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Small molecule drugs have been instrumental in our fight against diseases,
beginning when some of the earliest ancient cultures used plant remedies to treat
illnesses. More recently, the skill of isolating and characterizing the active ingredients
within bioactive plants and microbial extracts has led to the isolation and design of
potent drugs such as morphine, prontosil, and penicillin. Modern medicine still relies
heavily on the study of small molecules, often inspired by naturally occurring
compounds. In this thesis, synthetic compounds and natural product extract libraries
were screened for biological activity against HIV-1 and cancer cell line models; two
relevant diseases with unmet therapeutic needs. The research discussed here is
presented over three chapters. In chapter two, the synthetic isopropyl ether azaBINOL
derivative B#24, was found to show low micromolar level inhibition (∼7 µM) of HIV-1
by acting on the RNase H activity of the viral reverse transcriptase enzyme. In chapter
three, microbial extract library screening and bioactivity-guided fractionation of a
Streptomyces sp. bacterium resulted in the first report of nanomolar anti-HIV activity
from the natural compound antimycin A8a (3.1) without associated cytotoxicity. In
chapter four, a target-based screening platform to discover and assess compounds with

DNA-binding properties was designed and implemented utilizing biolayer
interferometry. This resulted in the identification, and binding-guided isolation of
bacterial metabolites including echinomycin (4.7), actinomycin V (4.8), chartreusin
(4.9), and lumichrome (4.10). In summary, screening small molecule libraries, both
from synthetic and natural sources, is successful if diverse chemistry, sensitive assays,
and a repertoire of analytical techniques are utilized.
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Chapter One: General Introduction

Ross D. Overacker

2
1.1 History of small molecule drugs
The idea of treating infection and disease by applying or ingesting natural substances
has been around since the earliest recordings of history. One of the first records on the
use of drugs for therapeutic purposes was a plant-based treatment found written on clay
tablets in ancient Mesopotamia around 2600 B.C. Described were the oils from cypress
and myrrh plants for treating coughs, colds, and inflammation; treatments that are still
used today.1 Ancient Egyptians also recorded their use of plants to make ointments and
infusions around 2800 B.C. which included depictions of poppy plant capsules as seen
in wall drawings.2 Additionally, the ancient Greek writer Homer eluded to the use of
opium to “lull all pain and anger and bring forgetfulness of every sorrow” in his epic
The Odyssey, written during the ninth century B.C.3 Clearly, the medicinal effects of
plants have long been known, and in 1802, morphine (Figure 1.1, [1.1]), became the
first purified natural molecule that contained the sought after activity from poppy
seeds.4 Today, we know that all of these ancient treatments relied on the powerful
bioactivity of the small organic molecules found within the plants used, termed natural
products. In particular, morphine from poppy plants is still used extensively as a
powerful painkiller today, often overshadowed by the reports of its misuse.4
The introduction of antibiotic drugs to treat bacterial infections radically changed
medicine in western culture thereby saving millions of lives. The earliest small
molecule antibiotics in modern western medicine were the sulfonamides, or sulfa drugs.
These were potent antibiotics created by a team of chemists at I.G. Farbenindustrie led
by Dr. Gerhard Domagk in 1932.5 The first of these drugs, termed Prontosil (Figure

3
1.1, [1.2]), was conceived by producing hundreds of derivatives featuring a common
azo dye core. Their work resulted in one compound, a bright red dye, that showed an
astonishing ability to eradicate various Gram-positive bacterial infections despite a
strange side effect that sometimes colored skin red.6 Additionally, in 1928, Dr.
Alexander Fleming noted that the fungus Penicillium notatum inhibited the growth of
Staphylococcus aureus on an agar plate.7 Later, the active component penicillin
(Figure 1.1, [1.3]), was discovered to be a powerful antibacterial compound with a
strikingly low toxicity.8 These early synthetic and natural compound-based drugs
fundamentally changed how we treat infectious diseases, saved the lives of millions,
and gave birth to the pharmaceutical industry as we know it.9

Figure 1.1: Early chemotherapeutic drugs.
1.2 Modern infections require modern solutions
The evolution of modern medicine has brought us a large arsenal of new drugs
including effective new painkillers and anti-infective agents. Nevertheless, with our
extended human life spans, global climate challenges, and ever-evolving human
pathogens, we have been stuck in a race to combat diseases with effective and
accessible drugs.10 For example, the development of chemoresistance in viruses such
as human immunodeficiency virus (HIV),11 human influenza virus,12 hepatitis C virus
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(HCV),13 and others, has limited the antiviral therapies that we rely on today.14 In
particular, HIV’s lack of proof-reading enzymes and a high rate of mutation leads to
nearly one nucleotide mutation per replication cycle, thus allowing HIV to rapidly
develop changes at the protein level and to develop resistance to modern antiviral
drugs.15, 16 Figure 1.2 shows a timeline depicting the introduction of HIV antiretroviral
therapies and the evolution of induced chemoresistance.16 In this dissertation work, I
have put efforts towards the discovery of novel drug leads for the treatment of HIV and
cancer, two highly-therapeutically relevant and un-cured diseases with a high rate of
chemoresistance to current drugs regimens. Altogether, in total, these diseases are
expected to take the lives of more than 200 million by 2030 and concerted efforts are
needed to combat them.17

Figure 1.2: Timeline showing the discovery and chemoresistance to vital antiretroviral
drugs.
In 1982, US health officials began describing the emergence of an opportunistic
viral infection present in many young male patients as acquired immune deficiency
syndrome (AIDS).18 A year later, doctors identified the HIV virus in those patients thus
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initiating a global health epidemic that persists today. In the 40 years since, HIV/AIDS
has spread to infect over 70 million people and caused roughly 35 million people to
perish from the disease and its associated malignancies.19 While many small molecule
HIV inhibitors have been discovered, and multicomponent antiviral therapy (HAART)
is effective, no cure currently exists.20, 21 This is mainly attributed to HIV effectively
evading the human immune system due in-part to its fast-mutating genome which leads
to quickly emerging chemoresistance.22 Inhibition of HIV requires a full-suite of drugs
targeting different stages of its viral lifecycle such as the nucleoside reverse
transcriptase inhibitors (e.g. abacavir, tenofovir) or integrase inhibitors (e.g. rilpivirine,
elvitegravir). Still, to combat chemoresistance and develop better antiretroviral agents,
continued drug development to keep these treatments active is neccessary.16
Additionally, identifying new anti-viral targets within the HIV lifecycle is instrumental
to stay ahead with clinical treatment options.15
Many viral diseases are associated with a higher incident rate of benign and malign
cancers, as seen in the direct correlation of infection by human papillomavirus (HPV)
and cervical cancers in women.23 Cancer is among the leading cause of deaths
worldwide with nearly 10 millions deaths globally, in 2018 alone.24,

25

The term

“cancer” is a general label used for a group of highly variant diseases describing their
uncontrolled cell growth, resulting in tumors and subsequent health complications.26
Identifying chemotherapeutic agents that are able to selectively target cancer cells over
healthy cells is vital to producing successful anticancer agents.27 Additionally, tumor
resistance to current chemotherapeutic drugs and molecular therapies threatens the use
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of current drug regimens. In turn, discovering and developing new chemotherapeutics
is an important and necessary challenge to pursue.28
Diseases such as cancer and HIV will continue to be significant culprits of deaths
going forward due to their evolutionary advantage held allowing them to quickly
mutate and develop resistance to our treatments. These facts illustrate our need to
develop new drugs with novel mechanisms of action.17 29
1.3 Discovering new drugs: natural versus synthetic
To discover new drugs, one must explore untapped compound reservoirs of either
natural or synthetic origin.30 In particular, natural compounds, derived from sources
such as plants, fungi, and bacteria, represent nearly 50% of all FDA drugs available
today.31, 32 On the other hand, synthetic compounds are produced in laboratories either
as a series of combinatorial derivatives for screening or for specific biological targets.33,
34

Both synthetic and natural product compound libraries can harbor distinct structural

diversity and potent bioactivity, as highlighted by many of the important synthetic and
natural compounds used clinically today (Figure 1.3).
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Figure 1.3: Selected therapeutically relevant (A) synthetic and (B) natural drug
compounds.
The success of natural products as drug agents can be attributed to several major
factors. For example, plants and microorganisms have had a long history of
evolutionary competition in complex environments turning many secondary
metabolites into tools for survival.35 This survival challenge has led to the evolution of
natural products structures harboring unprecedented chemical space with a broad
ability to affect specific biological targets. When compared to synthetic compounds,
the comprehensive chemical space occupied by natural products is more closely aligned
with all current FDA approved drugs available, thus representing the diversity required
for small molecule chemical inhibitors that can easily be occupied by natural
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products.36 Nonetheless, in the early 1990’s, pharmaceutical companies began moving
away from natural product based drug discovery in favor of synthetic compounds from
combinatorial chemistry or fragment-based designed libraries.37 In general, building
and maintaining natural product libraries is a time and resource-heavy endeavor making
drug discovery difficult. Moreover, the low yielding and complex structures of natural
products make isolation, structure elucidation, and synthetic modifications for
structure-activity relationship studies challenging.37 However, recent advances in
natural product library development through improved microbial cultivation
techniques38, increasingly sensitive in vitro screening assays, and advancements in
compound isolation and dereplication methods (e.g. nuclear magnetic resonance
[NMR], ultra-high performance chromatography [UHPLC], liquid chromatography
paired with mass spectrometry [LCMS/MS]) have made drug discovery from complex
natural product extracts far more accessible.39
Conversely, the importance of synthetic compounds as pharmaceutical agents
cannot be understated. Three of the top 15 grossing drugs in 2018 were small molecule
synthetic inhibitors including LyricaⓇ (pregabalin, [1.4]), EliquisⓇ (apixaban, [1.5]),
and RevlimidⓇ (lenalidomide, [1.6]).40 Synthetic compound libraries are typically
produced though a combinatorial processes of joining various synthetic building blocks
together in different ways to create an array of diverse and functionally distinct
compounds. Subsequent biological screening can reveal compounds or compound
fragments with the necessary functional groups for biological activity.41 Moreover,
linking compound identity to bioactivity in screening synthetic libraries has been
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simplified through either position-labeled libraries or labeling techniques in more
complex mixtures (e.g. DNA barcoding, synthetic beads).42, 43 Still, many synthetic
molecules lack the structural diversity that natural products provide with their large
chemical scaffolds and abundance of stereocenters that make small molecules
successful as potential drug leads.44
Today, both natural and synthetic molecules are sought after for expanding our
chemical arsenal of small molecule inhibitors targeting infections and disease. Both
natural and synthetic libraries can contain good “drug-like” compounds featuring
extensive hydrogen bonding sites, stereocenters, and hydrophobic-interacting zones
necessary for enzyme binding.45 Therefore, when screening small molecule libraries, it
is important to focus on both synthetic and natural chemical libraries.
1.4 Chapter overview
My thesis work is focused on the discovery of novel small molecule inhibitors of
therapeutically relevant diseases, including HIV and cancer. I will describe the work
done by myself and in collaboration to screen both synthetic and natural product
chemical libraries to identify new drug leads. To achieve this, I have utilized wellestablished antiviral assays (chapters two and three) to screen chemical libraries and
developed a novel screening platform (chapter four) to search for previously
undescribed bioactivity.
In chapter two, I screened a library of synthetic azaBINOL-type compounds for
inhibition of HIV-1. Out of the 41 compounds tested, one compound, an isopropyl ether
derivative of azaBINOL, exhibited low micromolar antiviral activity. Detailed
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mechanism of action studies showed that this compound binds to the viral reverse
transcriptase enzyme and inhibits its RNase H activity. This chapter is adapted from
the published article: Overacker, R. D.; Banerjee, S.; Neuhaus, G. F.; Sephton, S. M.;
Herrmann, A.; Strother, J. A.; Brack-Werner, R.; Blakemore, P. R.; Loesgen, S. Biorg.
Med. Chem. 2019, 27, 3595-3604.
In chapter three, I screened an in-house library of microbial extracts and fractions
derived from bacteria and fungi for activity against HIV-1 in a single-round infectivity
assay. Screening of 52 different microbial extracts led to the discovery of a
Streptomyces sp. bacterium that produces compounds with significant antiviral activity
against HIV. Bioactivity-guided fractionation resulted in the identification of antimycin
A8a (3.1) and lasalocid (3.2). While 3.2 has previously been reported as antiviral
against HIV, antimycin’s potent antiviral activity against HIV has not. This work is
written in manuscript form and currently in preparation for submission.
In chapter four, I discuss the development of a novel screening assay to discover
DNA-binding agents for chemotherapeutic purposes from a library of complex
microbial extracts and fractions. I implemented biolayer interferometry (BLI) for the
detection of DNA-binding agents found within microbial mixtures using immobilized
DNA oligonucleotides. Assay testing, validation, and natural product library screening
were achieved. Screening of more than 100 bacterial extracts resulted in the discovery
of four different bacterial strains exhibiting DNA-binding properties. Four well known
DNA-binding natural products were identified including echinomycin (4.7),
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actinomycin V (4.8), chartreusin (4.9), and lumichrome (4.10). This work is written in
manuscript form and currently in preparation for submission.
Chapter 5 presents a summary of this work including the methods used and
developed that enabled the discovery of bioactive compounds from both synthetic and
natural chemical libraries. Additionally, I will give a brief perspective on the future
potential of small molecule library screening.
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2.1 Abstract
Inspired by bioactive biaryl-containing natural products found in plants and the
marine environment, a series of synthetic compounds belonging to the azaBINOL
chiral ligand family was evaluated for antiviral activity against HIV-1. Testing of 39
unique azaBINOLs and two BINOLs in a single-round infectivity assay resulted in the
identification of three promising antiviral compounds, including 7-isopropoxy-8(naphth-1-yl)quinoline (azaBINOL B#24), which exhibited low-micromolar activity
without associated cytotoxicity. The active compounds and several close structural
analogues were further tested against three different HIV-1 envelope pseudotyped
viruses as well as in a full-virus replication system (EASY-HIT). The in vitro studies
indicated that azaBINOL B#24 acts on early stages of viral replication but before viral
assembly and budding. Next we explored B#24’s activity against HIV-1 reverse
transcriptase (RT) and individually tested for polymerase and RNase H activity. The
azaBINOL B#24 inhibits RNase H activity and binds directly to the HIV-1 RT enzyme.
Additionally, we observe additive inhibitory activity against pseudotyped viruses when
B#24 is dosed in competition with the clinically used non-nucleoside reverse
transcriptase inhibitor (NNRTI) efavirenz. When tested against a multi-drug resistant
HIV-1 isolate with drug resistance associated mutations in regions encoding for HIV1 RT and protease, B#24 only exhibits a 5.1-fold net decrease in IC50 value, while
efavirenz’ activity decreases by 7.6-fold. These results indicate that azaBINOL B#24
is a potentially viable, novel lead for the development of new HIV-1 RNase H
inhibitors. Furthermore, this study demonstrates that the survey of libraries of synthetic
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compounds, designed purely with the goal of facilitating chemical synthesis in mind,
may yield unexpected and selective drug leads for the development of new antiviral
agents.
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2.2 Introduction
HIV/AIDS continues to be a major global health epidemic. In 2017, there were 36.9
million people living with HIV worldwide while an additional 1.8 million people
became newly infected.1 Despite substantial efforts towards vaccine development,
there are currently no FDA-approved vaccines and management of HIV infection
requires long-term treatment with potent anti-HIV drugs.2 Although drug regimens
such as antiretroviral therapy (ART) are able to keep HIV viral load low in infected
patients, these treatments are typically limited by adverse side effects, increasing drug
resistance, high costs, and global availability shortages.3 Currently, therapeutic
antiviral drugs target different phases of the HIV lifecycle including viral attachment,
fusion, reverse transcription, integration, and protease activity. Treatments often utilize
multiple drugs in combination to combat the rapid emergence of chemoresistant
viruses.3 Therefore, novel therapeutics that act on previously untargeted steps of the
viral life cycle are urgently needed to circumvent the onset of drug resistance and to
further improve current treatments.4
HIV reverse transcriptase (RT) has been successfully targeted with first and secondgeneration non-nucleoside reverse transcriptase inhibitors (NNRTIs) as exemplified by
nevirapine, first introduced in 1996, and more recently doravirine, in 2018.5 However,
the reverse transcriptase enzyme is a multifunctional protein and no drugs have been
developed yet that target the RT ribonuclease H (RNase H) activity, which has recently
been validated as a target for small molecule drug intervention.6,
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HIV RT is

