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ABSTRACT

Bioprospecting of Red Sea Sponges for Novel Antiviral Pharmacophores

Aubrie Elise O’'Rourke

Natural products offer many possibilities for the treatment of disease. More than 70% of
the Earth’s surface is ocean, and recent exploration and access has allowed for new
additions to this catalog of natural treasures. The Central Red Sea off the coast of Saudi
Arabia serves as a newly accessible location, which provides the opportunity to bioprospect
marine sponges with the purpose of identifying novel antiviral scaffolds. Antivirals are
underrepresented in present day clinical trials, as well as in the academic screens of marine
natural product libraries. Here a high-throughput pipeline was initiated by prefacing the
antiviral screen with an Image-based High-Content Screening (HCS) technique in order to
identify candidates with antiviral potential. Prospective candidates were tested in a
biochemical or cell-based assay for the ability to inhibit the NS3 protease of the West Nile
Virus (WNV NS protease) as well as replication and reverse transcription of the Human
Immunodeficiency Virus 1 (HIV-1). The analytical chemistry techniques of High-
Performance Liquid Chromatograpy (HPLC), Liquid Chromatography-Mass Spectrometry
(LC-MS), and Nuclear Magnetic Resonance (NMR) where used in order to identify the
compounds responsible for the characteristic antiviral activity of the selected sponge
fractions. We have identified a 3-alkyl pyridinium from Amphimedon chloros as the
causative agent of the observed WNV NS3 protease inhibition in vitro. Additionally, we
identified debromohymenialdisine, hymenialdisine, and oroidin from Stylissa carteri as

prospective scaffolds capable of HIV-1 inhibition.
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INTRODUCTION

Marine natural products provide new avenues for drug discovery by offering a
diversity of molecular scaffolds. The discovery and acquisition of natural product
pharmacophores, constituted of novel “privileged scaffolds”, are important for the
development of new pharmaceuticals. The atoms of pharmacophores have a chemical
spatial arrangement, which elicit a known or predicted biological activity. Natural products
have the potential to facilitate the hit to lead process because they act as starting points
with unique chemical architectures that require less modification and optimization than

what is necessary to achieve the same chemical novelty in a purely synthesized compound.

Natural Products versus Synthetics as Pharmacophores

A recent review of 100 natural products (NPs) (which includes compounds
produced from natural product templates using semi-synthesis and synthetic compounds
inspired by natural product templates) as well as the 33 Antibody Drug Conjugates (ADC) in
clinical trials as of 2013, reveals the important role that natural products play primarily in
the treatment of cancer and bacterial diseases and to a lesser extent in the treatment of
viral, cardiovascular, metabolic, inflammatory and neurological disease. In total 25 natural
product-related drugs have been approved since 2008 where on average 20-30 small
molecules are approved per year, leaving natural product-related drugs to account for
roughly 20% of the drugs approved from 2008-2013. The US Food and Drug Administration
(FDA) reports that between the years 1981 and 2010, 34% of medicines were naturally
derived 1. This illustrates a slight drop off for natural products in the pharmaceutical realm
and this could continue as only five of the natural product pharmacophores discovered in
the past fifteen years are currently being investigated in clinical trials. A trend has emerged

where academic and national research labs are the primary generators of novel natural
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product pharmacophores. Pharmaceutical companies acquire these scaffolds from research
laboratories and then develop the leads in the same way as synthetic molecules- to conform
to the Lipinski ‘Rule of Five’. The “Rule of Five” follows four assumptions involving multiples
of five (no more than 5 hydrogen bond donors such as nitrogen or oxygen with one or more
hydrogen atoms; no more than 10 hydrogen bond acceptors such as nitrogen or oxygen
atoms alone; molecular mass, no less than 500 daltons; octanol-water partition coefficient
(logP), no greater than 52). These qualifications have generated drug-like compounds with
the ability to be absorbed, distributed, metabolized, excreted, and non-toxic (ADMET) to

cells.

Natural products are often exceptions to the rule of five, yet they serve as effective
drugs because of the diversified stereochemistry, or spatial arrangement of the atoms in the
compound!. Natural product chemistry provides a greater chemical space than the products
that are achieved by synthetic or combinatorial chemistry. The application of an ADMET
filter to a novel natural pharmacophore can generate an extremely effective new chemical
entity3. Because chemical space is synonymous with multi-dimensional molecular
descriptor space? this also allows for new entities to be modeled in silico and aids in the

design of new leads with novel scaffolds.

The need for novel Antiviral Pharmacophores and targets

Despite the combined screening efforts of synthetic libraries around the world,
antiviral drug approvals continue to be elusive either for a lack of chemical novelty in the
libraries or for a lack of diversity in assay targets. In the period of 2008 to 2013, Hepatitis C
Virus (HCV) was the only viral target to be in clinical trials with a derivative of the natural

product, cyclosporine A. This is in contrast to the 71 natural derivatives targeting cancers
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for the same time periods. Cancer screening has a rich history with screening efforts that
began in the 1950’s. The screening setup is less sophisticated than what is required for
antiviral screens, with a more simplistic criterion for hit consideration. Generally, a
compound shows anticancer potential if it is cytotoxic with specificity to the cancerous cell
type. A virus, on the other hand, is a non-living entity that relies on the host’s cellular
machinery for replication. Therefore, an antiviral needs to inhibit at least one step in the
propagation of the virus without being cytotoxic to the host cell, and be capable of
overcoming mutations conferring resistance, and not be immunosuppressive. This requires
a near to complete understanding and characterization of the viral proteins in order to

develop antiviral drugs specific to the virus.

The first antiviral drug was approved in 1962. It was a nucleoside analog, named
Idoxuridine, for the treatment of Herpes simplex keratitis and was initially identified as a
DNA synthesis inhibitor from an anticancer screen. Viruses with an association to cancer
have been well studied and protease, reverse transcriptase, entry inhibitors, and
maturation inhibitors among others have been approved. These viruses include the Human
Papilloma Virus (HPV), Hepatitis C Virus (HCV), Human Immunodeficiency Virus-1 (HIV-1)
by association to the first human retrovirus, Human T-Cell Lymphotropic Virus (HTLV), and

Herpes Simplex Virus (HSV).

Retroviruses, named for their ability to reverse transcribe RNA to DNA, gained
attention for their ability to cause neoplastic or tumor forming disease. Peyton Rous first
observed this phenomenon in 1906. This observation propagated research efforts focused
on describing the mechanism of transformation used by animal retroviruses. In the 1960’s

Howard Temins observed that the retrovirus, known to have a RNA genome could be
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inhibited by actinomycin D, a DNA synthesis inhibitor. Later in 1975, Temins, David
Baltimore and Renato Dulbecco shared the Nobel prize for discovering the retroviral
reverse transcriptase. This is the polymerase that is capable of transcribing DNA from RNA,
which helps retroviruses to incorporate into the host genome. Upon the advent of a
lentivirus with a less oncogenic, yet chronic manifestation, HIV, the characterization of the
“complex” retrovirus grew upon the foundation set from research efforts into the “simple”

tumor-forming retrovirusese.

The National Cancer Institute recognized the need for an anti-AIDS division and
incorporated antiviral screening into their program in 1983. This generated the necessary
momentum, which led to the FDA approval of the first reverse transcriptase inhibitor,
azidothymidine (AZT), in 1987. Since then a number of inhibitors targeting the viral
protease and reverse transcriptase, among other virally encoded proteins, have been
approved. Despite the number of inhibitors that currently exist there remains a constant
demand for new drugs as new mutations arise on account of the error prone HIV reverse
transcriptase and the quick replication rate of HIV, thus causing an arms race of sorts. The
best weapon do date has been the Highly Active Antiretroviral Therapy (HAART) where a
combination therapy is used in order to reduce viral load. However, it has been observed
that latent reservoirs containing drug-resistant variants of the virus exist and exacerbate

the problem and necessitate the need for new anti-retrovirals.
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Timeline: Cancer research, Marine natural products, and Antivirals
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Figure 1: Timeline highlighting the tripartite link between Cancer research, Marine

natural products and Antivirals. (Dates compiled from literature.)

Another virus with oncogenic ramifications that has made a substantial impact on the

human population is the Hepatitis C Virus (HCV), which currently has more than 34

prospective antivirals in various clinical phases. Pegylated interferon and ribavirin were the

first HCV medications available followed by the directly acting antivirals (DAAs):

Boceprevir, Telaprevir, and Simprevir which target the viral protease and Sofsbuvir, a viral

polymerase inhibitor. When the number of HCV approvals is compared to the West Nile

Virus (WNV), also in the family Flaviviridae, which has no antivirals, the disparity among

viruses in terms of screening efforts and drug approvals is apparent. The WNV has made a

substantial impact on the citizens of developing countries and a low cost antiviral would

benefit the global populations alike. In fact many of the RNA viruses aside from retroviruses
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are without any antiviral remedy to date. This long list includes the Filoviruses, most
notably Ebola; and the Picornaviruses, which includes the togaviruses encompassing the
flaviviruses; the Arenaviruses, responsible for various hemorrhagic fevers; and the
reoviruses, responsible for respiratory and intestinal infections. Other RNA viruses where
the need for antiviral treatment is obviated by the existence of a vaccine include polio,
hepatitis A, measles, mumps, and rabies, and influenza A, and yellow fever. Research into
viruses that have been the subject of clinical trials, such as HPV, HCV, and HIV, must
continue however pharmaceutical research needs to further extend its scope to viruses
without a neoplastic ramification that impose a substantial global impact such as the

neglected tropical disease-causing viruses of WNV and Dengue Virus (DENV).

Marine natural products and bioactivity

A statistical review preformed by Hu et al 20157 analyzed the temporal trends of
marine natural products discovered between the years 1985 to 2012. Every year anticancer
activity has dominated the bioactivity spectrum. 25% of all novel compounds for all years
have been associated with any bioactivity. The authors view this as an indicator that
screening for bioactivity is not commiserate with the rate of discovery. Years where
bioactivity reports exceed the 25% bioactivity average were years that included screens
beyond cancer inhibition and included a diversity of antibacterial, antifungal, antiviral and
pest resistance screens. Of the four thousand bioactive compounds surveyed, 56% had
reported anticancer activity, 13% had antibacterial activity, and antivirals accounted for
only 3% of the total. However, antiviral screenings comprised nearly 10% of all bioactivity

in the year 1987 coincident with the approval of AZT for HIV, but has since decreased.
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The most common compound category found for marine natural products are the
terpenes at 40% of all known compounds followed by the alkaloids at approximately 25%.
Other compound classes include the sterides, ketals, lactones, hydroxybenzenes, and
peptides, in order of abundance. However, the peptides with an overall abundance of little
more than 5% have the greatest proportion of bioactive compounds at 40%. This is
compared to the terpenes that have the lowest proportion of bioactivity at 20% and the
alkaloids, which have a proportion of bioactivity at 31% 7. In summary there are a great
number of marine natural product compounds with bioactivities, which remain to be

discovered.

Marine sponges and their antiviral potential

Historically, 75% of all the known marine natural products have been isolated from
marine invertebrates. The marine sponges are in the phylum Porifera, which accounts for
30% of all marine natural product compounds known to date. Of nearly 1800 compounds
reported for Porifera, only 30% have a reported bioactivity’. Anticancer and antibacterial
bioactivities also dominate the marine natural product pharmacophore landscape. This has
been attributed to the observation that sessile marine organisms are under constant
bombardment by marine microorganisms8. Marine bacteria exist in the ocean at an
abundance of approximately 10écells/ml and in order to avoid competition, some bacteria
have found their ecological niche within sponges and generate secondary metabolites in
defense against the ambient bacterial load. This has spurred the search for antibiotics from

marine invertebrates.

However, it has been estimated that the abundance of marine viruses is 15-fold

higher than that of bacteria and archaea, with approximately 15 x 106/ml° in the water
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column%, Much of the focus of marine viral research is on bacteriophages because of their
ability to shape marine microbial communities, and to a lesser extent, marine viruses have
been implicated in disease among marine invertebrates and vertebrates. There are thought
to be 103%viruses in the ocean!?, which far outnumber the quantity found on land. It is then
not hard to imagine that sessile marine invertebrates produce secondary metabolites that
have an evolutionarily selected ability to inhibit viruses. These metabolites may exhibit a
broad-spectrum antiviral capacity wherein they act upon the host proteins that the virus
hijacks in order to increase pathogenesis rather than by directly inhibiting virally encoded
proteins2. However, marine organisms may harbor metabolites with the evolved capacity
to act directly on the virus, given the evidence as “simple” sarcoma-causing retroviruses
have been reported in molluscs!3 and “herpes-like” viruses have been associated with

corals!4, as well as Rhabdoviruses in panaeid shrimp!.

The search for marine derived antiviral pharmacophores is not without precedent. A
review from Sagar et al. 201015 summarizes antivirals leads derived from marine sponges.
In the 1950s a nucleoside containing an arabinose sugar, spongouridine was isolated from
the Caribbean sponge Tethya crypta 16. The antiviral activity of its synthetic analog, Ara-A
was later described 17. It was found to inhibit viral DNA polymerases and synthesis of
herpes and the varicella zoster viruses. Other antivirals derived from sponges include
Mycalamide A and B active against the corona virus 18, Herpes simplex type 1 and Polio type
1 19 isolated from the genus, Mycale. Additionallly, Avarol isolated in 1973 from Disidea
avara 20 is shown to have an effect on human T-lymphotropic retrovirus (HTLV III) and HIV-
1. The cyclic depsipeptides, papuamide A,B,C, and D from Theonella mirabilis and Theonella
swinhoei 21; and the large microspinosamide from Sidonops microspinosa 22 are also

recognized for anti-HIV activity?3. The alkaloids, 4-methylaaptamine from the marine
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sponge Aaptos sp. showed anti HSV-1 activity 2¢ as well as the bromoindole alkaloid,
dragmacidin F, from the genus Halicortex which shows antiviral activity against HIV-1 and
HSV-125, Finally, the first of the manzamines, Manzamine A was isolated from Haliclona sp.2¢,
a family of compounds with bioactivity ranging from antimicrobial, antiparasitic,

antipesticidal, and anti-HIV-1 to anti-AIDS opportunistic infections 26,
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OBJECTIVE
Addressing the need for new antiviral leads by high-throughput screening

An image-based High Content Screening (HCS) cytological profiling approach is used
in order to identify Red Sea sponges with antiviral promise and to assess their cytotoxicity.
The candidate fractions generated by HCS in Chapter 1, are further investigated in Chapters
2 and 3. The aim of Chapter 2 is to determine which compound produced by the sponge,
Amphimedon chloros, is able to inhibit the West Nile Virus (WNV) nonstructural protein 3
(NS3). The aim of Chapter 3 is to determine which compound from the sponge, Stylissa
carteri, is capable of inhibiting the Human Immunodeficiency Virus-1 (HIV-1).

The West Nile Fever is considered a neglected tropical disease and is caused by the
WNV. WNV is without antiviral treatment to date. It is a disease prevalent in Africa, the
Middle East and around the Mediterranean Sea, as it is transferred to humans by a mosquito
vector where it reaches a dead-end in its lifecycle and can manifest as encephalitis or
meningitis in extreme cases. It is in the Flaviviridae family among Heptitis C Virus (HCV),
Dengue Virus (DENV) and Yellow Fever Virus (YFV) where HCV currently has two approved
NS3 protease inhibitors on the market and the others have none. HCV is a disease common
among injection drug users, a first world mosquito bite. Pharmacologically effective drugs
are needed for the treatment of WNV and DENV as YFV has a vaccine and the others do not.

The HIV virus remains a promising antiviral target because of its previously
displayed natural product druggability 27; where despite, Highly Active Antiretroviral
Treatment (HAART), HIV infections still represent a global threat with more than 34
million infected individuals worldwide and 2.5 million new infections in 2011 (UNAIDS
report on the global AIDS epidemic, 2012). This is attributed to its tendency to accumulate

drug-resistances, which creates the demand for new anti-HIV chemotherapies. This thesis
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displays the potential of a Red Sea sponge library to be a natural reserve for novel antiviral
pharmacophores for the treatment of the neglected tropical disease-causing WNV and HIV-

1.

Chapter 1
Red Sea Sponge

library is evaluated by
High Content
Screening and antijviral
candidate fractions
are identified.

Chagterz\/chagter 3

Antiviral candidate Antiviral candidate
fraction from fraction from Stylissa
Amphimedon chloros is cateri is tested for
tested for ability to ability to inhibit Human
inhibit West Nile Virus Immunodeficiency
NS3 protease. The Virus-1. The active
active compound in the compounds in the
sponge fraction is sponge fraction are
identified. identified.

