in solution. The solution 

was cooled to 0oC and the precipitate was collected by vacuum filtration to yield a beige solid 

(yield: 50mg, 88%, Purity: 97.4%). 1H NMR (500 MHz, DMSO-d6) δ 7.75 (s, 1H), 7.00 (d, J = 

7.9 Hz, 1H), 6.94 (s, 1H), 6.86 (d, J = 1.6 Hz, 1H), 6.74 (dd, J = 7.9, 1.7 Hz, 1H), 6.09 (s, 2H), 
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5.56 (s, 2H), 4.89 (s, 2H), 3.92 (s, 3H), 3.63 (s, 3H). 13C NMR (201 MHz, DMSO) δ 170.90, 

169.40, 151.76, 150.50, 147.40, 146.68, 134.09, 130.05, 128.70, 126.37, 126.12, 124.04, 119.29, 

111.26, 108.42, 105.93, 101.60, 69.08, 66.81, 62.48, 56.07, 55.69, 40.46, 40.36, 40.31, 40.26, 

40.21, 40.10, 40.00, 39.89, 39.79, 39.68, 25.95. ESI-MS (ESI+) m/z: calculated for C23H18O9+H+, 

439.1024 [M+H]+, found 439.1024 [M+H]+. 

 

General synthesis of diphyllin phenol amide derivatives: 1f (1 eq) was mixed with HCTU (2 

eq), N, N-Diisopropylethylamine (5 eq), and amine component (2-5 eq) were mixed in dimethyl 

formamide (1 mL). The mixture was placed in a Biotage® Initiator Classic microwave synthesizer 

and heated to 100oC for 3 h with a 200W power limit and 600 rpm stirring. When the reaction was 

complete, 20 mL of water was added to the reaction and the mixture was added to a separatory 

funnel. The mixture was extracted with ethyl acetate (4x30 mL) and the organic layers were 

combined and washed with brine (30 mL). The organic layer was concentrated under reduced 

pressure to yield a crude product. The crude product was purified with normal phase silica gel 

chromatography (DCM/MeOH 100/0 to 100/0) to yield the pure product. 

 

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

1(3H)-one (2a)- 1f (25mg, 0.0571mmol, 1eq) was mixed with HCTU (48mg, 2eq), N, N-

Diisopropylethylamine (50µL, 37.1mg, 5eq), and morpholine (25 µL, 25 mg, 5 eq) were mixed in 

dimethyl formamide (1 mL). The reaction was conducted and purified as above to yield a yellow 

solid (yield: 7.1mg, 25%, Purity: 97.5%).  1H NMR (500 MHz, DMSO-d6) δ 7.76 (s, 1H), 7.00 (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), 

5.59 (s, 2H), 5.09 (s, 2H), 3.91 (s, 3H), 3.63 (s, 3H), 3.56 (t, J = 4.7 Hz, 4H), 3.46 (t, J = 4.9 Hz, 

2H), 3.41 (t, J = 4.8 Hz, 2H). 13C NMR (201 MHz, DMSO) δ 169.60, 166.68, 151.10, 149.66, 

146.75, 145.89, 134.15, 129.54, 127.69, 125.62, 122.50, 117.84, 109.49, 106.72, 104.80, 100.38, 

99.94, 68.79, 65.93, 65.50, 65.49, 54.32, 53.83, 47.10, 46.99, 46.89, 46.78, 46.67, 46.57, 46.46, 



104 

 

44.11, 41.19, 36.66. ESI-MS (ESI+) m/z: calculated for C27H25NO9+H+, 508.1602 [M+H]+, found 

508.1600 [M+H]+. 

 

 

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

oxoethoxy)naphtho[2,3-c]furan-1(3H)-one (2b)- 1f (25 mg, 0.0571 mmol, 1 eq) was mixed with 

HCTU (48 mg, 2 eq), N, N-Diisopropylethylamine (50 µL, 37.1 mg, 5 eq), and 1-methylpiperazine 

(32 µL, 29 mg, 5 eq) were mixed in dimethyl formamide (1 mL). The reaction was conducted and 

purified as above to yield a yellow solid (yield: 6.4mg, 22%, Purity: 96.6%). 1H NMR (500 MHz, 

DMSO-d6) δ 7.74 (s, 1H), 7.00 (d, J = 8.0 Hz, 1H), 6.92 (s, 1H), 6.84 (d, J = 1.6 Hz, 1H), 6.72 (dd, 

J = 7.9, 1.7 Hz, 1H), 6.09 (s, 2H), 5.58 (s, 2H), 5.08 (s, 2H), 4.43 (s, 1H), 3.91 (s, 3H), 3.63 (s, 

3H), 3.47 (q, J = 5.6, 4.7 Hz, 4H), 3.39 (t, J = 5.0 Hz, 2H), 2.40 (t, J = 5.0 Hz, 2H), 2.37 (t, J = 6.0 

Hz, 4H). 13C NMR (126 MHz, DMSO-d6) δ 169.29, 166.24, 151.47, 150.29, 147.23, 147.13, 

146.80, 133.48, 129.83, 128.62, 125.74, 125.29, 123.89, 119.13, 111.13, 108.28, 105.68, 101.54, 

101.43, 69.62, 66.88, 60.40, 58.79, 55.96, 55.52, 53.57, 53.13, 44.40, 41.67. ESI-MS (ESI+) m/z: 

calculated for C29H30N2O9+H+, 551.2023 [M+H]+, found 551.2023 [M+H]+. 

 

 

9-(benzo[d][1,3]dioxol-5-yl)-4-(2-(4-(2-hydroxyethyl)piperazin-1-yl)-2-oxoethoxy)-6,7-

dimethoxynaphtho[2,3-c]furan-1(3H)-one (2c)- 1f (25 mg, 0.0571 mmol, 1 eq) was mixed with 

HCTU (48 mg, 2 eq), N, N-Diisopropylethylamine (50 µL, 37.1 mg, 5 eq), and 2-(piperazin-1-

yl)ethanol (15 mg, 2 eq) were mixed in dimethyl formamide (1 mL). The reaction was conducted 
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and purified as above to yield an amorphous, yellow solid (yield: 7.6mg, 24%, Purity: 97.5%). 1H 

NMR (500 MHz, DMSO-d6) δ 7.74 (s, 1H), 7.00 (d, J = 8.0 Hz, 1H), 6.92 (s, 1H), 6.84 (d, J = 1.6 

Hz, 1H), 6.72 (dd, J = 7.9, 1.7 Hz, 1H), 6.09 (s, 2H), 5.58 (s, 2H), 5.08 (s, 2H), 4.43 (s, 1H), 3.91 

(s, 3H), 3.63 (s, 3H), 3.47 (q, J = 5.6, 4.7 Hz, 4H), 3.39 (t, J = 5.0 Hz, 2H), 2.40 (t, J = 5.0 Hz, 

2H), 2.37 (t, J = 6.0 Hz, 4H). 13C NMR (126 MHz, DMSO-d6) δ 169.29, 166.24, 151.47, 150.29, 

147.23, 147.13, 146.80, 133.48, 129.83, 128.62, 125.74, 125.29, 123.89, 119.13, 111.13, 108.28, 

105.68, 101.54, 101.43, 69.62, 66.88, 60.40, 58.79, 55.96, 55.52, 53.57, 53.13, 44.40, 41.67. ESI-

MS (ESI+) m/z: calculated for C29H30N2O9+H+, 551.2023 [M+H]+, found 551.2023 [M+H]+. 

 

9-(benzo[d][1,3]dioxol-5-yl)-6,7-dimethoxy-4-(2-oxo-2-(4-phenylpiperazin-1-

yl)ethoxy)naphtho[2,3-c]furan-1(3H)-one (2d)- 1f (27 mg, 0.0616 mmol, 1 eq) was mixed with 

HCTU (46 mg, 2 eq), N, N-Diisopropylethylamine (50 µL, 37.1 mg, 5 eq), and 1-phenylpiperazine 

(28 mg, 3 eq) were mixed in dimethyl formamide (1 mL). The reaction was conducted and purified 

as above to yield a yellow solid (yield: 8.6mg, 24%, Purity: 95.1%). 1H NMR (800 MHz, DMSO-

d6) δ 7.81 (d, J = 2.1 Hz, 1H), 7.24 (t, J = 7.9 Hz, 2H), 7.04 (dd, J = 7.9, 2.1 Hz, 1H), 6.97 (q, J = 

3.7, 2.5 Hz, 3H), 6.89 (d, J = 2.2 Hz, 1H), 6.82 (t, J = 7.3 Hz, 1H), 6.77 (d, J = 7.7 Hz, 1H), 6.13 

(s, 2H), 5.65 (s, 2H), 5.19 (s, 2H), 3.95 (d, J = 2.1 Hz, 3H), 3.67 (s, 5H), 3.61 (d, J = 5.0 Hz, 2H), 

3.31 (s, 2H), 3.17 (dt, J = 28.1, 5.0 Hz, 4H). 13C NMR (201 MHz, DMSO) δ 169.42, 166.58, 162.76, 

151.67, 151.20, 150.47, 147.38, 147.28, 146.97, 133.71, 129.48, 125.97, 125.62, 124.03, 119.87, 

119.31, 116.37, 111.28, 108.43, 105.92, 101.76, 101.59, 69.83, 67.02, 56.11, 55.69, 49.06, 48.74, 

44.37, 41.64, 40.46, 40.36, 40.31, 40.25, 40.20, 40.15, 40.10, 39.99, 39.89, 39.78, 39.68, 38.71, 

36.25, 31.24. ESI-MS (ESI+) m/z: calculated for C33H30N2O8+H+, 583.2075 [M+H]+, found 

