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Abstract

OSW-1, a plant-derived cholestane glycoside, has been shown to exhibit broad-
spectrum antiviral activity by targeting oxysterol-binding protein (OSBP) and potent
antiproliferative activity by targeting OSBP-related protein 4 (ORP4). In order to develop
OSW-1 and OSW-1-derived compounds as potential antiviral or anticancer therapeutics,
an understanding of OSW-1 structure-activity relationships (SAR) for binding to OSBP
and ORP4 must be established. This SAR will allow for the identification of compounds
with improved pharmacological properties and the development of selective OSBP- or
ORP4-targeting compounds. To date, there are no reported protein structures of OSBP or
ORP4, and the published research on OSW-1 only provides partial insight on the
compound SAR. The major goal of this research project is to purify and identify OSW-
1-related natural product compounds from Ornithogalum saundersiae bulbs. The new
OSW-1-related compounds can then be subjected to biological testing, including binding
to OSBP and ORP4, anticancer assays, and antiviral assays. Through the development of
an efficient analytical method for the purification of natural products from Ornithogalum
saundersiae, several OSW-1-related compounds, including newly discovered
compounds, were purified and structurally characterized. Testing the isolated OSW-1-
related compounds for OSBP and ORP4 binding will provide further SAR understanding,
and progressively guide the discovery and synthesis of new OSBP and ORP4 specific

compounds for pre-clinical drug development as new antiviral and anticancer drugs.

Xvi



Chapter I: Introduction and Background

I.1  Overview of Naturally Occurring Small-Molecules in Drug Discovery

For millennia, natural products isolated from plants have provided health
remedies.! Natural product compounds form the basis of highly sophisticated systems of
traditional medicine, including Traditional Chinese, African and Ayuverdic Medicine
(India).? In the modern scientific era, many pharmaceutical therapeutics are based on
natural products (NPs), with the discovery of new natural products continuing to supply
new therapeutic molecules.® According to a recently published review, 1,881 new drugs
were approved by the FDA and similar organizations between January 1981 and
September 2019. Of these approved therapeutics, 1,394 were small molecule drugs,
among which, 713 are unaltered NPs (N), NP-derived (NB and ND), or synthetic drugs
with NP pharmacophores (S*or S*/NM). An additional 681 are total synthetic drugs or
mimics of NPs (S or S/NM). The evolution of the source of small molecules has been

followed over the last 38 years (Figure 1, adapted from Newmann and Cragg).*

80
70
60
50
40
30
20
10

(o e\l o\ le e\ Ne\le Ne le\

Figure 1. Source evolution of small-molecule approved drugs from 1981 to 2019.
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Several structurally diverse molecules isolated from plant extracts have proven
their effectiveness. For example, Artemisinin, isolated from Chinese sweet wormwood
(Artemisia annua) is an essential antimalarial drug.® Paclitaxel, discovered from the bark
of the Pacific yew tree (Taxus baccata) is a standard of care anticancer drug.’
Galantamine is an alkaloid isolated from Snowdrops (Galanthus nivalis), which is used

in the treatment of mild to moderate forms of Alzheimer's disease (Figure 2).”

Artemisinin
Antimalarial Agent

Taxol

Anticancer Agent

Galantamine

Acetylcholinesterase Inhibitor

Figure 2. Structurally diverse bioactive natural products

The power of naturally occurring small-molecules lies in both their complexity,
structural diversity, and disease-relevant biological activity.® Even today, Nature remains
our greatest source of molecular inspiration, and new natural product molecules continue
to be discovered in plants.” One specific family of bioactive NPs isolated from plants with

potential therapeutic applications are the cholestane glycosides.



I.2 Saponins and Cholestane Glycosides

Saponins are a class of naturally occurring bioorganic compounds found in
particular abundance in the plant kingdom. More specifically, they are glycosides
described by the soap-like foaming (from Latin sapo meaning soap).! Structurally, these
compounds have at least one glycosidic linkage between a hydrophobic aglycone
(steroidal-Cz7 or triterpenoid-Cso skeleton) and varying numbers of hydrophilic sugar

moieties (Figure 3).10°1
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Figure 3. General saponin structure
Individual saponins display a range of exceptional medicinal properties and biological
activities such as hemolytic, molluscicidal, anti-inflammatory, antifungal, antibacterial,

antiviral, anticancer and cytotoxicity.'!

These properties represent the increasing
importance of saponins in prospective therapeutic uses.'* The discovery of Digitalis and
Digoxin is a good example. These two steroidal saponins isolated from Foxglove

(Digitalis purpurea) are cardiac glycosides used in the treatment of certain heart

conditions such as congestive heart failure and heart rhythm problems.!?
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Likewise, the Ornithogalum plant genus (Figure 4) has drawn considerable
attention over the past 15 years due to its production of steroidal saponins.'? Although
most Ornithogalum species do not exhibit medicinal properties, and some are even
poisonous,'® Ornithogalum bulbs produce a number of cholestane glycosides with
promising biological activity, especially selective activity against malignant cancer cells

versus non-transformed cells!”).

RO RO
. . . o]
Spirostane & Isospirostane Glycosides
=
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OH
RO RO
R,0 Cholestane Glycosides Stigmastane Glycosides Cardenolide Glycosides
21,
B ., 22

OR,

Sugar
HO ¢ & 2

4 Side-chain
HO -0 . Aglycone
HO 5 2 o
3' OH 1" 4 6

Figure 4. Steroidal saponin subfamilies from the Ornithogalum Genus (A) and
cholestane glycoside numbering convention (B)

Despite their general structure similarity, these natural compounds are different in their

aliphatic side chains, in the composition of the glycoside moiety and in their activity.'®
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1.3  The OSW-1 Natural Product

The Ornithogalum saundersiae flowering plant, also called the African Lily, is a
perennial garden plant species native to the African Drakensberg Mountains, located in
the Highveld region of South Africa and Swaziland.!”° In 1992, the Sashida group from
the Tokyo College of Pharmacy disclosed the discovery and structural characterization
of a group of cholestane glycosides isolated from a methanolic extract of O. saundersiae

bulbs. The main component of this mixture was termed OSW-1 (Figure 5)."

Figure 5. First group of cholestane glycosides (right) isolated from Ornithogalum
saundersiae plant (left)

Upon isolation, OSW-1 was identified as a micromolar inhibitor (ICso = 50 uM) of cyclic
adenosine monophosphate (cAMP) phosphodiesterase (PDE).!”!” Cyclic AMP is a
nucleotide, which acts as a key second messenger in many signal transduction pathways

involved in regulating various cellular functions, including cell growth, differentiation,



gene transcription and protein expression.’! A PDE is an enzyme that degrades cAMP,
thus influencing a vast array of pharmacological processes (e.g, pro-inflammatory
mediator production, ion channel function, muscle contraction, differentiation,
apoptosis). Inhibition of this enzyme causes cAMP increase, thus for example preventing
heart failure or antagonizing malignant tumors in myeloid and lymphoid tissue.?

Five years later, OSW-1 was identified as the main cytotoxic compound contained
in the bulbs, due to its exceptional potent cytotoxic activity against various malignant
tumor cells, including HL-60 human promyelocytic leukemia cells.*® In comparison with
clinically applied anticancer agents, such as etoposide (ICso =25 nM), Adriamycin (ICso
= 7.2 nM) and methotrexate (ICso = 12 nM), OSW-1 strongly suppresses HL-60 cell
proliferation with an ICsy value of approximately 0.25 nM.?*33 Moreover, OSW-1
demonstrated exceedingly potent activities when tested in the National Cancer Institute
60 cancer cell lines (NCI-60), with the mean growth inhibition (Glso) of 0.78 nM, which
is 10-100 times more potent than cisplatin, Taxol and mitomycin C.*?

The OSW-1 compound has received great scientific attention because of its potent
cytotoxic activities against various cultured tumor cell lines and cell growth inhibitory
activities against experimental animal tumors.!” These in vitro cytotoxic and in vivo
antitumor screenings of OSW-1 have revealed that it is a possible novel anticancer drug
candidate.!”** However, at that time, the lack of identification of the cellular targets and
mechanism of action of OSW-1 limited its anticancer drug development.3>#7
1.4  OSW-1’s Cellular Targets: The OSBP and ORP Protein Family

In 2011, Burgett et al. identified oxysterol-binding protein (OSBP) and OSBP-

related protein 4 (ORP4) as the cellular targets of OSW-1.%° Subsequent to that discovery,



ORP4 has been recognized as a driver of cancer cell proliferation, including in patient
isolated leukemias.*****> Unexpectedly, OSBP was recently discovered to be essential
for RNA viral replication, and OSW-1 was reported to potently inhibit RNA viral
replication by targeting OSBP.*¥4

Oxysterol-binding protein (OSBP) and OSBP-related-proteins (ORPs) constitute
a conserved family of eukaryotic proteins, from yeast to humans.>*>® The OSBP/ORPs
are involved in diverse cellular activities, including regulation of signaling pathways,
lipid transport between organelles and lipid metabolism. The human OSBP/ORP family
consists of 12 proteins (splicing generates 15 proteins), which can be subdivided into 6
subfamilies based on gene organization and amino acid homology (Figure 6). All
members of this protein family possess a conserved sterol- or ligand-binding domain,
named the OSBP-related domain (ORD).’*>® The ORD contains conserved signature
fingerprint region (EQVSHHPP). Outside of the ORD, several other regulatory domains
are present in individual OSBP/ORPs. The N-terminal pleckstrin homology (PH) domain
recognizes phosphatidylinositol phosphates (PIPs) with varying degrees of affinity.>!’
The “two phenylalanines in an acidic tract” (FFAT) sequence motif allows for proteins
to associate with the endoplasmic reticulum (ER) by binding vesical associate proteins
(VAP).53-8 The ankyrin repeats (ANK) allow ORP1L to associate with late endosomes.>’
Instead of FFAT motifs, ORP5 and ORPS8 possess transmembrane (TM) domains that
anchor the protein to membranes. ° Additionally, some OSBP/ORP proteins have both
short (S) variants, which lack the N-terminal PH domain and others present in the long
(L) variants. The ORP short and long variants arise transcriptional initiation at different

start-sides of the gene. >
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Figure 6. Domain homology diagrams of the human ORPs superfamily. Graphs
were generated using DOG 2.0 software

Among this protein family, two members of subfamily I, OSBP and ORP4L, have drawn
particular interest for the reasons stated above. These proteins share similar features such
as the PH and FFAT domains and 68% identity in the ORD, resulting in 59% overall
sequence homology (Figure 7).! However, OSBP and ORP4L have significantly

different biological activities.**¢!
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Figure 7. OSBP and ORP4L domain homology diagrams. Graphs were generated
using DOG 2.0 software

I.4.1 OSBP and ORP4 as Druggable Targets

OSBP was originally discovered due to its ability to bind oxysterols.®®> These
steroidal compounds are oxygenated derivatives of cholesterol involved in various
cellular signaling responses.’®>-%% Disruption of oxysterol activity can promote
malignant cell proliferation.>*>3-*%5 QSBP particularly binds 25-hydroxycholesterol (25-
OHC) with high affinity (Kp = 22 + 5 nM)* in comparison to cholesterol (Kp = 173
nM)%3%¢_ Likewise, ORP4L binds to 25-OHC with similar affinity (Kp = 17 nM)* and to
cholesterol at lower affinity (Kp = 63 nM).*>$267 There are no protein structures of OSBP
or ORP4, making ligand binding on the molecular level unclear. There are only protein
structures of Saccharomyces cerevisiae yeast OSBP homologs (i.e., Osh proteins), which
share approximately 55% overall sequence homology.’%>*%%%° Im et al. reported the first
structure of Osh4 co-crystalized with several oxysterols including 25-OHC.%6%68
According to this co-crystal structure, the ligand-binding pocket contains a hydrophobic
tunnel and a flexible N-terminal lid capable of shielding the bound ligand sterol from the

aqueous environment.”® After lipid transport, the lid opens and has a flat surface allowing



for contact with the cell membrane and possible sterol injection into the membrane
(Figure 8A).”° The C3-hydroxyl group of 25-OHC forms direct hydrogen bonding with
GIn96 residue and water-mediated hydrogen bonds to a polar cluster of amino acids at
the bottom of the ligand binding pocket. Likewise,C25-hydroxyl group interacts with a
water molecule that mediates interactions with Leu24, Leu27, Lys109 and Ala29 residues

in the lid putative region (Figure 8B).”%"3

A ol & N-Terminal

Lid Region

Figure 8. (A) Structure of Osh4 co-crystallized with 25-OHC. Protein backbones and
sidechains are colored according to residue sequence identity, from blue (N-terminal), to
red (C-terminal). (B) 25-OHC interacting with tunnel entrance and N-terminal lid
region residues. 25-OHC is highlighted in purple and residues that interact with 25-OHC
are highlighted in green. Figures were generated using RCSB Protein Data Bank.