Figure 2: Smart-throughput approach for identifying novel antiviral inhibitors from a

pre-fractionated Red Sea sponge library.
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CHAPTER 1: Bioprospecting of a Central Red Sea Sponge Library

1.1 Abstract

Marine sponges represent an important source of natural products with potent
biological activities and unique structural characteristics. Several sponge-derived
compounds have been successfully converted into approved medications with various
therapeutic applications. The bioactive potential of marine sponges of the Central Red Sea
has not been studied in great detail due to the inaccessibility of the Saudi Arabian coast.
This study aimed to assess the antiviral potential of a collection of 15 distinct sponges
species collected in coral reefs in the Central Red Sea off the Saudi Arabian coast. We used a
cytological profiling approach by image-based High-Content Screening (HCS) with a set of
10 cellular markers. The pre-fractionated organic sponge extracts were evaluated for an
antiviral potential based on their ability to show phenotypic similarity to any of the 600
reference compounds with known structures and assigned biological activities. Our
approach provided two candidate fractions that showed a close matching of cytological
profiles with several reference compounds. Fraction 2 of Amphimedon chloros clustered
with two reference compounds that are hypothesized to show activity against viral
proteases whereas cytological profiles of Fraction 1 of Stylissa carteri showed phenotypic
similarity to reference compounds with various mechanisms-of-activity against the human
immunodeficiency virus 1 (HIV-1). These two fractions were selected as prospective
candidates for further antiviral testing for activity on the West Nile Virus NS3 protease as
well as replication of HIV-1, respectively. In summary, our work demonstrates the
versatility and power of cytological profiling for bioprospecting of unknown biological
resources and for the selection of candidates for further studies on specific biological

targets.
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1.2 Introduction

Coral Reefs in the Central Red Sea off the coast of Saudi Arabia constitute a unique
and understudied environment that provides the promise of new bioactive molecules with
unexplored pharmacophores. The Red Sea exhibits a very warm, saline, and semi-isolated
environment where organisms have adapted to thrive despite challenging conditions. This
has consequences not only to eukaryotic reef organisms, but also on the composition,
identity, and function of the associated bacterial assemblages, where the bacteria associated
with sponges have also been shown to produce bioactive molecules in the form of
secondary metabolites? 2 This study taps into the chemical potential of Central Red Sea reef

sponges as a natural reserve for novel antiviral pharmacophores.

To date much of the work performed on the topic of marine natural products in the
Red Sea has originated from sampling in the northern Red Sea on the account of
accessibility. Bioprospecting of a sponge library from the central Red Sea offers a unique
sampling environment that is highly different from the northern Red Sea because of the
contrasting gradients of temperature and salinity found along the north-to-south axis of the
Red Sea. The northern Red Sea is characterized by increased salinity (41psu vs. 36 psu.) and
decreased surface temperature (24°C vs. 30°C) in comparison to the southern Red Sea,
which is fed by the Indian Ocean through the Gulf of Aden 3. A connectivity study of Stylissa
carteri by microsatellite analysis showed that populations of this sponge in the Red Sea
experience a break in connectivity at 16.85°N 4. Our sampling points are at approximately
22°N this suggests that our central Red Sea collection is genetically distinct from sponges
from the same genus that originate in the Indian Ocean; however, southerly enough to
experience quite distinct environmental conditions compared to their genetically more

similar counterparts in the north.
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Natural products have been reported in the literature for the following sponge
species collected from the northern Red Sea: Aaptos aaptos 5, Biemna fortis ¢, Callyspongia
fistularis 7, Diacarnus erythraeanus 8, Dysidea herbacea °, Dysidea avara 19, Erylus sp. 5
Haliclona 11, Hyrtios erecta 12 Latrunculia magnifica 13, Mycale euplectellioide 14, Negombata
magnifica 15, Petrosia sp. 16, Psammaplysilla purpurea 17, Pseudoceratina Arabica 18,
Siphonochalina siphonella ° 19, suberea mollis 182 20, Xestospongia exigua and Theonella
swinhoei 21. The sponge collection assembled in this study represents many previously
uninvestigated sponges from the Red Sea, having little overlap with species reported from
the northern Red Sea including: Amphimedon chloros, Aplysinella rhax or dysidea rhax,
Clathria sp., Crella aff. Papillata, Crella cyathophora, Dactylea, Dragmacidon "Ectyoplysia”
coccineum, Haliclona (Reniera) fascigera, Hyrtios erectus, lotrochota, Leucetta, Stylissa
carteri, Theonella swinhoei, Xestospongia testudinaria, Order: Verongida, Family:

Respailiidae.

1.2.1 High Content Screening using pre-fractionated Marine extracts

The focus of High Content Screening (HCS) has followed an evolution from single
compounds with single markers to single compounds with multiple markers to the
screening of mixtures using multiple markers. Marine invertebrate-derived extracts present
several challenges with regard to screening because a high chemical diversity is often
present in crude extracts and the resulting interactions among molecules can mask the
bioactivity of the individual constituents?2. A pre-fractionated solid phase extraction of the
marine material is used to desalt the sample and resolve the chemical diversity of the
fraction. The pre-fractionated mixtures of unknown composition can then be evaluated by
the phenotype they elicit in cells and how they cluster with compounds from a reference

library. This has allowed for the identification of a novel group of iron siderophores by
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Schulze et al. 201322, which are structurally dissimilar to the DNA binding agents to which
they clustered but are capable of a similar mechanism of action. Iron siderophores are able
to interfere with DNA synthesis by sequestering iron in tumor cells and inhibiting the
ribonucleotide reductase, the enzyme responsible for catalyzing the formation of
deoxyribonucleotides from ribonucleotides. This novel family of iron siderophores, the
microferrioxamines A-D, exhibit a cytological profile which suggests their ability to impose

a G1/S arrest similar to the iron siderophore, desferriosamine, a known antitumor agent.

1.2.2 High Content Screening for the identification of novel Antivirals

Due to the fact that viruses are non-living and require the host’s cellular machinery
to replicate, antiviral drug discovery is not as straightforward as identifying a compound
with anticancer potential. However, historically the identification of the nucleoside inspired
DNA synthesis inhibitors in anticancer screens led to the first antiviral, Ixouridine, to be
approved in 1962. This compound has a remarkable similarity to the naturally occurring
spongouridine from the sponge Tethya crypta, whose synthetic analog Ara-C was approved
in 1969 for the purpose of inhibiting DNA synthesis associated with leukemia, lymphomas
and generalized herpes infections. These foundational discoveries paved the way for
techniques that explored ways to inhibit DNA synthesis, such as the technique of Sanger
sequencing developed in 1977, where modified nucleotides lacking the 3’'OH group of the
five carbon base, terminate synthesis. Years later in 1987, the same mechanism of action
observed for nucleoside analogs was used to inhibit the reverse transcriptase of HIV, with
that came the approval of the drug AZT. Viral proteins are not found in living cells if there
was never a previous infection of the cell; however, as discussed above compounds that
have been developed for the treatment of cancers and other diseases harbor

pharmacophores with the potential to inhibit diseases other than for what they have been
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previously approved. De Clercq et al 201523 recounts the role serendipity has played in the
discovery of antiviral drugs. He cites the discovery of seramin that was a known
antitypanosomal agent, which emerged as a reverse transcriptase inhibitor before AZT and

the 2’,3’ dideoxynucleosides used in Sanger sequencing.

Another approach aside from directly targeting viral proteins is to target host
cellular proteins in order to decrease viral pathogenesis. Martinez et al. 201524 cites the use
of new assays and predictive tools as the reason for the re-emergence of efforts focused on
identifying broad-spectrum antivirals with the capacity to block host processes that
facilitate viral pathogenesis. This approach has met skepticism in the past because of the
propensity to cause toxicity to the host cell. However, HCA offers the ability to assess
toxicity using a detailed assessment of whole-cell morphology, nuclear architecture and
DNA content, cell-cycle characteristics, cytoskeletal re-arrangement, mitochondrial
distribution and physiology, parameters of the endoplasmic reticulum, and lysosomal
vesicles as well as plasma membrane rearrangement. Additionally, the approach of using a
reference library composed of drug-like compounds to which the fractions of interest are
clustered allows for a prioritization of previously unevaluated extract compounds that are
drug-like. These prioritized extracts are then investigated for their ability to assert a
mechanism of action that maybe able to inhibit viral pathogenesis either by inhibiting host

factors or by directly inhibiting viral proteins.

The approach used here employs an image-based High Content Analysis (HCA) in
order to characterize the cytological activity of pre-fractionated sponge fraction mixtures.
The mixtures of unknown composition are clustered to the LOPAC1280 library (Sigma

Aldrich) based on the phenotypic fingerprint, which they share with compounds of the
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reference library. This comprehensive approach allows for the detailed understanding of
the biological activities of these extract mixtures of unknown composition on a human cell
line. The assay includes markers for all the major organelles as well as the important
mediators of the major cellular regulatory pathways, i.e. NFkB, p53, and Caspase 9.
Identifying and ameliorating toxicity at an early stage, as well as observing changes in cell
morphology and cell attrition, and other cellular effects helps to ensure that the compound
will not lead to any downstream side effects and can save both cost and time in drug

development 2225,

1.3 Materials and Methods

1.3.1 Red Sea Sponge Specimen collection

Sponges were collected using gardening sheers from four reef locations, which
include Inner Fsar/Outer Fsar (22°14’37.61”N; 39°00°28.03”E), Inner Al Fahal/Outer Al
Fahal (22°17°40.51”N; 38°57°55.13”E), Rose Reef (22°00°22.50”N; 38°00°53.839”E) and
Shib Nsar (22°20.502”N; 38° 51.245”E) using SCUBA (Table 1.1). The specimens were
washed with 1% Phosphate Buffered Saline (PBS) then wrapped in foil and placed on ice

then stored at -80°C until processing (Table 1.1).

1.3.2 Red Sea Sponge Specimen Identification

Frozen sponges were thawed in 70% ethanol and sliced perpendicular to the outer
ectoderm into thin sections and placed on microscope slide. The slide was placed on a
heating block on low and a coverslip was placed on the slide to help flatten the specimen
while drying. When completely dry a few drops of Dulbecco’s Canadian balsam mounting

media were used to adhere coverslips to the microscope slide. This was allowed to dry for
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24hrs. Specimen were visualized at 40X using the Leica CTR 7000HS and imaged with the

Hamamatsu EM-CCD Digital Camera C9100 (Figure 1.2).

1.3.3 Compilation of a Red Sea Sponge Screening Library

A pre-fractionated chemical extract library of Red Sea sponges was generated using
a standardized processing of the biological extracts (Figure 1.1), which is imperative for
successful discovery of bioactives. This is because marine invertebrate-derived extracts
present several challenges with regard to screening. First, they contain large quantities of
inorganic salts that can interfere with all downstream applications?¢. Second, a high
chemical diversity is often present in crude extracts and the resulting interactions among
molecules can mask the bioactivity of the individual constituents?2. A pre-fractionated solid
phase extraction (SPE)-based approach was used to remove inorganic salts; this was
followed by an elution with solvents of different polarities in order to reduce the chemical
diversity of the fraction. More specifically HP20SS (highly porous styrenic, small) absorbent
beads that are small in size (75-150 um) with a proportionately large pore size were used.
This gives the finer chromatographic separation that is recommended for the fractionation
of small biomolecules when aiming for the isolation of successful drug candidates, which
have in general characteristically small size of around 100-500 Daltons. Specifically, 4-10
grams of sponge specimen were extracted with 15 ml of methanol then dried to 150mg of
Diaion HP20SS beads then loaded into a 25 ml flash cartridge with a 2.02 cm diameter frit
(Sorbent Technologies) then desalted with deionized water (FW1, FW2) and then eluted in
the following series of solvents with different polarities: 25%IPA/H,0, 50%IPA/H-0,
75%IPA/H-0, 100%MeOH 27 then dried using an evaporating centrifuge and redissolved in

Methanol (Figure 1.1).
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1.3.4 High Content Screening of a Red Sea Sponge Library

41 samples, comprised of 17 sponge species (Table 1.1), were screened using an
image-based High Content Analysis system. To begin the screening HeLa cells were plated
at a density of 2,000 cells per well in 384-well plates (Corning). The cells were maintained
in 25 pl of cell culture medium for 24 hours. Cells were treated in quadruplicate with 6.25 pl
of the unknown sponge mixture. After a 24 hour incubation, 11 cellular targets were
assessed using four different cell-staining protocols (panels 1-4 ) (Table 1.2). To commence
staining, cells were fixed with 4% formaldehyde for 20 minutes. For permeabilization,
blocking, and washing steps, HCS-optimized reagents were used (Cellomics HCS reagents
Wash Buffer (WB), Wash Buffer II (WBII), Blocking Buffer (BB) and Permeabilization Buffer

(PB), Thermo Fisher Scientific, Waltham, MA, USA).

Panel 1: Fixed cells were permeabilized for 15 minutes and blocked for 15 min. 12.5

ul of the primary staining solution containing 3.6pul/ml phalloidin-FITC (Sigma Aldrich) and
1.3pl/ml of beta-tubulin antibody (Thermo Fischer Scientific) were added per well for 1
hour. After two washing steps with BB, 12.5 pl of the secondary staining solution was added
(1:500 GAM-DyLight 550, Thermo Fischer Scientific, in BB) for 1 hour. Subsequently, cells
were washed 3 times with WB and nuclei were stained with 0.1 pl/ml of Hoechst33342

(Thermo Fisher Scientific).

Panel 2: Cells were incubated with stains for the ER (1pl/ml, ER-Tracker Blue-

White DPX, Life Technologies) and lysosomes (0.2ul/ml, LysoTracker Red DND-99, Life
Technologies) in pre-warmed cell culture medium for 30 minutes under standard

conditions. After fixation, cells were washed twice with WB and incubated with a solution of
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a labelled wheat germ agglutinin (5 pl/ml, Wheat Germ Agglutinin, Alexa Fluor® 488

Conjugate, Life Technologies) for 10 minutes.

Panel 3: Cells were incubated with a solution of mitochondrial dye (0.17ul/ml,

MitoTracker® Orange CMTMRos, Life Technologies) in cell culture medium for 30 minutes
under standard cell culture conditions. After fixation, cells were permeabilized, washed
twice with WB, and incubated with the primary staining solution, including the antibody for
NFkB (Thermo Fisher Scientific) for 1 hour. After removal of the primary antibody solution,
cells were incubated with WBII for 15 min, washed twice with WB, and incubated with the
secondary staining solution (1:500 GAR-DyLight 550, Thermo Fischer Scientific, in WB) for
one hour. Subsequently, cells were incubated with WBII for 10 minutes and stained with a
solution of Hoechst33342 (0.1 pl/ml, Thermo Fisher Scientific) afterwards for another 10

minutes.

Panel 4: After fixation, cells were permeabilized for 17 minutes, washed twice with

WAB, and blocked for 30 minutes. After removal of BB, cells were incubated with the primary
antibody solution (5.5pl/ml of p53 antibody and 1.5pl/ml of caspase 9 antibody, both
Thermo Fisher Scientific, in blocking buffer) for 1 hour. After two washing steps with WBII
and one washing step with WB, the secondary staining solution (1:500 GAR-DyLight 488
and 1:500 GAM-DyLight 550, both Thermo Fischer Scientific, in WB) was added for 1 hour.
After removal of the staining solution, cells were washed once with WBII and stained with

Hoechst33342 for 10 minutes.

For High-Content Analysis, the CellomicsArrayScan VTI (Thermo Fisher Scientific)
platform equipped with a 10x objective (Zeiss Plan Neofluar, NA 0.3 was used. Images were

analyzed using the Compartmental Analysis Bio Application (Cellomics, Thermo Fisher
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Scientific). At least 500 valid objects were analyzed per well. Cell cycle analysis and analysis
of cell loss were accomplished by using the Cell Cycle Bio Application (Cellomics, Thermo

Fisher Scientific) using a minimum of 2000 valid objects.

Data analysis. Raw data from the automated image analysis for each cytological

feature are reported in relation to the corresponding values from control wells. The control
values are set to 1. All cytological features of a given fraction or reference compound were
combined to result in a cytological profile with 102 factors generated from 10 cells target
estimates. The 102 factors were subjected to hierarchical clustering using complete linkage
clustering of a spearman correlation using Multi Experiment Viewer28 (MeV v4.9, Dana-

Farber Cancer Institute, Boston, MA,USA.

1.4 Results

1.4.1 Sponge Taxonomy

The pre-fractionated Red Sea sponge library consisted of biological replicates of the
sponges presented in Table 1.1 and 1.2. Fourteen of the 15 sponges fell into the class
Demospongiae, the largest class in the phylum Porifera; whereas, one sponge, Leucetta,
belonged to the class Calcarea. Most sponges were collected at different reef locations to
ensure that the observed bioactivity was not site-specific but sponge-specific. Since the
central Red Sea is less accessible than the northern Red Sea (off the coast of Egypt, Jordan,
Isreal) information on the species identification of the sponge fauna is sparse in the
literature. Sponge genera such as Haliclona, Hyrtios and Stylissa are among the more easily
identifiable sponges, whereas the remainder of the sponge collection required microscopic
analysis of their spicules in order to assign a binomial nomenclature to the sponge (Figure

1.2).
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The central Red Sea off the coast of Saudi Arabia is a region that has yet to be

represented in the World Porifera Database (http://www.marinespecies.org/porifera/) (as

of December 2014). However, other regions of the Red Sea such as the Sudanese Exclusive
Economic Zone are represented. From this it is possible to see that Hyrtios erectus (Keller,
1889) has been identified in the central Red Sea as well as a specimen of Clathria (Clathria)
arbuscula (Row, 1911). Dragmacidon “Ectyoplasia” coccineum (Row, 1911) was identified at
the Suez Canal (Egypt) as well as Haliclona sp. (Haliclona) (Grant, 1836) and Theonella
swinhoei (Gray, 1868) near Eilat (Isreal). Amphimedon chloros (Keller, 1889) was found near
Isreal. Crella aff. Papillata (Levi, 1958) was reported in the Southern Red Sea. Stylissa carteri
(Dendy, 1889) can be found in the Eritrean Exclusive Economic Zone distribution report.
Xestospongia testudinaria (Lamarck, 1895) has been identified around the Aldabra Islands
(Seychelles). Iotrochota (Ridley 1884) has been identified in the Christmas Island Exclusive
Economic Zone and Leucetta (Dendy, 1913) was found around the Seychelles economic
zone. Sponges identified as Aplysinella rhax (de Laebenfels, 1954, Micronesia; Marshall
Islands), Dactylea sp. (Carter, 1885), Leucetta (Haeckel,E.,, 1972), as well as sponges
belonging to the Order Verongida and Family Respiliidae have yet to be reported in the Red

Sea.