responsible for converting the single-stranded viral RNA genome to double-stranded
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DNA for subsequent integration into the host cell genome. The heterodimeric RT
protein (p66/p51) has separate active sites for polymerase and RNase H activity. The
polymerase starts synthesis of DNA by first copying the viral RNA genome and
forming RNA/DNA hybrids. RNase H then catalyzes the degradation of RNA to form
duplex DNA.8 The RNase H active site contains two bivalent Mg2+ ions that chelate
and cleave the RNA phosphate backbone by directing a nucleophilic water molecule
towards the phosphate linkage.9 It has been shown that RNase H activity can be
abolished through Mg2+ chelation in the active site or through allosteric binding near
the NNRTI site resulting in inhibitory conformational changes.7 The addition of novel
antiviral drugs that target RNase H activity to current combinatorial regimens would
introduce a new synergistic method of HIV-1 inhibition thus greatly improving efficacy
of treatment options.
To identify novel leads for drug discovery efforts one may look to sources of
compounds that have been either infrequently explored or untapped in prior studies.
Notable in this regard are the numerous ostensibly artificial organic molecules that have
been introduced as chiral metal ligands and/or organocatalysts for the purpose of
facilitating catalytic enantioselective syntheses. The structural features present in such
molecules that are necessary for their intended function (e.g., chiral scaffolds with few
rotatable bonds, donor sites from atoms with lone pairs, hydrogen-bond acceptors and
donors, sites of localized charge density, zones of steric encumbrance, etc.) could also
lead to meaningful and potentially specific interactions with proteins and other classes
of biomolecules involved in various diseases. Axially chiral biaryl compounds based
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on 1,1´-binaphthyl scaffolds are considered a 'privileged' class of reagents for
enantioselective synthesis and the principal member of this group, 1,1´-bi-2-naphthol
(BINOL, 2.1), has become one of the most widely used ligands for stoichiometric and
catalytic asymmetric reactions.10 While BINOL itself has previously been found to be
cytotoxic, many other biaryl compounds, either found in nature or of artificial origin,
have shown potent and selective bioactivities.11,12 For example, the axially chiral
dimeric naphthylisoquinolone alkaloids first isolated from Anicistrocladus korupensis
in 1991 and later named the michellamines, exhibit selective anti-HIV activity.13-17
Given these facts taken together with the existence of other antiviral biaryl natural
products (e.g., dioncophylline18) and recently identified synthetic antiviral drug leads
with multiple aromatic ring systems (e.g., arbidol,19 peptide triazoles,20 rhodanine
derivatives,21 naphthylhydrazones,22 and hydroxypyridones23), we decided to survey a
library of heterocyclic biaryl compounds belonging to the so-called 'azaBINOL' chiral
ligand family for anti-HIV activity.
The azaBINOLs are nitrogenous analogs of BINOL based on isostructural 8(naphth-1-yl)quinoline

(2.2,

8-azaBINOL)24

and

8,8'-biquinolyl

(2.3,

8,8´-

diazaBINOL)25-27 motifs (Figure 2.1). These molecules have been a focus of interest
both from a fundamental standpoint24,

28, 29

and for their potential utility in

enantioselective synthesis,30, 31 but prior to this work, studies of any aspect of the
biological activity of azaBINOLs had yet to be reported. Herein, we show that deoxy8-azaBINOL derivatives provide a novel scaffold for the inhibition of HIV-1 RT RNase
H activity. Our lead compound, the isopropyl ether derivative of 2’-deoxy-8-
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azaBINOL (B#24), shows low micromolar activity (4-9 µM range) in an HIV single
round infectivity assay as well as in fully infectious viral assays with low cytotoxicity
and a selectivity index of 14.

Figure 2.1: 1,1´-Bi-2-naphthol (BINOL, 2.1) and related 8-(naphth-1-yl)quinoline
(2.2) and 8,8'-biquinolyl (2.3) compounds belonging to the 'azaBINOL' class. The
colloquial names '8-azaBINOL' and '8,8´-diazaBINOL' conform to BINOL atom
numbering. Molecules are depicted in (aS)-configuration and can exist in racemic or
scalemic form.
2.3 Materials and methods
2.3.1 General experimental procedures
UV spectra, luminescence and absorbance readings were recorded on a BioTek
Synergy HT plate reader. NMR spectra were acquired on Bruker Avance III 400 MHz,
Bruker Avance III 500 MHz, Bruker Avance III 700 MHz, and Bruker Ascend 800
MHz spectrometers, equipped with either a 5 mm TXI probe (500 MHz), a 5 mm BBO
probe (400 MHz and 500 MHz), or a 5 mm TCI cryoprobe (700 MHz and 800 MHz),
with the appropriate solvent signals used as an internal calibration standard [for CDCl3:
dH (CHCl3) = 7.26 ppm, dC (CDCl3)= 77.2 ppm]. Numbers in parentheses following
carbon atom chemical shifts refer to the number of attached hydrogen atoms as revealed
by the DEPT spectral editing technique. Infra-red spectra were recorded on a Perkin
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Elmer Spectrum II FT-IR using a thin film between NaCl plates. Low (MS) and high
resolution (HRMS) mass spectra were obtained using electrospray (ES) ionization on
a Waters SYNAPT instrument interfaced with a Shimadzu LC20AD liquid
chromatograph. Ion mass/charge (m/z) ratios are reported as values in atomic mass
units. Preparative chromatographic separations were performed on silica gel 60 (35-75
µm) and reactions were followed by TLC analysis using silica gel 60 plates (2-25 µm)
with fluorescent indicator (254 nm) and visualized by UV or phosphomolybdic acid
(PMA).
2.3.2 Materials
Non-commercially available BINOL and azaBINOL compounds tested were
previously synthesized and characterized at Oregon State University. Preparation
details and characterization data for previously undescribed compounds (B#24, B#57,
B#58, B#59, and B#60) are given below. Unless otherwise stated, all solvents were
purchased from ThermoFisher Scientific (Waltham, MA) and reagents for chemical
synthesis were purchased from Sigma-Aldrich (Milwaukee, WI) and used as received.
TZM-bl cells and the HIV-1 inhibitors raltegravir, efavirenz, and rilpivirine were
obtained through the NIH Aids Reagent Program.32-37 HEK 293T cells were a kind gift
from Dr. Pastey Manoj (Oregon State University). HIV-1 viral expression plasmids
(pSG3, pHXB2, and pYU2) were obtained as a generous gift from Carole Bewley
(NIH, NIDDK). Dulbeco’s modified eagle medium (DMEM) was purchased from
VWR. PBS buffer was purchased from Gibco (ThermoFisher Scientific).
Trypsin/EDTA (0.25%/2.21 mM) and penicillin/streptomycin solutions were attained
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from Corning Life Sciences (Corning, NY). Fetal Bovine Serum (FBS) was obtained
from Atlanta Biologicals (Flowery Branch, GA). QuantiLum Recombinant Luciferase
and the Bright-Glo Luciferase Assay System were acquired from Promega (Madison,
WI). The HIV-1 inhibitor temsavir was acquired from ViiV Healthcare (Brentford,
UK). All compounds received were tested for purity and identity via LCMS analysis
before use.
2.3.3 Synthesis of new compounds and characterization data.
Representative procedure for preparation of isopropyl ethers. 7-(Isopropyloxy)-8(naphth-1-yl)quinoline (B#24): A stirred solution of 7-hydroxy-8-(naphth-1yl)quinoline (2.4, 20 mg, 0.074 mmol)24 in reagent grade DMF (0.5 mL) at rt under Ar
was treated with NaH (12 mg, 60 wt.% in mineral oil, 0.30 mmol). Effervescence was
observed. After stirring for 30 min, neat 2-bromopropane (0.030 mL, d = 1.31, 39 mg,
0.317 mmol) was added. The reaction mixture was then heated to 45 °C and stirring
continued for 18 h. After this time, the mixture was allowed to cool to rt and partitioned
between EtOAc (5 mL) and H2O (5 mL). The aqueous phase was extracted with EtOAc
(5 mL) and the combined organic phases were washed with H2O (5 mL) and brine (5
mL), then dried (Na2SO4) and concentrated in vacuo. The residue was purified by
column chromatography (SiO2, eluting with 15-30% EtOAc in hexanes) to afford ether
B#24 (20 mg, 0.064 mmol, 86%) as a colorless oil: IR (neat) 2976, 2927, 1610, 1498,
1307, 1259, 1111, 773 cm–1; 1H NMR (400 MHz, CDCl3) d 8.76 (1H, dd, J = 4.2, 1.8
Hz), 8.17 (1H, dd, J = 8.2, 1.8 Hz), 7.92 (1H, dm, J = 8.3 Hz), 7.90 (2H, d, J = 9.0 Hz),
7.61 (1H, dd, J = 8.2, 7.0 Hz), 7.47 (1H, d, J = 9.0 Hz), 7.45 (1H, dd, J = 7.0, 1.2 Hz),
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7.42 (1H, ddd, J = 8.1, 6.7, 1.4 Hz), 7.31-7.21 (3H, m), 4.42 (1H, septet, J = 6.1 Hz),
1.05 (3H, d, J = 6.1 Hz), 0.98 (3H, d, J = 6.1 Hz) ppm; 13C NMR (175 MHz, CDCl3) d
157.6 (0), 150.2 (1), 147.0 (0), 137.9 (0), 133.9 (0), 132.9 (0), 129.1 (1), 128.9 (1),
128.5 (1), 128.3 (1), 126.2 (1), 125.8 (1), 125.6 (1), 125.5 (1), 124.1 (0), 119.0 (1),
118.5 (1), 72.6 (1), 22.3 (3), 22.2 (3) ppm (aromatic C-atom signals not fully resolved,
20 peaks observed for 22 unique C-atoms); MS (ES+) m/z 314 (M+H)+; HRMS (ES+)
m/z 314.1544 (calcd. for C22H20NO: 314.1545).
7-(Isopropyloxy)-8,8´-biquinolyl (B#57): 7-Hydroxy-8,8´-biquinolyl (2.6, 52 mg,
0.191 mmol)27 was converted into isopropyl ether B#57 (46 mg, 0.146 mmol, 77%) by
analogy to the synthesis of B#24 given above. Data for B#57: colorless oil; IR (neat)
2925, 1658, 1596, 1496, 1272, 1112, 1045, 829, 796 cm–1; 1H NMR (400 MHz, CDCl3)
d 8.78 (1H, dd, J = 3.9, 1.8 Hz), 8.72 (1H, dd, J = 4.2, 1.8 Hz), 8.21 (1H, dd, J = 8.3,
1.8 Hz), 8.14 (1H, dd, J = 8.2, 1.8 Hz), 7.90 (1H, dd, 7.2, 2.5 Hz), 7.88 (1H, d, J = 9.1
Hz), 7.71-7.65 (2H, m), 7.47 (1H, d, J = 9.0 Hz), 7.34 (1H, dd, J = 8.3, 4.2 Hz), 7.22
(1H, dd, J = 8.2, 4.2 Hz), 4.46 (1H, septet, J = 6.1 Hz), 1.06 (3H, d, J = 6.1 Hz), 0.96
(3H, d, J = 6.1 Hz) ppm; 13C NMR (100 MHz, CDCl3) d 156.6 (0), 150.7 (1), 149.9
(1), 148.8 (0), 147.8 (0), 136.4 (0), 136.3 (1), 136.0 (1), 132.2 (1), 128.8 (1), 128.6 (0),
127.7 (1), 127.3 (0), 126.3 (1), 124.2 (0), 120.7 (1), 119.0 (1), 118.2 (1), 72.5 (1), 22.5
(3), 22.3 (3) ppm; MS (ES+) m/z 315 (M+H)+; HRMS (ES+) m/z 315.1502 (calcd. for
C21H19N2O: 315.1497).
2-(Isopropyloxy)-1-(quinol-8-yl)naphthalene (B#59): 2-Hydroxy-1-(quinol-8yl)naphthalene (2.5, 75 mg, 0.276 mmol)24 was converted into isopropyl ether B#59