583.2076 [M+H]+. 
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9-(benzo[d][1,3]dioxol-5-yl)-6,7-dimethoxy-4-(2-(4-methylpiperazin-1-yl)-2-

oxoethoxy)naphtho[2,3-c]furan-1(3H)-one (2e)- 1f (27 mg, 0.0616 mmol, 1 eq) was mixed with 

HCTU (46 mg, 2 eq), N, N-Diisopropylethylamine (50 µL, 37.1 mg, 5 eq), and 1-(1-

methylpiperidin-4-yl)piperazine (31 mg, 3 eq) were mixed in dimethyl formamide (1 mL). The 

reaction was conducted and purified as above to yield a beige solid (yield: 3.6mg, 10%, Purity: 

96.9%). 1H NMR (500 MHz, DMSO-d6) δ 7.74 (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, J = 7.8, 1.7 Hz, 1H), 6.09 (d, J = 2.6 Hz, 2H), 5.59 (s, 2H), 5.09 (s, 

2H), 3.91 (s, 3H), 3.62 (s, 3H), 3.45 (s, 2H), 3.19 (s, 2H), 2.92 (s, 2H), 2.43 (s, 2H), 2.27 (m, 3H), 

1.87 (s, 2H), 1.71 (d, J = 12.1 Hz, 2H), 1.51 (s, 2H), 1.19 (s, 2H). 13C NMR (201 MHz, DMSO-

d6) δ 169.41, 166.74, 162.76, 151.68, 150.50, 147.40, 147.32, 146.99, 142.05, 133.86, 132.75, 

130.02, 128.85, 128.72, 126.06, 125.76, 124.03, 121.39, 119.26, 111.24, 109.75, 108.43, 105.89, 

101.59, 69.73, 66.97, 56.10, 55.70, 45.90, 36.24, 31.23. ESI-MS (ESI+) m/z: calculated for 

C33H37N3O8+H+, 604.2654 [M+H]+, found 604.2654 [M+H]+. 

 

 

9-(benzo[d][1,3]dioxol-5-yl)-6,7-dimethoxy-4-(2-(4-(4-methylpiperazin-1-yl)piperidin-1-yl)-2-

oxoethoxy)naphtho[2,3-c]furan-1(3H)-one (2f)- 1f (27 mg, 0.0616 mmol, 1 eq) was mixed with 

HCTU (46 mg, 2 eq), N, N-Diisopropylethylamine (50 µL, 37.1 mg, 5 eq), and 1-methyl-4-

(piperidin-4-yl)piperazine (31 mg, 3 eq) were mixed in dimethyl formamide (1 mL). The reaction 
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was conducted and purified as above to yield a beige solid (yield: 13mg, 35%, Purity: 95.4%). 1H 

NMR (500 MHz, DMSO-d6) δ 7.74 (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, J = 7.8, 1.7 Hz, 1H), 6.09 (d, J = 2.6 Hz, 2H), 5.59 (s, 2H), 5.09 (s, 2H), 3.91 

(s, 3H), 3.62 (s, 3H), 3.45 (s, 2H), 3.19 (s, 2H), 2.92 (s, 2H), 2.43 (s, 2H), 2.27 (m, 3H), 1.87 (s, 

2H), 1.71 (d, J = 12.1 Hz, 2H), 1.51 (s, 2H), 1.19 (s, 2H). 13C NMR (201 MHz, DMSO-d6) δ 

169.41, 166.74, 162.76, 151.68, 150.50, 147.40, 147.32, 146.99, 142.05, 133.86, 132.75, 130.02, 

128.85, 128.72, 126.06, 125.76, 124.03, 121.39, 119.26, 111.24, 109.75, 108.43, 105.89, 101.59, 

69.73, 66.97, 56.10, 55.70, 45.90, 36.24, 31.23. ESI-MS (ESI+) m/z: calculated for 

C33H37N3O8+H+, 604.2653 [M+H]+, found 604.2654 [M+H]+. 

 

 

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

yl)oxy)-N-(2-(4-methylpiperazin-1-yl)ethyl)acetamide (2g)- 1f (27 mg, 0.0616 mmol, 1 eq) was 

mixed with HCTU (46 mg, 2 eq), N, N-Diisopropylethylamine (50 µL, 37.1 mg, 5 eq), and 2-(4-

methylpiperazin-1-yl)ethylamine (25 mg, 3 eq) were mixed in dimethyl formamide (1 mL). The 

reaction was conducted and purified as above to yield an amorphous, yellow solid (yield: 8.5 mg, 

25%, Purity: 98.7%). 1H NMR (800 MHz, DMSO-d6) δ 9.01 (s, 1H), 8.44 (s, 1H), 8.35 (d, J = 7.8 

Hz, 1H), 8.15 – 8.11 (m, 2H), 7.46 (d, J = 7.0 Hz, 2H), 6.97 (s, 2H), 6.18 (s, 2H), 5.43 (s, 3H), 

5.13 (s, 3H), 5.04 – 5.00 (m, 2H), 4.81 (s, 2H), 4.73 (s, 4H), 4.33 (d, J = 8.3 Hz, 5H). 13C NMR 

(201 MHz, DMSO-d6) δ 169.49, 169.38, 169.38, 151.21, 151.21, 149.69, 149.69, 146.79, 145.42, 

140.48, 134.52, 132.64, 129.61, 129.61, 127.82, 127.57, 125.79, 125.23, 122.53, 118.84, 117.86, 

109.52, 108.22, 106.79, 104.94, 100.43, 99.53, 70.05, 65.75, 55.27, 54.32, 53.86, 51.69, 48.65, 

41.32, 34.24. ESI-MS (ESI+) m/z: calculated for C30H33N3O8+H+, 564.2340 [M+H]+, found 

564.2338 [M+H]+. 
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2-((9-(benzo[d][1,3]dioxol-5-yl)-6,7-dimethoxy-1-oxo-1,3-dihydronaphtho[2,3-c]furan-4-

yl)oxy)-N-(2-morpholinoethyl)acetamide (2h)- 1f (26 mg, 0.0594 mmol, 1 eq) was mixed with 

HCTU (48 mg, 2 eq), N, N-Diisopropylethylamine (50 µL, 37.1 mg, 5 eq), and 2-

morpholinoethylamine (22 mg, 3 eq) were mixed in dimethyl formamide (1 mL). The reaction was 

conducted and purified as above to yield an amorphous, brown solid (yield: 2.3mg, 7.0%, Purity: 

97.8%). 1H NMR (800 MHz, DMSO-d6) δ 7.70 (s, 1H), 7.18 (s, 1H), 7.12 (s, 1H), 7.06 (d, J = 1.7 

Hz, 1H), 7.00 (s, 1H), 6.90 (d, J = 1.7 Hz, 1H), 6.78 (dd, J = 7.9, 1.7 Hz, 1H), 6.14 (s, 2H), 5.60 

(s, 2H), 4.80 (s, 2H), 4.00 (s, 3H), 3.68 (s, 3H), 3.59 (m, 2H), 3.43 (dd, J = 5.6 Hz, 2H), 3.37 (dd, 

J = 10.9, 5.3 Hz, 4H), 3.29 (dd, J = 10.9, 5.8 Hz, 2H), 3.15 (m, 2H). 13C NMR (201 MHz, DMSO-

d6) δ 169.36, 151.87, 150.53, 147.43, 146.36, 134.41, 130.09, 128.59, 126.09, 124.04, 119.32, 

111.23, 108.46, 106.03, 101.62, 101.54, 72.96, 71.23, 66.76, 63.55, 56.20, 55.71. ESI-MS (ESI+) 

m/z: calculated for C29H30N2O9+H+, 551.2023 [M+H]+, found 551.2023 [M+H]+. 

 

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

yl)oxy)-N,N-bis(2-hydroxyethyl)acetamide (2i)- 1f (26 mg, 0.0594 mmol, 1 eq) was mixed with 

HCTU (49 mg, 2 eq), N, N-Diisopropylethylamine (50 µL, 37.1 mg, 5 eq), and diethanolamine 

(30 mg, 5 eq) were mixed in dimethyl formamide (1 mL). The reaction was conducted and purified 

as above to yield an amorphous, off-white solid (yield: 12mg, 40%, Purity: 95.3%). 1H NMR (800 

MHz, DMSO-d6) δ 7.19 (s, 1H), 6.95 (s, 1H), 6.20 (s, 1H), 6.12 (d, J = 7.7 Hz, 1H), 5.88 (s, 1H), 

5.24 (d, J = 6.8 Hz, 3H), 4.77 (s, 2H), 4.38 (s, 2H), 3.22 (s, 3H), 2.99 (t, J = 5.9 Hz, 2H), 2.94 (t, 

J = 5.3 Hz, 2H), 2.91 (d, J = 2.1 Hz, 4H), 2.82 (t, J = 6.0 Hz, 2H), 2.72 (d, J = 5.3 Hz, 2H), 2.26 
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(d, J = 12.8 Hz, 1H), 2.20 (d, J = 2.0 Hz, 3H), 2.07 (s, 3H), 0.48 (d, J = 27.6 Hz, 1H). 13C NMR 

(201 MHz, DMSO- d6) δ 169.72, 169.12, 162.64, 151.00, 149.59, 146.73, 146.01, 133.96, 129.51, 

127.76, 125.64, 122.53, 117.83, 109.54, 106.72, 104.77, 100.38, 100.02, 58.33, 57.98, 54.30, 53.81, 

48.99, 47.11, 47.00, 46.89, 46.79, 46.68, 46.57, 46.47, 34.73. ESI-MS (ESI+) m/z: calculated for 

C27H27NO10+H+, 526.1708 [M+H]+, found 526.1706 [M+H]+. 