In addition to oxysterols, Burgett et al. were able to demonstrate, through affinity
purification and proteomic analysis, that OSBP and ORP4L are the specific cellular
targets of a group of structurally diverse naturally-occurring small molecules, including
OSW-1, cephalostatin’, ritterazine B’*”>, schweinfurthin A’ and stellettin E”” (Figure
9). These natural products have been named the ORPphilins, based on their ability to

interact with OSBP and ORPs.*
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Figure 9. Chemical structures of ORPphillins

As mentioned above, 25-OHC is a high affinity ligand of OSBP and ORP4L.
Therefore, to assess each ORPphilin’s OSBP and ORP4L binding affinity, competitive
binding assays were carried out with [°’H]25-OHC. Results for OSW-1, cephalostatin,
ritterazine B and schweinfurthin A are summarized in Table 1. Ritterazine B binds to
OSBP with higher affinity than ORP4 in the 25-OHC competitive binding assay.

Stellettin E was not available for testing and putatively assigned as an ORPphilin based

on similar antiproliferative profiles to the ORPphilin.*°

25-OHC Cephalostatin OSW-1

OSBP 32+ 14 39+£10

ORP4L 54 +£23 78 £15 54+11 >350 2,600 £ 570

Ritterazine B

Schweinfurthin A

26+9 28+ 4 68 £23

Table 1. ORPphilins inhibitory constant (Ki) values (nM) compared to 25-OHC
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These results indicate that the ORPphilins indeed bind to both OSBP and ORP4L with
high affinity.*® Schweinfurthin A and Ritterazine B are outliers in that their affinity for
ORP4L was considerably lower than their affinity for OSBP.*
1.4.2 Potential Anticancer Drug Development by targeting ORP4L

ORP4L was demonstrated to be overexpressed in cancer and to drive cancer
proliferation. ORP4L is reported to be essential for mitochondrial bioenergetics in T-cell
acute lymphoblastic leukemia (T-ALL).***>"® The protein is proposed to function as a
scaffold for inositol triphosphate (IP3) signaling, which ultimately results in calcium
(Ca®") uptake into the mitochondria.***>"® More precisely, ORP4L assembles CD3¢,
Gog11 and PLCPB3 into a complex that activates PLCB3.444>7 PLCPB3 catalyzes IP3
production in T-ALL, as opposed to PLCy1 in normal T-cells, allowing Ca?" release from

the ER and thus increased oxidative phosphorylation. (Figure 10) 3641424447
Extracellular Fluid
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Figure 10. ORP4L mediates G protein-coupled ligand-induced PLC3 activation,
resulting in an increase of mitochondrial respiration for cell survival
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Inhibition of ORP4L expression in T-ALL cells prevents malignant cell proliferation and
leads to apoptosis.** Hence, ORP4L can serve as a precision cancer therapeutic target.”
1.4.3 Potential Antiviral Drug Development by targeting OSBP

In contrast with ORP4L, OSBP is present in all human tissues.>*3%3! It is localized
in the cytosol at the Golgi-ER interface, and recently, OSBP has been reported to play a
pivotal role in PI(4)P and cholesterol counterflow transport between the ER and
Golgi.>*8%81 OSBP is able to contact both the ER membrane with its FFAT domain and
the Golgi membranes with its PH domain.®! Tethered by the PH and FFAT domains, the
ORD is able to transfer cholesterol from the ER to the Golgi, and back transfer P1(4)P
from the Golgi to the ER. PI(4)P is then hydrolyzed by the ER protein Sacl to provide
energy which drives the sterol transfer (Figure 11).3! In addition to these cellular
activities, OSBP is implicated in multiple human diseases, including neurological
disorders, such as amyotrophic lateral sclerosis (ALS), as well as viral infection,
replication and release®!'>*367832 Hence, OSBP-targeting compounds can lead to the

development of anti-viral therapeutics.**-¢48

cis-Golgi

@ (trans-Golgi
Membrane" | ®
contact site

-ER

cholesterol

Cholesterol Pl(4)P PI(4)P
transport transport hydrolysis

Figure 11. OSBP-mediated back transfer of PI1(4)P coordinates the transfer of
lipid species at the ER-Golgi interface (reproduced from Mesmin ef al. with
permission)®!
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As mentioned above, OSBP is implicated as an essential host protein in a wide
variety of RNA viral infections, namely Hepatitis C (HCV), Enteroviruses—a family of
positive-strand RNA viruses implicated in a panel of diseases) — Zika virus, Dengue
fever virus, and encephalomyocarditis (EMCV).23**° Currently, there are no direct
antiviral treatments available for any of these viral pathogens, limiting the clinical
intervention to supportive therapy.’® The clear need to develop effective therapeutics for
these serious RNA viral pathogens has driven substantial progress in identifying
candidate targets for anti-viral drugs.’! In that respect, compounds including OSW-1,
itraconazole (ITZ), T-001270HEV2 (THEV), and TTP-8307 (TTP) demonstrate potent

anti-viral activity through targeting OSBP (Figure 12).48:4%:6483.92
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F
Me Me H H
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T-00127-HEV2 (THEV) TTP-8307 (TTP)
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2

Cl Itraconazole (ITZ)

Cl

Figure 12. Structurally diverse anti-viral small molecules

OSBP is postulated to play an essential role in the formation of viral replication
organelles (ROs).®® The ROs are membrane wrapped structures that allow viral
components to hide from the cellular anti-viral innate immunity factors.®> For many

viruses, the viral genome is replicated by assemblies of viral and host proteins located in
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ROs formed at ER-Golgi interface.®> RNA viral replication is particularly associated with
dysregulation of lipid homeostasis, in which OSBP plays a role. Through viral
recruitment of the type III phosphatidylinositol-4-kinase B (PI4KIIIB) enzyme, PI4P is
generated at ROs, and in the case of Enferoviruses, the cholesterol shuttling ability of
OSBP is hijacked to make the viral ROs, in order to carry out efficient replication within
the host cell.>>3%* Strating et al. reported that ITZ, an anti-fungal agent, perturbates this
process by binding OSBP, which results in an arrest of cholesterol shuttling between

membranes and ultimately inhibits viral replication (Figure 13).%’
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Figure 13. Enterovirus replication inhibition mechanism
of action (reproduced from Strating et al. with permission)®

Most recently, the Burgett Research group investigated the effects of the
structurally-diverse antiviral small molecule compounds (Figure 12) and their ability to

interact with and modulate OSBP’s cellular activity through different mechanisms.
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Interestingly, ITZ and TTP, which are reported to target OSBP, do not inhibit the binding
of 25-OHC to OSBP, indicating that these compounds bind OSBP at a different ligand
binding site.** Both THEV and OSW-1 inhibit binding of 25-OHC with nanomolar Ki;
values. Moreover, OSW-1 is the only compound among all that causes a ~90% reduction
in cellular OSBP levels and induces a prophylactic antiviral response in cells.”® Although
the exact mechanism of the OSW-1-induced OSBP repression has not been identified yet,
OSW-1 is the example of a potential broad spectrum prophylactic anti-viral through
targeting a human protein.®*%

The drug development potential of OSW-1 has drawn particular interest due to its
exceptional antiproliferative and antiviral activities through targeting ORP4L and OSBP
respectively.®> 374054 However, as shown in Table 1, the OSW-1 compound binds to both
proteins with comparable affinity, which could result in unwanted side effects.*® There
are currently no direct experimental results characterizing the binding of OSW-1 to
OSBP, ORP4L or any other OSBP/ORP protein. Computational models have docked
OSW-1 on to the OSBP and ORP4 homology models built off the Osh protein structures,
but these models are of unclear value due to the lack of protein structural and functional
information. This renders the understanding of OSW-1’s interaction within the binding
pocket challenging. Furthermore, the OSW-1 compound has been extensively studied for
its anti-proliferative properties by testing related analogs on various cancer cell lines
(discussed in Section L.5), but very few binding activities have been reported.>!->*-
Identifying how it binds to OSBP/ORP4L could allow us to supplement current SAR

models and efficiently modulate its components, with the ultimate goal of novel small-

molecule precision therapeutic development.
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I.5 Reported Biological Activities of OSW-1-Related Compounds

As stated previously, OSW-1 has mainly been studied for its anti-cancer activity.
Cytotoxic (or cell-killing) agents capable of directly destroying tumor cells constitute a
vital treatment for cancer.”® Despite meaningful improvements in cancer drug
development and biomedical research, most anti-cancer agents remain toxic to normal
cells.”” Cytotoxic chemotherapeutic agents have severe side effects, and the therapeutic
administration of these drugs is often limited by the side effects. Simultaneous resistance
of tumor cells to cytotoxic drugs is also a major limitation. Multi-drug resistant (MDR)
cells exhibit reduced accumulation of drugs, altered expression and/or activity of certain
cellular proteins, physiological changes that alter the intracellular milieu, and a high rate
of mutation that decreases the affinity of receptors/enzymes for the drug.”® The failure
of existing chemotherapy drugs to provide an effective treatment with acceptable side
effects fuels the pursuit of new cancer-selective agents functioning through novel modes
of action. OSW-1, through targeting ORP4L, has shown promising preclinical anticancer
efficacy and cancer selectivity.!”**** As a result, between 1992 and 2019, a multitude of
analogs have been tested in vitro for their cytotoxic activities on various cancer cell
lines.!7:19:2022-25.27.29.33.99-101 Thege experiments provide a starting point for defining
OSW-1’s SAR. As with any cytotoxic compounds, the cytotoxicity is cell line-dependent.
All compounds with ICs values greater than 10,000 nM are considered inactive.!%!>23
1.5.1 Biological Activities of Natural OSW-1 Analogs

The OSW-1 natural analogs can be classified into two major structural types (Figure 14).
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Figure 14. Isolated cholestane glycosides (1-52) structural classes (A and B)

The Structure A class (Figure 14A) is related to OSW-1, as the 33,163,17a
dihydroxyl steroid core is largely unmodified.!”!%?%23 Compounds with Structure A
are either monodesmosidic or bisdesmosidic, depending on the sugar fraction having one
or two attachment points respectively. Natural products with Structure B (Figure 14B)
all possess a fused oxygen-containing E-ring instead of an aliphatic side chain.
Interestingly, the C-21 methyl is retained with identical stereochemistry to OSW-1.
Moreover, all compounds with Structure B are monodesmosidic, as the saccharide

component (mainly B-D-glucopyranoside) is linked to the C-1 or C-3 position of the
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steroidal core .!7-22:100,101

The isolated O. saundersiae natural products were tested for
antiproliferative activity on various cancer cell lines, including HL-60 and A549 (Figure

15).17:19.20.22725.27.29.33.99-101 Dyetailed structures of all OSW-1 natural analogs and their

cytotoxic activities can be found in Appendix A and B.