24
(66 mg, 0.211 mmol, 76%) by analogy to the synthesis of B#24 given above. Data for
B#59: colorless oil; IR (neat) 2976, 2927, 1716, 1593, 1496, 1371, 1235, 798, 750 cm-1;
1

H NMR (400 MHz, CDCl3) d 8.80 (1H, dd, J = 4.2, 1.8 Hz), 8.24 (1H, dd, J = 8.3, 1.8

Hz), 7.94-7.88 (2H, m), 7.84 (1H, dm, J = 8.1 Hz), 7.68-7.64 (2H, m), 7.41 (1H, d, J =
9.0 Hz), 7.37 (1H, dd, J = 8.3, 4.2 Hz), 7.31 (1H, ddd, J = 8.0, 6.6, 1.4 Hz), 7.21 (1H,
ddd, J = 8.5, 6.6, 1.3 Hz), 7.15 (1H, dm, J = 8.5 Hz), 4.36 (1H, septet, J = 6.1 Hz), 1.05
(3H, d, J = 6.1 Hz), 0.89 (3H, d, J = 6.1 Hz) ppm; 13C NMR (175 MHz, CDCl3) d 153.5
(0), 150.3 (1), 147.8 (0), 136.9 (0), 136.3 (1), 134.4 (0), 132.5 (1), 129.6 (0), 129.4 (1),
128.6 (0), 128.1 (1), 127.7 (1), 126.3 (1), 126.1 (1), 126.0 (0), 125.9 (1), 123.7 (1),
121.0 (1), 118.5 (1), 72.9 (1), 22.6 (3), 22.4 (3) ppm; MS (ES+) m/z 314 (M+H)+;
HRMS (ES+) m/z 314.1546 (calcd. for C22H20NO: 314.1545).
Representative

procedure

for

preparation

of

carbamates.

7-

[(Diethylamino)carbonyloxy]-8,8´-biquinolyl (B#58): A stirred solution of 7hydroxy-8,8´-biquinolyl (2.6, 43 mg, 0.158 mmol)27 in pyridine (1.0 mL) at rt under
Ar was treated with neat diethylcarbamoyl chloride (0.080 mL, d = 1.07, 86 mg, 0.632
mmol). The resulting solution was heated to 100 °C and stirred for 24 h. After this time,
the mixture was allowed to cool to rt and partitioned between EtOAc (10 mL), H2O (15
mL) and sat. aq. NaHCO3 (5 mL). The aqueous phase was extracted with EtOAc (10
mL) and the combined organic phases washed with H2O (5 mL) and brine (5 mL), then
dried (Na2SO4) and concentrated in vacuo. The residue was purified by column
chromatography (SiO2, eluting with 3% MeOH in CH2Cl2) to afford carbamate B#58
(45 mg, 0.121 mmol, 77%) as a colorless oil: IR (neat) 2930, 1715, 1594, 1417, 1263,
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1208, 1157, 796 cm–1; 1H NMR (400 MHz, CDCl3) d 8.81 (1H, dd, J = 4.3, 1.7 Hz),
8.79 (1H, dd, J = 4.2, 1.7 Hz), 8.22 (1H, dd, J = 6.6, 1.7 Hz), 8.20 (1H, dd, J = 6.5, 1.7
Hz), 7.94 (1H, d, J = 8.9 Hz), 7.90 (1H, dd, J = 8.1, 1.3 Hz), 7.76 (1H, dd, J = 7.1, 1.4
Hz), 7.68 (1H, dm, J = 7.3 Hz), 7.64 (1H, d, J = 8.8 Hz), 7.35 (1H, t, J = 4.4 Hz), 7.33
(1H, d, J = 4.4 Hz), 3.17-3.06 (2H, m), 2.68 (1H, dq, J = 14.2, 7.1 Hz), 2.49 (1H, dq, J
= 14.2, 7.0 Hz), 0.95 (3H, t, J = 7.0 Hz), 0.32 (3H, t, J = 7.0 Hz) ppm; 13C NMR (100
MHz, CDCl3) d 153.8 (0), 150.7 (1), 150.3 (1), 150.1 (0), 148.4 (0), 147.5 (0), 136.2
(1), 136.2 (1), 135.0 (0), 132.4 (1), 130.4 (0), 128.6 (0), 128.4 (1), 128.1 (1), 126.6 (0),
126.3 (1), 123.4 (1), 120.9 (1), 120.4 (1), 41.9 (2), 41.2 (2), 13.3 (3), 13.2 (3) ppm; MS
(ES+) m/z 372 (M+H)+; HRMS (ES+) m/z 372.1716 (calcd. for C23H21N3O2:
372.1712).
2-[(Diethylamino)oxycarbonyl]-1-(quinol-8-yl)naphthalene (B#60): 2-Hydroxy1-(quinol-8-yl)naphthalene (2.5, 50 mg, 0.184 mmol)24 was converted into carbamate
B#60 (59 mg, 0.159 mmol, 86%) by analogy to the synthesis of B#58 given above.
Data for B#60: colorless oil; IR (neat) 2973, 2931, 1713, 1419, 1269, 1213, 1159, 982,
799, 750 cm–1; 1H NMR (400 MHz, CDCl3) d 8.83 (1H, dd, J = 4.2, 1.8 Hz), 8.23 (1H,
dd, J = 8.3, 1.8 Hz), 7.96 (1H, d, J = 8.9 Hz), 7.92 (1H, dd, J = 8.1, 1.5 Hz), 7.91 (1H,
dm, J = 8.2 Hz), 7.74 (1H, dd, J = 7.1, 1.5 Hz), 7.65 (1H, dd, J = 8.1, 7.2 Hz), 7.52
(1H, d, J = 8.9 Hz), 7.42 (1H, ddd, J = 8.1, 6.3, 1.6 Hz), 7.39 (1H, dd, J = 8.2, 4.2 Hz),
7.33-7.24 (2H, m), 3.15-3.08 (2H, m), 2.74 (1H, dq, J = 13.9, 6.9 Hz), 2.53 (1H, dq, J
= 14.2, 7.3 Hz), 0.94 (3H, t, J = 7.0 Hz), 0.32 (3H, t, J = 6.9 Hz) ppm; 13C NMR (100
MHz, CDCl3) d 154.2 (0), 150.4 (1), 147.2 (2C, 0), 136.7 (1), 135.4 (0), 134.0 (0),
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132.6 (1), 131.8 (0), 129.2 (1), 128.6 (2C, 0), 128.3 (1), 128.1 (1), 126.5 (1), 126.3 (1),
126.2 (1), 125.1 (1), 122.5 (1), 121.2 (1), 42.0 (2), 41.3 (2), 13.3 (2C, 3) ppm; MS
(ES+) m/z 371 (M+H)+; HRMS (ES+) m/z 371.1761 (calcd. for C24H23N2O2:
371.1760).
2.3.4 Cell culture
TZM-bl and HEK 293T cells were grown in DMEM supplemented with 10% (v/v)
FBS, penicillin (100 units/mL), and streptomycin (100 µg/mL). Cells were maintained
in a humidified incubator at 37°C with 5% CO2. The passage number of cells used in
experiments never exceeded 20 passages. All cell lines were tested mycoplasmanegative by real-time PCR (MycoSolutions mycoplasma detection kit, Akron Biotech,
Boca Raton, FL).
2.3.5 Pseudovirus production
HIV-1 pseudotyped viruses were prepared as previously described.38 Briefly, HEK
293T cells were transfected with an envelope expression plasmid (pHXB2, pYU2, or
p89.6) and an envelope deficient HIV-1 backbone vector (pSG3Δenv) using
XtremeGENE HP DNA Transfection Reagent (Roche). After 24 hours of incubation at
37°C and 5% CO2, the growth media was replaced with fresh media followed by an
additional 24 hours of incubation. Cellular supernatant was collected and passed
through a 0.45 µm filter to give pseudoviral stock. 1 mL pseudoviral aliquots were
stored at -80°C until further use in neutralization assays. Viral strength was determined
through TCID50 calculations. TZM-bl cells were plated at 9000 cells per well in white
96 well plates (Greiner Bio-One) and incubated at 37 C, 5% CO2 for 24 hours. HIV-1
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pseudoviruses were added over a two-fold dilution series to wells. At 48 hours-post
infection, cells were lysed and BrighGlo luciferase substrate (Promega) added.
Luminescence reading were immediately recorded and the TCID50 value calculated as
50% of the maximum light output based on control wells.
2.3.6 HIV-1 pseudovirus single-round infectivity assay
Viral infection rates of HIV-1 pseudoviruses in the presence of inhibitors was
measured through HIV-1 pseudoviral tat-induced luciferase production in TZM-bl cells
as described previously.38 TZM-bl cells were plated at 9000 cells/well into 96 well
plates (excluding outer wells to avoid edge effects) followed by overnight incubation
at 37°C, 5% CO2. Inhibitors and pseudoviral particles at a final concentration of 1x
(based on TCID50 measurements) were incubated together for 20 min prior to transfer
to adherent TZM-bl cells followed by 48 hours incubation at 37°C, 5% CO2. Viral
infection was quantified based on luminescent readings taken immediately after the
addition of Bright-Glo luciferin substrate to infected cells in lysis buffer. Relative
infectivity rates were calculated based on infectious and noninfectious vehicle control
wells (1% DMSO). Antiviral IC50 values were calculated from compound dilution
series ran in triplicate. For the competition assay, B#24 and efavirenz were combined
with HIV-1HXB2 either separately or combined. Efavirenz was tested at 0.2 and 0.1 nM
combined with B#24 at 1 and 5 µM, respectively. B#24, efavirenz, and viral inoculum
were then added to adherent TZM-bl cells and allowed to incubate for 48 hours at 37°C,
5% CO2. The CDI was calculated for each drug combination as follows: CDI =
AB/(A*B) where AB represents the ratio of the percent infection in the combination
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group relative to the control, and A and B are the ratios of percent infection with single
compounds relative to the control group. A CDI > 1, =1, or <1 indicates that the drugs
are antagonistic, additive, or synergistic, respectively.
2.3.7 HIV full virus screening (EASY-HIT)
The EASY-HIT assay39 is based on HIV-1 susceptible reporter cells (LC5-RIC) that
contain a stably integrated fluorescent reporter gene that is activated upon successful
HIV-1 infection and expression of the early viral protein Rev and Tat. Briefly, LC5RIC cells were seeded into black 96-well plates at a density of 10,000 cells per well 24
hours prior to infection. Compounds stocks dissolved at 20 mM in DMSO were
screened at multiple concentrations from 0.1 to 200 µM at a final DMSO concentration
of 1% to establish IC50 curves. After compound addition, LC5-RIC cells were infected
by adding HIV-1 inoculum at a multiplicity of infection (MOI) of 0.5 to each well of
the plate. Cells were incubated at 37°C, 5% CO2 for 48 hours after infection and then
measured for reporter expression. Reporter expression was determined by measuring
the total fluorescent signal intensity of each well using a fluorescence microplate reader
at an excitation filter wavelength of 552 nm and an emission filter wavelength of 596
nm. Virus stocks of HIV-1LAI were generated by transfection of HEK 293T cells with
the molecular clone pLAI.2 (NIH Aids Reagent Program, cat#2532). Changes in
growth properties on passage in tissue culture of viruses derived from infectious
molecular clones of HIV-1LAI, HIV-1MAL, and HIV-1ELI.40 The multiresistant clinical
isolate HIV-1V13-03413B was produced in H9 cells as described.41
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2.3.8 Cell viability assays
Cell viability of TZM-bl cells was determined by monitoring mitochondrial
reductase activity from the reduction of the tetrazolium salt MTT by metabolically
active cells.42 TZM-bl cells were plated into 96 well plates (Greiner Bio-One) followed
by overnight incubation at 37°C, 5% CO2. Compounds were added to wells with a final
DMSO concentration of 1% followed by an additional 48 hours incubation. After the
designated incubation time, MTT reagent (5mg/mL in 1x PBS) was added to each well
to a final concentration of 0.5 mg/mL. MTT containing plates were incubated for an
additional 3 hours after which the media was removed, and the reduced purple
formazan product dissolved in 50 µL DMSO. Absorbance was measured at 550 nm.
Metabolic activity of vehicle-treated cells (1% DMSO) was defined as 100% cell
growth. Cell viability of LC5-RIC cultures exposed to HIV inoculum and test
compounds was determined by performing a CellTiter-Blue® (CTB) cell viability
assay (Promega) and monitoring the ability of metabolically active cells to convert the
redox dye resazurin into the fluorescent product resorufin. LC5-RIC cells were plated
into black 96 well plates (Greiner Bio-One) followed by overnight incubation at 37°C,
5% CO2. Compounds stocks dissolved at 20 mM in DMSO were screened at multiple
concentrations from 0.1 to 200 µM at a final DMSO concentration of 1% followed by
an additional 48 hours incubation. After the designated incubation time, CTB reagent
(1:5 in cell culture medium) was added to each well. CTB containing plates were
incubated for an additional hour after which fluorescence signal of resazurin was