 

 

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

yl)oxy)-N-dodecylacetamide (2j)- 1f (26 mg, 0.0594 mmol, 1 eq) was mixed with HCTU (49 mg, 

2 eq), N, N-Diisopropylethylamine (50 µL, 37.1 mg, 5 eq), and dodecylamine (32 mg, 3 eq) were 

mixed in dimethyl formamide (1 mL). The reaction was conducted and purified as above to yield 

a beige solid (yield: 23 mg, 66%, Purity: 99.1%). 1H NMR (500 MHz, DMSO-d6) δ 8.28 (t, J = 

5.8 Hz, 1H), 7.98 (d, J = 8.9 Hz, 1H), 7.79 (d, J = 1.9 Hz, 1H), 7.66 (s, 1H), 7.37 (dd, J = 8.8, 1.9 

Hz, 1H), 7.00 (d, J = 7.9 Hz, 1H), 6.94 (s, 1H), 6.84 (d, J = 1.7 Hz, 1H), 6.73 (dd, J = 7.9, 1.8 Hz, 

1H), 6.09 (s, 2H), 5.55 (s, 2H), 4.69 (s, 2H), 3.94 (s, 3H), 3.63 (s, 4H), 3.14 (h, J = 6.6 Hz, 3H), 

2.05 (s, 2H), 1.41 (t, J = 6.9 Hz, 2H), 1.18 (d, J = 5.7 Hz, 22H), 0.80 (t, J = 6.7 Hz, 3H). 13C NMR 

(126 MHz, DMSO-d6) δ 167.75, 167.75, 151.60, 150.32, 147.25, 147.18, 146.31, 141.88, 134.00, 

132.49, 129.88, 128.62, 126.43, 125.96, 125.57, 123.89, 121.22, 119.10, 111.10, 109.57, 108.28, 

101.45, 71.12, 66.69, 55.94, 55.50, 38.67, 31.62, 31.01, 29.39, 29.34, 29.09, 29.05, 26.67, 22.42, 

14.27. ESI-MS (ESI+) m/z: calculated for C35H43NO8+H+, 606.3061 [M+H]+, found 606.3061 

[M+H]+. 
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2-((9-(benzo[d][1,3]dioxol-5-yl)-6,7-dimethoxy-1-oxo-1,3-dihydronaphtho[2,3-c]furan-4-

yl)oxy)-N-phenylacetamide (2k)- 1f (25 mg, 0.0571 mmol, 1 eq) was mixed with HCTU (48 mg, 

2 eq), N, N-Diisopropylethylamine (50 µL, 37.1 mg, 5 eq), and aniline (27 µL, 27 mg, 5 eq) were 

mixed in dimethyl formamide (1 mL). The reaction was conducted and purified as above to yield 

a light yellow solid (yield: 15mg, 51%, Purity: 98.2%). 1H NMR (500 MHz, DMSO-d6) δ 10.23 

(s, 1H), 7.77 (s, 1H), 7.67 – 7.61 (m, 2H), 7.31 (dd, J = 8.5, 7.4 Hz, 2H), 7.10 – 6.98 (m, 2H), 6.95 

(s, 1H), 6.87 (d, J = 1.7 Hz, 1H), 6.75 (dd, J = 7.9, 1.7 Hz, 1H), 6.09 (s, 2H), 5.60 (s, 1H), 4.93 (s, 

2H), 3.93 (s, 3H), 3.64 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 169.28, 166.87, 151.63, 150.34, 

147.26, 147.19, 138.67, 129.93, 129.16, 128.51, 126.58, 126.06, 124.13, 123.92, 120.00, 111.14, 

108.30, 105.78, 101.46, 71.32, 66.73, 55.99, 55.53. ESI-MS (ESI+) m/z: calculated for 

C29H23NO8+H+, 514.1496 [M+H]+, found 514.1495 [M+H]+. 

 

 

tert-butyl (4-aminobutyl)carbamate (2la, from the thesis of Matthew D. Bartolowits). 1,4-

diaminobutane (50.02 g, 95eq) was dissolved in chloroform (600 mL) and was cooled to 0°C. di-

tert-butyl dicarbonate (13.17 g, 1eq) dissolved in chloroform (300 mL) was added drop-wise over 

the course of two hours and the reaction was stirred overnight, allowing it to reach room 

temperature. After 21 hours of reaction time, the entire reaction mixture was transferred to a 

separatory funnel and was washed with water (8 x 200 mL), dried over sodium sulfate and 

evaporated in vacuo to give 10.71 g (94.3% yield) of 3 as a clear oil. 1H NMR (300 MHz, CDCl3) 

δ 4.84 (s, 1H), 3.04 (t, 2H), 2.64 (t, J = 6.7 Hz, 2H), 1.46 – 1.38 (m, 4H), 1.37 (s, 9H). 13C NMR 

(75 MHz, CDCl3) δ 155.93, 78.82, 41.70, 40.30, 30.77, 28.32, 27.37. ESI-MS (ESI+) m/z: 

calculated mass (C9H21N2O2) [M+H]1+: 189.1603, mass found m/z: 189.1601 [M+H]1+. 
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tert-butyl (4-(2-((9-(benzo[d][1,3]dioxol-5-yl)-6,7-dimethoxy-1-oxo-1,3-dihydronaphtho[2,3-

c]furan-4-yl)oxy)acetamido)butyl)carbamate (2l)- 1f (26 mg, 0.0594 mmol, 1 eq) was mixed with 

HCTU (49 mg, 2 eq), N, N-Diisopropylethylamine (50 µL, 37.1 mg, 5 eq), and NLys (32 µL, 29 

mg, 5 eq) were mixed in dimethyl formamide (1 mL). The reaction was conducted and purified as 

above to yield an amorphous, yellow solid (yield: 24 mg, 68%, Purity: 98.2%). 1H NMR (500 

MHz, DMSO-d6) δ 8.31 (s, 1H), 7.66 (s, 1H), 7.00 (d, J = 7.8 Hz, 1H), 6.94 (s, 1H), 6.86 (s, 1H), 

6.78 (s, 1H), 6.73 (d, J = 7.9 Hz, 1H), 6.09 (s, 2H), 5.55 (s, 2H), 4.69 (s, 2H), 3.94 (s, 3H), 3.63 (s, 

3H), 3.15 (d, J = 7.8 Hz, 3H), 2.87 (d, J = 6.6 Hz, 2H), 1.41 (s, 4H), 1.33 (s, 9H). 13C NMR (201 

MHz, DMSO) δ 169.39, 167.89, 162.78, 156.04, 150.51, 147.43, 146.49, 134.22, 130.07, 128.69, 

126.72, 126.13, 124.06, 119.30, 111.27, 108.44, 105.99, 101.60, 77.82, 71.31, 66.81, 56.15, 55.69, 

40.46, 40.36, 40.31, 40.25, 40.20, 40.15, 40.10, 39.99, 39.89, 39.79, 39.68, 38.71, 38.64, 36.24, 

31.23, 28.74, 27.43, 26.98. ESI-MS (ESI+) m/z: calculated for C32H36N2O10+Na+, 631.2262 

[M+Na]+, found 631.2264 [M+Na]+. 

 

 

N-(4-aminobutyl)-2-((9-(benzo[d][1,3]dioxol-5-yl)-6,7-dimethoxy-1-oxo-1,3-

dihydronaphtho[2,3-c]furan-4-yl)oxy)acetamide (2m)- 2l (50 mg, 0.082 mmol) was dissolved in 

5mL of a solution of Trifluoroacetic acid: water: triisopropylsilane (95:2.5:2.5%) and stirred at 

room temperature for 2h. After the reaction was deemed complete by TLC, the solution was  
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Scheme 3.1. Synthesis of diphyllin phenol derivatives with alkyl linkers.  

Reagents and conditions. (a) ClCH2CH2CH2R1, K2CO3, DMSO, 3-16 h, 100oC (14-67%). 

 

 

 

Table 3.1. Activity of basic alkyl phenol ethers against V-ATPase in biochemical and cell-based 

assays, in addition to inhibitor cytotoxicity. 

ID R1 

HEK-293 

EA IC50 

(nM)a 

HEK-293 

CC50 (nM)b 

HEK-293 

CC50/ IC50
c 

HEK-293 

Vesicle Proton 

Flux Assay IC50 

(nM)d 

3ae - 476±60.1 17,800±1,180 37.4 189±1.66 

1a 

 

338±81.8 64,200±5,300 190 35.4±2.91 

1be 

 

74.3±23.9 11,200±580 151 27.4±3.88 

1c 

 

0.356±0.030 74.0±9.65 208 2.78±0.53 

1de 

 

76.2±14.6 31,100±4,820 299 61.0±2.84 

[a] Inhibition of cellular endosomal acidification in HEK-293 cells; mean±SEM (n=9). [b] 

Cytotoxicity assessed with MTT assay. [c] Selectivity Index of cytotoxicity over endosomal 

acidification in HEK-293 cells. [d] Inhibition of V-ATPase induced AO quenching using vesicles 

isolated from HEK-293 cells; mean±SEM (n=9). [e] Activities determined in Chapter 2. 
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condensed under reduced pressure. The solution was then dissolved in 10mL of distilled water 

and the pH was raised to ~12 by the dropwise addition of 1M NaOH. The mixture was then 

added to a separatory funnel and extracted with ethyl acetate (3x20 mL). The organic layers were 

combined, washed with brine (20 mL), and removed under reduced pressure to yield a dark, 

yellow oil. (yield: 27mg, 65%, Purity: 99.4%). 1H NMR (500 MHz, DMSO-d6) δ 8.37 (t, J = 6.0 

Hz, 1H), 7.67 (s, 1H), 7.00 (d, J = 7.9 Hz, 1H), 6.95 (s, 1H), 6.86 (s, 1H), 6.73 (d, J = 8.1 Hz, 

1H), 6.09 (s, 2H), 5.56 (s, 2H), 4.70 (s, 2H), 3.94 (s, 3H), 3.63 (s, 3H), 3.18 – 3.13 (m, 2H), 2.59 

(s, 2H), 1.78 (s, 2H), 1.47 (q, J = 7.2 Hz, 2H), 1.44 – 1.37 (m, 2H). 13C NMR (201 MHz, 

DMSO-d6) δ 169.39, 167.85, 165.96, 162.75, 151.82, 150.53, 147.42, 146.51, 134.19, 130.07, 

128.70, 126.65, 126.13, 124.06, 119.29, 111.27, 108.43, 105.97, 101.60, 71.31, 66.83, 56.15, 

55.68, 50.70, 38.75, 38.71, 36.24, 31.23, 31.15, 29.23, 28.31, 27.68, 18.48. ESI-MS (ESI+) m/z: 

calculated for C27H28N2O8+H+, 509.1918 [M+H]+, found 509.1919 [M+H]+. 