Spicule identification was performed for the sponges that were not easily identified.
20X magnification of Amphimedon chloros shows a fine branching matrix, which gives the
genus its typical sponge quality. Aplysinella rhax has a lack of spicules but instead has
conules. Clathria sp. has many fine spicules surrounded by canals of tissue. Crella aff.
papillata not only has long fine oxea but also has small “c”’-shaped sigma microscleres.
Dactylea is composed of a fiberous matrix. Dragmacidon coccineum specimens are very red

with long strongyle megascleres. Leucetta is the only representative of the class Calcarea in
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our collection with triaxons made of calcium carbonate. Theonella swinhoei spicules have
the same 3-point star configuration as Leucetta but are instead made of more fragile
spongin fibers. Xestopongia testudinaria is a mesh of sponging tylostyle megascleres and the
sponge of the family Raspailidae consists of the characteristic bundle of fibers with spiny

acanthostyles that stick out perpendicular to the bundle.

1.4.2 High Content Screening identifies antiviral candidates

Image-based high content analysis was performed using 10 cellular markers
(Nucleus, Actin, Tubulin, Mitochondrial, Cell membrane, Endoplasmic Reticulum, Lysosome,
NFKkB, p53 and Caspase 9) on HelLa cells and evaluated using 102 parameters (Table 1.2).
The cells were exposed to a single concentration of each pre-fractioned mixture of the
sponge extract fraction library. Concurrent screening of the single compound refrence
library (Sigma Aldrich) provides a reference standard to which the cytological profiles of
the unknown test mixtures are clustered. This allows for inferences to be made concerning
the mechanism of action of the compound present in the tested pre-fractioned mixture.
From this analysis we were able to identify two sponge species, Amphimedon chloros and

Stylissa carteri with clustering profiles of interest (Figure 1.3).

With hierarchical clustering using Spearman distance and complete linkage, all
biological replicates of Amphimedon chloros fraction 2 cluster with the following reference
compounds: 4-Chlorobenzo[f]isoquinoline (CBIQ), an alkaloid; Corticosterone, a steroid
hormone; and more distantly to Gossypol, a natural phenol derived from the cotton plant;
Quazinone, an alkaloid; Quercetin dehydrate, a natural flavonoid found in plants; and
TGO03, a benzothiazole. CBIQ, Corticosterone and the biological replicates of Fraction 2

share a pronounced enhancement of NFkB expression relative to the control, which



39

suggests an interference with the cell cycle (Figure 1.4). Gossypol, Quazinone, Quercetin
dehydrate, TGOO3, and the biological replicates of Fraction 2 share a decrease of the actin
and tubulin signal and as well as a less intense staining of the ER relative to the control. The

A.chloros fraction also shares a decrease in lysosomal staining with Gossypol (Figure 1.3 B).

The profile for Fraction 1 of Stylissa carteri is more stochastic with a reference
compound interrupting the clustering of the fraction 1 biological replicates. Biological
replicates, samples C14 and D5 of Stylissa carteri fraction 1 cluster to beta-Lapachone, an
ortho-naphthoquinone, and biological replicates C26 and C5 of Stylissa carteri Fraction 1
cluster to 3-bromo-7-nitroindazole, a indazole-type alkaloid; AC-93253 iodide, a type of
indoline; Chelerythrine chloride, an plant-derived isoquinoline alkaloid, and cyclosporin A,
a small cyclic protein (Figure 1.5) The biological replicate C14 originates from the same
collection point as C26; however, this collection point is different for sample D5 and C5,
demonstrating that this is not a composition bias resulting from different environmental
input (Figure 1.3 A). Rather, this is most likely attributed to the different final
concentrations of the substituents within the mixtures. These results gave us two avenues

for further antiviral bioprospecting from our Red Sea sponge library.

1.5 Discussion

Ten years ago, the first HCS studies screened single compounds and looked for a
uni-directional outcome using one cytological marker 2° this progressed to the use of
multiple cytological markers in order to characterize one mechanism of action 25. These
approaches assume the “molecular similarity principle,” in that structurally similar
molecules are likely to show similar biological properties 25 and is illustrated by a close

clustering of the single compounds. A seminal publication by Schulze et al 201322
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demonstrated and discussed the advantages and pitfalls of using marine natural product
mixtures on an image-based high content cytological screening platform. The ingenuity of
the publication lies in their ability to resolve the bioactivity of mixtures by using a single-
molecule reference library of 480 small molecules. This was done by evaluating 250 cellular
features acquired by staining various organelles (nucleus, actin, tubulin), and using markers
for DNA replication and mitosis quantification. This allowed for mixtures of unknown
composition to be clustered to compounds with a known oncological relevance and further
allowed them to dereplicate the compounds in their test samples from compounds already
present in the reference library so that they did not expend efforts on previously
characterized compounds. However, they also discovered a novel class of iron siderophores,
which were structurally distinct from the compounds with which they clustered. This
demonstrates that HCS also allows for the identification of novel compounds that are
structurally dissimilar from the reference compound but capable of a similar mechanism of
action. In the publication the authors ultimately concluded that cytological profiling is able
to generate a mechanism-of-action hypothesis, which requires further targeted assays in

order to define the precise molecular target responsible for the observed phenotype.

In an effort to take this concept one step further, a similar foundation was set by
screening more than 600 compounds of the LOPAC 1280 as a reference library together
with a screening of a pre-fractioned library of organic Red Sea sponge extracts. Similar to
Schulze et al 2013, the sponge library provided mixtures for which a phenotypic profile or
“fingerprint” was generated using 102 cellular features. The cellular features were obtained
by staining seven organelles (nucleus, actin, tubulin, mitochondria, endoplasmic reticulum,
lysosome, and the cell membranes) in addition to three major regulatory proteins (NFkB,

Caspase 9, and p53) (Table 1.2). Then by a similar clustering method where the pre-
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fractionated sponge extract library is grouped with the single molecule reference library,
the antiviral potential of the sponge fractions was assessed. The close clustering of a
cytological profile resulting from a sponge fraction to a reference compound with proposed
antiviral activity allowed us to prioritize antiviral leads by assuming a shared mechanism-

of-action or compound structure.

Two major factors to consider when screening mixtures are concentration and the
number of bioactive compounds in each fraction. When using a mixture of molecules such
as an extract fraction prepared by Solid Phase Extraction (SPE) it is only possible to
extrapolate plated concentrations from starting material weights. It is difficult to comment
on the absolute concentrations of the compounds within the sample until the compound is
purified and no longer a mixture. If the concentration is too low, the compound may not
cluster properly with the reference compound. If it is too high, it might be cytotoxic to the
cell. Another issue arises with the presence of two or more bioactive compounds within the
same test mixture. This can result in the compounds generating a cross signal where neither
fraction will cluster with the correct reference compounds 22 or it can result in the test
mixtures clustering only among other test mixtures of unknown composition. The latter
scenario can give an inflated estimate as of the number of novel compounds and biological
targets represented in the mixtures. After considering these two factors, the need to test at
multiple concentrations is obviated by focusing on sponge fractions whose biological
replicates show a close clustering to reference compounds. Using this qualifier it is possible
to prioritize the SPE Fraction 2 of Amphimedon chloros and SPE Fraction 1 of Stylissa carteri
as mixtures of interest for further evaluation (Figure 1.3). Additionally, the clustering of
these selected fractions to certain reference molecules sparked our imagination to explore

them as antivirals effective against the West Nile Virus, Nonstructural Protein 3 (WNV NS3)
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protease and Human Immunodeficiency Virus-1 (HIV-1), respectively, and further describe

their precise molecular targets.

This pursuit is on account of A. chloros Fraction 2 clustering to the reference
compounds, Gossypol and Quercetin dehydrate which have been proposed Dengue Virus
NS2B/NS3 protease inhibitors as evidenced by molecular docking studies3?. Quercetin
dehydrate (Figure 1.4 E) is a flavonoid common to plants that is known to modulate
oxidative stress and inflammatory response by reducing tumor necrosis factor-a (TNF-a)
and interleukin-1f (IL-1f)3!. Gossypol (Figure 1.4 C) has been shown to inhibit replication
of the HIV-1 virus as well as inhibition of the protein kinase C32. The Dengue Virus NS3
protease/ NS2B cofactor and the WNV NS3/NS2B protease are closely related NS3
proteases; both in the flavivirus family, and a biochemical assay is commercially available
for WNV testing. This laid the framework for the further investigation of A. chloros Fraction
2 components and their potential as an NS3 protease inhibitor. Along the lines of host cell
affectors able to alleviate viral pathogenicity A. chloros Fraction 2 also clusters with 4-
Chlorobenzol[f]isoquinoline (CBIQ), an alkaloid; Corticosterone, a steroid hormone; and
more distantly to Gossypol, a natural phenol derived from the contton plant; Quazinone, an
alkaloid; Quercetin dehydrate, a natural flavonoid found in plants; and TGO003, a

benzothiazole.

CBIQ (Figure 4A) is a known activator of the cystic fibrosis transmembrane
conductance regulator (CFTR), which is mutated in three-fourths of cystic fibrosis patients.
CBIQ also activates the intermediate-conductance calcium-sensitive K+ channel (KCNN4),
which promotes anion flux by hyperpolarizing epithelials cells. HCV has been shown to

benefit when the function of another K+ channel, Kv2.1, is inhibited by the Nonstructural
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protein 5A (NS5A) and is unable to induce apoptosis in response to cellular oxidative stress.
When the K+ channel is constitutively activated it would induce apoptosis of the affected

cell reversing the host cell modulation imposed by the virus33

In the case of corticosterone (Figure 1.4 B), a corticosteroid, there is the possibility
that like other corticosteroids a reduction in virally induced inflammation will occurs4.
Along the same lines, Quazinone (Figure 1.4 D) is a phosphodiesterase III (PDE III) inhibitor,
clinically used as a cardiotonic and vasodilator. Phosphodiesterase IIl is found in
lymphocytes, and shares selectivity for cAMP with phosphodiesterase IV (PDE IV). The
ability to inhibit PDE IV has been shown to increase intracellular cAMP levels, which in turn
reduces the production of virally relevant cytokine, TNF-a35. An inhibition of PDE III may do
the same to a lesser extent. Finally, TGO03 (Figure 1.4 F) is an ATP-competitive Cdc2-like
kinase (CIk) inhibitor of Clk1, Clk2, and Clk4. These kinases have been implicated in the

alternative splicing and RNA processing of HIV-136

Similarly, The biological replicates of S. carteri samples C14 and D5 Fraction 1,
cluster to beta-Lapachone, and more distantly to samples C26 and C5, which cluster to 3-
bromo-7-nitroindazole, AC-93253, Chelerythrine chloride, and cyclosporin A. Specific to our
aim of identifying antivirals, beta-lapachone (Figure 1.5 A) has been shown to inhibit the
HIV-1 long terminal repeat (LTR) with an ICso of 0.3uM in cells stimulated by TNF-a37. In
house screening on an HIV-1 cell-based assay revealed 3-bromo-7-nitroindazole (Figure
5B) as capable of inhibiting HIV-1 replication by 30%, where the compound was originally
noted for its inhibition of bovine nitric oxide synthase 1 (NOS3) and rat nitric oxide
synthase 1 (NOS1) enzyme activity. AC-93253 iodide (Figure 5C) is reported as an inhibitor

of sirtuin 2 (SIRTZ2) and to a lesser extent SIRT1, both NAD-dependent deacetylases!a. SIRT1
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is reported to regulate HIV transcription by the deacetylation of the HIV Tat protein3s.
Chelerythrine (Figure 1.5 D), which is a potent inhibitor of protein kinase C (PKC)3° where
PKC is reported to aid in the phosphorylation of various viral proteins4? 41, Furthermore, the
pharmacological derivatives of cyclosporine A (Figure 1.5 E) are suggested to have the
ability to inhibit HIV-1 reverse transcription by an interference with calcineurin,
disallowing it to dephosphorylate NF-Atc and express IL-2 to promote viral reverse
transcription. Additionally, cyclophillin A, the cellular ligand of cyclosporine A is necessary
for HIV-1 replication as it binds to the HIV-1 capsid protein, thus treatment with

cyclosporine A results in virions that are not infectious#2.

The HCA of a pre-fractionated sponge library and their clustering to compounds of a
well-characterized reference library allowed for predictions of the structure class and/or
mechanism-of-action to be expected for the compounds in the pre-fractionated sponge
mixtures. A further antiviral bioprospecting of the two sponges, A. chloros and S. carteri, is
explored in the following two chapters using a biochemical assay and a combination of a

cell-based assay and biochemical assay, respectively.
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1.6 Figures and Tables

Red Sea Extract Library: Fractionation Process

Red Sea Sponge was ground
in liquid Nitrogen and
placed in Methanol then
dried to HP20SS for Solid
Phase Extraction (SPE).

G

Four step elution:

dH20 wash (FW1)
25% IPA/H20 (F1),
50% IPA/H20 (F2),
75% IPA/H20 (F3),
100% MeOH (F4)

\

Solvent is Centrifugally
Evaporated from sample

\

Fractions are
redissolved in Methanol

Figure 1. 1: Red Sea extract fractionation process. Sponges are collected from the coral
reefs of KAUST. A crude methanol extract is dried to HP20SS beads. Solid phase extraction is
carried out using a four-step elution, the samples are then evaporated and redissolved in

methanol ready for screening or for analysis using analytical techniques.
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Figure 1. 2: Images of sponges species represented in the Red Sea sponge library.
Images on the left are of the whole sponge. Images on the right are 20X magnifications of

the less easily identifiable specimen. Well-known sponges did not require spicule ID.
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Stylissa cateri SPE fraction 1 cluster with reference library C

Figure 1. 3: Sponge samples and the LOPAC library were clustered according to
Spearman distance with complete linkage and displayed as a heat map. (A) Cluster
containing fractions containing Stylissa carteri SPE fractions 1 and beta-Lapachone, 3-
bromo-7-nitroindazole, AC-93253 iodide, chelerythrine chloride, and cyclosporin A. (B)
Amphimedon chloros SPE fraction 2 cluster with CBIQ, Corticosterone, Gossypol, Quazinone,

Quercetin dehydrate, TG003 (C) reference compounds of the LOPAC library.
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Figure 1. 4: Compounds which cluster with A. chloros fraction 2. (A) CBIQ, (B)
Corticosterone, (C) Gossypol, (D)Quazinone, (E) Quercetin dehydrate, (F) TG003. (Structure

images from PubChem database.)
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Figure 1. 5: Compounds which cluster with S. carteri fraction 1. (A) Beta-Lapachone (B),
3-bromo-7-nitroindazole (C), AC-93243 (D), Chelerythrine chloride (E), Cyclosporin A.

(Structure images from PubChem database.)
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Table 1. 1: Inventory of the Red Sea Sponge library includes the Call ID or sample

number, available SPE fraction, the associated species name and point of collection.