30
measured using a fluorescence microplate reader at an excitation filter wavelength of
550 nm and an emission filter wavelength of 600 nm.
2.3.9 HIV-1 integrase enzyme assay
Inhibition of HIV-1 integrase was assessed using an HIV-1 integrase assay kit
(XpressBio Life Science Products) according to the manufacturer’s instructions. IC50
values were determined through a two-fold dilution series run in triplicate. The
normalized percent integrase inhibition was determined using positive (raltegravir) and
blank (DMSO) references with a set amount of vehicle solvent (1% DMSO).
2.3.10 HIV-1 reverse transcriptase enzyme assay
Antiviral azaBINOL B#24 was assessed for inhibition of HIV-1 reverse
transcriptase using a commercially available colorimetric reverse transcriptase assay
kit (Roche) according to the manufacturer’s instructions. IC50 values were determined
through a dilution series ran in triplicate. Normalized percentages of inhibitory activity
were calculated using positive (rilpivirine) and blank control (DMSO) wells with a set
amount of vehicle solvent (10% DMSO).
2.3.11 Polymerase-independent RNase H assay
A FRET based assay to assess RNase H inhibition of HIV-1 RT was used as
previously described.43 In a 100 µL reaction containing 50 mM Tris HCl at pH 7.8, 5.8
M MgCl2, 1 M dithiothreitol (DTT), 80 mM KCl, 2 nM HIV-1 RT (NIH Aids Reagent,
cat#12583), and 0.25 µM annealed RNA/DNA hybrid (5’-GAU CUG AGC CUG GGA
GCU-Fluorescein-3’; 5’-Dabcyl-AGC TCC CAG GCT CAG ATC-3’; Metabion,
Germany) was incubated at 37°C for 1 hour. Enzymatic activity was quenched with the
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addition of 50 µL of ethylenediaminetetraacetic acid (EDTA; 0.5 M, pH 8.0) and
fluorescence read using a Biotek plate reader at 490/528 nm excitation/emission
wavelength. Data was analyzed by subtracting the value of a vehicle blank (1% DMSO)
and reporting inhibitor (NSC727447 or tested azaBINOLs) as a percentage of the
control.
2.3.12 Biolayer interferometry binding analysis
Binding of compounds to HIV-1 reverse transcriptase was detected and monitored
in real time using a FortéBio Octet Red 96 BioLayer Interferometer. Recombinant
wildtype HIV-1 RT (NIH Aids Reagent, cat# 3555) was immobilized on amine reactive
sensors (AR2G) at 25 µg/mL for 1600 seconds in 50 mM acetate buffer at a pH of 7.
Compounds at 20 mM in DMSO were diluted to final concentrations in black 96 well
plates (Greiner Bio-One) at a final consistent DMSO concentration of 5% in 1x kinetic
buffer (PBS pH 7.4, 0.02% Tween-20, 0.1% albumin, and 0.05% sodium azide,
FortéBio). Binding affinity (KD) was characterized through the analysis of association
and dissociation curves at multiple concentrations. All samples were tested in duplicate.
Rilpivirine was used as a positive binding control, raltegravir as a negative control.
Effects from non-specific binding were removed using double referencing. Residual
baseline drift was calculated by fitting the response during baseline periods to an
exponential decay and then subtracting this drift. The resulting response curves were
globally fit to a 1:1 Langmuir model.44 All fits were performed using a constrained,
non-linear least squares minimization (MATLAB R2018a, lsqnonlin function
implementing the trust region reflective algorithm). Constraints on parameters were
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used to guide convergence away from non-physical parameter values, but all
constraints were inactive at the converged optimum. A parametric bootstrap analysis
was used to compute a 95% confidence interval for the computed KD values, using a
normally-distributed error with variance estimated from the sum of squared residuals
of the model fit (MATLAB R2018a, 100 iterations). Random noise in response curves
was filtered prior to plotting using a smoothing spline (MATLAB R2018a, spaps
function).
2.3.13 Bivalent metal binding assay
Testing for complexation of B#24 with Mg2+ ions was carried out following
previous protocols with adjustments.45 In brief, a 1 M stock solution of MgCl2 and a 1
M solution of B#24 were prepared in 1:1 ethanol/acetonitrile mixtures. B#24 was
diluted to 100 µM and UV absorbance readings recorded using a BioTek synergy plate
reader from 200 – 400 nm. 10 µL additions of a 500 mM Mg2+ solution containing 100
µM B#24 (to keep compound concentration consistent) was added stepwise followed
by absorbance readings between each addition. The concentration of Mg2+ was raised
with each addition from 0.5 mM to 120 mM. Alignment, reference subtraction of
blanks, and plotting were done on raw data using Microsoft Excel.
2.3.14 Luminescence inhibition assays
To determine if B#24 was capable of non-specifically inhibiting luciferase activity
in the HIV-1 pseudotyped assay, we implemented a cell-free assay with purified
recombinant luciferase (Promega) and luciferin (Bright-Glo Luciferase Assay System;
Promega) following a previous protocol.46 Protein and reagents were prepared and
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stored according to manufacturer’s instructions. Preliminary experiments established
the concentration of luciferin to be used in the assay in order to closely mimic the
protein signal in single-round infectivity assay and give maximal sensitivity in
luminescence readings. Reactions were carried out in white 96 well-plates (Gibco;
ThermoFisher Scientific) by combining compounds with 0.5 µg/mL recombinant
luciferase in 1x PBS buffer and 1 mg/mL BSA (VWR). Reactions were initiated by the
addition of 30 µL luciferin substrate to wells. Luminescence readings were
immediately recorded and normalized using appropriate controls with vehicle solvent
(1% DMSO). The compounds Luciferase Inhibitor I (VWR) and raltegravir (NIH Aids
Reagent Program) were used as positive and negative controls respectively.
2.3.15 Compound aggregation assessment
We observed precipitation of some azaBINOL compounds at concentrations higher
than 200 µM in cell media with 1% DMSO. To assess if the antiviral activity from the
active azaBINOL compound B#24 could be due to non-specific aggregation effects, an
1