3.4 Results 

To further explore the structure-activity relationship of the basic heterocycle functionality, 

two new basic propyl ethers of diphyllin were synthesized utilizing similar methods to the previous 

diphyllin propyl ethers.  Diphyllin (3a) was completed using modified procedures from Charlton 

et al.385 Chloropropyl amino ethers with piperidine (1aa) and 1-methylpiperazine (1ca) groups 

were synthesized through nucleophilic attack upon 1-bromo-3-chloropropane. The propylamino 

linkers were then added to 3a by nucleophilic attack of the phenol to yield derivatives 1a and 1c 

(Scheme 3.1). Intermediate 1e was also synthesized through nucleophilic attack of diphyllin upon 

ethyl bromoacetate before the ester was hydrolyzed to form derivative 1f (Scheme 3.2). 

Derivatives 1a and 1c were assayed for the ability to inhibit cellular endosomal acidification 

in HEK-293 cells and yielded startling results (Table 3.1, Fig. 3.1). The removal of a heteroatom 

from the 4-position of the cyclohexane ring reduced activity of 1c by a factor of 4.5 compared with 

previously tested derivative 1b. However, the modification of the oxygen to a methylated amine 

improved activity nearly 200-fold. The cytotoxicity of both derivatives appeared to scale with the 

cellular activity against endosomal acidification as 1a decreased cytotoxicity relative to 1b and 1c 

increased cytotoxicity relative to 1b. The biochemical activity of the derivatives against proton 

flux induced by V-ATPase also shifted relative to their cellular activity but not to the same degree. 

Interestingly, the addition of an acidic functional group appears to significantly reduce the potency  
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Table 3.2. Physicochemical properties of alkyl and acetamide derivatives in Chapter 3 

ID Consensus 
Log P 

pKa value(s) 

1a 4.66 9.52 

1b 3.81 7.48 

1c 3.79 3.79, 8.92 

1d 3.35 3.44, 8.39 

1f 3.05 2.68 

2a 3.06 - 

2b 3.01 7.89 

2c 2.58 7.07 

2d 4.11 - 

2e 3.26 5.21, 9.71 

2f 3.31 3.30, 8.87 

2h 2.92 6.72 

2g 2.87 3.02, 8.76 

2k 4.2 - 

2i 2.32 - 

2j 6.82 - 

2l 4.24 - 

2m 3.14 10 

2n 5.93 - 
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Scheme 3.2. Synthesis of diphyllin acetamide series of derivatives.  

Reagents and Conditions. (a) BrCH2COOEt, K2CO3, DMSO, 100oC, 2 h(~100%); (b) 0.2M NaOH 

H2O:IPA (1:4), rt, 16 h (88%); (c) R2NH, TEA, HCTU, DMF, 3 h, MW (irradiation), 100oC. 

 

Table 3.3. Activity of acetamide phenol ethers against V-ATPase in biochemical and cell-based 

assays, in addition to inhibitor cytotoxicity. 

ID R2 

HEK-293 

EA IC50 

(nM)a 

HEK-293 

CC50 (nM)b 

HEK-293 

CC50/ IC50
c 

HEK-293 

Vesicle Proton 

Flux Assay 

IC50 (nM)d 

1f -OH 3,710±845 >100,000 >27.0 460±33.6 

2a 

 

245±32.7 >100,000 >230 17.9±3.30 

2b 

 

166±18.9 >100,000 >524 4.02±0.698 

2c 

 

411±63.1 >100,000 >243 8.91±3.29 

2d 

 

440±59.3 >100,000 >227 150±31.3 

2e 

 

271±60.3 >100,000 >369 33.3±5.02 
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2f 

 

140±23.4 >100,000 >714 14.8±3.19 

2g 

 

448±73.3 >100,000 >223 7.19±1.06 

2h 

 

2,410±705 76,600±9,510 31.8 14.2±2.5 

2i 

 

1,190±400 >100,000 >84.0 15.0±3.69 

2j 

 

487±60.5 71,000±9,500 146 14.7±1.64 

2k 

 

391±33.0 22,500±9,950 57.5 68.2±12.0 

2l 

 

591±123 71,800±3,770 121 43.6±7.49 

2m 
 

4,300±1,110 >100,000 >23.3 11.5±1.23 

2n 

 

502±105 >100,000 >199  

[a] Inhibition of cellular endosomal acidification in HEK-293 cells; mean±SEM (n=9). [b] 

Cytotoxicity assessed with MTT assay. [c] Selectivity Index of cytotoxicity over endosomal 

acidification in HEK-293 cells. [d] Inhibition of V-ATPase induced AO quenching using vesicles 

isolated from HEK-293 cells; mean±SEM (n=9). 
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Figure 3.1. Selectivity Indices (CC50/IC50) graphs of compound hits in HEK-293 cells.  

Graphs detail the difference between a compounds cytotoxicity (% Viability), determined by MTT 

assay, and its ability to inhibit endosomal acidification (EA), determined with the cellular acridine 

orange assay. Selectivity indices were calculated by dividing the CC50 by the IC50. Curves were 

fitted using the log[inhibitor] vs. response – Variable Slope (four parameters) function in the 

Analysis tool of GraphPad Prism 7.02. 
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Figure 3.1 (cont.) 
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Figure 3.2. Dose-response curves of the inhibition of V-ATPase mediated inhibition of proton 

translocation by diphyllin alkyl and acetamide derivatives.  

Vesicles were mixed with inhibitors and incubated for 1 h at 37oC in the presence of acridine 

orange ATP was added to the vesicle mixture on 96-well plates and incubated for 1 h at room 

temperature before reading fluorescence at 530 nm when excited at 485 nm. Nigericin was then 

added and the fluorescence after 10 min was again measured. The difference between the two 

fluorescence values was used to determine the amount of acridine orange quenched. Data are 

shown as mean± standard error of the mean of the change in fluorescence at each inhibitor 

concentration. Curves were fitted using the log[inhibitor] vs. response – Variable Slope (four 

parameters) function in the Analysis tool of GraphPad Prism 7.02. 
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Figure 3.2 (cont.) 
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of derivative 1f in both biochemical and cellular assays. Thus, basic heterocycle derivatives appear 

to have the preferred activity against V-ATPase while decreasing the cytotoxicity of the molecule. 

The exact mechanism of this change is not understood but could be due to the increased 

localization of the basic derivatives to acidic compartments created by V-ATPase activity in 

addition to enhanced activity against the enzyme. This change in subcellular localization could 

prevent diphyllin from exhibiting off-target effects on other processes. 

The differences in activity amongst the alkyl derivatives could be due to several 

characteristics of the amine functional groups (Table 3.2). The basicity of the amine is not the sole 

determinant of cellular activity for these derivatives as the piperidine moiety of 1a has the highest 

ammonium ion pKa (9.5) of all derivatives created and had the lowest activity, while 1c has the  

second highest pKa and is the most active. The number of basic sites could also be implicated in 

the improved activity of 1c (two; pKa=3.8, 8.9) but 1d also has two basic sites (pKa=3.4, 8.4) and 

while the pKa values are relatively similar, the cellular activities of the derivatives are significantly 

different. The consensus LogP of 1c (3.79) is nearly identical to the LogP of 1b (3.81) and these 

values are in between those of 1a and 1d as well. Overall, the enhanced activity of 1c compared 

to the other derivatives may be due to a unique confluence of these factors or another occurrence 

of the “magic methyl” effect. The difference in the potency increases between the biochemical and 

cellular activities of 1c could be due to the improved cellular targeting of the inhibitor to acidic 

apartments caused by the doubling of the basic sites in the methylpiperazine side chain. 

To further explore the structure-activity relationship of diphyllin phenol derivatives, a series 

of acetamide derivatives were synthesized with a variety of different functional groups (Scheme 

3.2). The acetamide series was chosen because of the high yield of 1f produced and the ability to 

rapidly and efficiently couple a variety of groups through amide coupling. Groups with similar 

basic heterocycles to those used in the alkyl derivative series were used for comparison and their 

previously identified favorability for activity. Derivatives with modified physical characteristics 

were also chosen to determine the tolerance of coupling and the tolerance of side chain 

modification. To investigate the relationship of basic side chains to the molecules V-ATPase 

activity, derivatives with an increased number of basic groups were also created. 

As a whole, the acetamide class retained activity against V-ATPase containing vesicles and 

demonstrated potencies greater than nearly all formerly described alkyl derivatives (Table 3.3, Fig. 