Fraction Species name Col!ection

Call ID point

Cl6 f1,£3,f4 Amphimedon chloros Inner Fsar,

Cc23 f1,£2,£3,f4 Amphimedon chloros Inner Fsar,

S10 f1,£2,£3,f4 Amphimedon chloros Inner Fsar, outer

S16 f1,£2,£3,f4 Amphimedon chloros Inner Fsar, outer

S36 f1,£2,£3,f4 Amphimedon chloros Inner Fsar, outer

C3 £1,£3,f4 Aplysinella rhax or dysidea rhax Shib Nsar inner

D2 f1,£3,f4 Clathria sp. Al Fahal inner

D9 f1,£2,3,f4 Crella aff. papillata Al Fahal inner

B11 2,£3,f4 Crella cyathophora Rose reef

C11 f1,£2,£3,f4 Crella cyathophora Inner Fsar

B1 f1, f2 Dactylea sp. Rose reef

B14 f2, f4 Dactylea sp. Rose reef

B8 2,£3,f4 Dactylea sp. Rose reef

Cc17 £1,£2,£3,f4 Dragmacidon "Ectyoplysia” coccineum Outer inner Fsar

C25 £1,£2,£3,f4 Dragmacidon "Ectyoplysia” coccineum Inner Fsar outer

D7 £1,£2,£3,f4 Dragmacidon "Ectyoplysia” coccineum Al Fahal inner
Purpllg_ £3,f4 Haliclona (Reniera) fascigera Rose reef

C18 £1,£2,£3,f4 Haliclona (Reniera) fascigera Outer inner Fsar

C20 f1,£3,f4 Haliclona (Reniera) fascigera Inner Fsar, outer

Cs1 f2,£3,f4 Haliclona (Reniera) fascigera Rose reef

CS2 f2,£3,f4 Haliclona (Reniera) fascigera Rose reef

CS3 f2,£3,f4 Haliclona (Reniera) fascigera Rose reef

BE1 f1,£2,£3,f4 Hyrtios erectus Rose reef



BE2

BE3

BE4

BES

C2

C24

S41

D10

C4

C1

C14

C26

C5

D5

C13

C21

BG

Cc27

f1,f2,£3,f4

f1,f2,£3,f4

f1,f2,£3,f4

f1,f2,£3,f4

f1,£3,f4

f1,£3,f4

f1,£2,£3,f4

f4

f1,£3,f4

f4

f1,f2,£3,f4

fw1,f1,f2,£3,f4

f1,£3,f4

f1,f2,£3,f4

f1,f2,£3,f4

f1,f2,£3,f4

£3,f4

f1,£2,£3,f4

Hyrtios erectus
Hyrtios erectus
Hyrtios erectus
Hyrtios erectus
Hyrtios erectus
Hyrtios erectus
Hyrtios erectus
Iotrochota sp.
Leucetta sp.
Stylissa carteri
Stylissa carteri
Stylissa carteri
Stylissa carteri

Stylissa carteri
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Theonella swinhoei

Xestospongia testudinaria

Order: Verongida

Family: Raspailidae

Rose reef

Rose reef

Rose reef

Rose reef

Shib Nzar inner

Inner Fsar,

Inner Fsar, outer

Al Fahal inner

Shib Nsar

Inner Fsar,

Inner Fsar,

Inner Fsar, outer

Shib Nzar inner

Al Fahal inner

Inner Fsar

Inner Fsar,

Rose reef

Inner Fsar,
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Table 1. 2: Cellular stains used for High Content Screening (HCS) and parameters

measure
Cellular Fluorescent Stain Examples of parameters
feature measured
Actin Rhodamine-labeled Cytoplasm total intensity, Cytoplasm
phalloidin average intensity, Ratio of nucleus to

cytoplasm intensity, Nucleus spot total
intensity, Cytoplasm spot average intensity,
Cytoplasm spot total area, Cytoplasm spot
average area, Cytoplasm spot nucleus

Tubulin FITC-conjugated mouse anti- Cytoplasm total intensity, Cytoplasm

a-tubulin antibody average intensity, Cytoplasm spot total

intensity, Cytoplasm spot average intensity,
Cytoplasm spot total area, Cytoplasm spot
average area, Cytoplasm spot nucleus

Nucleus Hoechst stain Nucleus size, Nucleus area, nucleus P2A,
Nucleus LWR, Nucleus total intensity,
Nucleus average intensity, Nucleus variation
intensity

ER ER-Tracker Blue-White DPX Nucleus total intensity, Nucleus average
intensity, Nucleus spot total intensity,
Nucleus spot average intensity, Nucleus spot
total area, Nucleus spot average average area,
Nucleus spot nucleus

Lysosome LysoTracker Red DND-99 Same as ER above.

Mitochon MitoTracker® Orange Same as ER above.

drial CMTMRos
NFkB Antibody and secondary stain Cytoplasm total intensity, Cytoplasm

GAR-DyLight 550

average intensity, Nucleus total intensity,
Nucleus average intensity, Cytoplasm spot
total intensity, Cytoplasm spot average
intensity, Cytoplasm spot total area,
Cytoplasm spot average area, Cytoplasm spot
nucleus, Nucleus spot total intensity, Nucleus
spot average intensity,

Nucleus spot total area, Nucleus spot
average average area, Nucleus spot nucleus



p53

Caspase 9

Cell
membrane

54

Antibody and secondary stain
GAR-DyLight 488

Antibody and secondary stain
GAM-DyLight 550

WGA-AlexaFluor488

Cytoplasm total intensity, Cytoplasm
average intensity, Nucleus total intensity,
Nucleus average intensity, Ratio of nucleus
to cytoplasm intensity, Cytoplasm spot total
intensity, Cytoplasm spot average intensity,
Cytoplasm spot total area, Cytoplasm spot
average area, Cytoplasm spot nucleus,
Nucleus spot total intensity, Nucleus spot
average intensity, Nucleus spot total area,
Nucleus spot average average area, Nucleus
spot nucleus

Same as p53 above

Same as NFkB above
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CHAPTER 2: Identification of a 3-alkyl pyridinium from the Red
Sea sponge Amphimedon chloros as an inhibitor of the West Nile

Virus NS3 protease in vitro.

2.1 Abstract

3-alkyl pyridinium compounds, commonly known as Halitoxins are a group of
structurally diverse natural products and are commonly isolated from marine sponges.
These molecules can be found as cyclic or linear compounds, as monomer or as polymer
alkyl pyridiniums (poly-APS). They were first characterized in 1978 for their characteristic
toxicity to fish and since then a number of of various biological activities have been
identified. However, to date no conformation of a 3-alkyl pyridinium has been reported to
show antiviral activity. The aim of this study was to assess the potential of a pre-
fractionated organic extract of the Red Sea sponge Amphimedon chloros to inhibit the West
Nile Virus NS3 protease (WNV NS3). The bioactive compound in the extract was
determined using LC-MS and 1H and DOSY NMR. It was found that at 4.69ug/ml the
biological replicates of A. chloros show an inhibitory activity up to 60% upon the WNV NS3
protease in a biochemical assay. The activity elicited by the fraction is specific to the WNV
NS3 protease and did not show inhibition of the HCV NS4A protease or Factor XA, a cellular
serin protease. The compound was identified as a 3-alkyl pyridinium of Halitoxin by LC-MS
and 1H NMR analysis. With the aid of DOSY NMR and an algorithm that relates the diffusion
coefficient of the molecule to molecular weight, we found the compound to be in the size
range of 39kDa. The same compound showed 60% cell loss when plated at 230 pg/ml on
the human HelLa cell line. This study provides the first account of a Halitoxin exhibiting

antiviral activity with negligible cytotoxicity.
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2.2 Introduction

A well-represented group of marine natural products with unique structures are the
Halitoxins. These 3-alkyl pyridinium molecules have acquired a number of hyponyms since
the first isolation of the molecule, Halitoxin, from the sponge Haliclona sp. 1. The first
compound from Haliclona was investigated for its characteristic ichthytoxocity. Accounts of
the Halitoxin family bioactivity since the first isolation include epidermal growth factor
(EGF) receptor activation 2, histone deacetylase inhibition 3, dorsal root ganglion (DRG)
neuron activity 4, antifungal 5, antimycobacterial, and antimicrobial ¢ activity as well as
cytotoxicity 17. The caveat to cytotoxicity is that 3-alkyl pyridiniums can be found as cyclic
or linears compounds, as monomers or as polymer alkyl pyridiniums (poly-APS), where the
cytotoxicity of the molecules is both size- and dose- dependent 8. Interestingly, macrocylic
compounds, in general, are noted for their flexibility, high potentency, selectivity, solubility,
lipophilicity, membrane permeability, oral bioavailiability, and metabolic stability and
function as chemotherapeutics, immunosuppressants, antifugals, antiparastitics,
antibacterials, and antivirals 9. However, to date no conformation of a 3-alkyl pyridinium

has been reported to show antiviral activity.

Many viruses have little representation in pharmacological screening efforts. One
example is the West Nile Virus (WNV). The Culex mosquito transmits the virus, which
manifests as the neglected tropical disease, West Nile Fever. Symptoms of the virus include:
fever, headache, body aches, skin rash, swollen lymph glands and in extreme cases,
encephalitis or meningitis. The virus is endemic mainly to Africa, the Middle East and
around the Mediterranean Seal® but remains a threat to other countries when the infected

hosts, both mosquitos and humans, travel. WNV is a flavivirus and in the Flaviviridae family
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with the Hepatitis C Virus (HCV). HCV currently has more than 34 prospective antivirals in

various clinical phases whereas WNV has none.

The replication cycle of the WNV begins as the 45-50nm enveloped, icosahedral
nucleocapsid binds to unknown receptors on the host cell (Figure 2.1, step 1). Receptor
mediated endocytosis brings the virion into the cell (Figure 2.1, step 2). The positive single-
stranded 11kb RNA genomes is uncoated (Figure 2.1, Step 3) and can be directly translated
by the host machinery into single long polyproteins at the rough endoplasmic reticulum
(ER) (Figure 2.1, Step 6). The polyprotein contains three structural proteins (capsid, pre-
membrane, envelope) and seven non-structural (NS) proteins (NS1, NS2A, NS2B, NS3,
NS4A, NS2B, NS5). The polyprotein must be cleaved by the NS3 protease in order to
produce the individual proteins required for replication and particle maturation!! (Figure
2.1, Step 7). The replication complex, which contains the NS5 RNA dependent RNA
polymerase transcribes more viral RNA by generating a negative sense RNA strand to serve
as a template for the polymerization of positive sense RNA (Figure 2.1, Step 4 and 5). A
molecule that can inhibit the NS3 protease, will prohibit subsequent replication, packaging,
and spread of the virus within the host organism. Viral proteases are good drug targets as
exemplified by the nine clinically approved HIV protease inhibitors and two approved
inhibitors of the HCV NS3 protease. As a result, the WNV NS3 protease is a promising target
for screening efforts directed at inhibiting the West Nile Virus. The WNV NS3 protease is a
serine protease with a marked homology to the four serotypes of Dengue Virus (DENV) NS3
protease, where all have been described to have an active site that is relatively flat and very
exposed; two features that pose a problem for identifying inhibitors. As a result, the non-
competitive binding site has also become a targeted domain. Ideally, an inhibitor that is

effective at inhibiting the WNV may prove effective on the DENV.
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In this study a sponge-derived natural product library was screened and led to the
identification of a fraction from the Red Sea sponge, Amphimedon chloros, which displays
the ability to inhibit the WNV NS 3 protease in vitro. This activity is attributed to the 3-alkyl
pyridiniums present in the fraction, which in their simplest form consist of an alkyl group
connected to carbon three of a pyridine ring. An investigation into the Halitoxin or 3-alkyl
pyrdinium class of compounds revealed a long-standing question of how to ascertain the
relative size of these compounds. This question was addressed by employing the 2D NMR
technique of DOSY. The technique in combination with an algorithm reported by Evans et al
201312 provides a way to determine the molecular weight of a compound by its rate of
diffusion. Knowing the molecular weight of the compound isolated from A.chloros allowed
for the direct comparison of the cytotoxicity of the Halitoxin to cytotoxicity reports for other
Halitoxins of various sizes. Provided here is the first account of antiviral activity for the

Halitoxin family of compounds.

2.3 Materials and Methods

2.3.1 A. chloros Sponge Collection

The Amphimedon chloros specimen were collected using gardening sheers from
Inner Fsar reef (22°14'37.61”N; 39°00°28.03”E) off the coast of KAUST at 12 meters depth
using SCUBA. The samples were briefly rinsed with 1% PBS, wrapped in foil and placed on
ice, then frozen to -80°C until processing. Dr. Nicole deVoogd provided assistance in the

identification of Amphimedon chloros by spicule examination.

2.3.2 A. chloros Sponge Extraction

80 grams of sponge specimen were extracted with 1 liter of methanol then dried to

10g of Diaion HP20SS beads then loaded into a column, desalted with deionized water



63

(FW1, FW2) and then eluted in the following series: 25%IPA/H.0, 50%IPA/H-0,

75%IPA/H-0, 100%MeOH 13.

2.3.3 West Nile Virus NS3 Protease Inhibition Assay

The West Nile Virus NS3 protease inhibition assay was carried out using the
commercial kit SensoLyte® 440 West Nile Virus Protease Assay Kit (AnaSep, San Jose, CA,
USA) [58]. The protease is a truncated form of West Nile NS3 protease (residues 1-186)
connected to it is NS2B cofactor (residues 49-96) by the linker sequence, GGGGSGGGG.
Protease activity was assessed by its ability to cleave the fluorogenic peptide Pyr-RTKR-
AMC, and the subsequent production of free AMC (7-amino-4-methylcoumarin)
fluorophores. All extracts and controls were performed with three replicates in a 384-well
plate format, each with a total reaction mixture of 33 pl. To begin, the test extracts and
protease solution were incubated at 37 °C for 10 min before the addition of the pre-heated
substrate. After substrate addition and gentle mixing the reaction was incubated at 37 °C for
one hour. The fluorophore was detected with the use of a SpectraMax® Paradigm® Multi-
mode Microplate Detection Platform (Molecular Devices, Sunnyvale, CA, USA) by scanning

at 354 nm excitation wavelength and 442 n emission wavelength.

2.3.4 HCV NS3 Protease Inhibition Assay

The HCV NS3/4A protease inhibition assay was carried out using the commercial kit
SensoLyte® 520 HCV Protease Assay Kit (AnaSep, San Jose, CA, USA) [58]. The HCV NS3/4A
protease is a 217 amino acid fusion protein (22.7 kDa) with NS4A co-factor fused to the N-
terminus of NS3 protease domain. HCV NS3/4A protease activity was assessed by its ability
to cleave the fluorogenic FRET peptide, and the subsequent unquenching by QXL 520

quencher of the 5-FAM fluorophore, which emits fluorescence. All extracts and controls
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were performed with three replicates in a 384-well plate format, each with a total reaction
mixture of 18 pL. To begin, the test extracts and protease solution were incubated at room
temperature for 10 min before the addition of the substrate. After substrate addition and
gentle mixing the reaction was incubated at room temperature for one hour. The
fluorophore was detected with the use of a SpectraMax® Paradigm® Multi-mode
Microplate Detection Platform (Molecular Devices, Sunnyvale, CA, USA) by scanning at 490

nm excitation wavelength and 520 nm emission wavelength.

2.3.5 Thrombin serine protease inhibition assay

The Factor Xa/Thrombin inhibition assay was carried out using the commercial kit
SensoLyte® 520 Factor Xa Assay Kit (AnaSep, San Jose, CA, USA) [58]. The Factor Xa peptide
consists of.... Thrombin Xa activity was assessed by its ability to cleave the fluorogenic FRET
peptide, and the subsequent unquenching by QXL 520 quencher of the 5-FAM fluorophore
which emits fluorescence. All extracts and controls were performed with three replicates in
a 384-well plate format, each with a total reaction mixture of 12.5 pL. To begin, the test
extracts and Thrombin/Factor Xa solution were incubated for five minutes then the
substrate was added. After substrate addition and gentle mixing the reaction was incubated
at room temperature for one hour. The fluorophore was detected with the use of a
SpectraMax® Paradigm® Multi-mode Microplate Detection Platform (Molecular Devices,
Sunnyvale, CA, USA) by scanning at 490 nm excitation wavelength and 520 nm emission

wavelength.

2.3.6 Cytotoxicity/HCA of A. chloros
A serial dilution of A. chloros SPE fraction 2 (230 pg/ml, 115 pg/ml and 57.5 pg/ml)

was plated on HeLa cells cultured and stained in the same fashion as reported in Chapter 1.
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2.3.7 LC-MS of A. chloros Bioactive compound

Liquid chromatography-mass spectrometry (LC-MS) was carried out on the Thermo
LTQ Orbitrap instrument in positive mode using electrospray ionization. The 10pl of solid
phase extracted (SPE) sponge material was separated using a ZORBAX Eclipse XDB-C18 LC

Column, 4.6 mm, 150 mm, 5 um and the gradient displayed in Table 1.

2.3.8 NMR of A. chloros 3-alkyl pyridinium

12mg of the isolated 3-alkyl pyridinium compound was evaluated using 1H and 2D
DOSY on a Bruker 600MHz with a 5 mm NMR Economy Sample Tube (Wilmad-LabGlass).
The DOSY experimental data was obtained using double stimulated echo gradient pulse pair
and three spoil gradients pulse sequences (dstegp3s) in the standard Bruker pulse sequence
library. The gradient shape was sinusoidal and its length (&) was optimized at 2.3 ms ; its
strength increased linearly, acquiring 32 steps of gradient levels. A gradient recovery delay
of 1.5 ms was used and the diffusion time (1) values was set to 300 ms (D20 of 300ms and a
P30 of 2400ps at 298K.). Low and high gradient strengths were set at 5 and 95% of
maximum, respectively. Each spectrum was recorded by collecting 128 transients with 10
second recycle delay. The experiment was run with CD20D as the solvent for 16 hrs, ns=128

for each of the 32 ramp cycles.

2.4 Results

2.4.1 A. chloros demonstrates inhibiton of West Nile Virus NS3 Protease

Biological replicates of A. chloros SPE-fractionated organic extracts screened for
activity against WNV NS3 protease revealed fraction 2 for all replicates (s36F2, c16F2,
c23F2) to show a strong inhibition of NS3 activity at 37.5 pg/ml (Figure 2A). Serial dilutions

of the biological replicates of fraction 2 were performed showing a strong inhibition of NS3
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protease activity to the lowest concentration of 4.69 pg/ml with more than 60% inhibition
(Figure 2.2 B). The same set of samples were screened for their ability to inhibit the HCV
protease as well as Factor Xa associated with the serine protease, thrombin. All samples

failed to show inhibition of either target.