H-NMR assay was implemented to characterize compound behavior in aqueous

conditions as described previously.47 Briefly, B#24 was solubilized in DMSO-d6
(MilliporeSigma; Burlington, MA) to a concentration of 20 mM. Serial dilution in 50
mM sodium phosphate at pH 6.8 in 100% D2O (MilliporeSigma; Burlington, MA)
yielded five samples ranging in concentration from 200 µM to 12 µM. 1H-NMR spectra
of each sample was obtained over 64 scans on a Bruker Ascend 800 MHz spectrometer
equipped with a 5mm TCI cryoprobe. Data was analyzed and plotted using Bruker
TopSpin software.
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Figure 2.2: Structures of selected azaBINOL compounds from synthetic library that
show significant antiviral activity at single dose concentrations (B#24, B#43, B#60)
along with closely related congeners showing only modest antiviral activity (B#59,
B#58, B#57).
2.4 Results
2.4.1 Chemistry
A significant advantage of the azaBINOL family of molecules as compared to their
all carbocyclic BINOL congeners is the ease of derivatization of the quinoline nucleus
and therefore the facility with which essentially any position of azaBINOL scaffolds
can be decorated with ancilliary functionality.27 Of the six compounds of primary
interest herein (vide infra, see Figure 2.2), only the quinol-type 2´-deoxy-8-azaBINOL
carbamate derivative B#43 was previously described in the literature.24 The five new
compounds were prepared from known deoxy azaBINOLs (2.4, 2.5, and 2.6) via
straightforward alkylation and acylation reactions (Figure 2.3). Carbamate B#43, itself
accessed by Suzuki-Miyauri cross-coupling of an 8-iodoquinoline and 1-
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naphthaleneboronic acid,24 was converted to isopropyl ether B#24 by saponification to
quinol 2.4 followed by Williamson ether synthesis (Figure 2.3). The other four
compounds, naphthol-type 2-deoxy-8-azaBINOL derivatives B#59 and B#60 and 2deoxy-8,8´-diazaBINOL derivatives B#57 and B#58, were prepared from the
corresponding phenols 2.5 and 2.6. As hitherto reported, phenols 2.5 and 2.6 are
themselves efficiently prepared by N-directed oxidative CH functionalization of 8(naphth-1-yl)quinoline24 and 8,8´-biquinolyl,27 respectively. All six of the azaBINOLs
of main focus were prepared and tested for biological activity in racemic form. The
configurational stability of these axially chiral compounds has yet to be determined,
however, their racemization half-lives are likely to be significantly higher than those
of quinol 2.4 [t1/2(rac.) = 120 h in MeOH at 24 °C] and naphthol 2.5 [t1/2(rac.) = 89 h in
MeOH at 24 °C] which have been measured as indicated.24
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Figure 2.3: Synthesis of deoxy-8-azaBINOL (B#24, B#43, B#59, and B#60) and 2deoxy-8,8´-diazaBINOL (B#57 and B#58) derivatives of primary interest for antiviral
activity evaluation. All synthetic work done by Dr. Somdev Banerjee, Dr. Selena
Milicevic Sephton, and Dr. Paul Blakemore.
2.4.2 HIV-1 in vitro activity screening of azaBINOL compounds
A library of 39 unique azaBINOLs and two BINOLs was screened for antiviral HIV1 activity using a pseudo-typed viral particle, single round infectivity assay (HIVpp)
(see Supporting Information for full screening data and structures of all library
members; all compounds were screened in racemic form and four were additionally
evaluated as their enantiopure (aS)- and (aR)-atropisomers). Antiviral activity was
compared directly to compound cytotoxicity using a standard MTT-based cell viability
assay to assess selectivity indices of all compounds tested. Initial screening efforts at
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single-dose concentrations (10 µg/mL) of the full compound library revealed three
compounds with low micromolar anti-HIV activity: B#24, B#43, and B#60 (Figure
2.2). These compounds, an isopropyl ether (B#24) and two carbamate derivatives
(B#43 and B#60) of deoxy-8-azaBINOL molecules, showed high viral inhibitory
activity with only minor cytotoxicity and warranted further investigation. Closer
analysis of the compound library revealed three additional azaBINOLs sharing similar
structural features to the aforementioned active compounds: a naphthol-type
regioisomer of quinol-type ether B#24 (B#59), as well as 2-deoxy-8,8´-diazaBINOL
congeners of the isopropyl ethers and carbamates (B#57 and B#58). Despite the close
structural similarities of these compounds, they showed little antiviral activity as
compared to B#24, B#43, and B#60 (Table A1). HIV-1 antiviral activity was evident
for the isopropyl ether and carbamate derivatives of 2- and 2´-deoxy-8-azaBINOL but
it was notably completely absent for the corresponding 2-deoxy-8,8´-diazaBINOL
series of compounds. Due to the close structural similarities between the active
isopropyl ether and carbamate compounds to their non-active counterparts in the
HIVpp assay, we decided to move all six compounds forward for further activity
explorations.
Antiviral activity of the isopropyl ether compounds B#24, B#59, B#57 and the
carbamate derivatives B#43, B#60, and B#58 was assessed against HIV-1 particles
pseudotyped with HIV-1 envelope proteins that originate from 3 different HIV-1 strains
(HXB2, YU2, and 89.6) with different cellular tropisms (Table 2.1).48 All six of the
azaBINOL compounds showed similar activities across all viral variants. Quinol-type
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2´-deoxy-8-azaBINOL ether B#24 in particular showed low micromolar HIV-1
neutralization against each of the strains tested with activity similar to other antiviral
drugs such as raltegravir.49 Although the naphthol-type 2-deoxy-8-azaBINOL ether
B#59 did show minor antiviral activity at high concentrations, its IC50 was greater than
the concentrations tested and significantly larger in comparison to the closely related
quinol-type ether B#24, which has an IC50 value of 4 - 9 µM. The significant difference
in antiviral activity of these two regioisomers (B#24 and B#59) suggests a specific and
selective mode of inhibition. The corresponding carbamate derivatives of deoxy-8azaBINOLs, B#43 and B#60, both showed moderate antiviral activity against all three
viral strains but with smaller selectivity indices. Again, neither of the 2-deoxy-8,8´diazaBINOL derivatives, B#57 or B#58, showed any antiviral activity at concentrations
up to 200 µM.
Table 2.1: HIV-1 pseudo-viral assay determined IC50 and CC50 for selected
azaBINOLs. Temsavir was used as a positive control and fully inhibited HXB2, YU2,
and 89.6 HIV-1 strains at a single-dose concentration of 20 nM (data not shown).

HXB2

YU2

89.6

TZM-bl

B#24

6.7 ± 0.9

8.9 ± 0.6

4.7 ± 1.6

68.5 ± 17.1

Selectivity
Index
CC50/IC50
14.6

B#59

>100

>100

>100

>100

---

B#57

No effect

No effect

No effect

No effect

---

B#43

61.4 ± 3.3

77.6 ± 10.8

56.6 ± 0.8

95.0 ± 13.1

1.7

B#60

12.6 ± 1.6

14.0 ± 0.8

16.8 ± 3.0

69.3 ± 4.9

5.5

B#58

No effect

No effect

No effect

No effect

---

Efavirenz (nM)

0.9 ± 0.2

2.3 ± 0.3

---

No effect

---

Compound

HIV-IC50 [µM]

CC50 [µM]
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Next, we used the EASY-HIT full viral infection assay system39 to test all six
isopropyl ether and carbamate azaBINOL derivatives against fully-infectious,
replication competent HIV-1LAI (Table 2.2). The quinol-type 2´-deoxy-8-azaBINOL
ether B#24 continued to exhibit low micromolar antiviral activity in the EASY-HIT
assay system in accordance with results obtained from the HIVpp assay. Surprisingly,
the naphthol-type 2-deoxy-8-azaBINOL ether B#59 exhibited increased antiviral
activity. The deoxy-8-azaBINOL carbamate derivatives B#43 and B#60 gave similar
high micromolar viral neutralization but also displayed comparable cytotoxicity. The
analogous 2-deoxy-8,8´-diazaBINOL compounds, B#57 and B#58, showed no
antiviral activity or cytotoxicity at concentrations tested up to 200 µM.
Table 2.2: EASY-HIT HIV-1 assay determined IC50 and CC50 for selected azaBINOLs.
Efavirenz was used as a positive control and showed an IC50 of 0.7 ± 0.03 nM against
HIV-1 LAI infection (data shown in table 2.3).

Compound

IC50 [µM]

CC50 [µM]

B#24

6.7 ± 1.4

86.5 ± 3.7

Selectivity
Index
CC50/IC50
11.4

B#59

39.5 ± 1.7

144.7 ± 7.7

3.6

B#57

No effect

No effect

---

B#43

24.1 ± 0.7

51.9 ± 1.2

2.2

B#60

50.1 ± 3.7

71.4 ± 2.8

1.4

B#58

No effect

382.8 ± 166.2

---

Out of the 39 unique azaBINOLs and two BINOLs originally screened for anti-HIV1 activity, one compound, quinol-type 2´-deoxy-8-azaBINOL ether B#24, stands out
with selective antiviral activity and a favorable selectivity index. Small changes to its
structure, including moving the isopropyl ether substituent to the naphthyl ring system
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(B#59), or the introduction of an additional aromatic ring-bound nitrogen atom (B#57),
results in drastically reduced antiviral activity. While the deoxy-8-azaBINOL
carbamate derivatives B#43 and B#60 do exhibit antiviral activity in the phenotypic
assays, they also show significant cytotoxicity and therefore their apparent antiviral
activity is likely due to toxic interference with the cell-based assay. Next, we tested
B#24 activity against the multi-resistant isolate HIV-1V13-03413B (Table 2.3).41 The
clinical isolate was obtained from a patient with virologic treatment failure and showed
multiple drug resistance mutations in regions encoding for the reverse transcriptase (12
mutations) and protease (14 mutations). Antiviral activity of efavirenz decreases 7.6fold in the EASY-HIT assay against HIV-1V13-03413B, while B#24 retains its relative
activity with 34.2 µM inhibition, exhibiting only a five-fold loss in activity compared
to HIV-1LAI. The low micromolar antiviral activity of lead compound B#24 in the
EASY-HIT with retained activity against a multi-drug resistant isolate encouraged us
to explore its mode-of-action.
Table 2.3: EASY-HIT HIV-1 derived IC50 values for compound B#24 and efavirenz
against HIV-1LAI and the multi-drug resistant isolate HIV-1V13-03413B.35
Compound
B#24
Efavirenz

HIV-1LAI
6.7 ± 1.4 µM
0.7 ± 0.03 nM

HIV-1V13-03413B
34.2 ± 2.2 µM
5.4 ± 2.1 nM

2.4.3 AzaBINOLs do not show promiscuous activity
Promiscuous inhibitors in high-throughput screening endeavors often lead to
unproductive identification and development of compounds with non-specific activity,
so-called pan-assay interference compounds (PAINS).50 For example, cell-based
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assays requiring a colorimetric out-read can be inhibited through non-specific
mechanisms giving false-positive results.51 Although the cell-based HIVpp used in this
study contains a luciferase reporter out-read, B#24 showed no inhibition of luciferase
activity nor quenching at any concentrations tested, confirming that it was not acting
on luminescence (Figure A6).46 Additionally, based on the low solubility and largely
hydrophobic surface area of B#24, we sought to probe its ability to inhibit HIV-1
through unspecific aggregation effects. We tested the ability for B#24 to aggregate at
higher concentrations in aqueous conditions via an 1H-NMR dilution study (Figure
A7).47 Five concentrations of B#24 were tested from 200 µM to 12 µM in 50 mM
phosphate buffer made with D2O and 1% DMSO-d6. No changes were seen in the
number of resonances, peak shape, or chemical shift values indicating that B#24 does
not aggregate under the test conditions. Although we cannot exclude other non-specific
mechanisms, our results suggest that the observed activity does not result from
interference with the assay reporter or aggregation effects, two of the most common
problems associated with PAINS.
2.4.4 Activity of B#24 against HIV-1 viral enzymes
Next, we sought to explore B#24 activity against the viral enzyme HIV integrase
and the HIV RT dual functions (DNA polymerase and/or RNase H activity). We
screened B#24 for inhibitory activity in recombinant protein-based assays (Table 2.4).
AzaBINOL B#24 showed no effect against HIV-1 integrase activity in a commercially
available kit at any concentration tested up to 200 µM with raltegravir as control. When
tested against HIV-1 RT polymerase, we observed only weak inhibitory effects for
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B#24 at concentrations higher than 100 µM, several orders of magnitude weaker than
the activity seen in our cell-based assays. Rilpivirine, a NNRTI, served as control.
Almost all NNRTIs bind allosterically to the termed NNRTI binding site on HIV-RT
and the long-distance effects on the RT polymerase activity are well documented,
however we do not see this activity profile for B#24.8
Table 2.4: IC50 values of inhibitors tested in cell-free enzymatic assays. B#24 shows
inhibition against HIV-1 RNase H and E. coli RNase H. B#57 does not show inhibition
against any enzyme tested. Data shown represents mean ± S.D. (error bars) of
triplicates (n = 3).
Compound
B#24
B#57
NSC727447
Rilpivirine
Raltegravir

HIV-1
Integrase
>100 µM
>100 µM
1.1 ± 0.2 µM

HIV-1
RT
>100 µM
>100 µM
∼1 nM
-

HIV-1
RNase H
46.8 ± 7.3 µM
>100 µM
28.1 ± 6.9 µM
>10 µM
-

E. coli
RNase H
44.3 ± 6.4 µM
>100 µM
>10 µM
-

MuLV
RNase H
>100 µM
>100 µM
>10 µM
-

AMV
RNase H
>100 µM
>100 µM
>10 µM
-

Since the HIV-1 RT assay only reports on RT-polymerase inhibition and not on the
RNase H activity, the second catalytic site of HIV-1 reverse transcriptase, we next
investigated the effect of B#24 on RNase H activity directly using a previously reported
FRET based approach.43, 52 Here, we used a pair of oligonucleosides including an 18mer strand of RNA containing a 3’-fluorescein modification and an 18-mer strand of
DNA with a 5’-dabcyl quencher modification. When RNA is cleaved from the
RNA/DNA hybrid by RNase H activity, the fluorescent probe is removed from its
quenching partner (dabcyl) resulting in fluorescence. The vinylogous urea NSC727447
was used as a positive control with an IC50 ~30 µM in our hands, consistent with the
previously reported IC50 of 4.0 µM in a similar assay.53 For context, NSC727447 did
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not show activity in our cell-based single round infectivity assay and has not been tested
in vitro previously.53-55 We found that B#24 inhibited RNase H activity of HIV RT
consistently with an IC50 of 46.8 µM (Table 2.4), roughly six time less potent than its
IC50 inhibition but comparable to the difference in activity observed with the
NSC727447 standard. We also tested commercially available RNase H from E. coli,
and from two other viruses, MuLV (murine leukemia virus) and AMV (avian
myeoloblastosis virus) and found activity for B#24 against HIV-1 and E. coli, but not
the other two viral enzymes, a similar activity profile as observed for acylhydrazones.56
Several classes of compounds have shown promising antiviral activity by acting on
RNase H activity. For example tropolones57, 58 hydroxypyridonecarboxylic acids,23, 59,
60