3.2). Shortening the linker by a carbon or the addition of a new hydrogen bond acceptor may 
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contribute to enhanced binding with V-ATPase or improved access to the binding site. Derivatives 

with short basic groups (2b, 2c) were the most active and appear to indicate a preference for shorter 

side chains. However, derivatives 2g and 2m had similar potencies, which may be due to the 

flexibility of the side chain in addition to the having a basic group. Longer basic derivatives with 

basic sites 2e and 2f were also potent inhibitors, while replacement of the cyclohexane with a 

phenyl ring (2d) dramatically reduced activity. Intriguingly, flexible hydrophobic and hydrophilic 

groups (2i, 2j) were favored over a phenyl ring (2k) in other derivatives. 

Unfortunately, the activity of the derivatives against cellular endosomal acidification did not 

exhibit the same increase in activity shown in the biochemical assay. Derivatives with basic side  

chains were able to exhibit activity greater than diphyllin, but activity did not match activities 

observed in the alkyl derivatives (Tables 3.1, 3.3). Derivatives 2b and 2f exhibited activities like 

those observed for the alkyl derivatives but the activities of other derivatives were not significantly 

different than that observed for diphyllin (3a) or much worse. More interestingly, derivatives 

exhibited little cytotoxicity in all cases and even the most toxic of the acetamide inhibitors only 

exhibited cytopathic effects at the highest concentrations.  

To determine if the activity of derivatives was being diminished through degradation of 

the inhibitor in cells, the stability of several derivatives was tested in media for 48 h and in cell 

culture for 24 h (Fig. 3.3 and 3.4). Only derivative 2c exhibited more than 10% loss after 4 h in 

media, which could explain the loss in the activity of this derivative. Derivatives 2b, 2f, and 2g 

exhibited little loss after 4 h and their loss appeared to plateau after the 24 h similar to what was 

observed with the alkyl derivative 1c. This loss could be due to interactions with plastic that have 

been identified previously with derivative 1b. Correspondingly, derivative 2d had no loss over 48 

h which indicates that the derivatives without amines are stable and that the amines undergo plastic 

binding. After exposure of the same derivatives to cells for 24 h, chromatographs of extracts from 

the cells indicated no peak besides the parent compound and those present in the DMSO control 

(Fig. 3.4). Thus, the activity of some derivatives in cells may be caused by degradation of the 

parent molecule, but the most potent inhibitors are stable in solution and upon exposure to cells. 

Further investigation needs to be made into these derivatives to explore the increase in observed 

selectivity window and the structure-activity relationship of the stable derivatives. 

To further assess the toxicity of the alkyl derivatives in relation to the acetamide series, we 

decided that animal models may be more indicative of the activity of these derivatives in a patient  
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Figure 3.3. Stability of 1c and top acetamide derivatives in cell culture media over 48h. 

Compounds 1c, 2b, 2c, 2d, 2f, and 2g were tested for their time-dependent stability in 

DMEM+FBS over 48 h. Samples were withdrawn at 0 h, 4, h, 24 h and 48 h and diluted in 9 

volumes of acetonitrile+0.1% trifluoroacetic acid to precipitate out serum proteins. Data shown 

are the mean± the standard error of the mean for each sample and time point for 3 individual 

experiments. 

 

A)      

 

Figure 3.4. Figure 3.4. Example chromatographs from the isolation of select inhibitors from treated 

HEK-293 cells.  

HEK-293 cells were treated with 1c (A), 2b (B), 2c (C), 2d (D), 2f (E), and 2g (F) for 24 h before 

extraction with a 1:1:0.005 methanol:acetonitrile:trifluoroacetic acid solution for 16 h. The 

solution was removed and centrifuged for 10 min at 14,000xg to remove remaining cellular debris 

and concentrated. Samples were run using a Hitachi D-7000 HPLC system to identify potential 

metabolic products of the select inhibitors. Peaks present in the DMSO-treated control are 

indicated by retention time on each chromatograph but were not further analyzed. Peaks that were 

not present in the DMSO-treated control sample were collected and analyzed with an Advion 

expression Compact Mass Spectrometer and the major m/z is indicated with the retention time of 

the peak.  
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Figure 3.4 (cont.) 

B) 

 

C)       
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Figure 3.4 (cont.) 

D) 

 

E)       
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Figure 3.4 (cont.) 

F) 
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Table 3.4. LD50 values 5dpf zebrafish embryos treated with inhibitors.a 

ID 
Zebrafish Embryo 

LD50 (µM) 

Bafilomycin A1 0.1262 

3a >100 

1a 6.484 

1b 1.318 

1c 1.205 

1d 3.857 

1f >100 

2a 19.41 

2b 30.86 

2c >100 

2d 35.79 

2e 14.06 

2f 14.05 

2g 34.18 

2h 19.38 

2i 10.52 

2j >100 

2k 28.43 

2l 19.41 

2m >100 

[a] This work was completed by Jason Ray Nielson in the Peterson lab at the University of Utah. 

 

Table 3.5. Formulation Stability and gastrointestinal permeability of derivatives.a 

ID 
24 h Formulation 

Stability 

72 h Formulation 

Stability 

Apparent Caco-2 

Permeability (nm/sec) 

3a 1.0 ± 3.5% -9.0 ± 2.6% 9.20±0.40 

1b -1.0 ± 3.6% -9.3 ± 2.1% 1.17±0.57 

1c -20.0 ± 2.0% -28.3 ± 1.2% 1.37±0.79 

1d -6.0 ± 3.0% -12.0 ± 4.0% 7.22±0.37 

[a] This work was completed by Kelsey Lubin, Monika Lavan, and Mark Joseph Schopper in the 

Knipp lab at Purdue University. 
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than cell culture. Also, different types of cells in culture responded differently to compound 

treatment as HEK-293 cells proved by the most susceptible to cytotoxicity of the inhibitors 

compared resistance to inhibitor cytotoxicity in the A549 and HeLa cell lines and primary human 

macrophages assess previously. To gain a better estimate of host toxicity, we decided to use a 

zebrafish and mouse model to test the toxicity of the inhibitors compared with the parent diphyllin 

and standard V-ATPase inhibitor bafilomycin A1. Derivatives 1b, 1c, and 1d were compared with 

known V-ATPase inhibitors bafilomycin A1 and 3a in a zebrafish embryo model to determine if 

whole organism toxicity corresponds to cell culture observations. Accordingly, 5dpf zebrafish 

embryos exposed to the compounds for 20 h were evaluated and scored for toxicity. The variations 

in toxicity of the derivatives and known V-ATPase inhibitors in zebrafish indicated promising 

results when comparing the different inhibitors (Table 3.4). Bafilomycin A1 was 10-fold more 

toxic to zebrafish embryos than any of the diphyllin derivatives tested. Diphyllin exhibited no 

toxicity up to 100 µM though it was potentially ionized in solution and unavailable for uptake into 

the fish. Interestingly, both 1b and 1c exhibited similar toxicity to one another though 1c was 

significantly more toxic than 1b in the cell culture studies. Derivative 1d was 3-fold less toxic then 

1b/1c though this fits the profile previously observed in cell culture relative to 1b. Overall, these 

data suggest that diphyllin derivatives may not elicit the same toxic phenotype evidenced by 

bafilomycin A1. The acetamide class of derivatives displayed 100-fold less toxicity compared with 

bafilomycin A1 and they were 10-fold less toxic than the alkylamine derivatives. The acetamide 

derivatives with more basic groups like 2b and 2g appeared to be less toxic than other acetamide 

derivatives but the basic derivatives 2e and 2f did not parallel the decrease in toxicity. Overall, the 

equivalence between the lack of cytotoxicity and lower toxicity in zebrafish indicate that our 

previous cell-based results are potentially good indicators of the derivatives overall toxicity. 

Before assessing the toxicity of derivatives in mice, we developed a formulation strategy 

for the derivatives and determined the stability of the formulations. Derivative 1b, 1d, and 

diphyllin had previously been shown to be stable for up to 24 h in cell culture media and during 

exposure to cells (Chapter 2). Further studies with 1c also showed it was stable in cell culture 

media for up to 48 h with little loss of material and 1c appear stable when exposed to cells for 24 

h. All four compounds (1b, 1c, 1d, diphyllin) were formulated in a solution composed of 25% 

Transcutol HP, 20% Solutol HS 15, and 55% PBS and their stabilities were assessed over 72 h at 

room temperature. After 72 h, three compounds (diphyllin, 1b, and 1d) exhibited less than 10% 
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loss in solution that indicated that they may be stable long-term (Table 3.5). However, 1c lost on 

average 28% over 72 h but two-thirds of that was lost within 24 h which indicates it may have 

been due to potential interactions with plastic. To prevent any loss of the active compounds, all 

solutions were made daily for animal administration. In the interest of developing orally 

bioavailable therapies in the future, the gastrointestinal permeability of the derivatives was 

estimated using Caco-2 cells (Table 3.5). Compounds 1b and 1c were the most permeable of the 

compounds, and the permeability would likely predict good oral bioavailability in terms of 

permeation, while 3a and 1d were approximately 1.5-fold slower at ~8 x10-6 cm/s.  Many drugs 

dosed orally have Papp values in this range, however, it isn’t necessarily expected that 100% 

bioavailability would be reached.   

CD-1 mice were used to determine the toxicity of 3a, 1b, 1c, and 1d at doses determined to be 

active in cell culture. The doses of 3a and 1b were selected so that blood concentrations would 

reach 5x the IC90 for the inhibition of EBOV infection of primary human macrophages (12.5 µM 

and 3.3 µM respectively), while the doses of 1c and 1d were extrapolated from the activity of 1b. 