2.4.2 High-Content Screening reveals cytotoxic of A.chloros treatment

With hierarchical clustering using Spearman distance and complete linkage, we
showed in Chapter 1 that all biological replicates of Amphimedon chloros fraction 2 cluster
with the LOPAC compounds CBIQ, Corticosterone and more distantly to Gossypol,
Quazinone, Quercetin dehydrate and TG003. These compounds were tested on the WNV
assay and showed no inhibition of the WNV NS protease. Cell counts of the HeLa cells
cultures treated with the sponge test compounds show that the first dilution (230 pg/ml)
used for generating HCA heatmap in Chapter 1 results in 60% cell loss. The following serial
dilutions (115 pg/ml and 57.5 pg/ml) approach 100% vitality (Figure 3). This can be
compared to the 37.5 pg/ml used in the WNV screen and shows us this concentration is

expected to have cell vitality around 80%.

2.4.3 Analytical Chemistry reveals 3-alkyl pyridinium as bioactive compound

The MS2 spectrum of the active SPE fraction 2 shows an abundance of a symmetrical
compound with m/z 379.31 [M+H]+, composed for two smaller components at m/z 190.15
[M+H]+ (Figure 2.4). The 1H NMR reported in the Supplemental material of Davies-Coleman
and our 1H spectra present the same signals. Their findings and ours, reported in brackets,
are as follows: 6 8.95 [9.00], 8.84 [8.91], 8.45 [8.45], 8.01 [8.07] that are attributed to the 3-
substituted pyridinium salt; 6 at 4.60 [4.66] attributed to the methylene group on the

quaternary nitrogen, which is coupled to a methylene signal at 2.20 [2.21], further coupled
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to a methylene envelope at & 1.41 [1.41]; and a signal at 8 2.87 [2.87] assigned to the
methylene group bound to the C-3 position of the pyridinium ring, coupled to a methylene
signal at 6 1.73 [1.73]. We also observe the presence of a peak at 6 1.31 in both spectra, but
with great intensity in our sample, which we assume is associated with the methylene
envelope at d 1.41. We observe a solvent phase shift for the deuterated methanol- d4 at 3.31

ppm and 4.87 ppm as expected (Figure 2.5).

2.4.4 DOSY reveals the approximate size of the 3-alkyl pyridinium bioactive

compound

Recently, DOSY experimentation has been used to analyze mixtures of small to
medium sized molecules in order to determine the molecular weights of unknowns. Evans
et al 12, took the approach one step further, keeping in mind that not all compounds are
spheres moving through a continuum fluid. They were able to derive an expression to relate
the diffusion coefficient to the molecular weight for a wide range of small molecules in a

range of solvents:
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Their equation provides simplicity with a root mean square difference between
experimental and estimated diffusion coefficients of only 15%. The 2D DOSY diffusion
variable gradient was calculated for the most intense peak at 6 1.31, which is associated
attributed to the methylene envelope of the halitoxin compound. From this we acquired the

diffusion coefficient (D) of 1.34 E-10m2/s and using the algorithm from Evans et al., we
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obtained the molecular weight estimate approximately 39 kDa for the halitoxin compound

from its DOSY calculated rate of diffusion (Figure 2.6).

2.5 Discussion

Since the isolation of the first Halitoxin, a total of approximately 67 examples of 3-
alkyl pyridium compounds have been reported from the species Haliclona * as well as from
other sponge genera, including, Theonella 15, Amphimedon 16, Callyspongia 2, Cribochalina >
17, Echinochalina 18, Pachychalina 1, Niphates 29, and Reniera 21. Only one example has been

isolated from a source outside of Porifera; this is from the mollusk Haminoea orbignyana 22.

3-alkyl pyridiniums in their simplest form consist of an alkyl group connected to
carbon three of a pyridine ring. Halitoxins can be found as monomers with different alkyl
chain lengths or as polymers of alkyl pyridiniums (poly-APS) connected in a head-to-tail or
tail-to-tail arrangement or in a cyclic motif where the free tail of the alkyl chain connects to
the nitrogen of another pyridine ring. The original compound, Halitoxin, was in essence a
poly-APS, isolated on account of its toxicity to fish. Polymers in the size range of 500-1000
Daltons as well as the broad range from 1-25 kDa were found to have an EDsg of 5-7 pg/ml
when tested on the KB line of cancer cells- all compound with masses less than 500 Daltons
were excluded and reported to be nontoxic 1. Poly-APS are also known for their ability to act
as surfactants and for their antifouling, antifungal and anti-algal activity. The cyclic variety
of 3-alkyl pyridiniums are reported to have various bioactivies, such as the ability to inhibit
histone deacetylase 3, activate epidermal growth factor (EGF) activity 2 and a exhibit a
depolarizing effect on dorsal root ganglion (DRG) neurons 4, anticholinesterase?3 as well as

harboring antimicrobial and antimycobacterial 24 activity.
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Various sizes of Poly-APS compounds have been evaluated for their ability to form
pores in membranes, overall effect of cytotoxicity, and the ability of the cell to recover after
exposure. As a result, their value as facilitators of drug delivery has been suggested, and a
dose-dependence was found where an amount of less than 5.0 pg/ml allowed for
recoverability of the cell without cytotoxicity for high molecular weight compounds
between 5.5 and 19kDa 8. It follows that the cytotoxicity of the compound may correlate to

the size of the compound and the given dosage.

The fractionation used in the study presented here is the same solid phase
extraction protocol presented in Bugni, Harper, McCulloch, Reppart and Ireland 13, where
the crude extract of Pseudoceratina purpurea was dried onto Diaion HP20SS beads in order
to fractionate the sample, similarly, they found a molecule at m/z 379.3123 (calcd for
C26H39N2, 379.3113) and m/z 190.1585 (calcd for C13H20N, 190.1596) that showed
activity in a luciferase assay, and corresponds to our compound and its fragment. The
compound was dismissed as a common hit in high throughput screening and the project
was dropped on account of its classification as a Halitoxin, as class of compounds known for

cytotoxicity.

The first characterization of this class of compounds was from a compound isolated
from the sponge, Callyspongia fibrosa, by Davies-Coleman? in 1993. They report this
compound to cause an activation of EGFR. The 3-alkyl pyridinium, which was identified
from the Red Sea sponge Amphimedon chloros, appears to be the same compound as the one
described in the study of 1992. This is because their LC-MS experimentation report similar
peaks at m/z 379 as well as the m/z 190.1585 as was found in our experimentation (Figure

2.4 A). Furthermore, the 1H NMR reported in the supplemental material of Davies-Coleman
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and 1H spectra presented here mirror the same signals (Figure 4B, C). Their findings and
findings from this study, reported in brackets, are as follows: & 8.95 [9.00], 8.84 [8.91], 8.45
[8.45], 8.01 [8.07] that are attributed to the 3-substituted pyridinium salt; & at 4.60 [4.66]
attributed to the methylene group on the quaternary nitrogen, which as coupled to a
methylene signal at 2.20 [2.21], further coupled to a methylene envelope at & 1.41 [1.40];
and a signal at 6 2.87 [2.87] assigned to the methylene group bound to the C-3 position of
the pyridinium ring, coupled to a methylene signal at § 1.73 [1.73]. We also observe the
presence of a peak at 6 1.31 in both spectra, but with greater intensity in our sample, which

we assume is also associated with a resonance of the broad methylene envelope at 5 1.41.

In Davies- Coleman et al. 19932 the authors attempted to synthesize the compound
that they proposed. However, they were unable to generate the symmetrical cyclic
compound with an m/z of 379, composed of two 3-alkyl pyridinium monomers at m/z
190.15. This led them to conclude that the compound they had isolated was giving an LC-MS
fragmentation confounded by the ionization method and further concluded that their
compound could be the fragment of a larger molecule. This issue reoccurred in other
reports of the Halitoxins where activity was found but the absolute molecular size was
unclear. It is certain that Halitoxins come in a variety of sizes from 500Da to 25kDa and as
displayed in previous literature, Halitoxin cytotoxicity is dose-dependent and size
dependent. The task then becomes accurately reporting on the size of the Halitoxin in order

to assess its dosage.

In order to answer this question the 2D NMR technique of DOSY was used. This
experiment evaluates the diffusion of purified samples as well as mixtures. It operates on

the principle that molecules in liquids move and this translational motion is known as
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diffusion Recently, DOSY experimentation has been used to analyze mixtures of small to
medium sized molecules in order to determine the molecular weights of unknowns. Evans
et al. 2013 12, derived an expression to relate the diffusion coefficient to the molecular
weight for a wide range of small molecules in a range of solvents. Using the DOSY technique
and the algorithm from Evans et al. 2013 12, a diffusion coefficient of 1.34 E-10m2/s allowed
for the molecular weight estimate of approximately 39 kDa for the bioactive Halitoxin
(Figure 4D). This suggests that the LC-MS spectra that we found and what was reported by
Davies-Coleman is showing only a fragment of the larger poly-APS compound- a compound
200 times larger than the 3-alkyl pyridinium monomer of m/z 190.15 and 100 times larger

than the m/z 379 fragment..

From previous accounts of cytotoxicity for compounds in the broad size range of
0.5-25 kDa with a reported EDs of 5-7 pg/ml on the KB line of cancer cells, as well as
accounts of cell recoverability after a 5 pg/ml treatment with high molecular weight
compounds between 5.5 and 19 kDa, we can make the assessment that the potency of our
compound as an inhibitor of the WNV NS3 protease is not offset by an in vivo cytotoxicity.
We have demonstrated that our compound has an inhibitory activity up to 60% upon the
WNV NS3 protease at 4.69 pg/ml (Figure 2.2 B). This inhibition is specific to the WNV NS3
protease as demonstrated by the lack of inhibitory activity of the fraction when tested on
the thrombin and HCV serine proteases. The alkyl pyridinium fraction when plated on HeLa
cells at 230 pg/ml showed 50% cell loss (Figure 2.3). When manifestations of toxicity do
arise, they are observed to adversely affect the actin and tubulin, the mitochondria and the
ER, as well as the ability to cause a down-regulation of the cell-cycle associated protein

NFkB in HeLa cells. As a result of our experimentation we propose that the poly-APS that we
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have characterized as approximately 39 kDa, is a large Halitoxin, and the concentration at

which inhibition is observed is low enough to avoid cytotoxicity to the host cell.
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2.6 Figures and Tables
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Figure 2. 1: Replication steps of the WNV depicting fusion and entry (Steps 1 and 2),
uncoating and release (Step 3), translation of the polyprotein and packaging of a mature
virus (Steps 4-10). This replication process post-translation can be stopped by inhibition of

the WNV NS3 protease (demarcated by red stop sign).
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Figure 2. 2: Activity of A. chloros on the WNV NS3 protease. (A) Biological replicates
(s10,s16,s36, and C16) of A. chloros SPE fraction 2, 3 and 4 (SPE F2,F3,F4) screened at

approximately 37.5pug/ml for activity against WNV NS3 protease SPE F2 shows an inhibition

of the protease. (B) Serial dilutions of two biological replicates of A. chloros SPE fraction 2
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were screened against NS3 protease and maintain up to 60% inhibition of the protease ata

concentration of 4.69ug/ml.
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Figure 2. 3: Vitality of cells treated with HPLC fractions from the SPE fraction 2 (SPE F2)
of A.chloros. Cell counts of the HeLa cells cultures treated with the test compound isolated
from biological replicates (s10, s16, s36, and C16) of A.chloros show that the first dilution
(230pg/ml) results in 60% cell death. The following serial dilutions (115pg/ml and 57.5
pg/ml) approach 100% vitality. This can be compared to the 37.5pug/ml used in the WNV

screen and shows us this concentration is expected to have cell vitality around 80%.
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Figure 2. 4: Analytical chemistry of active SPE fraction 2 from A. chloros (A) LC-MS
reveals the main substituent of the bioactive A. chloros SPE fraction 2 to be the parent m/z
[M+H]+ 379 and its daughter at m/z [M+H]+ 190.15. (B, C) 1H NMR from Davies-Coleman
publication and from this study. The 1H NMR reported in the Supplemental material of
Davies-Coleman (B) and our 1H spectra (C) present the same signals. . Their findings and
ours, reported in brackets, are as follows: 6 8.95 [9.00], 8.84 [8.91], 8.45 [8.45], 8.01 [8.07]
that are attributed to the 3-substituted pyridinium salt; & at 4.60 [4.66] attributed to the
methylene group on the quaternary nitrogen, which is coupled to a methylene signal at 2.20
[2.21], further coupled to a methylene envelope at & 1.41 [1.41]; and a signal at 6 2.87 [2.87]
assigned to the methylene group bound to the C-3 position of the pyridinium ring, coupled

to a methylene signal at 3 1.73 [1.73]. We also observe the presence of a peakatd 1.31 in
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both spectra, but with great intensity in our sample, which we assume is associated with the
methylene envelope at d 1.41. We observe a solvent phase shift for the deuterated
methanol- d4 at 3.31 ppm and 4.87 ppm as expected. (D) 2D DOSY diffusion variable
gradient was calculated for the most intense peak at & 1.31. The gradient is pictured above
and provided the following coefficient of diffusion: 1.34 E-10m2/s, which was used to

estimate the molecular weight of the compound using the Evans et al. 2013.
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Time % H20 % MeOH Formic acid in each solvent
0 min 90 10 0.10%

5 min 90 10 0.10%
40 min 10 90 0.10%

50min 10 90 0.10%

55min 90 10 0.10%

60min 90 10 0.10%

Table 2. 1: HPLC gradient used to separate the A. chloros SPE fraction 2.
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CHAPTER 3: Alkaloids from Stylissa carteri present prospective
scaffolds for the inhibition of the Human immunodeficiency

Virus-1 (HIV-1)

3.1 Abstract

The Human Immunodeficiency Viurs-1 (HIV-1) is a major global health concern with
more than 35 million infected individuals. The development of the first approved
antiretroviral drug, Azidothymidine (AZT, a nucleoside analog) was inspired by the
naturally occurring sponge nucleoside Ara-C. Since then HIV-1 inhibitor classes have grown
to include inhibitors of viral entry, membrane fusion, the integrase, and the viral protease in
addition to the reverse transcriptase. Potential therapeutic targets have even extended to
host factors in order to decrease the effects of viral pathogenesis. The sponge, Stylissa
carteri, is globally distributed and has yielded a number of highly unique natural products.
Aside from the antiviral activity reported for brominated derivatives of sceptrin on Herpes
Simplex Virus-1 (HSV-1) and Vesicular Stomatitis Virus (VSV), antiviral activity has not
been extensively reported for compounds from S. carteri. The primary objective of this
study was to determine the inhibitory activity of a pre-fractionated extract of S. carteri on
HIV-1 replication and to identify the chemical structure(s) of the underlying active
compounds. LC-MS was used to identify the bioactive compounds from the active fractions.
The single compounds, debromohymenialdisine, hymenialdisine and oroidin, were
identified, obtained and screened for inhibition of viral replication and in a biochemical
assay targeting the HIV-1 Reverse Transcriptase (HIV-1 RT). Debromohymenialdisine
completely inhibits HIV-1 replication at 25 pM, and exhibits a 50% inhibition of the virus at

approximately 7 uM. The chemically similar and brominated, hymenialdisine is slightly
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more potent with 50% inhibition of the virus around 3 pM; whereas, oroidin shows a 50%
inhibition at 50 pM Debromohymenialdisine is cytotoxic at concentrations greater than 13
uM; however, hymenialdisine is significantly more cytotoxic starting at a concentration of 3
uM. Meanwhile, the brominated oroidin is not toxic for any of the concentrations assayed.
When tested on a bioachemical assay targeting the HIV RT oroidin is able to inhibit the
activity of the enzyme up to 90% at 25 pM; whereas, debromohymenialdisine and

hymenialdisine were found to be inactive.

3.2 Introduction

In 2013, there was an estimated 35.3 (32.2-38.8) million people living with HIV.
This demonstrates the need to scale up HIV treatment, while continuing efforts to screen for
HIV and invest in prevention in order to avoid new HIV infections. The United Nations made
the Millennium Development Goal 6, which set out to reach 15 million people living with
HIV and provide them with antiretroviral treatment by this year. In December 2012, 9.7
million people in low- and middle- income countries were receiving antiretroviral therapy.
Such therapies are estimated to be able to reduce the risk of HIV transmission by as much as

96% 1.

Current HIV-1 therapeutics fall under five categories, these include inhibitors of
viral entry, membrane fusion, reverse transcriptase, integrase, and protease. Yet drug
resistance persists despite treatment attempts to curb the disease using highly active
antiretroviral therapy (HAART)- which combines antiretroviral drugs that encompass at
least two different classes of the available drugs (http://www.niaid.nih.gov). For instance, a
new aggressive form of HIV was identified in Cuba in February of this year? which

progresses to AIDS in as few as three years and is composed of recombined fragments of
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three HIV subtypes. This can result form one individual being infected by multiple HIV

subtypes as well as an individuals failure to properly take medication.