N-hydroxyimides,61 hydroxypyrmidines,62 hydroxypyrido-pyrazinones,63 galloyl

derivatives,64 and diketoacids65 have been shown to act as inhibitors of RNase H by
interfering with binding of bivalent metals in the active site. Since HIV-1 RNase H and
integrase both contain Mg2+ ions in their active sites, many of these inhibitors act on
both enzymes. However, not all RNase H inhibitors chelate bivalent metals, including
vinylogous ureas,53, 55, 66 cycloheptathiophene, 66 and thienopyrimidinones.67 With this
in mind, we sought to probe whether azaBINOL B#24 was binding Mg2+ using an ion
chelation and absorbance test. Compound B#24 was tested for Mg2+ binding by
assessment of its UV absorption under an increasing concentration of Mg2+ following
existing procedures.45 No UV absorbance changes were observed with the addition of
Mg2+ up to 120 mM with B#24 (100 µM) (Figure 2.4). These results indicate that B#24
does not interact with Mg2+ at physiologically relevant concentrations. Although it is
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possible that the chemical environment of the active site may affect this interaction,
these findings suggest that B#24 is not directly inhibiting RNase H activity through
interactions with Mg2+ ions at the active site. Instead, it is likely that B#24 inhibits
RNase H enzyme activity allosterically, without affecting the polymerase function of
RT. The azaBINOL compound B#24 adds a new structural class to the emerging group
of selective HIV RNase H inhibitors and notably it does not act as metal chelator.
Allosteric binding may exhibit fewer side effects compared to active site Mg2+
chelating inhibitors and therefore allow for a more favorable therapeutic window.6, 7.

Figure 2.4: Mg2+ ion chelation assay. UV absorbance spectra of B#24 (100 µM) in the
presence of varying concentrations of Mg2+ ion. No concentration dependent change of
absorbance of B#24 was seen at any wavelength scanned.
2.4.5 HIV-1 reverse transcriptase binding
To show that B#24 inhibits RNase H activity by binding the HIV-1 reverse
transcriptase enzyme, we explored direct binding to immobilized HIV-1 RT using
biolayer interferometry (BLI). BLI allows for the real time measurement of binding
affinities between ligands and analytes of varying size using single-use, fiber optical
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sensors. BLI measures association (kon) and dissociation (koff) rates directly from full
spectrum wavelength shifts associated with interference pattern changes derived from
binding events at a sensors tip to determine binding affinities (KD).68 Recombinantwild type HIV-1 p66/p51 RT was immobilized via amine coupling onto BLI
biosensors. B#24, selected other azaBINOLs, and control compounds (rilpivirine
positive control, raltegravir negative contro) were prepared in 1x kinetics buffer at
multiple concentrations. Each compound was tested at multiple concentrations,
responses were globally fit using a 1:1 binding model, and these fits were used to
calculate KD values. The binding curves obtained for B#24 are shown in Figure 2.5. In
good agreement with cell-based antiviral assays, B#24 shows a concentrationdependent binding to HIV-1 RT. Control compound rilpivirine also showed
concentration dependent binding curves while raltegravir, an HIV-1 integrase inhibitor,
showed no binding at any concentration tested as expected (Figure A4). Although the
acquired KD of 38 µM associated with B#24 is higher than the IC50 in cell-based assays,
it should be noted that the affinity value cannot be directly related to neutralization
efficacy, as seen in many high-affinity, non-neutralizing HIV antibodies.69-71 No
binding was observed for the related azaBINOLs of interest from the compound library
(Figure A5). In summary, the BLI binding data obtained reveals a striking correlation
between the binding affinity of B#24 towards its target HIV RT and its antiviral
activity.
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Figure 2.5: BLI response of inhibitor B#24 binding to HIV-1 RT enzyme. B#24 shows
a dose-dependent binding to HIV-1 RT with a KD of 38 µM with a 95% confidence
interval between 36 – 41 µM. B#24 was analyzed at 11 concentrations: 10, 20, 30, 40,
50, 60, 70, 80, 120, 160, and 200 µM. Data was fit globally using a 1:1 binding model.
2.4.6 Competition assay of B#24 and NNRTI efavirenz
To further distinguish if azaBINOL B#24 acts like an NNRTI, we used the HIVpp
assay to explore the inhibitory effect of B#24 and efavirenz alone and in combination.
We tested efavirenz at 0.1 and 0.2 nM and B#24 at 1 and 5 µM and observed additive
effects in the combination treatment as shown by calculations of the coefficient of drug
interactions (CDI) (Figure 2.6).72 The additive effect may indicate that azaBINOL and
efavirenz are not competing for the same binding site, the NNRTI binding pocket, as
their activity is retained in combination. While we cannot exclude that binding of either
B#24 and efavirenz could induce overall conformational changes that affect the
function of the HIV RT enzyme and therefore lowers the infection in the combination
treatment, the fact that B#24 exhibits a lower net increase in IC50 value compared to
efavirenz in an NNRTI resistant isolate of HIV-1 supports the notion that it may bind
to a unique site.
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Figure 2.6: Competition assay using TZM-bl cells, infected with HIV-1HXB2 followed
by inoculation with antiviral agents efavirenz (0.1 and 0.2 nM) and B#24 (1 and 5 µM).
HIV-1 pseudo-viral assay determined infection is plotted as the y-axis. Coefficient of
drug interaction (CDI) values for each combination of efavirenz to B#24 were
calculated. CDI > 1, =1, or <1 indicates that the drugs are antagonistic, additive, or
synergistic, respectively. Here, CDI values of 1.15 and 0.84 were calculated indicating
subtle additive effects.
2.5 Discussion and conclusion
RNase H inhibition of HIV-1 RT is an under-explored and under-utilized
mechanism of inhibition. The azaBINOL compounds reported herein represent novel
scaffolds that inhibit HIV with low in vitro toxicity. In particular, the isopropyl ether
derivative of 2´-deoxy-8-azaBINOL (B#24) exhibits low micromolar antiviral activity
in two cell-based assays and acts on HIV RNase H. We utilized HIV-1 pseudotyped
particles for single-round infectivity assays as well as full replication system (EASYHIT) to show that B#24 exhibits low micromolar activity in vitro. In addition, we used
BLI to show that B#24 binds to HIV RT via a 1:1 binding mechanism with a binding
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affinity (KD) of 38 μM and employed recombinant enzyme assays to show that B#24
specifically inhibits RNase H. Although a number of azaBINOL compounds within the
screened library were found to have limited solubility in the cell-based assays as
expected, aggregation and non-specific inhibition was tested thoroughly and can be
dismissed for the lead compound B#24 (Figures A6 and A7). Clinically approved
HIV-1 NNRTI’s including nevirapine, efavirenz, and rilpivirine, exhibit antiviral
activity against HIV-1 by allosterically inhibiting RT through hydrophobic interactions
at the NNRTI binding site.22, 23, 73, 74 Binding to the NNRTI binding site often results in
combined effects in inhibiting DNA polymerase and RNase H activity through
conformational shifts in the enzyme.75 Only a few structures like the acyl hydrazones,22
vinylogous ureas,53 cHTC’s,66 and now B#24 have been identified with in vitro HIV-1
inhibitory effects through specific RNase H inhibition.
We hypothesize that the naphthyl moiety of the azaBINOL compounds may bind to
a hydrophobic surface present on the RNase H domain of HIV-1 RT23 while leaving
the substituted quinoline unit to further interact with the protein. In the case of the 2deoxy-8,8´-diazaBINOL derivatives (B#57, B#58) or the naphthol-type regioisomer of
ether B#24 (B#59), the antiviral activity is absent or significantly reduced likely due to
the reduced hydrophobic surface and increased steric interactions, respectively. We
show that combination treatment of B#24 with the NNRTI efavirenz has additive
activity in a single round infectivity assay. Together with the fact that B#24 retains
activity against a multi-drug resistant isolate, including mutations induced by NNRTIs
in the RT region, B#24 might be engaging a unique binding site, independently from
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the NNRTI binding site. Ongoing research in our laboratory will explore if B#24 binds
RNase H directly or affects HIV RT allosterically. In addition, B#24 is an un-optimized
structural lead and it would be interesting to examine whether chemical modifications
could improve the binding affinity and enhance HIV-1 neutralization.
In summary, we discovered that an isopropyl ether derivative of an aza-analog of
the archetypal axially chiral biaryl ligand BINOL, inhibits HIV-1 infection in vitro.
Based on the identified RNase H inhibition, direct HIV-1 RT binding, and activity
against an NNRTI resistant viral isolate, we postulate that B#24 is a novel inhibitor of
HIV-1 RT-RNase H activity. While biaryl compounds of natural origin have long been
known to exhibit significant biological activity,12, 76 this study suggests that further
investigations of the bioactivity of artificial biaryls, designed purely with synthetic
utility in mind, are warranted.
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Chapter Three: Potent Inhibition of HIV-1 by Secondary Metabolites
Isolated from the Bacterium Streptomyces longwoodensis
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3.1 Abstract
While many natural compounds have been identified with antiviral activity, no
natural product has been approved by the FDA for the inhibition of HIV-1.
Nonetheless, inspired by the broad and potent biological activity of natural products,
we screened a library of 52 bacterial and fungal extracts for inhibitory activity against
HIV-1 using a single-round, pseudotyped viral infectivity assay (HIVpp). We found
one bacterial extract, produced by Streptomyces longwoodensis based on 16S rRNA
gene sequencing, to be highly active against HIV. Bioactivity-guided fractionation led
to the isolation of two distinct metabolites, antimycin A8a (3.1) and lasalocid (3.2). For
both compounds, we established their inhibitory concentrations against HIV-1HXB2 as
well as their cytotoxicity to TZM-bl host cells. Antimycin A8a (3.1) possessed potent
antiviral effects with an IC50 of 47 nM and a selectivity index greater than 2000.
Lasalocid (3.2), a previously described inhibitor of HIV-1, was moderately active with
an IC50 value of 8.6 µM and selectivity index of 6.2. To further validate antimycin
A8a’s potent activity against HIV-1, a commercially available mixture of antimycin A
derivatives was purchased, and from it, antimycin A1a (3.3), A2a (3.4), A3a (3.5), and
A4a (3.6) were isolated. All congeners showed complete inhibition of HIV-1 at a
concentration of 1 nM in a single dose HIVpp testing.
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3.2 Introduction
Infection by human immunodeficiency virus (HIV-1) leads to the onset of acquired
immunodeficiency disease (AIDS), fatally hampering the body’s ability to fend off
further infection and disease.1 Despite our considerable arsenal of chemical inhibitors
as well as a thorough understanding of how HIV infects and replicates, there is no cure
or vaccine yet. Additionally, in 2017 alone, HIV and AIDS were responsible for
770,000 deaths globally.2, 3 Antiretroviral therapy (ART) has been highly successful
when viral inhibitors are used in combination of three or more to suppress HIV in
patients. However, the high cost of antiretroviral drugs combined with the virus’s
ability to quickly mutate and develop chemical resistance has left an enormous gap in
the requirement for novel, cheap, easy to produce, and safe inhibitors for treating
people infected with HIV globally.
Natural products from plants, bacteria, and fungi have long yielded clinically useful
agents that have revolutionized how we treat many diseases.4 Their diverse chemical
space,5 complex structures,6 and long history of evolution in complex ecosystems have
made them an irreplaceable resource for the clinical development of drugs.7, 8 Many
HIV-1 inhibitors, such as the betulins, flavonoids, and coumarins have been found from
natural sources.9-11 Yet, no antiviral natural product compounds have obtained FDA
approval.12 This discrepancy may be attributed to the difficulty in discovering antivirals
with current screening techniques owing to the fact that microbial extracts are not
amendable for cell-based high-throughput screening due to their inherent complexity.13
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Additionally, many pharmaceutical companies active in the antiviral field deem natural
products too complex or synthetically inaccessible for drug development.14 On the
other hand, many inhibitors of HIV-1 mimic natural compounds, such as the nucleoside
reverse transcriptase inhibitors (NRTIs) abacavir, lamivudine, or tenofovir, which
feature a DNA base moiety.4
Recent advances in antiviral testing has improved our ability to screen complex
natural product libraries. For example, fully infectious viral assays such as EASY-HIT
have streamlined analyzing HIV-1 neutralization through the use of viral tat-induced
production of red fluorescence in host cells which allows for a simple-fluorescent outread.15 Additionally, pseudo-typed viral infection assays (HIVpp) have succeeded in
making viral assays more accessible by lowering the biosafety level training necessary
to perform them.16, 17

Figure 3.1: Workflow showing microbial natural product-based drug discovery. Major
steps are shown in boxes with project specific details provided below.
Figure 3.1 outlines the antiviral drug discovery workflow followed in this study.
First, microorganisms were acquired from a number of diverse ecosystems around the
world via collaborations. In total, a subset of 52 strains were selected, including strains

59
from Germany, the Mediterranean Sea, Africa, and the State of Oregon. Extracts from
the collected microorganisms were tested for antiviral activity in an HIVpp and for
inhibition of cell viability using an MTT based assay which resulted in a 4% antiviral
hit rate in extracts. Bioactivity-guided fractionation of the HIV-1 active extract from
the bacterium O1/8 led to the isolation of two antiviral agents, antimycin A8a (3.1) and
lasalocid (3.2) (Figure 3.2). Furthermore, a series of antimycin A derivatives isolated
from a commercially available mixture were tested for anti-HIV activity to further
explore and demonstrate the potent activity of this compound class.