The maximum blood concentration of 1d was chosen to be 3.3 µM due to the similar activities to 

1b, while the maximum concentration of 1c was 0.33 µM because of its increased potency. The 

formulations were administered once a day for 5 days and allowed a three-day recovery period 

before blood collection and analysis. Analysis of blood protein parameters indicated that the doses 

were safe and well tolerated in the case of 3a, 1b, and 1d (Fig. 3.5). Nevertheless, 1c produced 

marked hemolysis in a sample from female mice and those were unable to be analyzed. Data for 

the male mice are included with the sample data for both sexes treated with the other three 

compounds. Normal levels of blood urea nitrogen (BUN) were reported for all compound and all 

compounds except 1c reported normal levels of creatinine (CREA). These indicate that no kidney 

damage was apparent for diphyllin, 1b, and 1d at the doses used which could be expected for V-

ATPase inhibitors that may block critical V-ATPase function in the kidneys. Alanine 

aminotransferase (ALT), alkaline phosphatase (ALKP), and total bilirubin (TBil) levels were also 

reported as normal, indicating that liver function was not impaired by treatment with the 

formulations. 1c was also the only derivative that was used at a concentration higher than its CC50 

in HEK-293 cells, which may indicate toxicity is associated with the increased dose of the 

derivative. Thus, three of the inhibitors could be deemed safe for use while 1c potentially had 

differential effects based on the sex of the mice, though it appeared non-toxic to the male mice. 
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Figure 3.5. Blood chemistry mice treated with diphyllin and derivatives.  

Mice treated with intraperitoneal injections of formulated 3a, 1b, 1c, and 1d were evaluated for 

changes in blood chemistry parameters, including total protein, blood urea nitrogen (BUN), 

creatinine (Crea), alanine transaminase (ALT), alkaline phosphatase (ALKP), and total bilirubin 

(TBil). Dotted lines represent the normal ranges in CD-1 mice. Data in the plot represent the mean± 

SEM of 3-6 mice. This work was completed by Kelsey Lubin, Monika Lavan, and Mark Joseph 

Schopper in the Knipp lab at Purdue University. 
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3.5 Discussion 

V-ATPase inhibitors represent a novel way to treat viral infections by targeting a pathway 

that is conserved in many viruses. Numerous viruses require the acidification of endosomes to 

release themselves from the endosome and initiate cellular infection. Inhibition of the proton pump 

responsible for endosomal acidification, V-ATPase, has been shown to block infection of many 

viruses. This has led to the investigation of V-ATPase inhibitors for the clinical treatment of viral 

infection. However, the toxicity associated with V-ATPase inhibitors treatment has prevented their 

progress from cellular probes to clinical therapies and increased bias against the development of 

new inhibitors. The natural product diphyllin represents a new opportunity as the chemotype has 

shown an unprecedented lack of toxicity while retaining potent activity against V-ATPase.  

To improve diphyllin’s physicochemical properties, potency and selectivity, we previously 

created several series of diphyllin derivatives and determined that the alkylation of the diphyllin 

phenol with propyl amine groups improved all three categories. Herein, we further investigated if 

the properties could be further optimized and if derivatives exhibited cytotoxicity in animal models. 

The modification of the alkyl derivatives to include a 1-methylpiperazine group improved cellular 

activity 200-fold over previous inhibitors, while the modification of the alkyl linker into an 

acetamide abolished toxicity in cell culture. The mechanism through which these cases occurred 

is not known but could be due to the increased targeting of the basic side chains to sites of V-

ATPase activity. V-ATPase containing endosomes and lysosomes form the most acidic areas with 

in a cell and have previously been shown to trap amine-containing compounds. When these 

compounds enter an acidic compartment, the amine becomes protonated and the increased charge 

on the molecule prevents its escape from the compartment. This mechanism has been associated 

with drug resistance mechanisms in cancer and other diseases for amine-containing drugs. 

However, the trapping of V-ATPase inhibitors within endosomes localizes them to sites of V-

ATPase and likely enhances their activity against the complex. Also, trapping may prevent the 

inhibitors from reaching other targets within the cells that may cause off-target effects of the drug. 

Thus, the increased selectivity of the amine-containing diphyllin derivatives may be due to their 

increased localization at sites of V-ATPase activity. 

To assess if our derivatives would face the same problems, we measured the response of 

zebrafish and mice to treatment with these inhibitors. The decrease toxicity in the zebrafish 

development model and lack of toxicity in mice indicates that these derivatives could be used in 
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animal disease models at therapeutically-efficacious doses. Previously, other V-ATPase inhibitors 

have been used in animal models, but further studies have not been released. This has led to the 

belief that V-ATPase inhibitors cannot be developed into clinical therapies. Hopefully, further 

investigation with these derivatives in animal infection models will show that bias to be mistaken.  

3.6 Conclusions 

In this work, novel derivatives of diphyllin were created that both exhibited activity against 

V-ATPase as potent as any known inhibitor and an improved the selectivity index greater than any 

previous V-ATPase inhibitor. The addition of basic side chains as modifications of the diphyllin 

phenol group appear to be a unique way to modulate the activity of diphyllin. Comparison of 

toxicity between the derivatives and bafilomycin indicates that they are at least 10-times less toxic 

in a zebrafish model. Mice appeared to tolerate doses of several inhibitors that block EBOV entry 

in vitro. Thus, the addition of basic heterocycles to diphyllin appears to be a promising treatment 

for EBOV infection and potentially other diseases. 
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 FUTURE DIRECTIONS 

4.1 Introduction 

The search for novel therapies is continuous due to the never-ending identification of new diseases 

and disease targets. EBOV is a significant example in resent work as many new targets for treating 

the EBOV infection have been identified in the large body of work that has occurred since the 

2014-2016 outbreak in west Africa. Further structural modifications of diphyllin can be employed 

to further optimize derivative activity through modification of all facets of the structure to enhance 

the potency and selectivity while decreasing metabolic instabilities present in the diphyllin core. 

Identification of the binding site of diphyllin with the V-ATPase complex could also aid in further 

structure-based studies the diphyllin-V-ATPase interaction and could be used to identify novel 

inhibitors through computational screening. Selective diphyllin-based V-ATPase can also be used 

to treat a host of diseases that have not been accessible for previous V-ATPase inhibitors. 

4.2 Structural Optimization of the Diphyllin Chemotype 

The scaffold of diphyllin has been relatively unexplored for modifications and further 

modification of all parts of the structure could be used to optimize the activity of the compounds 

(Fig 4.1). The replacement of the lactone functional group with a lactam is easily accessible and 

has the possibility of quickly revolutionizing the activity of the structure. Further modification of 

the phenol ethers could be used to synergize the selectivity and potency observed in previous 

derivatives. Finally, the incorporation of novel structures on the A- and D-rings can decrease the 

metabolic liabilities of the structure and modulated the activity of the derivative. 

The replacement of the lactone with a lactam can be used to increase the physicochemical 

properties and activity of the diphyllin scaffold. A prime example of this activity in medicinal 

chemistry is the semi-synthetic, breast cancer therapy 15-aza-epothilone B (Ixabepilone). 15-aza-

epothilone B  substituted a lactam for the lactone found in the natural product epothilone B with 

impressive results.407 The activity of 15-aza-epothilone B was 10-fold better against the 

CCRF−CEM leukemia cell line and 50-fold less cytotoxic.408 Thus, substitution of the diphyllin 

lactone with a lactam may yield similar effects. The lactam derivative is also synthetically 

accessible through the synthesis of an imide precursor (Scheme 4.1). A benzyl imide can be  
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Figure 4.1. Structure of diphyllin with labeled rings.  

Each of the rings in diphyllin offers an opportunity for the synthesis of novel derivatives and 

potential optimization of activity and selectivity. 

 

Scheme 4.1. Synthesis of novel C-ring analogs.  

Reagents and Conditions. (a) RNH2, MeOH, reflux; (b)LiAlH4, THF, 0oC; (c) H2NNH2, MeOH, 

reflux; (d) Zn, AcOH, reflux.  

 

Scheme 4.2. Synthesis of diphyllin lactam and potential alkylated derivatives. 

Reagents and Conditions. (a) H2, Pd/C, EtOH, RT; (b) R-X, K2CO3, DMSO, 90oC. 
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synthesized by the condensation reaction between benzylamine and the diester precursor to 

diphyllin. The benzyl imide can be reduced with lithium aluminum hydride to yield a benzyl lactam, 

which can be deprotected with hydrogen gas and palladium on carbon. This phenol group of the 

lactam can be alkylated prior to the debenzylation reaction to yield multiple combinatorial 

derivatives (Scheme 4.2). The lactam derivative would have improved aqueous solubility and 

would not suffer from steric hindrance at the position that were deemed unfavorable in the work 

with imide and hydrazone derivatives. 

Another potential substitution of the lactone is a pyridazinone ring that has already been 

synthesized.  The phthalazinone derivative produced through reduction of the hydrazine imide has 

proved to be an inhibitor of similar potency to diphyllin against V-ATPase activity but was 2-fold 

weaker against EBOV infection (Scheme 4.1). Alkylation of this derivative was found to change 

the subcellular localization of the drug within cells and abolished its activity against cellular 

endosomal acidification within cells. The biochemical activity of this derivatives needs to be 

further evaluated but appears to be weaker than the parent derivative. Alkylation of this derivative 

with hydrophobic groups may prevent the change in subcellular localization and improve the 

activity of the derivatives against V-ATPase. In addition, the change in subcellular localization 

between active and inactive compounds could signal that the derivatives are active against a 

separate target within cells. Identification of this target could provide a novel method for targeting 

EBOV infection or in the treatment of other diseases. Given the similarity of the phthalazinone 

structure to kinase inhibitors, the derivative may act as a ATP analog against a kinase or other 

target. 