Compounds Ri R2 R3 HL-60 A549
1 H H H 3.4 +0.076 98 + 8.0
2 (OSW-1) H PMBz H 0.19 +£0.0026 1.7 £ 005
3 H DMBz H 0.077 £0.0070 = 0.68 £0.057
4 H (E)-CNM H 0.24 NT
5 glc PMBz H 0.12 NT
6 glc (E)-CNM H 16 NT
7 H DMBz gle 14 NT
8 H TMBz gle 0.20 + 0.0074 3.6+0.37
9 H PHBz H 0.55+0.013 6.2+0.10
10 H TMBz H 3.4 +0.076 98 + 8.0
11 H PHBz H NT NT
Substituents ICso values (nM
Compounds Ri R: R; R4 HL-60 A549
16 H OH H Ac 0.99 NT
19 H OH H TMBz 50+ 10 270 £ 40
20 H OH H PMBz 60 +2 370 £90

Figure 15. Cytotoxic Activities of a selection of OSW-1 analogs with Structure A
tested against HL-60 and A549 cancer cell lines. NT: not tested
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The most cytotoxic analogs were the ones that retained the OSW-1 structure (Structure
A, Figure 14) with ICso values ranging from 0.077 nM to 98 nM, but none were more
potent than OSW-1 (Figure 15). Interestingly, compound 4 (Figure 15) comprised of an
(E)-cinnamoyl group instead of a benzoyl group at the C-2 position of the D-
xylopyranoside is almost as potent as OSW-1 (0.077 nM). Cholestane rhamnosides (16,
19 and 20, Figure 15) were less potent. The hydrophilic substituents of the hydroxyl
group at C-11 and/or the glucosyl group at C-3 in the steroidal frame reduced the
cytotoxicity of these compounds and rendered them inactive (Appendix A, B).
Compounds with Structure A lacking the C-22 ketone (33-36, Figure 14) showed no
activity (Appendix A,B). Moreover, most analogs with Structure B (37-52, Figure 14)
were somewhat active against HL-60 cell lines (Appendix C, D), although the deacyl

derivatives were significantly less potent (Figure 16). !7-19-20:22-25.27.29.33.99-101

Substituents  ICsp values (n

Compounds R HL-60
37 glc?— 'rha 1,800
38 “rha — PMBz 9.2
HO
“°ﬁ/°
HO OR Substituents ICso values (nM)
Compounds R R: R3 HL-60
39 CHO glc?>'tha H inactive
40 CHO rha H inactive
41 CHO rha*—>PHBz H 21
42 CHO rha*->PMBz H 19
43 CH:OH  rha*—»PHBz H 63
HO 44 CH,OH rha*—> PMBz H 52
45 CH,OH  rha*— PHBz OH 37+4.4
Moo 46 CH,OH rha*—> PMBz OH 90 = 14
Substituents IC5 values (nM)
Compounds R, R, HL-60 A549
50 H g]cz - lrha 58 £2.0 900+ 11
51 OH tha* > PHBz 67+0.23 850+ 15
52 H |rha*—>PMBz 170+51 5,500+ 170

HO
Ho/gowo
HO
OR,
Figure 16. Cytotoxic Activities of a selection of OSW-1 analogs with Structure B

tested against HL-60 and A549 cancer cell lines.
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More recently, Chen et al. reported the isolation of 15 new compounds from O.
saundersiae bulbs (Figure 17, nomenclature was adapted from Chen et al.).>"'> These
new oxygenated cholestane glycosides were named osaundersiosides. Interestingly, all
the compounds had structures similar to Structures A and B (Figure 14), but are mainly
different in the positions of the various substituents. 2!"'> These compounds (53-67,
Figure 17) were tested on five different cancer cell lines (A549, BGC-823, HepG2, HCT-

116, MCF-7) and were surprisingly found to all be inactive (Appendix E).2"-!%?

Rt Rz R Ri R2
53 glc H gle 63 CHO glc® Iglc?— 'glc?— "rha
54 rha H glc 64 COOH gle2» 1glc?» Irha
55 H OH gle' 2glc
56 H OH glc® > rha HO
HO
57 H glc®— !glc?—s Irha HO o
58 H H glc® 1gic® gic
R20 Me:," —
M
HO o] e OR;
HO
OH
2 oH
HO
R1 R2 R3 R4 R, Rj3
59 H H H
65 OH H OH
60 TMBz H H 2 12 1
66 OH glc“— ‘glc“— ‘rha H
61 TMBz glc H 2
67 H glc®-> gle H
62 TMBz glc CaHy
i C,Hy: n-butane glc: p-D-glucopyranosyl E

E TMBz: 3,4,5-trimethoxybenzoyl rha: a-L-rhamnopyranosyl;
4

Figure 17. New inactive cholestane glycosides isolated from O. saundersiae bulbs
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L1.5.2 Biological Activities of Synthetic OSW-1 Analogs

Several OSW-1 total syntheses have been reported.!® 1% An efficient total
synthesis of a natural product compound can supply significant quantities of a compound
and provided for the generations of analog compounds.>*!97-123 The first total synthesis
of OSW-1 was accomplished seven years after its discovery by the Yu group, in 27 steps
with the longest linear sequence being 14 steps, and in 6% overall yield.!** Most recently,
the Guo group was able to scale up the synthesis and afford the OSW-1 compound in 10
steps with an overall yield of 6.4%.!% Likewise, many synthetic analogs have been
developed to access new OSW-1-congeners for SAR studies. Synthetic OSW-1 analogs
either had a modified steroidal nucleus, a different side chain and/or an altered
disaccharide moiety.3%!%712 These OSW-1-related compounds were also tested for
biological activity.!”!17120 Detailed structures of all OSW-1 synthetic analogs and their
cytotoxic activities can be found in Appendix F-I.

There is an overall lack of consistency in biological testing, which renders
comparison challenging. However, in summary, based on the reported results, it seems
that extension of the aliphatic side chain or changes to C22 functional groups (ester,
amide, thioester, ether, unfunctionalized C-22 position) leads to mixed results, with
potency or inactivity depending on the cancer cell line.!!1:116:11%122 Conversely, shortening
of the aliphatic side chain significantly decreases potency (Appendix G, H).!!1:116.119.122

The disaccharide moiety can also be modulated to understand its utility within the
molecule. Most recently, Sakurai et al. reported that the disaccharide component was
found as a structural scaffold required for biologically functionalities.!”!?* In other terms,

the arabinose and xylose moieties are hypothesized to serve as a spacer for the extension
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of the critical benzoate moiety to the desired position near the side chain component,
while the C-17 hydroxyl, C-22 ketone and the acetate moiety on the arabinose participate
in a hydrogen-bonding network to provide the optimal conformation of the OSW-1

molecule (Figure 18).!7:124

OHO

(S

OH

Figure 18. Hypothesized model of OSW-1’s hydrogen bonding network. Hydrogen
bonds are shown in blue. Figure was adapted from Cori Malinky’s dissertation

Recently, the most promising results related to OSW-1 anti-cancer research
involves the development of an analog named LYZ-81 (107, Figure 19) by the Lei group.
When tested against mice leukemia cells in vitro and in vivo, both compounds were well
tolerated, but LYZ-81 interestingly shows increased efficacy in comparison to OSW-
1199113 Most importantly, LYZ-81 differs from OSW-1 by the presence of a hydroxyl
group at the C-26 position and the absence of one at the C-17 position. This compound
selectively targets ORP4L with high affinity (Kp= 1.05 = 0.26 nM) over OSBP (Kp =
5,900 £ 1,860 nM), which suggests the possibility to develop new OSW-1-derived

compounds that selectively bind to either OSBP or ORP4L.!%%113
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ICso values (nM Kb values (n \

Compounds Leukemia Stem Cells (LSCs) OSBP ORP4L
OSW-1 0.152 1.49+0.26 0.85+0.17
LYZ-81 3.27 5,900 + 1,860 1.05+0.24

Figure 19. Comparison of OSW-1 and LYZ-81 cytotoxic activities against
Leukemia Stem Cells (LSCs) and binding affinities to OSBP and ORP4L!%-!13

The discovery and synthesis of all these diverse O. saundersiae cholestane
glycosides provides important information to determine the SAR of OSW-1. The OSW-
I-related compounds, either synthesized or isolated from the natural source, have
provided valuable insights for the derivatization of OSW-1 to the potential development
of antiviral and anticancer agents through targeting the OSBP and ORP4 proteins.

I.5.3 Current OSW-1 SAR

Because of OSW-1’s biomedical interest, several groups have achieved its total
synthesis and a number of its analogs have been tested.?8-40:42-43:65.99.100 Thege analogs can
contribute to deciphering OSW-1’s SAR, which is basis to explore more potent
analogs.28-40:42745.65.99.100 1 ()13, based on all the reported cytotoxic activities, Tang et al.

proposed a model of OSW-1’s SAR (Figure 20).'7
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Figure 20. Most recent OSW-1 SAR model

Based on literature, both acyl groups on the disaccharide are critical for the bioactivity.!”
The A,B-ring system can be modified without significant loss of activity. Moreover, it
has been determined that the disaccharide component is essential for the anti-cancer
activity.!”!>* Homology modeling and molecular docking studies suggest that the sugar
does not directly bind to the protein, but rather acts as a spacer unit that gives the correct
conformation to OSW-1 via hydrogen bonding, forming a stable complex within the
binding pocket, and allowing OSW-1 to interact with the protein.!”-!?*

For the past three decades, many studies related to OSW-1’s anti-proliferative
activity have been carried out, but nothing has been reported for binding activities. It has
been hypothesized that the side chain is essential for binding activity, but more SAR
studies are needed to confirm this hypothesis. As mentioned previously, the way OSW-1
binds to OSBP and ORP4 is not necessarily understood. Moreover, the protein structures
remain unsolved, which renders the understanding of these binding interactions unclear.

Determining what is responsible for the binding of OSW-1 at the molecular level will

allow for the development of selective OSBP-targeting anti-viral drugs, and likewise,
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ORP4-targeting precision therapeutics. The best way of doing that is by modulating
specific components of the molecule and developing concise structure activity
relationships. In order to supplement the current SAR model, more analogs are needed,
and two approaches are considered to obtain them: synthesis, which can be very time-
consuming, especially for these complex scaffolds, or direct isolation from the plant.

Testing of these analogs will allow to further supplement OSW-1’s SAR and understand
how it binds to the proteins to ultimately develop potential selective high affinity antiviral

drugs and anticancer precision therapeutics.
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Chapter II: Isolation, Characterization and Evaluation of OSW-1

Related Compounds

II.1 Abstract

The OSW-1 natural product demonstrates antiviral activity through interacting
with OSBP and anti-proliferative activity through interacting with ORP4L. However,
OSW-1 binds to both proteins with comparable affinities. As a result, OSW-1 itself
cannot be developed into a drug, as unwanted side effects may arise. To this day, the way
OSW-1 binds to OSBP and ORP4L remains unknown. Although many OSW-1-related
compounds have been isolated from O. saundersiae bulbs and evaluated for their
cytotoxic activity, the binding affinities of these related compounds have not been tested.
This is essential to further supplement SAR studies and develop a complete OSW-1 SAR
model. Obtaining natural OSW-1-derived products is the most direct source of
compounds to study how OSW-1 interacts with its cellular targets OSBP and ORP4L; the
chemical synthesis of the diverse and structurally complex OSW-1 compounds is much
more demanding. Herein, a novel and efficient isolation procedure to isolate many OSW-
1 natural product compounds, including new compounds, from O. saundersiae bulbs is
reported. The procedure is different from previously reported methods by the use of
alternative extraction and purification methods and especially by the development of a
novel detailed analytical method allowing the isolation of multiple compounds in a
reproducible manner. A diverse library of known and newly discovered natural products
are structurally characterized, and the future testing of these OSW-1-related compounds
will provide important SAR understanding of OSBP and ORP4L compound binding and

potential drug development.
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I1.2 Introduction

Natural products and their derivatives provide an unprecedented range of
chemical structure diversity.!”® Naturally-occurring small molecules have been
recognized as an outstanding source of chemical probes used to interrogate biological
functions, and further serve as therapeutic leads in drug discovery and development.!'?’
Due to an increasing demand for chemical diversity, seeking therapeutic drugs from
natural products has continued to increase.!?