Figure 3.2: Compounds isolated from S. longwoodensis with antiviral activity against
HIV-1.
3.3 Materials and methods
3.3.1 General experimental equipment
Luminescence and absorbance readings were recorded on a BioTek Synergy HT
plate reader. NMR spectra were acquired on a Bruker Avance III 500 MHz
spectrometer fitted with a 5 mm TXI probe. Internal solvent signals were used for
calibration (CDCl3 𝛿 7.26 ppm). Low- and high-resolution mass spectrometry (MS)
spectra were obtained using electrospray ionization (ESI) on an Agilent Series 1100LC
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equipped with a photodiode array detector and a 1946MSD or an Agilent 6545 LC/QTOF, respectively. Low-res MS data was analyzed using ChemStation software. Highres MS data was analyzed using MassHunter Workstation. Molecular formulas were
predicted based on HRMS data using ChemCalc (chemcalc.org).18 Analytical HPLC
was performed on an Agilent 1100 HPLC system equipped with a photodiode array
detector. HPLC mobile phase consisted of ultra-pure H2O (A) and MeCN (B) with
0.05% formic acid in each. A gradient method from 10% to 100% B over 35 minutes
at a flow rate of 0.8 mL/min was used. The column (Phenomenex Kinetex C18, 5 µm,
150 x 4.6 mm) was re-equilibrated before each injection and the column compartment
maintained at 30°C throughout each run. Preparatory HPLC (Phenomenex Luna C18,
5 µm, 250 x 21.2 mm) was operated at room temperature using isocratic or gradient
elution systems with a flow rate of 25 mL/min. All samples were filtered by
centrifugation using an Eppendorf 5418 centrifuge (Hamburg, Germany) prior to
LCMS and HPLC analysis. A Teledyne ISCO CombiFlash Companion system
(Thousand Oaks, CA) was used for adaptive gradient, automated flash chromatography
with a hexane/ethyl acetate gradient.
3.3.2 Materials
Unless otherwise stated, all solvents were purchased from ThermoFisher Scientific
(Waltham, MA). The mixture of antimycin A derivatives was purchased from Sigma
Aldrich (St. Louis, MO). TZM-bl cells19-21 and the HIV-1 inhibitors raltegravir,
efavirernz, and rilpivirine were obtained from the NIH Aids Reagent Program. All
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compounds received were tested for purity via LCMS analysis prior to use. CyanovirinN (CVN) and the HIV-1 viral expression plasmids (pSG3, pHXB2, and pYU2) were
obtained as a generous gift from Carole Bewley (NIH, NIDDK). HEK 293T cells were
a kind gift from Dr. Pastey Manoj (Oregon State University). Dulbeco’s modified eagle
medium (DMEM) was purchased from VWR (Radnor, PA). PBS buffer was purchased
from Gibco (ThermoFisher Scientific). Fetal Bovine Serum (FBS) was obtained from
Atlanta Biologicals (Flowery Branch, GA). Trypsin/EDTA (0.25%/2.21 mM) and
penicillin/streptomycin solutions were purchased from Corning Life Sciences
(Corning, NY). The Bright-Glo Luciferase Assay System was acquired from Promega
(Madison, WI). The HIV-1 inhibitor temsavir was acquired from ViiV Healthcare
(Brentford, UK). MTT (Thiazolyl Blue Tetrazolium Bromide) was purchased from
VWR.
3.3.3 Microbial extract library preparation
All cultures were grown in a nutrient-rich malt media (M2) containing malt extract
(10 g/L), yeast extract (4 g/L), and glucose (4 g/L), adjusted to pH 6.0 prior to
sterilization. For agar plates, 17 g/L agar was added to the culture media before
sterilization. Library extracts were prepared by culturing 250 mL malt broth cultures
of pure microbial strains at 28°C for 14 days on an orbital shaker at 120 rpm. Cultures
were inoculated using a 1 cm2 piece of five to ten-day old malt agar plate. Cultures
were pH adjusted to pH~5 and extracted three times with 300 mL ethyl acetate. Organic
extract was dried over MgSO4 and concentrated under vacuum. Extracts were
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fractionated over silica using vacuum liquid column chromatography (VLCC)
following a step gradient of DCM/MeOH. Extracts and fractions were solubilized in
DMSO at 10 mg/mL and stored at -20°C in 96 well plates for subsequent library
screening.
3.3.4 Identification of bacterium O1/8
The bacterial strain O1/8 was isolated from African Soil by Dr. Oppelt for Bioviotica
Naturstoffe GmbH. For taxonomic analysis, O1/8 was grown in 50 mL nutrient rich
media for seven days and cells harvested by centrifugation. The cell pellet was frozen
in liquid nitrogen and vortexed with 0.5 mL zirconium silicate beads for 15 min.
Nucleic acid was isolated via a chloroform/phenol extraction. For identification
purposes, the 16S ribosomal RNA encoding region was amplified and sequenced using
the forward and reverse primers 8f (5′-AGAGTTTGATCMTGGCTCAG-3′) and 1513r
(5′- ACGGCTACCTTGTTACGACTT -3′), respectively.22 DNA was sequenced using
electrophoretic sequencing on an ABI Prism 3730 genetic analyzer (Applied
Biosystems [Foster City, Ca]) utilizing a Big Dye Terminator v 3.1 cycle sequencing
kit. Molecular phylogenetic analysis was inferred using the Maximum Likelihood
Method based on the Hasegawa-Kishino-Yano model done using MEGA7 software.23,
24

3.3.5 Streptomyces longwoodensis O1/8 cultivation and extraction
M2 broth cultures of 500 mL were inoculated with 50 mL of a starter culture grown
for 5 days. Cultures were then grown for an additional seven days and used to inoculate
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up to 14 L of malt broth. Large cultures were grown for 14 days at 28 °C on an orbital
shaker at 120 rpm. Cultures were extracted using Amberlite XAD-7 resin (Fisher
Scientific). Sterile XAD-7 was added to cultures and allowed to mix for 24 hours. Resin
and mycelia were collected using cheese cloth filtration followed by soaking in a 2 L –
1:1 methanol:acetone mixture a total of three times. Organic solvent was concentrated
under reduced pressure and the remaining water was subsequently extracted three times
with ethyl acetate and dried over MgSO4.
3.3.6 Mammalian cell culture
TZM-bl and HEK 293T cells were grown in growth media containing DMEM
supplemented with 10% (v/v) FBS, penicillin (100 units/mL), and streptomycin (100
µg/mL). Cells were maintained in a humidified incubator at 37°C with 5% CO2. The
passage number of cells used in experiments never exceeded 15 passages. All cell lines
were tested mycoplasma-negative by real-time PCR (MycoSolutions using a
mycoplasma detection kit [Akron Biotech, Boca Raton, FL]).
3.3.7 Pseudovirus production
HIV-1 pseudotyped viruses were prepared as previously described.17, 25 Briefly,
HEK 293T cells were transfected with an envelope expression plasmid (pHXB2) and
an envelope deficient HIV-1 backbone vector (pSG3Δenv) using XtremeGENE HP DNA
Transfection Reagent (Roche). After 24 hours of incubation at 37°C and 5% CO2,
growth media was replaced with fresh media followed by an additional 24 hours of
incubation. Supernatant was collected and passed through a 0.45 µm filter to yield
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pseudoviral stock. Aliquots were stored at -80°C until further use in neutralization
assays. Viral strength was determined through TCID50 calculations.17 TZM-bl cells
were plated at 9000 cells per well in white 96-well plates (Greiner Bio-One) and
incubated at 37 C, 5% CO2 for 24 hours. HIV-1 pseudoviruses were added over a twofold dilution series to wells. At 48 hours post infection, cells were lysed and BrightGlo luciferase substrate (Promega) added. Luminescence readings were immediately
recorded and the TCID50 value calculated as 50% of the maximum light output in
relation to control wells.
3.3.8 HIV-1 pseudoviral assay
Viral infection rates of HIV-1 pseudoviruses in the presence of inhibitors were
measured by monitoring their tat-induced luciferase production in TZM-bl cells as
described previously.17, 25-27 Briefly, TZM-bl cells were plated at 9000 cells/well into
96-well plates (excluding outer wells to avoid edge effects) followed by overnight
incubation at 37°C, 5% CO2. Inhibitors and pseudoviral particles were added to a final
concentration of 10 µg/mL and 1x viral strength (based on TCID50 measurements) at
1% DMSO, followed by incubation for 20 min prior to transfer to adherent TZM-bl
cells for 48-hour incubation at 37°C, 5% CO2. Growth media was aspirated off and
replaced with 30 µL PBS buffer. An equal amount of Bright-Glo reagent was added to
each well and allowed to incubate for 5 minutes to allow for cell-lysis. 50 µL solution
from each well was transferred to a white 96-well plate (Greiner Bio-One) and viral
infection quantified based on luminescent readings taken immediately after. Relative
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infectivity rates were calculated based on infectious and noninfectious vehicle control
wells (1% DMSO). Antiviral IC50 values were calculated from compound dilution
series tested in triplicate using KaleidaGraph graphing software (Synergy, Reading,
PA). CVN, temsavir, and efavirenz were used as HIV-inhibitory controls.
3.3.9 Cell viability assays
Cell viability of TZM-bl cells was determined by monitoring the mitochondrial
reductase activity from the reduction of the tetrazolium salt MTT by metabolically
active cells.28 TZM-bl cells were plated into 96-well plates (Greiner Bio-One) followed
by overnight incubation at 37°C, 5% CO2. Compounds were added to wells with a final
DMSO concentration of 1% followed by 48 hours incubation. After the designated
incubation time, MTT reagent (5 mg/mL in 1x PBS) was added to each well to a final
concentration of 0.5 mg/mL. MTT containing plates were incubated for an additional
3 hours after which the media was removed, and the reduced purple formazan product
dissolved in 50 µL DMSO. Absorbance was measured at 550 nm. Metabolic activity
of vehicle-treated cells (1% DMSO) was defined as 100% cell growth.
3.3.10 Chemistry
Antimycin A8a (3.1): 0.6 mg; White solid; UV (MeCN) λmax (log ε) 232, 318 nm;
1

H NMR (see table 3.3); MS (ESI-) m/z 533.3 (M-H)-; HRMS (ESI-) m/z 533.2504

([M-H]-, calcd. for C27H37N2O9: 533.2499, Δppm 0.10).
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Lasalocid (3.2): 0.35 mg; White solid; UV (MeCN) λmax (log ε) 214, 248, 318 nm;
MS (ESI-) m/z 591.4 (M+H)+, 613.4 (M+Na)+; HRMS (ESI-) m/z 589.3730 ([M-H]-,
calcd. for C34H53O8: 589.3740, Δppm 2.70).
3.4 Results
3.4.1 Screening of an inhouse microbial extract library for HIV-1
neutralization
In total, 25 bacterial and 27 fungal extracts were screened at single dose
concentrations of 10 µg/mL in an HIVpp assay using the viral strain HIV-1HXB2
(Figure B1 and B2). Eight microbial extracts were initially identified with high viral
neutralization. However, six of those extracts also showed significant cytotoxicity. In
turn, two bacterial extracts were identified as antiviral by following an activity cutoff
of less than 40% viral infection and a selectivity index greater than six resulting in a hit
rate of 4% (Table 3.1 and 3.2). The two active extracts identified, bacterial strains
O1/8 and K14/4, were selected for further testing. While strain regrowth of K14/4 did
not show sufficient antiviral activity for follow up, the extract of strain O1/8 continued
to show strong activity in our single-dose assays and subsequent analysis of fractions.
In particular, fraction 4 from bacterium O1/8 (Figure B3) contained significant
antiviral activity leading to further interest in this strain for large scale cultivation and
isolation efforts.
The bacterium O1/8 featured characteristic small gray, spore-forming colonies
common for many actinomycetes on nutrient agar plates. PCR amplification and
sequencing of the 16S rRNA encoding region of the bacterial genome was used to
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narrow down its taxonomic identity (Figure B4). A phylogenetic tree analysis revealed
that the bacterium O1/8 was most closely related to Streptomyces longwoodensis, a
strain originally isolated from the soil of the Longwood Gardens in Philadelphia,
featuring small gray spores.29
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Table 3.1: Single dose antiviral and cytotoxicity testing of bacterial extracts against
HIV-1 and TZM-bl cells tested at 10 µg/mL. Activity cut-off for fractions was set to <
40 % viral infection with a selectivity index > 6. Selectivity indices were calculated as
percent cell survival divided by percent infection. Strains of interest are marked in red.
CVN, a viral entry inhibitor, was used as a positive control.