Novel phenol derivatives of diphyllin could also be created to further probe the SAR of 

this highly variable region. Optimization of the amine sidechain for both selectivity and potency 

needs to be completed as both properties have been optimized individually but have not been 

combined. Modification of either the amine terminus, the linker between diphyllin and the 

terminus, or both may provide methods to unite selectivity and potency. Since the acetamide series 

lacked stability compared with alkyl series, the incorporation of a stable bioisostere to the amide 

functionality may lead to the improvement in activity in conjunction with decreased cytotoxicity 

(Fig. 4.2). Utilizing click chemistry, the propargyl or pentynyl diphyllin ethers could be used to 

create triazole linkages with amines at the terminus. Since azide-containing amines are expensive 

or unavailable, it may be simpler to form an azide-diphyllin ether and add alkynyl-containing  
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Figure 4.2. Incorporation of amide bioisosteres into the linker of diphyllin ethers.  

These are more stable groups the exhibit similar physicochemical properties to the amide chain 

that decreases the cytotoxicity of derivatives. Variations in the carbon chains on either side of the 

heterocycle could also be optimized as these are likely the shortest derivatives that could be 

synthesized through this method. The 1-methylpiperazine terminus could be used initially given 

its already favorable activity profile. Further rigidification and heteroatom additions could also be 

explored. 

 

 

Scheme 4.3. Synthesis of novel alkylated phenol derivatives.  

Reagents and conditions: (a) BrCH2(OCH2CH3)2, K2CO3, DMSO, reflux; (b) 0.5M HCl, 

Acetone:Water (5:1), RT; (c) R2NH, NaBH(OAc)3, dichloroethane, RT. (d) BrCH2COOEt, K2CO3, 

DMSO, 100oC, 2 h(~100%); (e) 0.2M NaOH H2O:IPA (1:4), rt, 16 h (88%); (f) R2NH, TEA, 

HCTU, DMF, 3 h, MW (irradiation), 100oC 

 

Figure 4.3. Amino-termini with an increased number of basic groups.  

These derivatives would have 3-4 basic groups and are all tertiary amines due to the preference of 

these for activity. These would likely function as probes of activity but could provide interesting 

activity profiles. The spermine derivative could have applications in diseases like metastatic cancer 

in addition to antiviral uses. 
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amine groups that are easily accessible. Other linkers like oxazoles, thiazoles, and imidazoles are 

also synthetically compatible with the diphyllin core and would provide variants to be used to 

replace the triazole linker or provide access to specific products not accessible through click 

chemistry. 

Optimization of the linker length can be done to maximize interactions with V-ATPase and 

may also provide novel insights to the diphyllin binding site. The acetamide series contained 

derivatives with longer and more rigid sidechains that appeared well tolerated by the enzyme but 

did not fully explore potential interactors in the binding site. It is possible that the binding mode 

of diphyllin forces the sidechain to be solvent exposed and able to interact with any number of 

partners, but further evidence is needed. Utilizing reductive amination or further amide couplings 

could be used to explore the toleration of shorter of longer linkers. Protected halo-aldehyde and 

halo-ester derivatives are commercially available, and the nucleophilic addition would be similar 

to reactions already completed reactions with high yields (Scheme 4.3). Activity of derivatives 

that incorporate a morpholine or 1-methylpiperazine terminus would be a useful indicator of 

whether the linker was functional for retaining or improving activity. Additionally, identification 

of length tolerance may allow for the incorporation of groups like biotin that can be used during 

pulldowns of V-ATPase during biochemical studies (discussed later). 

Modification of the amino terminus could also be used to explore the relationship the 

number of basic sites to the activity of derivatives and their endosomal targeting. Alkyl derivatives 

with 1-(1-methylpiperidin-4-yl)piperazine or alkylated spermine side chains would have multiple 

basic groups and could enhance derivative targeting to the endosome, if that is a determinant of 

activity (Fig 4.3). Alkylated spermine derivatives or arginine would also improve the uptake of 

derivatives into monocyte-derived cells and may enhance their activity against EBOV 

infection.409,410 These derivatives also may be useful against cancers that increase the uptake of 

polyamines that are used during increased cell growth.411 However, the addition of polyamine 

groups to lignans has been demonstrated to increase their topoisomerase activity so care would 

need to be taken when interrogating there activities.412 

Modification of the aromatic rings of the core structure may also provide novel derivatives 

that can be combined with the derivations above to yield significantly different chemotypes from 

diphyllin. The 3,4-dimethoxybenzyl and 3,4-methylenedioxy functional groups pose metabolic 

risks and can be substituted with known bioisosteres that retain similar electrostatic distributions 



138 

 

but remove the liability. Previous modifications of these areas have focused on changing the 

number and position of methoxy or methylenedioxy groups or the addition of halogens or glycosyl 

moieties.413,414 Modification of these areas with novel heterocycles would create new chemotypes 

and could exploit novel interactions that have not been explored. Novel synthetic methods may 

also be necessary for the incorporation of these derivatives into the diphyllin core. 

A-ring derivatives can be used to modify the physicochemical properties of diphyllin, 

improve metabolic stability, and explore the conformational states of the ring. The potential 

demethylation of the 3,4-dimethoxybenzyl group by cytochrome P450 can form a catechol 

structure with numerous off-target effects. To avoid this activity, the 3,4-dimethoxybenzyl group 

can be replaced with bioisosteres like indazole and benzimidazole that lack metabolic liabilities. 

Indazole and benzimidazole groups retain similar steric and electrostatic configurations to the 3,4-

dimethoxybenzyl group while offering innovative chemotypes. Changing the ring to a pyridine or 

pyrazine would significantly change the ring system but allow for the incorporation of different 

electrostatics to the ring and additional basic groups, with regards to the pyridine, to aid in 

endosomal targeting. 

Derivatization of the D-ring of diphyllin also represents an un explored area for the addition 

of novel heterocycles. Natural products related to diphyllin have incorporated glycosyl groups at 

the 6 position of the phenyl ring exist (justicidinosides) but have not shown strong biological 

activities.339 Limited derivatives of the methylenedioxy portion of the substructure have also been 

created but none have ever been evaluated for activity against V-ATPase or viral infection.415 

Limited derivation of the 3,4-methylenedioxy to incorporate a deuterated or fluorinated methylene 

group would provide metabolic stability without changing the steric bulk of the group but the 

fluorinated derivative would have modified electrostatic properties. Further modification by the 

addition of similar functional groups to those proposed for the A ring may bring more novelty but 

have an increased risk of failure given the previous lack of tolerance for modification of this group. 

To incorporate these novel derivatives, a new synthetic route would likely be required to 

tolerate the new functional groups (Scheme 4.4). Several recent synthetic schemes have been 

proposed to optimize the synthesis of lignans that could be used for the creation of the novel 

derivatives proposed above.416,417 The synthesis hinges upon a regioselective addition catalyzed 

by silver acetate (d) before proceeding through the reduction of a diester precursor to yield the a 

regiospecific lactone. However, this reduction may be hampered by modifications to the D-ring or  
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A) 

B) 

 

Figure 4.4. Ring derivatives for the synthesis diphyllin derivatives.  

A) A-ring derivative precursors; B) D-ring derivatives precursors. 

 

 

Scheme 4.4. Synthesis of A- and D-ring derivatives of the diphyllin core structure.  

Reagents and Conditions. (a) CDI, THF, K+O2CCH2CO2Et/MgCl2; (b) CBr4, PPH3, DCM; (c) 

nBuLi, ClCO2Et; (d) AgOAc, Na2S2O8, SDS, H2O; (e) LiAlH4, THF. 

  



140 

 

changes to the phenol that drive the selectivity of the reaction. The old synthetic methods could 

also be used as a replacement in case of the lack of compatibility in reactions. 

4.3 Identification of the Diphyllin Binding Site 

In addition to novel structural derivatives of diphyllin, identification of the binding site of 

diphyllin could lead to improved effort for structure-based improvements to the diphyllin scaffold 

instead of the probing of ligand-based design. Competition studies with labeling dyes have 

traditionally been used to determine the binding sites of derivatives but new techniques with spin- 

labeling have pinpointed the binding sites of several derivatives (Fig 4.5). Competition with new 

V1 targeted probes could also be used if diphyllin interacts with binding sites identified in this 

domain (Fig. 4.5). The first step in determining the binding site would be to isolate which V-

ATPase domain diphyllin interacts with. 

To ascertain whether diphyllin binds to the V0 or the V1 domain, V-ATPase can be purified 

from yeast or bovine sources through density centrifugation and separated into separate 

domains.295 The isolated V1 domain’s ability to hydrolyze ATP in the presence of the inhibitor can 

be compared to the activity of the inhibitor against the full complex to determine if the inhibitor 

has the same effect upon the V1 domain as the complete complex. The activity of inhibitors against 

proton flux through the isolated V0 domain can also be measured to determine if they bind to the 

membrane-bound domain. Through these methods, the domain to which the inhibitor binds should 

be elucidated. 

To further determine the binding site of diphyllin in whichever domain is binds to, several 

approaches are available depending on which domain with which it interacts. If diphyllin is an 

inhibitor of proton conductance through the V0 domain, several assays can be used that have 

previously worked with other V-ATPase inhibitors. Traditional studies to identify V0 inhibitors 

have relied upon the inhibition of labeling by fluorescent derivatives of DCCD, photolabeling 

studies, and site-directed mutagenesis. NCD-4, a fluorescent derivative of known V-ATPase 

inhibitor dicyclohexylcarbodiimide (DCCD) irreversibly binds to a glutamate on the c subunit that 

is responsible for proton translocation. The plecomacrolide and archazolid classes are known to 

inhibit the binding of NCD-4 and inhibition of its binding by diphyllin would signal that it has a  
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Figure 4.5. Molecules to be used in the determination of diphyllin’s binding site.  