Phytochemical analysis of Ornithogalum saundersiae bulbs has yielded a
significant amount of potent cytotoxic cholestane glycosides, including OSW-1.1%:12-27
Bioactive cholestane glycosides derived from Ornithogalum saundersiae bulbs have been
discovered through a series of extraction, isolation and purification processes.!”!**® The

approach to isolate natural products starts with identification, collection and preparation

of the biological material (Figure 21).

Collection and B S
Authentication Extraction )
of Plant Material (CC, HPLC)

Structure

Chgla(::lt(é%il;:‘:ion Elucidation Pure Compounds
(NMR, MS)

Figure 21. General approaches in extraction of bioactive compounds from plants

Organic solvent extraction is an essential step in the isolation of natural products.'?®

Several extraction methods exist, including maceration, percolation, decoction, infusion,

reflux, hydro distillation, or through use of a Soxhlet apparatus (Table 1).'%
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Method Solvent Time Specifics

Solid plant material is placed in a stoppered
Water. aqueous and container with the whole of the solvent and
Maceration or a’ni(?solvents Long allowed to stand for a period of 3 to 7 days
& with frequent agitation, until soluble matter is
dissolved.
Process of extracting soluble constituents of a
. Water, aqueous and
Percolation . Long powdered substance by slow passage of a
organic solvents . .
liquid through it.

Powdered plant material is boiled in a
Decoction Water Moderate specified volume of water for a defined time;
it is then cooled and strained or filtered.

. Plant material is macerated for a short period
Infusion Water Short . S -
of time with either cold or boiling water.
Reflux Extraction Aqu; SIEIET Moderate Plant material is treated with boiling solvent.
organic solvents
. . ti tracti f plant material
Soxhlet Extraction Organic solvents Long Clompblumans: G of [k aterial by a
hot solvent.

Plant material is soaked in boiling water. This
Hydro distillation Water Long is the widely used process for isolation of
essential oils.

Table 2. Brief summary of various extraction methods for natural products

Determination of total plant contents can then be proceeded via individual extraction in a
solvent (e.g, n-butanol), or by consecutive extraction in solvents of increasing polarity
(e.g, n-hexane, petroleum ether, chloroform, ethyl acetate, ethanol, acetone and water).!3°
Pure bioactive compounds are further obtained by separation and purification methods
such as Thin Layer Chromatography (TLC), Column Chromatography (CC) or
HPLC."?"13! Due to a combination of various types of phytochemicals that differ in
composition and polarities, their separation and purification remain key challenges in
natural product drug discovery and development.'?® The chemical structures of the pure

compounds are then elucidated using a wide range of spectroscopic techniques, including

UV, IR, NMR and MS, prior to biological evaluation,'?”-12%131
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I1.3 Results and Discussion
I1.3.1 Extraction
The discovery of OSW-1 and other OSW-1-related cytotoxic cholestane
glycosides suggested that further phytochemical analysis of O. saundersiae bulbs could

be beneficial.'’

For the original isolation in 1992, 16.2 kg of bulbs were first extracted in
methanol under reflux, and the methanolic fraction was then extracted with 1-butanol.
The combined organic extractions were fractionated over silica gel column
chromatography using CHCIl3-MeOH gradient mixture as eluent. The partially-
fractionated components were further purified using a combination of chromatographic
techniques, namely octadecyl-silica (ODS) column chromatography and preparative

HPLC, to yield 25 mg of 1, 439 mg of 2 (OSW-1), and 23.5 mg of 3 (Figure 5)." The

detailed step-by-step procedure is summarized in Figure 22.

( O.Saundersiae
Bulbs - -
162 kg ) 1 Extraction with MeOH (reflux)
—
4 N 2 Extraction with BuOH
Crude MeOH
Extract —
3 Silica Gel CC, CHCL;-MeOH
—
( ) ilica Gel I
BuOH-Soluble 4 S1 ica Ge CC CHC1;-MeOH
Gradient Elution (9:1, 6:1, 2:1)
Phase
J
—a . ODS CC, MeOH-H,0 (4:1)
. Preparative HPLC,
o o L 3 MeOH-ILO (12:1) and
LA, AL B MeCN-H,O (4:1)

4

5 1: 25 mg J
2 (OSW-1): 439 mg |
([ 3235mg |

Figure 22. Original isolation procedure summary
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The bulbs used in this work were cultivated in the OU Greenhouse by Mr. Lynn
Nichols, harvested in June 2019 and stored at 0°C prior to extraction. To facilitate
extraction, remove water, and increase yield by breaking cell integrity, the O. saundersiae
bulbs were lyophilized overnight and physically ground using mortar and pestle. Two
major extraction methods were investigated: one using a reflux condenser as performed
in the literature!®, and the other one involving a Soxhlet apparatus, method never reported

for this plant (Figure 23).

[ O.Saundersiae Bulbs )
69.7 ¢

Extraction with 400 mL Filtration
Condenser of MeOH, 4 hours | Evaporation

Crude Methanolic
Extract

\ y

Dilution with 100 Extraction with
Boiling flask ml of DI H,0 n-BuOH (3 *30 mL)

Samplein
extraction solvent

[ Aqueous Phase } { Crude B(;lgm;(;l Extract ]

[ O.Saundersiae Bulbs ]

Condenser 706 g
‘17) ( Extraction with 750 mL E .
! vaporation
E%\ of MeOH, 4 hours
Crude Methanolic
ﬁ Extract
)
Soxhlet extractor Siphon arm - )
||| P Dilution with 100 mL Extraction with
Y| Samplein thimble
e \s;. of DI H,0 »n-BuOH (3*30 mL)
=

Boiling flask f Aqueous Phase Crude Butanol Extract
\ 0.66 g
J/ Extraction solvent

Figure 23. Comparison of extraction methods summary

Similar amounts of O. saundersiae plant material were subjected to both extraction

methods. In order to compare and validate results, the procedure was carried out 8 times.
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A higher mass of extracted compounds was constantly observed by using a Soxhlet
apparatus compared to a simple reflux condenser. This is presumably due to the fact that
the compounds are extracted multiple times in a Soxhlet extraction. The advantage of this
system is that instead of many portions of warm solvent being passed through the sample,
just one batch of solvent is continuously recycled. Based on the larger amount of material
extracted, the preliminary results supported use of the Soxhlet extraction method.

With the selected extraction method, a larger scale procedure was performed with
more plant material. Ten O. saundersiae bulbs (308.6 g) were lyophilized overnight,
resulting in a final mass of 153.3 g of bulk material. Dried bulbs were chopped into small
pieces and extraction was carried out in 750 mL of hot MeOH using Soxhlet apparatus
for 48 hours. After evaporation in vacuo, 63.9 g of crude methanolic liquid extract was
obtained. The crude mixture was then diluted with 100 mL of DI H>O and partitioned
three times with n-BuOH. The resulting combined organic phase was condensed to a
crude butanol extract (1.51 g) while the aqueous phase was lyophilized to afford white

powder (Figure 24).

O.Saundersiae Bulbs
308.6 g

Lyophilization
overnight

O.Saundersiae Bulbs
1533 ¢

Extraction with 750 mL

Evaporation
of MeOH, 4 hours

A

[ Methanolic Extract ]

63.9 g (liquid)
Dilution with 100 mL Extraction with
of DI H,0O n-BuOH (3*30 mL)

Adueous Phase Crude Butanol Extract
q 1.51 g (dry)

Figure 24. Optimized extraction method summary
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In order to indicate the presence of saponins and qualitatively verify the composition of
both phases, a frothing test was performed.' For that, 1 mL of the butanol extract was
diluted with 20 mL of DI H>O and shaken in a graduated cylinder for 15 minutes.
Development of stable foam suggests the presence of saponins.! As expected, no foam
formed in the aqueous phase, meaning that it did not contain any saponins. The butanol
extract showed clear frothing. Natural products from the crude butanol extract were
further separated through a developed, multi-stage purification processes.
I1.3.2 Purification and Analytical Method Development

% a novel

Due to the unavailability of equipment described in the literature,’
purification procedure was developed. The butanol extract was first analyzed by TLC

prior to establishing an appropriate chromatographic separation method. Multiple elution

conditions were tested (Figure 25).

° o
o °
[ J : [
. ® Y ° R;=0.55 @
Ri=045 @ R¢ = 0.49 e o
[ ) ([ J o
° ° e o ° °
[ J Ri=025 @ g P °
[ J [ 3 ([ J
R;=0.14 ' °® ° °
< . o o
[ 4
@ g0 e @ e @ e @
OSW-1 OSW-1 OSW-1 OSW-1 OSW-1

30% EtOAc/Hex 7.5% MeOH/DCM 15% MeOH/DCM 10% MeOH/CHCIly 15% MeOH/CHCIl;

Figure 25. TLCs of the butanol extract compared to OSW-1 tested with different
elution conditions

Separation was optimal between 10-15% MeOH/CHCIs. In order to increase
reproducibility of the method and obtain a consistent separation pattern, the 300 mg of
the crude butanol extract was fractionated on automated silica gel column using Biotage

Isolera, with linear gradient elution from 0-30% MeOH/CHCls; and washed with EtOAc.
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Fractions with similar TLC profiles were combined and divided into 8 subfractions

Butanol Extract
300 mg

Biotage Isolera
MeOH/CHCI; from 0/100 to 30/70

F1-9 F10-15 F16-25 F26-37 F38-45 F46-53 F54-68 Wash
9.4 mg 6.6 mg 6.2 mg 21.6 mg 13.9mg 14.9 mg 65.4 mg 57.2mg

A B C D E F G H

(Figure 26).

Figure 26. First purification and fractionation of the crude butanol extract

Each subfraction was then further purified and analyzed by reverse phase LC-MS
Different separation conditions were investigated (Table 3). Variable parameters include

column (Cs, Cig), mobile phase composition (MeCN, MeOH) and elution (isocratic,

linear/step gradient).

Column Solvent A Mobile Phase Composicon RESalition
Cs MeOH 80/20 Isocratic 0.60
Cs MeOH 80/20 to 95/5 Linear gradient 0.61
Cs MeCN 80/20 Isocratic 0.63
Cs MeCN 80/20 to 100/0 Linear gradient 0.64
Cs MeOH 75/25 Isocratic 0.68
Cs MeOH 75/25 to 95/5 Linear gradient 0.67
Cs MeCN 75/25 Isocratic 0.82
Cs MeCN 75/25 to 100/0 Linear gradient 0.82
Cs MeOH 70/30 Isocratic 0.71
Cs MeOH 70/30 to 95/5 Linear gradient 0.72
Cs MeCN 70/30 Isocratic 0.84
Cs MeCN 70/30 to 100/0 Linear gradient 0.85
Cs MeOH 65/35 Isocratic 0.65
Cs MeOH 65/53 to 95/5 Linear gradient 0.62
Cs MeCN 65/35 Isocratic 0.79
Cs MeCN 65/53 to 100/0 Linear gradient 0.77
Cs MeOH 75/25 to 85/15 to 95/5 Step gradient 1.02
Cs MeCN 75/25 to 85/15 to 100/0 Step gradient 1.24
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Cis MeOH 80/20 Isocratic 0.72
Cis MeOH 80/20 to 95/5 Linear gradient 0.72
Cis MeCN 80/20 Isocratic 0.88
Cis MeCN 80/20 to 100/0 Linear gradient 0.89
Cis MeOH 75/25 Isocratic 0.75
Cis MeOH 75/25 to 95/5 Linear gradient 0.73
Cis MeCN 75/25 Isocratic 0.94
Cis MeCN 75/25 to 100/0 Linear gradient 0.94
Cis MeOH 70/30 Isocratic 0.78
Cis MeOH 70/30 to 95/5 Linear gradient 0.80
Cis MeCN 70/30 Isocratic 1.02
Cis MeCN 70/30 to 100/0 Linear gradient 1.03
Cis MeOH 75/25 to 85/15 to 95/5 Step gradient 0.98
Cis MeCN 75/25 to 85/15 to 100/0 Step gradient 1.32
Cis MeOH 70/30 to 85/15 to 95/5 Step gradient 1.08
Cis MeCN 70/30 to 85/15 to 100/0 Step gradient 1.43

Table 3. Screening of optimum HPLC separation conditions

In order to quantitatively assess the best separation conditions, resolution factors were
calculated for each chromatogram. A resolution factor of 1.5 or more is indicative of
optimal peak separation.'** Compared to MeOH/H,O, MeCN/H,O gave overall superior
HPLC separation quality (Table 3). Due to the heterogeneity of samples, a step gradient
was preferred over a linear gradient and isocratic elution. Peak separation was ideal with
a step gradient from 70/30 to 85/15 to 100/0 MeCN/H20 (with 0.1% formic acid), as
resolution factor is close to 1.5.