The greatest number of drugs exists for the reverse transcriptase at 15 approved
drugs followed by protease inhibitors at 8 approved drugs in comparison to the integrase,
entry and fusion inhibitors at 3, 1 and 1, respectively (http://www.fda.gov). Most
commonly, HAART treatment selects from a combination of reverse transcriptase and
protease inhibitors and less commonly includes a fusion inhibitor. Aside from the
previously stated enzymatic targets encoded for by the HIV-1 gag and pol genes, the
targeting of other genes encoded by the “accessory” genes, vif, vpr, vpu and nef, as well as
regulatory tat and rev of the HIV genome would also serve to reduce the pathogenesis of
HIV 3 (Figure 1). Today, the effectiveness of HIV therapy relies on the discovery and

approval of novel therapeutics in order to combat the various viral phases.

3.2.1 Human immunodeficiency virus -1 replication

HIV-1 infection is initiated by fusion of the 120 nm HIV virion by its Envelope (Env)
glycoprotein to the target host cell baring a CD4 receptor (eg. Tcells, macrophages, etc.) and
one of two co-receptors (CCR5 or CXCR4)(Figure 3.2, step 1). Two copies of the single-
stranded RNA genome along with the virally encoded enzymes, reverse transcriptase,
integrase, polymerase, and ribonuclease, enter the host cell (Figure 3.2, step 2). The single-
stranded viral RNA is reverse transcribed to double-stranded viral DNA (Figure 3.2, step 3).
The viral DNA translocates to the nucleus and is integrated into the host genome by the
integrase (Figure 3.2, step 4) where new viral RNA copies are transcribed. After a certain
threshold of Tat proteins are translated, this viral regulatory protein aids in drastically

enhancing viral transcription. The spliced viral mRNAs easily export to the cytoplasm;
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whereas, the second regulatory protein, Rev, capable of nuclear import and export, aids in
the exportation of the incompletely spliced mRNAs of the viral structural proteins. The
nascent viral RNAs are used as new viral genomes or become translated to generate viral
enzymes and proteins necessary for viral packaging and pathogenesis (Figure 3.2, step 5).
The RNAs encoded for by the gag, pol, and env genes generate the structural proteins such
as the capsid, the reverse transcriptase, integrase, protease, and the envelope surface
glycoprotein. Additionally, the vif, vpr, vpu and nef genes code for proteins with the ability to
aid in the infection of human immune cell lines, arrest of the cell cycle in G2 phase, release
of virions from infected cells and promotion of apoptosis for increased virus infection,
respectively. The newly formed viruses bud from the host cell membrane (Figure 3.2, step

6) and the virus matures (Figure 3.2, step 7).

3.2.2 Known compounds from Stylissa carteri

The chemical repertoire of Stylissa carteri is well characterized with nearly 100
compounds reported in the literature. This sponge is known to produce a number of
pharmacologically active brominated pyrrole-2-aminoimidazole (B-P-2-Al) alkaloids. These
B-P-2-Al have been isolated from marine sponge families including Agelasidae, Axindellidae,
Hymeniacidonidae, and Dictyonellidae. Many of the B-P-2-Al alkaloids are assumed to be
derivatives of the building block oroidin* (Figure 3.3). An account of antiviral activity has
been reported for hymenialdisine where it has been found to bind Nuclear Factor-kB
(NFkB) and disallows it from engaging the transcription of the HIV long terminal repeat
(LTR) in vitro. Furthermore, sceptrin and its derivatives, debromosceptrin,
dibromosceptrin, and oxysceptrin have been previously reported to inhibit Herpes Simplex

Virus-1 (HSV-1) and Vesicular Stomatitis Virus (VSV)5.



87

3.2.3 Brominated marine natural products

Halogenated secondary metabolites are abundant in the marine environment.
Bromine is found in the oceans at 65mg/L, a concentration far less than that of chlorine at
19,000 mg/L; however, marine eukayotes commonly oxidize bromide for incorporation into
organic compounds equal to their use of chlorine. The brominated compound of
hymenialdisine bares a striking resemblance to the meridianins compounds first isolated
from the Ascidian Aplidium meridianum, which have been described as potent inhibitors of
various protein kinases. The ability to inhibit cyclin-dependent kinases (CDKs) is attractive
for the treatment of cancer as well has neurodegenerative diseases. The brominated
variolins have been isolated from the Antarctic sponge Kirkpatrickia varialosa and have rare
skeleton that has shown activity against capable HSV1 infection. The motifs from the
brominated meridianins and variolins were combined to generate the meriolin analogs.
These hybrids display potent inhibitory activity towards CDK2 and CDK9. X-ray

crystallography revealed that they bind to the ATP binding site of the kinases.

3.2.4 Reduction of viral pathogenesis by host regulation

A review by Martinez et al 20157 reports on the re-emergence of an approach to
viral inhibition, which is achieved by targeting host factors instead of directly targeting viral
proteins. In the context of HIV-1 this could be achieved by countering the host modulation
invoked by the accessory genes, vif, vpr, vpu and nef or inhibiting the host genes which aid in
the transcriptional activity of Tat and the nuclear export of Rev. For the sponge S.carteri in
relation to HIV-1, the compound hymenialdisine (HD) has been reported in a direct
association with the HIV LTR, as mentioned above. HD has also been shown to compete with
ATP for binding to a number of cyclin-dependent kinases (CDK), including CDK2, as well as

other kinases® CDK2 is a kinase with a known role in phosphorylating the Tat protein of
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HIV-1 responsible for HIV-1 transcription®. This is a binding activity that is perhaps not
unlike the binding activity reported for the brominated meriolin analogs with CDK2. The
ability of HD to inhibit CDK2 is one way to decrease viral pathogenesis by a modulation of a
host factor. HD and its, debrominated from, debromohymenialdisine (DBH) are reported as
able to abrogate the G2-checkpoint and therefore have the potential to relieve the Vpr and
Tat-induced cell cycle arrest that support HIV pathogenesis. These lines of evidence suggest
that S.carteri may harbor a number of compounds effective in inhibiting HIV-1 pathogenesis
aside from HD and DBH because the metabolites of the sponge share common features as a

result of being derived from the same building block of oroidin.

3.2.5 Pharmacophores from a Red Sea Sponge

In 1987, the first antiretroviral medicine, AZT, was approved for the treatment of
HIV and was inspired by a natural product produced by a sponge 10. AZT is a nucleoside
analog and bares a striking resemblance to pharmaceutically relevant hymenialdisine.
However, in the past 15 years of clinical trials only five novel natural product scaffolds out
of the 52 known pharmacophores have been explored where only one of the 133 naturally
derived compounds in clinical trials for the period of 2008-2013 is an antiviral ! - not for
the treatment of HIV/AIDS. This reveals that there is a need for new antiviral
pharmacophores and their derivatives in clinical trials. In our evaluation of a Red Sea
sponge library we used a cell-based HIV full replication assay (EASY-HIT?2) and identified

an extract fraction with the ability to inhibit HIV.

As a first step in this investigation an image-based High-Content (HCA) cytological
profiling tool was employed in order to identify and characterize the detailed cytological

effects of the active fraction and suggest its potential antiviral activity (see chapter 1). This
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was followed by screening on the EASY-HIT system, a technology that uses LC5-RIC cells, a
HIV-1 permissive HeLa-derived cell line with a stable fluorescent reporter gene activated by
HIV Tat and Rev proteins (Figure 4)12. This allowed for the identification of an extract
fraction from Stylissa carteri with activity, which was further HPLC fractionated and

retested on the EASY-HIT system.

Liquid chromatograpy-mass spectrometry (LC-MS) analysis of the active fractions
revealed known compounds with unknown HIV activity as well as unknown compounds.
Subsequently, the known compounds, hymenialdisine (HD) and debromohymenialdisine
(DBH), and oroidin, were found to be responsible for the observed anti-HIV activity, which
was not known before our study. Our experimentation led us to conclude that oroidin is
capable of HIV-1 reverse transcriptase inhibition; where as HD and DBH have a more
general mechanism of action that inhibits HIV pathogenesis. This presents a cabal effect

from Stylissa carteri in its bioactive capability to inhibit HIV-1 replication.

The observation of this cabal comes at an opportune time as the “omics age”
translates to marine biology, where the ability to sequence genomes, transcriptomes and
metabolomes has led to the emergence of “lab rat” species of aquatic organisms. Stylissa
carteri is on its way to becoming as one such model in the world of sponges as it is globally
distributed, its genome currently being compiled (Ravasi in review), and has a number of

studies expounding upon its bacterial composition 13 and metatranscriptome 4.

3.3 Materials and Methods

3.3.1S. carteri Specimen collection and sample fractionation
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Sponges were collected using gardening sheers from four coral reef locations, which
include Inner Fsar/Outer Fsar, Inner Al Fahal/Outer Al Fahal, Rose Reef and Shib Nsar using
SCUBA at approximately 12 meters depth (Chapter 1, Table 1.1). The specimens were
washed with 1% Phosphate Buffered Saline (PBS) then wrapped in foil and placed on ice
then stored at -80°C until processing. 4-10 grams of sponge specimen were extracted with
15 ml of methanol then dried to 150mg of Diaion HP20SS beads then loaded into a column,
desalted with deionized water (FW1, FW2) and then eluted in the following series:

25%IPA/H-0, 50%IPA/H-0, 75%IPA/H.0, 100%MeOH 15.

3.3.2 Human Immunodeficiency Virus, full Virus Screening

LC5-RIC cells were seeded into 96-well plates using only the 60 inner wells to avoid
variations in the culture conditions in the outer wells. Cells were seeded at a density of 100
cells per well 24 hours prior to infection. SPE fractions for the biological replicates C26, C14
and D5, were tested in a serial dilution with a maximum of 3% methanol or approximately
75pg/ml for S. carteri fraction 1 mixture. For the HPLC fractions, SPEF1 HPLC fractions 1-
11, were tested on the EASY-HIT assay for biological replicates C26, C14 and D5 at

approximately half the concentration of the SPE parent fraction.

Test compound treatment was followed the addition of 20 ul of HIV inoculum
(1L08RNA copies/ml inoculum for KE37.1-derived HIV-1IIIB or 28.8 ng of p24 for HIV-1LAI
derived from HEK 293T cells) to each well. Virus treated plates were incubated for 48 hour
then the plates were assayed for cellular reporter expression. A control for 100% infection,
where HIV inoculum was added to LC5-RIC cells incubated with compound-free medium
was included as well as a control for background expression where LC5-RIC cells were

cultured in conditioned medium from KE37.1 (i.e., uninfected) cells. The total fluorescent
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signal intensity of each culture was read in order to assess reporter expression. This was
done with a fluorescence microplate reader (Fluoroskan Ascent; ThermoFisher, Schwerte,

Germany) at a 544 nm excitation filter wavelength and a 590nm emission filter wavelength.

3.3.3 MTT assay

The colorimeteric assay, MTT, was used in order to assess the viability and activity
of LC5-RIC cells exposed to the unknown sponge mixtures, SPE fraction 1 and HPLC
fractions 1-11, for three biological replicates. This cell vitality assay provides a visualization
of the process where mitochondrial enzymes reduce the yellow MTT to purple formazan.
After reading the HIV reporter expression, cultures were incubated with 100 ul of MTT
solution (0.5 mg of MTT; Sigma, Taufkirchen, Germany) in 100 ul of culture medium for 2
hours. MTT solution was removed and 100 ul of lysis solution (10% [wt/vol] SDS and 0.6%
[vol/vol] acetic acid in dimethyl sulfoxide [DMSO]) was added. The formazan
concentrations of the test compounds and the uninfected control cultures were determined
by an ELISA plate reader (SmartSpec Plus; Bio-Rad, Muenchen, Germany) and scanned with

a test wavelength of 570 nm and a reference wavelength of 630 nm.

3.3.4 Human Immunodeficiency Virus, Reverse transcriptase biochemical test

The HIV-1 reverse transcriptase inhibition assay was carried out using the
commercial kit EnzChek® Reverse Transcriptase Assay (Invitrogen, San Jose, CA, USA). The
reverse transcriptase is a heterodimer with the p66 and the p51 subunits with RNAse H
activity located in the last 15KDa of the p66 HIV Reverse transcriptase (Calbiochem, Merck-
Millipore). Polymerase activity was assessed by its ability to produce RNA-DNA
heteroduplexes from a mixture of a long poly(A) template, an oligo-dT primer and dTTP

which is then detected by PicoGreen® dsDNA quantitation reagent. All extracts and controls
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were performed with three replicates in a 384-well plate format, each with a total reaction
mixture of 50uL. To begin, the poly(A) template was annealed to the oligo dT primer for one
hour, then diluted 200 fold in polymerization buffer. 1.2ul of reverse transcriptase was
added per 300 reactions. This mixture was kept on ice and aliquoted to each well with test
compounds. The reaction was incubated at room temperature for one hour, then 2ul of
50nM EDTA was added to stop the reaction. The RNA-DNA heteroduplex was labeled with
PicoGreen and incubated for 5 minutes then detected with the use of a SpectraMax®
Paradigm® Multi-mode Microplate Detection Platform (Molecular Devices, Sunnyvale, CA,

USA) by scanning at 480 nm excitation wavelength and 520 nm emission wavelength.

3.3.5 Analytical Chemistry of bioactive S. carteri fractions

HPLC fractionation was peak-based and was carried out with 50ul of material and a
flow rate of 0.400ml/min using a ZORBAX Eclipse XDB-C18 LC Column, 4.6 mm, 150 mm, 5
um and the gradient reported in Table 1. LC-MS on the Thermo LTQ Orbitrap was carried
out with 10ul of material and a flow rate of 0.800 ml/min using a ZORBAX Eclipse XDB-C18

LC Column, 4.6 mm, 150 mm, 5 pm and the gradient reported in Table 3.2.

3.3.6 Principle component analysis of molecular descriptors

A PCA was first run in R studio with all 144 available descriptors, which were
calculated in Bioclipse for the twenty-five 3D SDF files acquired from PubChem. The vectors
mapping was viewed and overlapping descriptors were removed to reveal 45 molecular

descriptors that best described the data. These descriptors are listed in Table 3.3.

3.3.7 In silico modeling

Computer-aided molecular modeling of the candidate Reverse Transcriptase

inhibitor, oroidin (PubChem CID: 6312649) and the HIV-1 RT protein (PDB:1S1U) was
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preformed in AutoDockTools 1.5.6 and Autodock Vinalé. The modeling used a grid (center x
-0.237,center y -34, center z -26 ; size x-60, size y 68, size z-70). The binding affinity values

are reported in Table 3.4.

3.4 Results

3.4.1 Activity of S. carteri SPE fraction 1 on HIV-1 replication

Three biological replicates were tested at six concentrations starting at 3% on the
EASY-HIT assay. The highest concentration is 75pug/ml. Stylissa carteri SPE fraction 1 shows
a strong inhibition at all concentrations (Figure 5A). The same 3 biological replicates were
evaluated for their cytotoxicity which is % vitality using the MTT test. Stylissa carteri SPE
fraction 1 shows a high degree of cytotoxicity on HeLa cells at all concentrations (Figure 3.5

B).

3.4.2 Activity of S. carteri HPLC fractions on HIV-1 replication

SPE fraction 1 was separated into 11 HPLC fractions and the averaged biological
replicates of C14, C26 and D5 for SPEF1HPLC fractions 1,2,5,6,7 show activity on the EASY-
HIT assay (Figure 3.6 A) and their cytotoxicity was evaluated by MTT revealing fractions 2
and 6 as fractions of interest where inhibitory activity is strongest and cell vitality

maintains “"50% (Figure 3.6 B).

3.4.3 Activity of S. carteri HPLC fractions 2 and 6 on HIV-1 RT activity in vitro

HPLC fractions 2 and 6 (originating from SPE fractions 1) were screened for their
ability to inhibit the HIV-1 reverse transcriptase in a dilution series. The dilution
concentrations were 37.5 pg/ml, 18.75 pg/ml, 9.375ug/ml, and 4.688 pg/ml (Figure 3.7 A).

HPLC fraction 2 showed inhibition of the HIV RT while HPLC fraction 6 does not.
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Additionally, HPLC fractions 1,3, and 4 were screened for their ability to inhibit the HIV-1
reverse transcriptase in a dilution series. HPLC fraction 1 (similar to HPLC fraction 2)

showed inhibition of the HIV RT while HPLC fraction 3 and 4 do not (Figure 3.7 B).

3.4.4 High Content Screening of S.carteri SPE fractions
The biological replicates of the SPE Fraction 1 (C5, C14, C26, D5) cluster with the

LOPAC library reference compounds using spearman method with complete linkage. SPE
fractions 1, of C26 and C5 showed close matching withwith 3-bromo-7-nitroindazole (a
potent inhibitor of all nitric oxide synthase isoforms), chelerythrine chloride (PKC
inhibitor), cyclosporine A (powerful immunosuppressant, also inhibits Tcell receptor
transduction pathway by inhibiting calcineurin, and inhibits NO synthesis), and AC-93253
iodide (potent, cell permeable, subtype selective RAR (RARa) agonist) whereas, SPE
fraction 1 of C14 and D5 clustered with beta-lapachone, which has chemopreventive
properties. The selected LOPAC compounds were screened for anti-HIV RT activity in the
biochemical assay and showed no inhibition; whereas, 3-bromo-7-nitroindazole showed
30% inhibition of HIV-1 replication in the EASY-HIT assay (Figure 3.8 A). The cell counts for
all cultures treated with the HPLC fraction biological replicates (C14, C26, D5) were
assessed in order to determine the vitality of the cells after treatment. This cell vitality is
comparable to the % vitality obtained after treatment of the LC-RIC cells in the EASY-HIT
assay (Figure 3.8 B). This proves that we are evaluating a similar concentration and that

there is consistency across screening platforms..