The spin-and photoaffinity-labeled diphyllin derivatives can be used to identify the subunits they 

interact with. If these direct methods fail, competition of diphyllin with the photoaffinity-labeled 

bafilomycin A1 and spin-labeled archazolid could be used to explore diphyllin’s interactions with 

the V0 domain. The covalent binder to subunit A and BzATP can be used to the identify the binding 

region on the V1 domain if diphyllin inhibits the ATPase activity of the isolated domain. 
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similar interactions to the known inhibitors.281 A diazirinyl photoaffinity group could also be added 

to diphyllin to determine its ability to label specific subunits or diphyllin could be used in 

competition assays with other photoaffinity labeled inhibitors like bafilomycin A1 or 

concanamycin A. The ability of diphyllin to inhibit the activity of bafilomycin, archazolid or 

salicylihalamide resistant V-ATPase mutants could also be used to assess its binding site.281,295,296 

If diphyllin proves to be a potent inhibitor of these resistant mutants, diphyllin likely has a unique 

binding site within the complex. More recent studies that have utilized spin-labeling techniques to 

confirm the binding sites of archazolid, concanamycin A, and SB242784 can used with 

diphyllin.280,313 Electron paramagnetic resonance spectroscopy and double electron-electron 

resonance measurements of spin-labeled diphyllin derivatives could further reveal the binding site 

of diphyllin.280 The number of techniques to identify V0 inhibitors has been well-studied to the 

localization of most V-ATPase inhibitors to this domain but several techniques can also be used 

to identify a V1 inhibitor. 

If diphyllin inhibits ATP hydrolysis in the V1 domain, the binding site can be potentially 

identified by competition studies for the labeling of several sites within the AB heterohexamer. 

The alternate nucleotide site on the B subunit can be labeled using irradiation of the nucleotide 

analog 2′(3′)-O-(4-Benzoylbenzoyl)adenosine 5′-triphosphate (BzATP). BzATP was previously 

used to identify a novel ATP binding site within the B subunit that is important for the proper 

function of the V1 domain.200,418 Alternatively, diphyllin could interfere with the binding of 

covalent inhibitors at a recently identified site within the non-homologous region of V-ATPase. If 

diphyllin can compete for the labeling of cysteine-138 by the covalent probe, it may also interact 

with the non-homologous region of the A subunit.201 The interaction of diphyllin with either 

binding site would be a novel mechanism of inhibition by a non-covalent modifier. 

Another method for identifying the binding pocket of the diphyllin scaffold would be to 

screen yeast V-ATPase mutants with diphyllin and derivatives to identify those that are resistant 

to V-ATPase inhibition. Due to the toxic phenotype observed in yeast when they are treated with 

other V-ATPase inhibitors in the neutral media, it has previously been possible to identify resistant 

mutants by cytotoxicity screening. This would be the most broad-spectrum way to identify the 

binding site by screening all known mutant for cytotoxicity. A more targeted screen for direct V-

ATPase activity would be to isolate mutated V-ATPase from the yeast that contain modifications 

that are known to important for bafilomycin A1, archazolid, and other V-ATPase inhibitors. 



143 

 

Diphyllin likely wouldn’t engage all of the amino acids that the larger macrocycles do but it may 

require several of the known amino acids if diphyllin binds in the same relative area of the 

proteolipid ring observed for other V-ATPase inhibitors. 

A main problem in V-ATPase inhibitor development has been the lack of a complete 

structure of V-ATPase with bound inhibitors because the complex is too large for normal 

crystallography. Cryo-electron microscopy (cryo-em) structures of the yeast enzyme are now 

available but not have been created with a bound inhibitor.192 Affinity-based purification of V-

ATPase complexes through capture with a covalently-bound inhibitor could be used to lock V-

ATPase with a ligand for new cryo-em structures.419 The addition of a chloroacetate functional 

group to the diphyllin phenol may be the easiest method for creation of a covalently-active 

diphyllin derivative but a host of other types of electrophilic derivatives could be added to the 

phenol given its propensity for modification. The problem with this approach is that the phenol 

may not take a position that would allow it to react with a nucleophilic side chain like cysteine or 

serine. This may be the most direct way to determine the binding site of diphyllin on the structure 

but the optimization of the linker and the binding affinity of diphyllin may not meet the necessary 

requirements for the study to work.  

4.4 Novel therapeutic Targets for the use of selective V-ATPase inhibitors 

The treatment of many cancers could be revolutionized with a selective V-ATPase inhibitor. 

Increased invasiveness of cancer is correlated with the increased expression of V-ATPase at the 

plasma membrane of cancerous cells.263 The increased removal of protons from the cytosol of 

cancer cells dependent upon glycolysis has been determined to aid in cancer cell survival, while 

the proton extrusion can degrade the extracellular matrix and activate excrete proteases.420 V-

ATPase is also involved in the resistance mechanisms of cancer cells to treatment with other 

inhibitors. The trapping of amine-containing drugs within endosomes could be prevented with V-

ATPase inhibitors, which would revitalize many therapies that have lost efficacy.421 Acidic 

extracellular pH can also prevent inhibitors from reaching or passing through the plasma 

membrane of cancer cells. 

Further study of the mechanism of toxicity of diphyllin and its derivatives may provide 

avenues for improving its therapeutic selectivity. The exact mechanism through which V-ATPase  
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Figure 4.6. Recovery of HEK-293 cells that were treated with diphyllin, 2g/1b, and bafilomycin 

A1.  

HEK-293 cells were treated with diphyllin (1 µM), 2g/1b (200 nM), and bafilomycin A1 (200 

nM) for 4 hours before the removal of the drug media and replacement with complete media. 

Cells at the 0 h time point replaced the drug media with complete media and acridine orange was 

added and the plate was read with a Biotek Synergy 4 microplate reader. Cells were then 

incubated for 12 h, 24 h, 48 h, and 72 h before the addition of acridine orange and reading with 

the plate reader. Each reading was over six individual wells treated with drug and two wells 

treated with vehicle media. Data are shown as mean± standard error of the mean of the 

fluorescent ratio of the drug-treated cells divided by the fluorescent ratio of vehicle-treated cells 

at each time point. 
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inhibitors induce toxicity is not currently well-understood. The plecomacrolides are known to act 

as K+ ionophores and appear to target the mitochondria and either of those activities may be 

responsible for their observed toxicity.276 Blockade of endosomal acidification and lysosomal 

function may also be responsible for toxicity as both derivatives appear to cause long-term damage 

to the acidification of the endosome and lysosome. Initial studies over 72 h indicate that 

bafilomycin-induced endosomal alkalization does not reverse while alkalization caused by 

diphyllin and the morpholino propyl ether cause reversible inhibition and cells recover endosomal 

acidification over 72h (Fig 4.6). This data appears to indicate that diphyllin and its derivatives 

interact differently from bafilomycin A1 in the cellular environment. Further study of the effects 

of diphyllin derivatives upon the mitochondrial function needs to be studied as the glycoside 

derivatives of diphyllin appear to induce apoptosis through mitochondrial pathways.353 

The development of a non-cytotoxic V-ATPase inhibitor opens many therapeutic windows 

that have not been fully explored due to previous undesired effects.188,422 The host of viruses that 

rely on V-ATPase driven activity has been mentioned previously but can be mentioned again for 

emphasis. Dangerous pathogens like influenza viruses, flaviviruses (Zika, Dengue, West Nile, etc.), 

alphaviruses (Semliki Forest, Venezuelan equine encephalitis, etc.), and even the common cold 

(rhinoviruses) are potential targets of therapeutic V-ATPase inhibitors.181,345,423 The development 

of V-ATPase inhibitors as therapies for the treatment of osteoporosis could be used to address the 

anticipated explosion in cases due to the expanding elderly population.342 V-ATPase inhibitors 

have also been proposed as treatments for neurodegenerative diseases.424 Conclusively, there are 

nearly unlimited applications of a selective V-ATPase inhibitor in the treatment of disease. 
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APPENDIX A- ADDITIONAL DATA 
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Figure A.1. LD50 curves of zebrafish treated with known and novel compounds. 

Known antiviral compounds ribavirin, oseltamivir phosphate, and maraviroc were tested for 

toxicity alongside known V-ATPase inhibitors (A). Inhibitors from chapter 2 (B) and chapter 3 (C) 

were all assessed for toxicity in the zebrafish model. 
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Figure A.1 (cont.) 
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APPENDIX B-  SPECTRAL CHARACTERIZATION OF SELECT 

CHAPTER 2 DERIVATIVES 
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Full diphyllin HMBC spectrum, HMBC indicates that protons affiliated with the phenolic carbon 

used to justify lactone regiochemistry. 

 

Expanded version of HMBC spectrum of H protons and corresponding carbon peaks. Arrows 

indicate the presence of a peak showing the coupling of H protons and phenolic carbon. 
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APPEDNIX C- SPECTRAL CHARACTERIZATION OF SELECT 

CHAPTER 3 DERIVATIVES 

 

1a=C29H31NO7+H+, 506.2179 [M+H]+ 

LRMS 
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1c=C29H32N2O7+H+,  521.2288 [M+H]+ 

LRMS 
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1f=C23H18O9+H+, 439.1029 [M+H]+ 

LRMS 
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2a=C27H25NO9+H+, 508.1608 [M+H]+ 

LRMS 
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2b=C28H28N2O8+H+, 521.1924 [M+H]+ 

LRMS 
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2c=C29H30N2O9+H+, 551.2030 [M+H]+ 

LRMS 

 

 

 



168 

 

 

 

 

 

 

 

 

 

 

 

 

  



169 

 

 

2d=C33H30N2O8+H+, 583.2080 [M+H]+ 

LRMS 
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2e=C33H37N3O8+H+, 604.2659 [M+H]+ 

LRMS 
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