The coupling of HPLC with MS is a powerful tool to identify both naturally-
occurring cholestane glycosides and their synthetic analogs. Three cholestane glycosides,
including OSW-1 and two new analogs with modified steroidal side chains, thienyl-
OSW-1 (116, Appendix J) and silylated thienyl-OSW-1 (117, Appendix J), were
analyzed by using optimized, reversed phase HPLC with electrospray ionization and
atmospheric pressure chemical ionization quadrupole MS'33!3* To the best of our

knowledge, this is the only study that reported optimized MS techniques to complement
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traditional characterization methods (NMR, IR) of OSW-1-derived compounds. Yet, this
technique gives useful information, especially for the isolation, identification and
structural elucidation of naturally-occurring analogs.!*

In this work, monoisotopic masses were determined by MS via positive and
negative electrospray ionization (ESI" and ESI"). The following adducts of compounds
were detected: [M+H]", [M+Na]", [M+K]’, [M+NH4]", [M+HCOO]", [M+CH3COO].
Positive ESI mode showed superior sensitivity and consistency in the MS detecting of
OSW-1-related compounds than the negative ESI mode. As stated above, 0.1% formic
acid (pKa= 3.75) was added to the water phase, thus promoting protonation of the
hydroxyl groups (pKa=16). Interestingly, sodium adducts peaks ([M+Na]") were
predominantly detected in comparison with protonated adduct peaks ([M+H]"), despite
the 0.1% of formic acid present. This is presumably due to the fact that sodium is one of
the most abundant contaminants in all commercially available HPLC grade solvents.!*
Moreover, sodium can come from a number of sources, mainly during sample preparation
and analysis: residual salts can be present on the column, in the HPLC system (injector,
tubing, etc...) or sodium can leach from the glassware used to prepare the solvents. '3

Based on all isolation studies, targeted cholestane glycosides have a molecular
mass approximately ranging from 680-1100 g/mol].!7:19:20:22-25.27.29.33.99-101 Therefore, all
compounds with molecular ion peaks outside of this bracket were not considered relevant.
Once the molecular ion peak was determined, a unique fragmentation pattern allowed us

to further assess a compound’s structure (discussed in Section I1.3.3 below). Relevant

natural products were identified in subfractions F26-37 (D) and F38-45 (E). The ultimate
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step of the entire procedure was to fractionate these subfractions by HPLC, resulting in
isolated amounts of the various natural product compounds (Figure 27).

F26-37 (D)
21.6 mg

HPLC-MS, Cg Column
MeCN/H,0 from 70/30 to 85/15 to 100/0

! I l

FRCp1 FRC,2 FRCp3 FRCp4 FRC,5 FRCp6 FRC,7 FRC;8
1.6 mg 3mg 2.5mg 3mg 1 mg 2 mg 1.6 mg 1.3 mg

F38-45 (E)
13.9mg

HPLC-MS, C,3 Column
MeCN/H,0 from 70/30 to 85/15 to 100/0

l I [ l [ l | I
FRC FRC:2 FRC;:3 FRC;4 FRC:5 FRC;6 FRCy7 FRC;8 FRC;9
[ng] [].6mg] [l.3mg] [2mg] [1mg] [<lmg] [lmg] [4mg] [<lmg]
Figure 27. Ultimate step of the isolation procedure: fractionation of F26-37 (top)
and F38-45 (Bottom)

Purity was assessed by re-submitting isolated compound to HPLC analysis prior to
preliminary characterization. Based on peak areas, compound was considered pure when
purity > 95%.

I1.3.3 Preliminary Characterization
Approximately 100 OSW-1 analogs were purified via reverse-phase HPLC
(Appendix L-O), 6 of which were characterized (Figure 28). After purification and
identification of molecular masses, preliminary characterization of each isolated natural
product was achieved by '"H-NMR, MS, and by comparison with spectral data reported

in literature. 17,19,20,22-25,27,29,33,99-101
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OMe

(o]
OMe
2 (OSW-1) 3
Chemical Formula: C;Hg05 Chemical Formula: CgH-4O44
Exact Mass: 872.46 Exact Mass: 902.47
Molecular Weight: 873.03 Molecular Weight: 903.07
Known from literature Known from literature

4 9
Chemical Formula: C,gHggO,4 Chemical Formula: CcHgsO45
Exact Mass: 868.46 Exact Mass: 858.44
Molecular Weight: 869.06 Molecular Weight: 859.02
Known from literature Known from literature

20 IF-111
Chemical Formula: C;3Hg Oy Chemical Formula: CHgOq5
Exact Mass: 756.44 Exact Mass: 870.44
Molecular Weight: 756.97 Molecular Weight: 871.03
Known from literature New Compound

Figure 28. Overview of known and new characterized compounds
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Characterization of 2 (OSW-1)

Compound 2 (Figure 28) was isolated as an amorphous solid by HPLC and had
an m/z value of [M+Na]" 895.25 and [M+H]" 873.25 in ESI" and 917.15 [M+HCOOQO] in
ESI" corresponding to a molecular weight of 873.03 g/mol and molecular formula
C47He63015. In accordance with literature, compound 2 was identified as OSW-1.!%!33 The
'"H-NMR data matched with the structure originally isolated.!” Moreover, the MS
fragmentation pattern of OSW-1 was extensively studied in order to identify how the
natural product is fragmented in the mass spectrometer, and to further help determine
what part of the OSW-1-related compounds had changed in regard to OSW-1 (Figure

29). This is not a common method, and to the best of our knowledge, the hypothesized

133,134

fragmentation pattern of OSW-1 has only been reported once.

OSW-1 Sodium Adduct Me0—©—<
Exact Mass: 415.32 C47HesO15Na o)

\ Exact Mass: 895.45

1,5—- \ v

4 895.25
1'0_. 415.25

- 267.00
0.5

] 585,50 752.35

] \ 32g.40 | J441.00 sazgs | 710.00 | 8732 1040 55 11
0 0 Y T . T T . = T

Exact Mass: 267.09 0
Exact Mass: 441.14

Figure 29. OSW-1 mass spectrum and fragmentation pattern
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With the procedure being reiterated 8 times, OSW-1 was isolated multiple times. Due to

the reproducibility of the analytical method, retention times recorded by HPLC were

similar, and a total amount of 12 mg of OSW-1 was isolated.

Characterization of 3

Compound 3 (Figure 28) was isolated as an amorphous solid by HPLC had an

m/z value of 925.30 [M+Na]" in ESI" and 947.10 [M+HCOO] in EST’, corresponding to

a molecular weight of 903.07 g/mol and molecular formula C4sH70O16. This molecular

formula matched the 3,4-dimethoxybenzoate analog of OSW-1.!" In a similar manner as

described above, the MS fragmentation pattern of 3 was determined for the first time

(Figure 30).

Exact Mass: 415.32

HO
Sodium Adduct of 3 MeO
CasH70016Na o]
Exact Mass: 925.45 MeO I

3 g l
2.0 \ 92545

1 41515
1.0

4 o = 265,90

1£20.85 ‘9?;‘0 |l 44325 508.30 838,25 685.55 789.05 | p54.20 1030.75
oc i . | L Lk L Il r i - i - vl : Il 1 i - i i

30 400 500 600 700 800 900 1000 11

HO 0
HO +

Exact Mass: 297.10

Figure 30. Mass spectrum and fragmentation pattern of 3
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Spectral data of 3 was almost identical with those of OSW-1. Comparison of the 'H
spectra of 2 (OSW-1) and 3 in deuterated acetonitrile (Figure 31) showed minor signal
changes at 6 7.73 (dd, J= 8.5, 2.0 Hz, 2H), 6 7.61 (d, J= 2.0 Hz, 2H), and 8 7.06 (d, J =

8.5 Hz, 1H) in the aromatic region, due to the disubstituted benzoyl moiety.
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Figure 31. '"H-NMR spectra comparison of OSW-1 (bottom) and IF-112 (top)

With the procedure being reiterated 8 times, 3 was isolated multiple times. Due to the
reproducibility of the analytical method, retention times recorded by HPLC were similar,
and a total amount of 4 mg of 3 was isolated. Additionally, bulbs used in the original
isolation procedure were not necessarily the same as the ones used in this work.
Therefore, in order to assess whether the amount of 3 in regard to 2 (OSW-1) was similar
to the literature, the ratio of 3 with respect to 2 was calculated and compared to literature.
Originally, 23.5 mg of 3 and 439 mg of 2 were isolated, which is equivalent to a ratio of

5.4%. In this work, the peak areas were used to determine that ratio (peak area of 3:
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134,137; peak area of 2: 2,105,820), resulting in a value of 6.4%. These results are
indicative of a consistent amount of 3 in regard to 2, regardless of the type of bulbs.
Characterization of 4

Compound 4 (Figure 29) was isolated as an amorphous solid by HPLC and had
an m/z value of [M+Na]" 891.20 in ESI", corresponding to a molecular weight of 869.06
g/mol and molecular formula CigHesO14. This molecular formula matched the (E)-
Cinnamoyl analog of OSW-1.** In a similar manner as described above, the MS

fragmentation pattern of 4 was determined for the first time (Figure 32).

Sodium Adduct of 4 @-ﬂo
CssHesO14Na

Exact Mass: 415.32 Exact Mass: 868.45 I
AN
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Exact Mass: 263.09

Figure 32. Mass spectrum and fragmentation pattern of 4

Analysis of the 'H spectrum of 4 and comparison with 2 (OSW-1) (Figure 33) implied
that 4 differed from OSW-1 only in terms of the aromatic constituent. The absence of the

-CH3 peak at ¢ 3.86 indicated that 4 is not comprised of a 4-methoxybenzoyl group.
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Moreover, a significant change of signal was observed in the aromatic region at 6 7.65
(m, 2H) and 7.46 — 7.40 (m, 4H), indicative of a non-substituted benzene ring, and at 6
7.73 (d,J=16.1 Hz, 1H), 6.52 (d, /= 16.0 Hz, 1H), indicative of a the presence of alkene

in trans configuration, supported by the coupling constants.
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Figure 33. 'H-NMR spectra comparison of OSW-1 (top) and IF-207 (bottom)
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With the procedure being reiterated 8 times, 4 was isolated multiple times. Due to the
reproducibility of the analytical method, retention times recorded by HPLC were similar,
and a total amount of 5 mg of 4 was isolated.
Characterization of 9

Compound 9 (Figure 29) was isolated as an amorphous solid by HPLC and had
an m/z value of [M+Na]" 881.45 in ESI", corresponding to a molecular weight of 859.02
g/mol and molecular formula C4sHe6O15. In a similar manner as described above, the MS

fragmentation pattern of 9 was determined for the first time (Figure 34).
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Exact Mass: 253.07

Exact Mass: 415.32

Sodium Adduct of 9
CasHe6O15sNa
Exact Mass: 881.45

Figure 34. Sodium adduct and fragmentation pattern of 9

Analysis of the 'H spectrum of 9 and comparison with OSW-1 (Figure 35) implied that
9 differed from OSW-1 only in terms of the aromatic acid constituent. Instead of the
signals for the 4-methoxybenzoyl group, those assignable to a 4-hydroxybenzoyl residue
were observed with the absence of the -CH3 peak at 6 3.86 and a slight downfield-shift of

the aromatic protons at o 8.00 —7.94 (d, 2H) and 6 6.96 — 6.91 (d, 2H).
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Figure 35. "TH-NMR spectra comparison of OSW-1 (top) and IF-148 (bottom)

44



With the procedure being reiterated 8 times, 9 was isolated multiple times. Due to the
reproducibility of the analytical method, retention times recorded by HPLC were similar,
and a total amount of 6 mg of 9 was isolated.
Characterization of 20

Compound 20 (Figure 29) was isolated as an amorphous solid by HPLC and had
an m/z value of [M+Na]" 779.40 in ESI" and [M+HCOO] 791.10 in EST’, corresponding
to a molecular weight of 756.97 g/mol and molecular formula C43Hs4O11. In a similar
manner as described above, the MS fragmentation pattern of 9 was determined for the

first time (Figure 36).