3.4.5 Analytical Chemistry of active HPLC fractions

LC-MS chromatograms for HPLC fractions of interest H2 (red) and H6 (black) were

overlaid for comparison. HPLC fraction 2 and fraction 6 have many peaks in common
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(Figure 9A). These peaks show the presence of debromohymenialdisine (C11H11N502, m/z
246), 2- Debromohymenin (C11H13BrNsO, m/z 312), hymenialdisine (C11H10BrNsO2, m/z
324), 3-bromohymenialdisine (C11H¢BrzNs02, m/z 403), oroidin (C11H11Br:Ns0, m/z 389)

in both HPLC 2 and 6 (Figure 3.9 B)

3.4.6 Principal Component Analysis of Molecular Descriptors for LOPAC
reference compound, Sponge constituents, and approved HIV-1 Reverse

Transcriptase drugs

A principle component analysis was performed on data aggregated from the High
Content Analysis (LOPAC, pink), EASY-HIT, RT biochemical test and LC-MS data (Stylissa,
red) and known HIV RT inhibitors (NaRTI, yellow; NNRTI, blue; NtRTI, green; RHRT],
black). This resulted in a plot of 25 PubChem 3D SDF files defined by 45 molecular
descriptors. The principle component 1 (PC1) explains 21% of the variation in the dataset,
whereas, PC2 explains 19%. A PCA plot using 147 molecular descriptors (not show here)
reveals the same overall clustering with a higher proportion of variance explained by PC1 at
44%, followed by PC2 at 13%. This similarity despite the reduction of molecular descriptors
suggests the trend is conserved and the analysis is robust. The analysis shows that the
candidate compounds from Stylissa, 3-bromohymenialdisine, oroidin, 10Z-hymenialdisine
and debromohymenialdisine cluster more closely with known reverse transcriptase
inhibitors according to their molecular properties than they do with their closest associated
hits in the LOPAC library. It also suggests that oroidin, 3-bromohymenialdisine and
hymenialdisine are more structurally similar to known Non-nucleoside reverse
transcriptase inhibitors (NNRTI), rilpivirine and lersivirine, than they are to known
Nucleoside analog or Nucleotide reverse transcriptase inhibitors (NaRTI, NtRTI). Whereas,

debromohymenialdisine is more similar in structure to a NaRTI (Figure 3.11). This
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pharmaceutical bioinformatics assessment of our compounds of interest helps us to predict

HIV RT activity for our sponge-derived compounds.

3.4.7 Activity of single molecules on full-virus model HIV-1 replication

The single compounds of debromohymenialdisine (Figure 3.10 A), hymenialdisine
(Figure 3.10 B), and oroidin (Figure 3.10 C) were purchased and tested on the EASY-HIT
platform at 50 puM, 25 uM, 12.5 pyM, 6.2 5 uM, and 3.125 uM. Debromohymenialdisine
completely inhibits HIV-1 replication at 25 pM, revealing a 50% inhibition of the virus at
approximately 7 puM. The chemically similar and brominated, hymenialdisine is slightly
more potent with 50% inhibition of the virus around 3 pM; whereas, oroidin shows a 50%
inhibition at 50 pM (Figure 3.12A). Debromohymenialdisine is cytotoxic at concentrations
greater than 13 pM; however, hymenialdisine is significantly more cytotoxic starting at a
concentration of 3 pM perhaps on account of the positioning of the bromine atom.
Meanwhile, the brominated oroidin is not toxic for any of the concentrations assayed

(Figure 3.12 B).

3.4.8 Activity of single molecules on HIV-1 reverse transcriptase assay

Serial dilutions of the single compounds debromohymenialdisine, hymenialdisine,
and oroidin were screened for activity on a biochemical HIV-1 reverse transcriptase assay.
This revealed oroidin as capable of inhibiting the activity of the enzyme up to 90% at 25 uM;

whereas, debromohymenialdisine and hymenialdisine were not active (Figure 3.13).

3.4.9 In Silico modeling of Oroidin on HIV-1 Reverse Transcriptase

Oroidin (green), when modeled in Autodock against HIV RT (PDB:1S1U) binds into
the hinge at the “palm” and the “thumb” of the p66 subunit (white, the p51 subunit is in

lilac). This is the hydrophobic pocket. Nine mode of binding were computed, binding mode
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#7 of oroidin in the HIV-1 RT was evaluated with a binding affinity of -7.1 kcal/mol (Table
3.4). Oroidin interacts with residues Lys101 (pink), Val 179 (blue), Tyr 181 (red), Tyr 188
(purple), and W229 (orange). These are all residues of interest for an RT inhibitor!” (Figure

3.14).

3.5 Discussion

In 1951 a nucleoside containing an arabinose sugar, spongouridine was isolated
from the Caribbean sponge Tethya crypta 18. The antiviral activity of its synthetic analog,
Ara-A was later described 19. It was found capable of inhibiting viral DNA polymerases, the
synthesis of herpes and the varicella zoster viruses. These spongonucleotides, which use an
arabinose sugar instead of a deoxyribose or ribose sugar, inspired researchers to substitute
the sugar rather than the base moiety, in order to yield greater bioactive versatility in their
analogs!0. The downstream result was the development of Azothymidine (AZT) with an
“azido” group, at the 3’ carbon of the five-carbon sugar, capable of disrupting DNA
polymerization. AZT is an effective HIV-1 reverse transcriptase inhibitor and was approved

in 1987 as the first of its kind.

Today, there are two categories of HIV reverse transcriptase (RT) drugs. These are
the Nucleoside/Nucleotide Reverse Transcriptase Inhibitors (NRTIs) and Non-nucleoside
Reverse Transcriptase Inhibitors (NNRTIs). The virus uses the RT to generate double-
stranded DNA from the single-stranded RNA viral genome. The eight approved NRTIs are
drugs which mimic the nucleotide building blocks used during DNA synthesis; however,
these mimetics lack the 3-OH group of the five carbon sugar found in the naturally occurring
deoxyribonucleotides/nucleosides and thus terminate the building of the phosphate

backbone 20. The seven NNRTIs, on the other hand, inhibit the RT by binding to a
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hydrophobic pocket located at the hinge where the thumb of the polymerase meets the
palm of the polymerase. The binding of the NNRTI to this pocket creates a conformational
change in the protein and renders it inactive. Both types of RT inhibitors are used in HAART

therapy along with antivirals targeting viral entry, fusion, the integrase, and the protease.

In this analysis of the anti-HIV activity of SPE fraction 1 of Stylissa carteri we
observed an inhibition of HIV-1 replication in a cell-based full-infection assay. This
inhibition by SPE fraction 1 occurs in phase 1 of the EASY-HIT assay, which shows that the
candidates for affected processes encompass most HAART therapy targets, aside from the
viral protease (Figure 3.5 A). A further testing of 11 HPLC fractions collected from SPE
fraction 1 showed that HPLC fractions 1, 2, 6 and 7 have retained the anti-HIV activity of the
parent SPE fraction (Figure 3.6 A). Further biochemical testing of the HPLC fractions 1,2,3,4
and 6 showed only fractions 1 and 2 to inhibit the HIV-1 Reverse Transcriptase (RT) in vitro
(Figure 7 A, B). The LC-MS spectra for fractions 2 and 6 revealed an overlap of compounds
common to the active and inactive fractions from the RT assay (Figure 3.9). This generates
two hypotheses. One where the compounds shared between HPLC fractions 2 and 6 are
capable of inhibiting HIV-1 replication in a general manner; however, among the
compounds distinct to HPLC fraction 2 (as well as HPLC fraction 1) there exists a compound
specifically targeting the RT. Alternatively, it is possible that the concentration of the active
compound in HPLC fraction 2 was greater than that of HPLC 6, which would mean that the
lack of activity in HPLC fraction 6 on the RT biochemical assay is a matter of the

concentration being too low to show RT inhibition.

3.5.1 Previously described compounds from S. carteri as candidate inhibitors

The mechanism of inhibition from the compounds shared by the two HPLC fractions
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has a number of possibilities. This is because there exists a cavalcade of proteins, not
directly encoded by the nine viral genes, which favor viral replication by modulating host
cell biology. The regulation of these genes is the dark matter of four less pharmacologically
targeted HIV-1 proteins encoded by the genes vif, vpr, vpu and nef 3 as well as tat and rev.
Specifically the viral protein regulatory (Vpr) has been indicated in the transactivation of
the HIV-1 long terminal repeat (LTR) in vitro, nuclear import of preintegration complexes
(PICs), induction of cell cycle arrest in G2, and apoptosis in infected cells. Vpr is thought to
facilitate infection of non-dividing tissue macrophages as well as inducing G2 cell-cycle
arrest in dividing T cells 2L Congruently, the HIV Trans-Activator of Transcription (Tat),
known to drive viral replication, is shown to cause a 3-fold up-regulation of Checkpoint 1
(chk1), an important inducer of the G2 checkpoint causing cell-cycle arrest?2. A G2 arrest is
thought to pose a replicative advantage for the viral species, as the HIV-1 LTR is most active
during this phase 23. A study with the objective of addressing the link between cell cycle
arrest and apoptosis used caffeine as an inhibitor of the serine/threonine kinases Ataxia
telangiectasia mutated (ATM) and ataxia telangiectasia and Rad3-related protein (ATR) and
showed the relief of both cell cycle arrest and apoptosis induced by Vpr 24, Caffeine is one of
the few compounds known to arrest G2-checkpoint activity, others include 2-aminopurine,
and 6-dimethylaminopurine, staurosporine, 7-hydroxystaurosporine, SB-218078, and

isogranulatimide 25.

After observing the chemical overlap present in HPLC fractions 2 and 6, both of
which showed strong inhibition of HIV-1 replication with around 50% cell vitality in the
EASY-HIT assay (Figure 3.6 B), the second hypothesis was pursued where the compounds
common to the fractions were presumed good candidates for further antiviral screening.

This resulted in the three marine-derived alkaloids, hymenialdisine (HD) (Figure 3.10 A),
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debromohymenialdisine (DBH) (Figure 3.10 B), and oroidin as prospective candidates
(Figure 3.10 C). The expected activity for HD was based on an a report by Breton et al 1997
where it was found to inhibit Interleukin-8 production in U937 cells by inhibition of Nuclear
Factor-kB (NFkB). Additionally it is known that NFkB binding to its consensus motif is
critical for long terminal repeat (LTR)-mediated transcription of HIV 26. HD as also been
shown to compete with ATP for binding to a number of cyclin-dependent kinases8a. One of
which is CDK-28b a kinase that has a role in phosphorylating the Tat protein of HIV-1, which
actives HIV-1 transcription. Inhibition of CDK-2 by hymenialdisine maybe an example of
one way to inhibit the viral pathogenesis induced by Tat, which was achieved by inhibiting

host cellular features.

In an experiment to characterize new heptacyclic peptides, oroidin was obtained as
a by-product and both the peptides and the alkaloid were tested for HIV activity and were
found inactive 27. Additionally, they reported no cytotoxic effects for oroidin; however, they
did report on a marginal anti-malarial activity with an IC50 value of 1200 ng/ml and a 71%
inhibition of M. tuberculosis at a concentration of 128 pg/ml. We had no empirical evidence
to generate a hypothesis for debromohymenialdisine aside from evidence from Curman et
al. 25, which reports debromohymenialdisine (DBH), as well as hymenialdisine, were able to
abrogate the G2-checkpoint like caffeine. In their assessment, they found DHB capable of
inhibiting the G2 checkpoint by a direct inhibition of Chk1 and Chk2 with an IC50 of 8 pM
and an IC50 of 25 puM on MCF-7 cells. This suggests DBH may also be able to relieve the Vpr
and Tat-induced cell cycle arrest that support HIV pathogenesis. All three compounds had
been structurally elucidated 28 and synthesized and were available for purchase from Enzo

Life Sciences.
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3.5.2 Debromohymenialdisine and Hymenialdisine demonstrate a broad

inhibition of HIV-1 while Oroidin targets the HIV-1 Reverse Transcriptase

Testing of the candidate single molecules, debromohymenialdisine, hymenialdisine,
and oroidin in the EASY-HIT assay and revealed debromohymenialdisine as capable of 70%
HIV-1 inhibition at 13 uM with cell viability between 90-100%. The lower cell survival rate
displayed in cells treated with the same micromolar concentration of hymenialdisine- which
differs from debromohymenialdisine by one bromine in the 4’ position of pyrrole group- is
perhaps due to the presence and positioning of the bromine. Contrary to a previous report
of inactivity, a 50 uM concentration of oroidin shows 50% inhibition of the HIV-1 virus;

without displaying any cytotoxicity (Figure 3.12 A, B).

The single compounds were then screened on the HIV RT biochemical assay and the
results show oroidin to be a prospective reverse transcriptase inhibitor displaying 90%
inhibition of the reverse transcriptase at 12.5 pM (Figure 3.13). This inhibition may account
for the inhibition observed for the parent SPE fraction (Figure 3.5 A) and daughter HPLC
fractions 1 and 2 (Figure 3.6 B). This would also support the alternative hypothesis where
the RT activity is not distinct only to HPLC fraction 2 but that both fractions, HPLC 2 and 6,
have the presence of oroidin, where it is more abundant in HPLC fraction 2. Furthermore,
the only cell-based account of oroidin as an HIV inhibitor reports no activity for the
compound and this may be a result of the concentration that was tested being too low. Our
results show oroidin to be more effective at inhibiting the HIV RT in vitro than with the in
vivo cell-based assay. This could be attributed to the need for improvement on the ADMET
(Absorption, Distribution, Metabolism, Excretion, and Toxicity) value of absorption. Oroidin,
may not be easily absorbed by the cell, which causes the double-brominated alkaloid to be

less bioavailable but also less toxic. Meanwhile, the compounds, hymenialdisine and
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debromohymenialdisine, could be competing with ATP for binding of CDKs as well as
abrogating the G2 checkpoint cell-cycle arrest. The structures of the two compounds (Figure
3.10 A, B) resemble reconfigured nucleosides and their ability to outcompete ATP is very
interesting. This recalls the first pharmaceutically relevant HIV antiviral, AZT, which was

the analog of a nucleoside.

3.5.3 PCA helps to propose the binding of Oroidin

The multivariate statistical technique known as principle component analysis (PCA)
uses molecular descriptors to illustrate the chemical space occupied by selected
compounds. PCA is extensively used in the field of pharmaceutical bioinformatics in the
application of statistical molecular design in order to reduce the number of compounds to
be produced by combinatorial chemistry while maintaining the greatest amount of variation
among the synthesis set. Along similar lines, PCA can be used to identify descriptors that
best describe the data set whose values can be used for future computational quantitative
structure activity relationships (QSAR). PCA has been used in the field of metabolomics in

order to prioritize compounds for investigation 2°

PCA analysis using 3D SDF files obtained from the Pubchem database for three (AC-
93253 iodide, 3-bromo-7-nitroindazole, chelerythrine chloride) of the five reference
compounds which clustered with the Stylissa fraction in the High Content Analysis, the three
procured Stylissa-derived compounds (HD, DBH, and oroidin) and 3-bromohymenialdise,
and all known HIV RT inhibitors (NaRTI, yellow; NNRTI, blue; NtRTI, green; RHRTI, black)
were analyzed using this multivariate approach. From this analysis it is possible to conclude
that debromohymenialdisine is more chemically similar to a nucleoside reverse

transcriptase inhibitor (NRTI) than the other sponge-derived compounds. Whereas, oroidin,
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hymenialdisine and 3-bromohymenialdisine are more chemically related to the non-
nucleoside reverse transcriptase inhibitors (NNRTI) than they are to the LOPAC1280
reference compounds (Figure 3.11). With the knowledge that oroidin exhibits in vitro HIV
RT inhibition the compound was modeled with the HIV-1 reverse transcriptase protein in

order to speculate about its mode of binding (Figure 3.14).

3.5.4 In Silico modeling of Oroidin and the HIV-1 Reverse Transcriptase

In silico modeling of Oroidin, into the HIV RT (PDB:1S1U) shows a mode of binding
that reflects the binding characteristics of approved NNRTIs. Oroidin binds into the palm of
the p66 subunit, more specifically, it interacts with residues L101, V179, Y181, Y188, and
W229- these are all residues of interest for an RT inhibitor 17(Figure 3.14). The binding of
residues Y181 and Y188 cause the polymerase thumb to become rigid and unable to bind
the RNA template, whereas, W229 is a highly conserved residue of the NNRTI-binding
pocket. CP94707, an experimental imidazole containing compound, is able to disturb the
residue W229 and releases the ‘primer grip’, which orients the template/primer of the viral
RNA strand in the correct direction to receive the incoming dNTP30 31 17 Whereas, binding of
the residue, Y188, was key to the success of first generation NNRTI inhibitors. Oroidin, a
brominated pyrrole-imidazole alkaloid seems to have a similar binding activity as the
approved NNRTIs and as well as an experimental compound lending to its strong in vitro

binding of the HIV-1 reverse transcriptase.