Exact Mass: 417.34 Exact Mass: 323.11

Sodium Adduct of 20
Cs3HesO11Na
Exact Mass: 779.40

Figure 36. Sodium adduct and fragmentation pattern of 20

The "H-NMR spectrum showed signals for five steroidal methyl groups at & 1.14 (s, 3H),
1.00 (s, 3H), 0.94 — 0.86 (m, 3H + 8H), 0.75 (dd, J = 15.9, 6.6 Hz, 6H), an olefinic proton
at 6 5.38 (d, J = 5.6 Hz, 1H), and the a-L-rhamnopyranosyl anomeric proton at & 5.34 —
5.30 (d, J=2 Hz, 1H). Moreover, the aglycone was slightly modified with the presence of
a hydroxyl group at the C-11 position showed by a proton signal at 6 4.66 (br. s, 1H).
Two acyl moieties were linked to the rhamnoside, namely a p-methoxybenzoyl group at

the C-3 position and an acetyl group linked at the C-2 position, supported by the presence
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of proton signals at & 7.93 — 7.88 (d, J = 8.8 Hz, 2H), 7.00 — 6.94 (d, J = 8.8 Hz, 2H), 3.84
(s, 3H, -OMe) and 1.61 (s, 3H, Ac). Reduction of the C-22 ketone present in OSW-1 to a
C-22 hydroxyl group was demonstrated by the up-field shift of the C-20 proton at 6 3.27
(s, 1H), the presence of a hydroxyl proton at 6 4.60 (br. s, 1H) and by the cluster of signal
at 0 4.17-4.10 (m, 1H) indicative of the C-22 proton. With the procedure being reiterated
8 times, 20 was isolated multiple times. Due to the reproducibility of the analytical
method, retention times recorded by HPLC were similar, and a total amount of 4 mg of
20 was isolated.
Structural Elucidation of IF-111

Compound IF-111 (Figure 29) was isolated as an amorphous solid by HPLC and
had an m/z value of [M+Na]" 893.20 in ESI", corresponding to a molecular weight of
871.03 g/mol and molecular formula C47He6O15. In a similar manner as described above,

the MS fragmentation pattern of IF-111 was determined for the first time (Figure 37).

Sodium Adduct of IF-111 MeO
C47He6015Na
Exact Mass: 893.20
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Exact Mass: 267.09
Figure 37. Mass spectrum and fragmentation pattern of IF-111 (new compound)
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Analysis of the 'H spectrum of IF-111 and comparison with OSW-1 (Figure 40) implied
that IF-111 differed from OSW-1 by 2 protons. This correlates with the peak signal

appearing at 6 5.45 (dd, 2H), indicative of an additional alkene (Figure 38).

H6
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Figure 38. Zoom of the 'H-NMR alkene region of IF-
111 (bottom) compared to OSW-1 (top)

The position of the alkene was investigated by observing the side chain region in the low

ppm values, as the steroid core proton signals were unchanged. Three positions for the

alkene were hypothesized (IF-111A, IF-111B, IF-111C, Figure 39).

(o)

H HO /X;%OH
A
IF-111C

Figure 39. Three possible positions of the additional alkene on IF-111
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The C26 and C27 protons in the cluster of signals at 6 0.81 — 0.75 (m, 9H) in OSW-1
were modified to a unique singlet of 6 equivalent protons at 6 0.90 (s, 6H). Moreover, the
C25 proton in the region between 6 1.28 — 1.16 (m, 4H) does not appear in IF-111. The

alkene was thus hypothesized to be positioned at the A—C24-C25 position.
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Figure 40. "TH-NMR spectra comparison of OSW-1 (top) and IF-111 (bottom)

The isolated amount of compound IF-111 was insufficient (2 mg) for *C and 2D NMR
analyses to confirm the putative structure.
I1.4 Conclusions and Future Directions

I have developed a novel and efficient analytical method to isolate and
characterize several OSW-1 analogs. This reproducible method will allow for the
isolation of OSW-1-related compounds on demand from the O. saundersiae bulbs. One

new OSW-1-related natural product, previously unreported, has been putatively
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identified. In particular, the newly isolated natural product differs from OSW-1 by the
presence of an unsaturation at the C24-25 position of the aliphatic side chain. Future
isolations using the established method will provide sufficient material to confirm the
structures through '3C NMR and 2D NMR analysis. I have additionally identified several
parameters that could be further modulated to improve the isolation of OSW-1-related
natural products, including exploring extraction solvent with different polarities (e.g,
EtOH, EtOAc, hexanes, petroleum ether, etc...), the purification solvent system (e.g,
MeOH/DCM, CHCIl3/AcOH/MeOH/H20), and the analytical method conditions (e.g,
isocratic, altered gradient, MS parameters). Further, it would be interesting to process not
only bulbs, but also leaves, flowers and stems of the O. saundersiae plant, to establish a
basis of comparison and potentially discover new OSW-1 analogs to supplement SAR
studies. Moreover, the analytical method can still be optimized. This can especially be
done through reducing the analytical time requirements of sample analysis, and by using
a succession of columns to increase the purity of compounds. Otherwise, mixtures of
compounds can be tested for their activity through bioassay-guided fractionation to
identify bioactive extracts more efficiently and isolate pure active compounds with
potential increased binding affinity to OSBP and ORP4L. Even though cytotoxic
activities of analogs have been reported for a tremendous amount of natural and synthetic
analogs, many of these compounds have not been tested on resistant cancer-cell lines (e.g.
ovarian cancer), which is currently investigated in our lab.

Additionally, creating molecular networks of all these steroidal saponins through
the Global Natural Products Social Networking platform (GNPS) is a source of new

opportunities related to the fields of analytical chemistry and metabolomics. Molecular
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networking organizes the tandem MS/MS data as a relational spectral network thereby
mapping the chemistry that was detected in an MS/MS-based metabolomics
experiment.'3® This has never been reported before for these compounds and is a worthy
objective. If implemented to this research, these networks could provide more insight into
biological activities. Molecular networking is just beginning to be recognized but is
already studied for the discovery of therapeutic leads, monitoring drug metabolism,
clinical diagnostics, and emerging applications in precision medicine.!?%!%

Most importantly, since there are currently no existing co-crystal structures of
OSBP and ORP4L bound to OSW-1 or a related analog, achieving this objective would
significantly enhance our understanding of OSW-1’s mechanism of action within cells,
and ultimately lead to the development of potent antiviral and anticancer precision
therapeutics capable of providing new therapies in human disease.

The library of OSW-1-related natural products produced from this research, in
addition to compounds currently being characterized, will be tested for binding to OSBP
and ORPAL in the near future. This will allow us to further supplement current SAR
studies of OSW-1 in regard to OSBP and ORPA4L, progressively guiding us toward the
understanding of the compound’s molecular interactions with the proteins. Ultimately,
the results collected from biological testing will promote the development of selective

anti-viral and anti-cancer therapeutics with improved pharmacokinetic and

pharmacodynamic properties.
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II.S Materials and Methods
I1.5.1 General Experimental Procedure

Lyophilization of plant material was performed using 2.5 L FreeZone Labconco
Lyophilizer. Flash column chromatography was performed as described by Still et al.!*’
employing E. Merck silica gel 60 (230-400 mesh ASTM). TLC analyses and preparative
TLC (pTLC) purification were performed on 250 um Silica Gel 60 F254 plates purchased
from EM Science and Fluka Analytical. All solvents were used as purchased without
further purification. Automated purifications were performed on Biotage Isolera One
purification system using manually packed columns of 5G, 10G, 25G, or 50G of oven
dried silica. '"H and '3C NMR spectra were recorded on a 400 MHz or 500 MHz Varian
VNMRS DirectDrive spectrometer equipped with an indirect observe probe. Chemical
shifts for proton and carbon resonances are reported in ppm () relative to the residual
protons in chloroform (& 7.26), in acetonitrile [6 1.94 (5)] and in methanol [0 3.31 (5), &
4.78] as references. High-resolution mass spectrometry (HRMS) analysis was performed
using Agilent 6538 high-mass-resolution QTOF mass spectrometer. HPLC purification
was performed on Shimadzu LCMS 2020 system [LC-20AP (pump), SPD-M20A (diode
array detector), LCMS-2020 (mass spectrometer)]. Semi-preparative HPLC purification
was performed using Phenomenex Luna C-18(2) column, 5 pm particle size (250 mm x
4.6 mm), supported by Phenomenex Security Guard cartridge kit C18 (4.0 mm x 3.0 mm);
Phenomenex Luna C-8(2) column, 5 pm particle size (250 mm x 4.6 mm), supported by
Phenomenex Security Guard cartridge kit C8 (4.0 mm x 3.0 mm) and HPLC-grade

solvents (= 99.5%).
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I1.5.2 Plant Material

The Ornithogalum Saundersiae bulbs were cultivated in the OU greenhouse
(Department of Microbiology and Plant Biology) by Mr. Lynn Nichols. Light was natural
unless temperatures were above 98°F. In that case, there was 35% shading. Plants were
fertilized every other week with 20-10-20 350 ppm N. Soil mix was 8 parts bm7 (35%
composted bark, 10% perlite, 55% peat moss), 1 part turface (calcinated clay) and 1 part
topsoil. Plants were harvested on June 21%, 2019 and stored at 0°C.

I1.5.3 Extraction and Isolation

Fresh Ornithogalum saundersiae bulbs were lyophilized overnight, physically ground
using mortar and pestle, and extracted with 750 mL of hot MeOH using Soxhlet
apparatus. The extract was concentrated under reduced pressure, and the crude
methanolic residue was diluted with 100 mL of DI H>O and extracted 3 times with 30 mL
of n-BuOH. The n-BuOH-soluble phase was fractionated on automated silica gel column
using Biotage Isolera, with linear gradient elution from 0-30% MeOH/CHCIl; and washed
with EtOAc. Fractions with similar TLC profiles were combined and divided into 8
subfractions (A-H). Subfractions D and E were further separated by HPLC-MS with a
stepped gradient from 70/30 to 85/15 to 100/0 MeCN/H20 (with 0.1% formic acid) to
yield compounds D1 (1.6 mg), D2 (3 mg), D3 (2.5 mg), D4 (3 mg), D5 (1 mg), D6 (2
mg), D7 (1.6 mg), D8 (1.3 mg), E1 (2 mg), E2 (1.6 mg), E3 (1.3 mg), E4 (2 mg), E5 (1
mg), E6 (<1 mg), E7 (1 mg), E8 (4 mg) and E9 (< 1 mg). LC-MS samples were prepared
by adding a volume of a 50/50 MeOH/MeCN solution such that the concentration was ~

10 mg/mL. Further analysis of these compounds and other fractions is now under way.

52



I1.5.4 LC-MS Analysis Parameters

LC-MS instrument parameters can be found as follows in Table 4.

MS
Acquisition Time (min) 33 min
Acquisition Mode Scan
m/z Range 200 -1100
Voltage (kV) 30
INTERFACE
DL Temperature (°C) 250
Heat Block Temperature (°C) 400
Nebulizing Gas Flow (mL/min) 1.5
Drying Gas Flow (mL/min) 15
PUMP
Solvent A Acetonitrile (MeCN)
Solvent B Water + 0.1% Formic Acid
Total Flow (mL/min) 2.2
Binary Gradient

Mode
Table 4. LC-MS Instrument Parameters

LC gradient was set according to Table 5.

Time (min) %MeCN
0 70
3 70
17 85
25 100
33 70

Table 5. LC-MS Gradient
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I1.5.5 Compound Data Summary
2 (OSW-1): 3pB,17a-Dihydroxy-16p-[[|0-(2-O-(4methoxybenzoyl)-f-D-xylopyranosyl)-

(1 — 3)-2-0-acetyl-a-L-arabinopyranosyl]oxy]cholest-5-en-22-one

Molecular formula: C47HesO15; ESI-MS (positive mode): m/z [M+Na]" 895.25, [M+H]"
873.25; ESI-MS (negative mode): m/z [M+HCOO] 917.15; M = 873.03 g/mol; '"H-NMR
(500 MHz, Acetonitrile-d3) 8 8.05 — 7.97 (d, J = 8 Hz, 2H), 7.06 — 6.98 (d, J = 8 Hz, 2H),
5.31(d,J=5.0 Hz, 1H), 4.87 — 4.81 (t, 1H), 4.73 (dd, ] = 8.3, 6.2 Hz, 1H), 4.61 (d, ] =
7.7 Hz, 1H), 4.20 (s, 1H), 4.01 (d, J = 6.2 Hz, 1H), 3.92 (dd, J=11.5, 5.1 Hz, 1H), 3.88
(m, 1H), 3.86 (s, 3H), 3.76 (dd, J = 12.4, 4.2 Hz, 1H), 3.67 (dt, ] = 8.9, 4.6 Hz, 2H), 3.63
—3.56 (m, 1H), 3.54 (t, ] = 8.8 Hz, 1H), 3.42 (dd, J = 12.4, 2.3 Hz, 1H), 3.31 (s, 1H), 3.26
(d, ] =9.7 Hz, 1H), 2.86 (q, ] = 7.4 Hz, 1H), 2.69 (s, 1H), 2.46 (m, 1H), 1.82 (m, 2H),
1.74 — 1.68 (m, 2H), 1.67 (s, 3H), 1.61 — 1.56 (m, 1H), 1.53 (m, 2H), 1.50 (d, J=9.7 Hz,
2H), 1.43 (d, T = 12.0 Hz, 1H), 1.41 — 1.29 (m, 2H), 1.28 — 1.16 (m, 4H), 1.07 (d, ] = 7.4
Hz, 3H), 1.03 (dd, J = 13.6, 3.8 Hz, 1H), 1.00 (s, 3H), 0.88 (m, 1H), 0.81 — 0.75 (m, 9H).

See Appendix P for NMR spectrum.
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3:  (3B,16p)-3,17-Dihydroxy-22-oxocholest-5-en-16-yl  2-O-acetyl-3-0-[2-0-(3,4-

dimethoxybenzoyl)-f-D-xylopyranosyl]-a-L-arabinopyranoside)

Molecular formula: C4sH70O16; ESI-MS (positive mode): m/z [M+Na]" 925.30; ESI-MS
(negative mode): m/z [M+HCOO] 947.10 ; M = 903.07 g/mol; 'H-NMR (500 MHz,
Acetonitrile-ds) 6 7.73 (dd, J = 8.5, 2.0 Hz, 1H), 7.61 (d, ] = 2.0 Hz, 1H), 7.06 (d, ] = 8.5
Hz, 1H), 5.34 (d, J = 5.1 Hz, 1H), 4.88 (t, ] = 8.2 Hz, 1H), 4.79 — 4.73 (dd, 1H), 4.66 (d,
J=7.7 Hz, 1H), 4.22 (s, 1H), 4.04 (d, ] = 6.0 Hz, 1H), 3.96 (dd, J = 11.5, 4.9 Hz, 1H),
3.90 (2s, 6H), 3.79 (dd, J = 12.3, 4.5 Hz, 1H), 3.74 — 3.69 (m, 2H), 3.68 — 3.62 (m, 1H),
3.59 (d, J = 8.9 Hz, 2H), 3.45 (dd, J = 11.2 Hz, 2.0 Hz, 1H), 3.30 (t, J = 11.2 Hz, 2H),
2.89(q,J=7.4Hz, 1H), 2.72 (s, 1H), 2.47 (m, 1H), 1.74 (m, 7H), 1.62 (m, 3H), 1.50 (m,
5H), 1.43 (m, 1H), 1.38 (m, 2H), 1.26 (4H, m), 1.10 (d, J=7.4, 3H), 1.05 (m, 1H), 1.03 (s,

3H), 0.92 (s, 1H), 0.92 (m, 1H), 0.81 —0.79 (m, 9H). See Appendix Q for NMR spectrum.
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4: 3p,17a-Dihydroxy-16p-[[O-(2-O-(E-cinnamoyl)-f-D-xylopyranosyl)-(1 — 3)-2-O-

acetyl-a-L-arabinopyranosyl] oxy]-cholest-5-en-22-one

Molecular formula: CssHesO14; ESI-MS (positive mode): m/z [M+Na]" 891.50; M =
869.06 g/mol; "H-NMR (500 MHz, Acetonitrile-d3) § 7.73 (d, J = 16.1 Hz, 1H), 7.65 (m,
2H), 7.46 — 7.40 (m, 3H), 6.52 (d, J = 16.0 Hz, 1H), 5.29 (d, ] = 5 Hz, 1H), 4.83 —4.78
(m, 1H), 4.75 (t, ] = 8.5 Hz, 1H), 4.53 (d, ] = 7.7 Hz, 1H), 4.21 (s, 1H), 4.04 (d, ] = 6.6
Hz, 1H), 3.89 (dd, J = 11.6, 5.3 Hz, 1H), 3.77 (dd, J = 12.6, 3.7 Hz, 1H), 3.73 — 3.64 (m,
2H), 3.56 (m, 1H), 3.45 (dd, J=17.1, 10.6 Hz, 1H), 3.24 (d, J = 10.8 Hz, 2H), 2.94 (q, J
=7.4 Hz, 1H), 2.69 (m, 1H), 2.34 (m, 1H), 1.99 (s, 3H), 1.72 (m, 2H), 1.52 (m, 5H), 1.36
(m, 1H), 1.33 (m, 2H), 1.22 (m, 2H), 1.20 — 1.19 (m, 1H), 1.14 (m, 2H), 1.09 (d,J =7.4
Hz, 4H), 1.05 (s, 1H), 0.99 (s, 3H), 0.88 (m, 1H), 0.78 — 0.76 (m, 9H). See Appendix R

for NMR spectrum.
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9: 38,1 7a-Dihydroxy-16p-[[0-(2-O-(4-hydroxybenzoyl)-f-D-xylopyranosyl)-(1 — 3)-2-

O-acetyl-a-L-arabinopyranosyl] oxy|-cholest-5-en-22-one

Molecular formula: CasHecO15; ESI-MS (positive mode): m/z [M+Na]" 881.25; M =
859.02 g/mol; "H-NMR (500 MHz, Acetonitrile-ds) & 8.00 — 7.94 (d, ] = 8 Hz, 2H), 6.96
—6.91 (d, J=8 Hz, 2H), 5.34 (d, ] = 5.0 Hz, 1H), 4.87 (t,J = 8.3 Hz, 1H), 4.76 (dd, J =
8.3,6.2 Hz, 1H),4.64 (d,J =7.7 Hz, 1H), 4.24 (s, 1H), 4.04 (d, ] = 6.2 Hz, 1H), 3.95 (dd,
J=11.6,5.1 Hz, 1H), 3.91 (s, 1H), 3.80 (dd, J = 12.4, 4.2 Hz, 1H), 3.70 (dt, ] = 7.8, 3.9
Hz, 2H), 3.66 — 3.60 (m, 1H), 3.56 (t, J = 8.9 Hz, 1H), 3.45 (d, J =12.3 Hz, 1H), 3.34 (d,
J=13.3 Hz, 1H), 3.28 (s, 1H), 2.89 (q, J =7.4 Hz, 1H), 2.71 (d, ] =4.7 Hz, 1H), 2.51 (m,
1H), 2.29 (m, 1H), 1.74 (m, 2H), 1.70 (s, 3H), 1.62 (m, 1H), 1.58 (m, 2H), 1.54 (d, J =
10.0 Hz, 2H), 1.47 (m, 1H), 1.37 (dt, J = 13.2, 6.7 Hz, 2H), 1.31 — 1.23 (m, 4H), 1.11 (d,
J=7.4Hz, 3H), 1.09 — 1.05 (m, 1H), 1.03 (s, 3H), 0.92 (m, 1H), 0.84 (d, J = 6.5 Hz, 6H),

0.80 (s, 3H). See Appendix S for NMR spectrum.
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20:  3,11a,22-Trihydroxycholest-5-en-16p-yl,2-0-acetyl-3-0-p-methoxybenzoyl-a-L-
rhamnopyranoside

Molecular formula C43He4O11; ESI-MS (positive mode): m/z [M+Na]" 779.40; ESI-MS
(negative mode): m/z [M+HCOO] 791.10; M = 756.97 g/mol; 'H-NMR (500 MHz,
Acetonitrile-ds) 6 7.93 — 7.88 (d, J = 8.8 Hz, 2H), 7.00 — 6.94 (d, J = 8.8 Hz, 2H), 5.38 (d,
J=5.6 Hz, 1H), 5.34 — 5.30 (d, J=2 Hz, 1H), 5.14 (dd, J = 9.7, 3.4 Hz, 1H), 5.11 (t,J =
2.5Hz, 1H), 4.85 (dd, J=3.5, 1.6 Hz, 1H), 4.66 (br. s, 1H), 4.60 (br.s, 1H), 4.17-4.10 (m,
1H), 3.95 (m, 1H), 3.84 (s, 3H), 3.80 — 3.75 (m, 1H), 3.72 — 3.54 (m, 4H), 3.46 (m, 2H),
3.43 (s, 2H), 3.27 (s, 1H), 2.70 (m, 1H), 2.58 — 2.55 (td, J = 3.5 Hz, ] = 13.9 Hz, 1H),
1.69 (s, 3H), 1.61 (s, 3H), 1.47 (m, 7H), 1.14 (s, 3H), 1.00 (s, 3H), 0.94 — 0.86 (m, 11H),

0.75 (dd, J =15.9, 6.6 Hz, 6H). See Appendix T for NMR spectrum.
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IF-111:  3p,17a-Dihydroxy-16p-[[O-(2-0-(4methoxybenzoyl)-fi-D-xylopyranosyl)-(1
— 3)-2-0-acetyl-a-L-arabinopyranosyl]oxy|cholest-5,24-diene-22-one

Molecular formula: C47Hs6O15; ESI-MS (positive mode): m/z [M+Na]" 893.20; ESI-MS
(negative mode): m/z [M+HCOO] 915.10; M = 871.03 g/mol; 'H-NMR (500 MHz,
Acetonitrile-ds) 6 8.03 — 8.00 (d, J = 8 Hz, 2H), 7.35 - 7.01 (d, J = 8 Hz, 2H), 5.36 (d, J
=5.2 Hz, 1H), 5.32 (d,J =5.0 Hz, 1H), 4.87 —4.82 (t, 1H), 4.75 (dd, J = 8.3, 6.2 Hz, 1H),
4.61 (d,J=7.7 Hz, 1H), 4.19 (s, 1H), 4.06 (m, 2H), 3.86 (s, 3H), 3.77 (m, 1H), 3.70 (m,
1H), 3.61 (t, J = 4.6 Hz, 2H), 3.56 (m, 1H), 3.47 (t, ] = 8.8 Hz, 1H), 3.42 (dd, J = 12.4,
2.3 Hz, 1H), 3.27 (m, 1H), 3.11 (q, J = 9.7 Hz, 1H), 2.91 (d, ] = 7.4 Hz, 1H), 2.69 (m,
1H), 1.72 (m, 2H), 1.74 — 1.68 (m, 2H), 1.66 (s, 3H), 1.53 (m, 2H), 1.51 (m, 5H), 1.22
(m, 4H), 1.07 (d, J = 7.4 Hz, 3H), 1.03 (dd, J = 13.6, 3.8 Hz, 1H), 1.02 (s, 3H), 0.88 (m,