3.5.5 Candidates show similarity to current marine alkaloid anti-HIV leads

In order to gauge where our sponge-derived compounds stand as lead molecules,
we compared these values to a 2005 report by Singh et al 2005, which summarized all

known anti-HIV natural products from both terrestrial and marine organisms. Table 1 of
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Singh et al has been slightly modified to include only the alkaloid compounds with a
reported [Cso/ECso value. Additionally, four more sponge derived anti-HIV alkaloid
compounds reported by Sagar et al 201032 were added to our Table 5. Of the nineteen
alkaloids reported as anti-HIV leads, 9 originate from marine sponges. While the EDs,/ICso
of the compounds range from 3uM to 40uM (one outlier at 0.91mM), the cytotoxicity of the
compounds are poorly assessed. For instance the two compounds, Batzelladines A and B
from the sponge Batzella sp., were tested in vitro and again in a cell based assay and they
only report that the compounds were cytotoxic with no associated toxicity values. The two
compounds Crambescidin 826 and Dehydrocrambine A from the sponge Monanchora sp.
were also only testing in an in vitro assay. Dragmacidin F, being the weakest candidate,
reports on an inhibition of syncytium formation however gives no report on cytotoxicity.
The compounds Manadomanzamine A, B, and Xestomanzamine A from
Acanthostrongylophora sp. did not report a specific activity and were only tested for
cytotoxicity at a concentration lower than the EDso, but was not cytotoxic. Trikendiol, from
the sponge Trikentrion loeve has reported activity as an inhibitor of HIV-induced cytopathic
effects with no reported cytotoxicity value. The phenomenon where “cytotoxicity” occurs a
term without definition has been discussed in the Newmann et al 200833 review concerning
natural products as drug leads when recounting the efforts of Novartis to attribute
biological information to ‘privileged scaffolds’ in order to characterize them as effective
ligands. Their efforts fell short on account of non-specific biological data. We accurately
report on cytotoxicity and conclude that debromohymenialdisine compound with an EDsg
of approximately 10 pM and an LDso of 35 uM, would need modification to render it less
toxic in order to be a better antiviral candidate. Oroidin, on the otherhand, has the least

cytotoxicity among the marine alkaloids reported in Table 1; however, the concentration
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required for inhibition in the cell-based assay at 50 uM is high in comparison. Whereas, the
active concentration of oroidin in the biochemical assay shows it to be a promising lead for
further medicinal chemistry modification to improve its ability to be absorbed through cell
membranes. Oroidin could have potential as a privileged scaffold as it shows to be an
effective ligand of the HIV RT. In fact, of the 26 natural product-derived drugs (terrestrial
and marine) launched from the years 2006-2013, only five are without any modification??.
This demonstrates the fine-tuning that occurs for most naturally derived compounds before

becoming a drug.

3.6 Conclusion

Our endeavor to resolve the initial observed cytotoxicity of the SPE fraction 1 of
S.carteri from HIV-1 activity illustrates the benefit of following through on a lead that is not
an outright “hit”. There are two conventions when it comes to screening efforts aimed at
natural products compound discovery, these have been described as an “isolate and then
test” and “ test and then isolate”34. The “isolate then test” is often the method of chemists
where novel compounds are fully elucidated and purified and even synthesized; whereas,
from a biological standpoint it can be faster and easier to employ the “test then isolate”
method in order to see what sticks and investigate. However, the nature of dealing with a
diverse mixture can confound results and even produce false negatives where interesting

compounds go uninvestigated.

In the case of S. cateri, its plethora of brominated metabolites would leave most cell-
based assay with a cytotoxic readout and might deter the researcher from pursuing the
fraction for antiviral activity. However, because we also employed an in depth cytological

profile at an early stage in our screening pipeline we were able to determine a structural
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similarity to other bioactive compounds, including a brominated compound (e.g. 3-bromo-
7-nitroindazole), and extrapolate and attribute an anti-HIV activity worth pursuing to our
fraction. The fact that debromohymenialdisine and hymenialdisine, and oroidin were first
described in 1996, and that their synthesis has been resolved and carried out on moderately
large scales, it is hard to believe that it was not until now, 19 years later that our screening
efforts provide the first account of antiviral activity for the globally distributed sponge,
Stylissa cateri. This reality stands as a testament to the need for screening natural products
libraries for antiviral activity on a larger and broader scale than we have seen thus far, in a

smart throughput manner, similar to what we have presented here.
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3.7 Figures and Tables

(LR H gag
(

pol

Figure 3. 1: The nine virally encoded genes of HIV-1: gag, pol, vif, vpr, rev, tat, nef, env

and the Long Terminal Repeat (LTR). (Figure adapted from Gottfredsson et al. 199735.)
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Figure 3. 3: Metabolites from Stylissa carteri, such as 10Z-hymenialdisine,
debromohymenialdisine and sceptrin, with previously reported bioactivity are derivatives

of the compound oroidin. (Figure adapted from Yarnold et al. 20124.)
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Figure 3. 4: Depiction of the EASY-HIT reporter scheme where the Tat protein drives
transcription of the DsRed reporter harboring the p17/p24 elements of the HIV structural
gag gene. The Rev protein binds to the Rev-responsive element (RRE) to translocate the
DsRed containing (p17)/(p24) mRNA to the cytoplasm. The translation of the mRNA until
the “stop” sequence results in ony the expression of the red fluorescent protein. (Figure

adapted from Kremb et al. 201012.)
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Figure 3. 5: % Infection and % Cell Vitality of EASY-HIT assay after S.carteri SPE
fraction 1 treatment. (A) The percentage of HIV-1 infection for the 3 biological replicates
(samples C14, C26 and D5) of S.carteri SPE fraction 1 tested at six concentrations on EASY-
HIT. (B) The percentage cell vitality for 3 biological replicates (samples C14, C26 and D5) of

S.carteri SPE fraction 1 tested at six concentrations and evaluated by MTT.
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Figure 3. 6: % Infection and % Cell Vitality of EASY-HIT assay after S.carteri SPE fraction
1 HPLC fraction 1-11 treatment. (A) S. carteri SPE fraction 1 was separated into 11 HPLC
fractions for the three biological replicates (samples C14, C26 and D5) and screened on the
EASY-HIT assay. (B) Percentage of cell vitality after treatment with with SPE fraction 1,

HPLC fractions 1-11 for the three biological replicates (samples C14, C26 and D5).
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Figure 3. 7: % Activity of the HIV-1 Reverse transcriptase after treatment with S.carteri
SPE fraction 1, HPLC fraction 1, 2, 3, 4, and 6 treatment (A) SPE fraction 1, HPLC fractions 2
and 6 for the three biological replicates (samples C14, C26 and D5) were screened for their
ability to inhibit the HIV-1 reverse transcriptase in a dilution series. (B) SPE fraction 1,
HPLC fractions 1,3, and 4 for the three biological replicates (samples C14, C26 and D5) were

screened for their ability to inhibit the HIV-1 reverse transcriptase in a dilution series.



114

0.6709005

{0.8].220’9
0.9535175

uuuuuuuuuuuuuuuuu

1.2 -

0.8 -
0.6 -
0.4
0.2 j
0 - . . . . . . . . :

F1_H1 F1 H2 F1 H3 F1.H4 F1 H5 F1 H6 F1 H7 F1 H8 F1_H9 F1_H10

% vitality

SPE _HPLC fraction
Figure 3. 8: HCS Heat map and cell counts for HPLC fractions 1-10. (A) Heat map of the

biological replicates (C14, C26, D5) for HPLC fractions 2 and 6 .(B) The cell counts for all
cultures treated with the HPLC fraction biological replicates (C14, C26, D5) were assessed in
order to determine the vitality of the cells after treatment. This cell vitality is comparable to
the % vitality obtained after treatment of the LC-RIC cells in the EASY-HIT assay. This

proves that we are evaluating a similar concentration and that there is consistency across

screening platforms.
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Figure 3. 9: LC-MS chromatogram and spectra for S.carteri SPE fraction 1, HPLC fraction
2 and 6 (A) Overlay of LC-MS chromatograms for HPLC fractions of interest H2 (red) and H6
(black).(B). Peak spectra shared between HPLC fractions H2 and H6. These peaks show the
presence of debromohymenialdisine (C11H11N502, m/z [M+H]+ 246), 2-
Debromohymenin  (C11H13BrN50, m/z [M+H]+ 312), 10Z- hymenialdisine
(C11H10BrN502, m/z [M+H]+ 324), 3-bromohymenialdisine (C11H9Br2N502, m/z

[M+H]+ 403), oroidin (C11H11Br2N50, m/z [M+H]+ 389) in both HPLC 2 and 6.
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Figure 3. 10: Compound procured from Enzo Life Sciences. (A) Debromohymenialdisine

, (B) 10Z- Hymenialdisine and (C) Oroidin .
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Figure 3. 11: Principle component analysis was performed on data aggregated from the

High Content Analysis (LOPAC, pink), EASY-HIT, RT biochemical test and LC-MS data
(Stylissa, red) and known HIV RT inhibitors (NaRTI, yellow; NNRTI, blue; NtRTI, green;
RHRTI, black). The analysis was carried out using 45 molecular descriptors calculated for
the twenty-five 3D SDF files from PubChem. The analysis shows that the candidate
compounds from Stylissa, 3-bromohymenialdisine, oroidin, 10Z-hymenialdisine and
debromohymenialdisine cluster more closely with known reverse transcriptase inhibitors
according to their molecular properties than they do with their closest associated hits in the
LOPAC library. Oroidin, 3-bromohymenialdisine and hymenialdisine are more structurally
similar to known Non-nucleoside reverse transcriptase inhibitors (NNRTI), rilpivirine and
lersivirine, than they are to known Nucleoside analog or Nucleotide reverse transcriptase
inhibitors (NaRTI, NtRTI). Whereas, debromohymenialdisine is more similar in structure to

a NaRTI.
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Figure 3. 12: % Infection and % Cell Vitality of EASY-HIT assay after
debromohymenialdisine, hymenialdisine, and oroidin treatment (A) The single compounds
of debromohymenialdisine, hymenialdisine, and oroidin were purchase and tested on the
EASY-HIT. Debromohymenialdisine completely inhibits HIV-1 replication at 25 uM,
revealing a 50% inhibition of the virus at approximately 7 uM. Hymenialdisine is slightly
more potent with 50% inhibition of the virus around 3 pM; whereas, oroidin shows a 50%
inhibition at 50 pM. (B) The percentage of viability of the treated -cells.
Debromohymenialdisine is cytotoxic at concentrations greater than 13 pM; however,
hymenialdisine is significantly more cytotoxic starting at a concentration of 3 pM. Oroidin is

not toxic for any of the concentrations assayed.
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Figure 3. 13: Debromohymenialdisine, hymenialdisine, and oroidin screen on the
biochemical HIV-1 reverse transcriptase assay. Serial dilutions of the single compounds
debromohymenialdisine, hymenialdisine, and oroidin were screened for activity on a
biochemical HIV-1 reverse transcriptase assay. This revealed oroidin as capable of
inhibiting the activity of the enzyme up to 90% at 25 uM; whereas, debromohymenialdisine

and hymenialdisine were not active.
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Figure 3. 14: In silico modeling of Oroidin with the HIV RT (PDB:1S1U) in Autodock

vina. Oroidin binds into the hinge at the “palm” and the “thumb” of the p66 subunit (white,
the p51 subunit is in lilac) where it interacts with residues Lys101 (pink), Val 179 (blue),

Tyr 181 (red), Tyr 188 (purple), and W229 (orange).
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Table 3. 1: HPLC gradient used to separate the S. carteri SPE fraction 1 into HPLC

fractions 1-11.

Time % % Acetonitrile
H20
0 min 65 35
1 min 65 35
20 min 30 70
26 min 30 70
28 min 65 35

30 min 65 35
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Table 3. 2: LC-MS gradient used to characterize the bioactive compounds of the S. carteri

SPE fraction 1, HPLC fraction 2 and 6 ( SPEF1_H2 and SPEF1_H6).

Time % H20 % Formic acid in each solvent
MeOH

0 min 90 10 0.10%

5 min 90 10 0.10%

40 min 10 90 0.10%

50min 10 90 0.10%

55min 90 10 0.10%

60min 90 10 0.10%



123

Table 3. 3: Molecular descriptors used for PCA analysis

ALogP

ALogp?2

nAtomLC

DPSA-2

DPSA.3

nHBAcc

nHBDon

PPSA-2

PPSA-3

PNSA-1

FPSA-1

FPSA-2

FPSA-3

FNSA-1

RPCG

RPCS

Atomic based prediction of lipophilicity

Atomic based prediction of lipophilicity

number of atoms in largest chain

difference in total charge weighted surface area

difference in atomic chare wieghted surface area

Hydrogen Bond Acceptor Count Descriptor

Hydrogen Bond Donor Count Descriptor

total charged weight positive surface area

Atomic charged weight positive surface area

sum of all partial negative surface area

fractional charged partial positive surface areas

Total fractional charged partial positive surface areas

Atomic fractional charged partial positive surface areas

fractional charged negative surface areas

relative positive charge

relative positive charge surface area



RNCS

TPSA

RPSA

MOMI-Z

MOMI-XY

topoShape

WlambdaZ2.
unity

Wnul.unity

Wnu2.unity

Wetal.unity

WetaZ2.unity

WD.unity

C1SP2

C2SP2

C1SP3

SCH-5

SC-3
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relative negative charge surface area

total polar surface area

relative polar surface area

Moment of Inertia descriptor - Z- axis

Moment of Inertia descriptor - X,Y- axis

topological shape index

Todeschini Grid-weighted holistic invariant molecular (GWHIM) descriptors

Todeschini Grid-weighted holistic invariant molecular (GWHIM) descriptors

Todeschini Grid-weighted holistic invariant molecular (GWHIM) descriptors

Todeschini Grid-weighted holistic invariant molecular (GWHIM) descriptors

Todeschini Grid-weighted holistic invariant molecular (GWHIM) descriptors

Todeschini Grid-weighted holistic invariant molecular (GWHIM) descriptors

Characterizes the carbon connectivity in terms of hybridization

Characterizes the carbon connectivity in terms of hybridization

Characterizes the carbon connectivity in terms of hybridization

Evaluates the Kier & Hall Chi chain indices of orders 3,4,5 and 6

Evaluates the Kier & Hall Chi cluster indices of orders 3,4,5,6 and 7



Kier3

MDEC-33

ATSc1

ATSc3

ATSc4

ATSc5

ATSm1

ATSm4

Petitjean
Number

TopoPSA

bpol

C3SP2
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Descriptor that calculates Kier and Hall kappa molecular shape indices.

Evaluate molecular distance edge descriptors for C, N and O

The Moreau-Broto autocorrelation descriptors using partial charges

The Moreau-Broto autocorrelation descriptors using partial charges

The Moreau-Broto autocorrelation descriptors using partial charges

The Moreau-Broto autocorrelation descriptors using partial charges

The Moreau-Broto autocorrelation descriptors using atomic weight

The Moreau-Broto autocorrelation descriptors using atomic weight

Descriptor that calculates the Petitjean Number of a molecule.

Calculation of topological polar surface area based on fragment contributions

Descriptor that calculates the sum of the absolute value of the difference
between atomic polarizabilities of all bonded atoms in the molecule (including

implicit hydrogens)

Calculates the carbon connectivity in terms of hybridization
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Table 3. 4: Binding affinity values for molecular modeling of oroidin and HIV-1 RT.

binding affinity

mode (kcal/mol)
1 -8.1
2 -7.8
3 -7.6
4 -7.5
5 -7.5
6 -7.3
7 -7.1
8 -7.1
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the literature to date.

mn

Anti-HIV alkaloids reported

Table 3.5
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Dissertation Conclusion

In an effort to bioprospect novel antiviral scaffolds from a Red Sea sponge library, I
was able to generate four possible leads from the previously identified compounds known
as a Halitoxin, debromohymenialdisine, hymenialdisine and oroidin. Our initial expectation
was to find unknown compounds with new activity, assuming that the existing compounds
had already been comprehensively screened for their anti-infective potential. Our
experimentation provides evidence that the next big step in natural products drug
discovery could be achieved by extensively evaluating known compounds for their activity
as antivirals. Antibacterial and anti-parasitic, and anticancer screens have yielded a modest
number of pharmacophores or “privileged scaffolds” whose modification has contributed to
a much larger number of drug leads. Following suit, new tools for acquiring compounds and
their derivatives in greater quantities have expanded by the method of genome mining and
the subsequent use of heterologous recombination in order to drive the expression of
biochemical pathways and biologically engineer pre-existing structures. It is important that
while the techniques evolve, that the resulting compounds are also assayed for their activity
or we might be sitting on a cure without knowing it. The number of antiviral drug
candidates in clinical trials is surprisingly low and it is important to see an increase in

approval rates if we are to see less disease and deaths resulting from viral infection.
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