10H), 0.76 (s, 3H). See Appendix U for NMR spectrum.
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Appendix A. Isolated OSW-1 analogs with Structure A

R 1 Rz R 1 R R, Rj Ry
12 24 H OH H H
1 H H H A
, 13 A" H OH H A
2 (0OSW-1) H PMBz H €
14 A¥  H OH Ac Ac
3 H DMBz H
] 15 H OH H H
4 H CNM H 16 H OH H Ac
5 gle PMBz H 17 H OH Ac H
6 gle CNM H 18 H OH Ac Ac
7 H DMBz  gle 19 H OH Ac TMBz
8 H TMBz gle 20 H OH Ac PMBz
9 H PHBz H 21 gle OH Ac H
10 H TMBz H 22 gle OH Ac Ac
11 gle PHBz H 23 gle OH Ac PMBz
24 gle OH Ac TMBz
25 A H OH Ac H
26 A gle OH Ac Ac
27 A gle OH Ac PMBz
28 A% gle OH Ac TMBz
29 A* gl vha OH Ac Ac
30 gle H Ac Ac
R, Rz Ry 31 A% H H Ac H
33 H OH H 32 A" gle H Ac Ac
34 gle H H : PHBz: p-hydroxybenzoyl CNM: (E)-cinnamoyl E
' PMBz: p-methoxybenzoyl Ac: Acetyl H
35 H H H i DMBz: 3,4-dimethexobenzoyl glc: p-D-glucopyranosyl |
36 H H Me + TMBz: 3,4,5-trimethoxybenzoyl rha: u—L-l‘hamnopyl‘anosylj
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Appendix B. Cytotoxic activities of compounds with Structure A (NT: not tested)

ICso values (nM)
HL-60 A549
3.4+0.076 98 + 8.0
0.061 +0.002 0.65+0.018
0.19 +£0.0026 1.7 £ 005
0.077 £0.0070 0.68 £0.057
0.24 NT
0.12 NT
16 NT
14 NT
0.20 £ 0.0074 3.6 037
0.55+0.013 6.2+0.10
NT NT
inactive NT
109 NT
2670 £310 NT
inactive NT
0.99 NT
inactive NT
7120 £ 270 NT
50+ 10 270 £40
60 +£2 370 £90
inactive NT
inactive NT
1570 £ 100 NT
inactive NT
inactive NT
inactive NT
7720 £ 420 NT
5330 + 330 NT
5940 £ 100 NT
90 + 10 2410+ 170
160 £+ 20 1840 + 310
80+10 980 £ 90
20 (LCso value, nM) NT
inactive inactive
inactive inactive
inactive inactive
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Appendix C. Isolated OSW-1 analogs with Structure B

HO.
[Ho ° o
HO
R R
37 gle=» 'rha 47 gl Ygle
38 rha'—s PMBz
HO
|no
HO
19 CHO gl Irha
40 CHO rha H
41 CHO rha*>PHB: H
a2 CHO rha' > PMBz H HO
a2 CH,0H vha' 3> PHB: H HO a
“ CH,0H rha'»PMBz H Ho Rs
45 CHsOH  cha'»PHB: OH
46 CH,0H  cha'»PMBz OH - Rs
50 H gle* 3 'rha
i\ PHBz: p-hydroxvbenzovl  gle: f-D-glucopyranosyl E | 0OH rha'— PHEBz
E FMBz: p-methoxvbenzoyl rha: g-L-rhamnopyranosyl | 3 H rha'—» PMEBz
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Appendix D. Cytotoxic activities of compounds with Structure B (NT: not tested)

Compounds ICso values (nM)
HL-60 MOLT-4 A549

1,800 1,300 NT

92 32 NT
inactive inactive NT
“ inactive inactive NT

21 18 1,010 £ 17
19 NT NT
63 NT 4930 + 60
[ 4 e NT NT
45 37+44 NT 1,030 + 69
[ 46 90 + 14 NT 500 + 53
inactive inactive NT
| 48 790 + 17 NT 5,790 + 280
“ inactive NT inactive
[ 50 58 42.0 NT 900 + 11
S 67+023 NT 850 + 15
170 +5.1 NT 5,500 + 170

Appendix E. Cytotoxic activities of 15 new isolated OSW-1 analogs by Chen et al.

New ICso values (nM)

Compounds A549 BGC-823 HCT-116 HepG2 MCF7
inactive inactive inactive inactive inactive
“ inactive inactive inactive inactive inactive
“ inactive inactive inactive inactive inactive
inactive inactive inactive inactive inactive
inactive inactive inactive inactive 200
inactive inactive inactive inactive inactive
“ inactive inactive inactive inactive inactive
“ inactive inactive inactive inactive inactive
1nactive inactive inactive 1nactive 1nactive
inactive inactive inactive 1nactive 1nactive
1nactive inactive inactive 1nactive 1nactive
“ inactive inactive inactive inactive inactive
“ inactive inactive inactive inactive inactive
“ inactive inactive inactive 1nactive 1nactive
1nactive inactive inactive 1nactive 1nactive
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Appendix F. Modified steroidal nucleus analogs 68 and 69 and their cytotoxic
activities (NT: Not Tested)

ICso values (nM)

Compounds NCI MDA-
P AGS 7404 MCF7 ~ T470 MB- A498 PC-3 DLD1
H460 231

NT NT NT 439 709 1010 430 1400 1180

B 0 2 29 NT  NT NT NT NT  NT

Appendix G. Modified side chain analogs 70-101 and their cytotoxic activities (NT:
Not Tested)

R

82 H

83 i-CH,

84 n-C,H,

85 i-C,H,

86 CH,

87 CH,CH,CH,

88 CgH
70 Me CH,CH, s
71 H (CH,),,CH,

R
89 CH,
90  O(CH,),CH,
O Pon 91 (CH,);CH(CH;),
OPMBz
X R R

77 0 CH,CH(CH,), 92 CH,
73 0 CH,CH, 93 CeHy,
74 0 (CH,),,CH, 94 CsH,,
750 (CH,,sCH,4 95 CyHyy
7% 0 (CH,),,CH, 96 Cy3Hy,
7 0 CH,CH=CH, 97 CyH;s
8 0 CH,CH=CH(CH,);0Bz 98 CH=CHCH,
79 S i-C;H, 99 C HyCH=CH,
80 NH i-C;H, 100 CoH
81 NCH, OCH, 101 p-CsH,0CH,
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Compounds

Hela

34
inactive
230
240

2
inactive
65
40
1.3
8.4
12
NT
NT
NT
NT
NT
*12
*8
inactive
*350
NT
inactive
inactive
inactive
inactive
inactive
inactive
inactive
inactive
inactive
inactive

I1Cso values (nM) or *TCSso (103 pM)

Jurkat T

4.2
73
0.68
53
7.3
1.4
inactive
2.7
3
0.9
53
35
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT

MCF7

130
1400
900
inactive
140
2600
inactive
100
190
5200
1800
inactive
inactive
inactive
inactive
inactive
6610
20
*40
inactive
*860
60
inactive
inactive
inactive
inactive
inactive
inactive
inactive
inactive
inactive
inactive

&5

MDA-
MB-23
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
inactive
inactive
inactive
inactive
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT

Ishikawa

NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
inactive
inactive
inactive
inactive
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT

AGS

NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
6980
1920
NT
NT
NT
1380
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT



ICso values (nM) or *TCSso (103 pM)

S 744 CEM G361 HOS  AS49  T98  HCTI6  BJ
NT NT NT NT NT NT NT NT
NT NT NT NT NT NT NT NT
NT  NT NT NT NT NT NT NT
NT  NT NT NT NT NT NT NT
NT  NT NT NT NT NT NT NT
NT NT NT NT NT NT NT NT
NT NT NT NT NT NT NT NT
NT  NT NT NT NT NT NT NT
NT  NT NT NT NT NT NT NT
NT  NT NT NT NT NT NT NT
B NT NT NT NT NT NT NT NT
NT NT NT NT NT NT NT NT
NT NT NT NT NT NT NT NT
NT  NT NT NT NT NT NT NT
B Nt NT NT NT NT NT NT NT
B Nt NT NT NT NT NT NT NT
BT 2900  NT NT NT NT NT NT NT
32 *0.5  *3100  *140 *0.9 NT NT NT
NT %02  *1400  *42 *0.5 NT NT NT
[ I NT %1300 inactive  NT NT NT NT NT
I NT O *<200 %1900 1800  *<200  NT NT NT
63 NT NT NT NT NT NT NT
NT  inactive inactive inactive inactive inactive inactive  inactive
NT  inactive inactive inactive inactive inactive inactive inactive
“ NT 7200 inactive  inactive inactive inactive  inactive 7000
“ NT 6300 8000 inactive  inactive 7000 inactive 5000
“ NT  inactive inactive inactive inactive inactive inactive  inactive
NT  inactive inactive inactive inactive inactive inactive inactive
“ NT  inactive inactive inactive inactive inactive inactive  inactive
“ NT  inactive inactive inactive inactive inactive inactive  inactive

NT  inactive inactive inactive inactive inactive inactive  inactive
NT  inactive inactive inactive inactive inactive inactive inactive
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Appendix H. Modified disaccharide analogs 102-105 and their cytotoxic activities
(NT: Not Tested)

102 4R-L-arabinopyranosyl Ac
103 4S-L-arabinopyranosyl Ac

104 4R-D-xylopyranosyl PMBz
105 4S-D-xylopyranosyl PMBz
TCSso values (10 pM)

S CEM MCF7 K562 ARNS G361  Hela  HOS  AS49

[ 102 [N NT NT NT NT NT NT NT

102
200 1300 430  inactive 2200 570  inactive inactive

[ 104 BN NT NT NT NT NT NT NT

“ inactive  inactive inactive inactive 3500 inactive inactive inactive

Appendix I. OSW-1 analogs with modified side chains and disaccharide moieties

oS/

X OR
106 CHOH (S) PMBz 111 CHOH(S) PMBz
107 C=0 PMBz 112 C=0 PMBz
108 CHOH (S) CNM 113 CHOH (S) CNM
109 C=0 CNM 114 C=0 CNM
110 CH, CNM 115 CH, CNM

Appendix J. OSW-1 sulfur-containing analogs identified by HPLC-MS

116 ThOSW-1 117 SiThOSW-1
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Appendix K. Selected Analytical method comparison. Stepped gradient 75/25 to 85/15

to 100/0 MeOH/H:O (left) and stepped gradient 70/30 to 85/15 to 100/0 MeCN/H20
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Appendix L. Compounds LC-MS data IF-1-27 Fractions F1-4, F5-10 and F11-27
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Appendix M. Compound LC-MS data IF-I-27 Fractions F28-37, F38-60 and F61-69
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Appendix N. Compound LC-MS data IF-I-27 Fractions F70-72 and Wash
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Appendix O. Compound LC-MS data IF-I-29 Fractions F26-37, F38-45, F46-53 and

F54-68
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Appendix P. NMR Spectrum of 2 (OSW-1)
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Appendix Q. NMR Spectrum of 3 (DMBz Analog)
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Appendix R. NMR Spectrum of 4 (E-CNM Analog)

207-IF-I-29-Bulb-Extraction-F38-45-FRC9_PROTON_02
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Appendix S. NMR Spectrum of 9 (PHBz Analog)
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Appendix T. NMR Spectrum of 20 (Cholestane Rhamnoside)
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Appendix U. NMR Spectrum of IF-111 (Novel C24-C25 Unsaturated Analog)
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