CVN 20 nM

Percent
Infection
0.4 ± 0.0

Percent cell
survival
103.0 ± 2.8

Selectivity
Index
264

OI/8

9.7 ± 2.9

84.7 ± 5.0

8.7

OIV/1

101.4 ± 17.4

137.6 ± 4.3

1.4

OIV/4

82.9 ± 9.6

129.0 ± 7.9

1.6

FORM1

0.1 ± 0.0

-0.1 ± 0.0

-2.0

K2/24N

107.8 ± 2.9

72.9 ± 1.0

0.7

K9/21

42.8 ± 5.8

62.8 ± 11.8

1.5

K18/5

41.3 ± 8.9

52.1 ± 11.4

1.3

K9/15

50.4 ± 2.3

73.1 ± 14.3

1.5

K9/20

46.7 ± 2.5

75.2 ± 5.1

1.6

K17/4

75.4 ± 2.1

71.3 ± 23.4

0.9

OIV/1.2
F1/2_Cr
OI/4

52.4 ± 9.7
77.0 ± 0.2
70.7 ± 1.1

72.6 ± 6.6
100.4 ± 5.0
75.4 ± 7.4

1.4
1.3
1.1

Cuba9

37.0 ± 8.2

50.6 ± 0.2

1.4

Form7

65.0 ± 2.3

77.1 ± 0.6

1.2

K14/4

8.0 ± 1.1

77.6 ± 7.6

9.7

Wole6

51.2 ± 0.2

90.5 ± 11.8

1.8

LU9672

69.4 ± 1.9

84.2 ± 4.2

1.2

K9/12

102.8 ± 3.2

95.0 ± 14.3

0.9

K9/13

83.5 ± 6.2

81.3 ± 12.4

1.0

K9/14

81.2 ± 7.1

84.6 ± 1.7

1.0

K9/1

83.1 ± 6.8

86.7 ± 5.2

1.0

K9/16

98.4 ± 12.2

102.9 ± 11.1

1.0

K9/19

83.5 ± 14.0

104.8 ± 9.8

1.3

MP1#6AE

103.0 ± 17.3

101.0 ± 6.1

1.0

Extract
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Table 3.2: Single dose antiviral and cytotoxicity testing of fungal extracts against
HIV-1 and TZM-bl cells tested at 10 µg/mL. Activity cut-off for fractions was set to <
40 % viral infection with a selectivity index > 6. Selectivity indices were calculated as
percent cell survival divided by percent infection. CVN, a viral entry inhibitor, was
used as a positive control.
Percent
Infection
0.4 ± 0.0

Percent
cell survival
103.0 ± 28

Selectivity
Index
264

G15

105.4 ± 9.8

114.0 ± 6.96

1.1

G23y

117.7 ± 29.8

95.0 ± 9.31

0.8

G24

87.7 ± 7.7

94.6 ± 1.74

1.1

CL14

109.5 ± 17.1

84.5 ± 7.98

0.8

G14

76.0 ± 14.8

71.9 ± 3.17

0.9

SIAF

74.1 ± 4.8

86.2 ± 1.33

1.2

G11N

28.2 ± 2.9

68.4 ± 2.8

2.4

G4N

97.9 ± 9.1

109.4 ± 12.0

1.1

G4Nw

104.0 ± 2.2

89.9 ± 7.9

0.9

Phoma

109.5 ± 8.6

109.3 ± 4.2

1.0

Chalara
KMT6
FgramPH1

115.1 ± 1.7
141.1 ± 1.5
99.1 ± 29.1

106.0 ± 12.0
101.3 ± 0.4
88.6 ± 5.9

0.9
0.7
0.9

G30

4.14 ± 2.9

21.8 ± 8.7

5.3

K2-29

96.5 ± 2.4

100.0 ± 3.3

1.0

G31N

89.4 ± 2.1

75.9 ± 0.1

0.8

Gate5-1N

94.9 ± 9.3

88.0 ± 1.0

0.9

G16

44.2 ± 1.5

94.5 ± 6.7

2.1

G17N

34.2 ± 3.9

57.9 ± 4.4

1.7

G1N

23.5 ± 2.0

76.9 ± 12.4

3.3

Form4N-F

50.1 ± 38.5

56.1 ± 7.0

1.1

ChaetomiumG100/2

72.9 ± 3.3

73.6 ± 3.8

1.0

Kreta2-22N

58.7 ± 5.1

91.3 ± 21.2

1.6

G2N

66.5 ± 0.5

85.7 ± 22.3

1.3

G3N

78.1 ± 5.4

68.3 ± 0.2

0.9

G18N

82.5 ± 6.3

93.8 ± 23.5

1.1

Krete 2/25

61.0 ± 6.5

91.8 ± 0.2

1.5

Extract
CVN 20 nM
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3.4.2 Bioactivity-guided isolation of metabolites from Streptomyces
longwoodensis
Due to the complex metabolic profile of the strain O1/8, 14 L of O1/8 culture was
prepared resulting in 3.6 g of extract. Bioactivity-guided fractionation was used to
follow the antiviral activity through multiple fractionation steps (Figure 3.3).
Additionally, cytotoxicity screening was used at each step of separation.
The Streptomyces longwoodensis extract was first separated using normal phase
silica-VLCC resulting in seven fractions followed by antiviral and cytotoxicity testing
at 10 µg/mL. Despite the substantial toxicity in multiple fractions including F4, F5, F6,
and F7, fraction F4 was chosen for a second round of separation using silica-based
chromatography due to its large mass and diverse array of chemical entities as seen in
LCMS analysis. Normal phase silica chromatography was used to separate F4 into
seven subfractions, F4A -F4G. Bioactivity testing of F4A - F4G revealed significant
antiviral activity in F4B with only 4.5% viral infection and 77% cell viability. This
antiviral fraction, F4B, was further separated using preparative HPLC into nine
subfractions, F4B1 – F4B9. HIVpp testing of each fraction exposed significant antiviral
activity in fraction F4B8 with only 3.8% HIV infection and 80 % cell viability.
Additional weak activity was found in F4B9 with 50% viral infection and 90% cell
viability.
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Figure 3.3: Bioactivity-guided fractionation of S. longwoodensis. (A) HIV-1 infection
(black) and cell viability (grey) as determined by HIV-1 pseudoviral assays and MTT
cytotoxicity tests at single-dose concentrations of 10 µg/mL. (B) Flow chart depicting
the isolation of the antiviral fractions F4B8c – F4B8f through four rounds of
chromatographic separation. Antiviral fractions from each stage of separation are
shown in boxes.
Fraction F4B9 of the Streptomyces sp. O1/8 showed moderate antiviral activity in
HIVpp at single dose concentrations of 10 µg/mL. Further analysis by LCMS revealed
the fraction contained only a single compound with a characteristic molecular weight

72
and UV spectrum different from other compounds present in the S. longwoodensis
extract (Figure 3.4a). Purification by HPLC gave 0.35 mg of pure compound which
was identified as lasalocid (3.2) by UV, MS, and HRMS analysis.30-32

Figure 3.4: Chromatogram of antiviral fractions from S. longwoodensis. (A) Fraction
F4B9 contains only one major peak with a characteristic UV pattern matching that of
lasalocid (3.2). (B) Fraction F4B8 consists of numerous congeners of antimycin A
based on their similar UV profiles.
Fraction F4B8 contained three major compounds with an additional 13 minor
components (Figure 3.4b). The majority of compounds showed nearly identical UV
spectra with maxima at 234 and 322 nm suggesting they all belong to one chemical
family. Further fractionation by reverse-phase (C18) HPLC gave fractions
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F4B8a - F4B8f with significant antiviral activity in F4B8c, F4b8d, F4B8e, and F4B8f
(less than 5 % viral infection) with only minor cytotoxicity in fraction F4B8e. LCMS
analysis of these fractions showed pure and/or nearly pure compounds with matching
UV patterns to those found dominating fraction F4b8. Through LCMS and HRMS
analysis, fractions F4B8c, F4B8d, F4B8e, and F4B8f, were identified to contain
derivatives of the natural product antimycin A. Although insufficient material was
obtained to purify compounds from fractions F4B8c, F4B8d, and F4B8f, fraction
F4B8e was >85% pure by the 254 nm-wavelength LCMS trace. Antimycin A8a was
dereplicated as the main component of fraction F4B8e using HRMS and 1D 1H NMR
exhibiting an identical molecular weight, UV, and 1H NMR spectra.33 Table 3.3 shows
the 1H NMR spectrum in CDCl3 matched previously reported tabulated NMR data for
antimycin A8a from Barrow et al (3.1 [Figure B9]).33
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Table 3.3: Tabulated 1H NMR data of fraction F4B8e (500 MHz, CDCl3) compared to
previously described antimycin A8a (3.1).33 J values are shown in parenthesis (Hz).
Atom

Fraction F4B8e

Antimycin A8a33

Δppm

3

5.29 t (7.7)

5.28 t

0.01

4

5.73 p (6.9)

5.73 p

0.00

7

2.53 td (10.6, 2.5)

2.49 m

0.04

8

5.09 t (10.0)

5.09 t

0.00

9

5.01 m

4.99 m

0.02

10

1.31 m

1.31 d

0.00

11

1.31 m

1.29 d

0.02

4'

8.55 d (7.8)

8.54 d

0.01

5'

6.92 t (7.8)

6.92 t

0.00

6'

7.23 d (8.2)

7.23 d

0.00

8'

8.50 s

8.50 s

0.00

13

2.43 sext. (6.8)

2.42m

0.01

14

1.19 m

1.19 d

0.00

15

1.84 -1.30 m

1.71 m, 1.49 m

--

16

0.96 m

0.94 t

0.02

1"

1.84 -1.30 m

1.67 m, 1.36 m

--

2"

1.25 m

1.25 m

0.00

3"

1.84 -1.30 m

1.47 m

--

4"

0.85 m

0.84 d

0.01

5"

0.85 m

0.84 d

0.01

NH - 3'

7.90 s

7.91 bs

0.01

NH - 7'

7.06 d (9.5)

7.05 d

0.01

OH - 2'

12.61 s

12.61 s

0.00

3.4.3 Antimycin A8a and lasalocid are inhibitors of HIV-1
IC50 and CC50 analyses were completed for both antimycin A8a (3.1) and lasalocid
(3.2) as summarized in Table 3.4. In particular, 3.1 showed strong anti-HIV activity at
47 nM with only minor toxicity detected at 100 μM, resulting in a selectivity index

greater than 2000 (Figure 3.5). 3.2 exhibited moderate antiviral activity with an IC50
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of 8.6 µM and cell cytotoxicity of 53 µM (selectivity index of 6.2). Previously,
Nakamura et al. reported anti-HIV activity for 3.2 with an IC50 of 4.0 µM and a
selectivity index of 20.6.34 While 3.2 only showed moderate antiviral activity, 3.1
showed potent and previously undescribed inhibition of HIV-1.

Figure 3.5: Antiviral activity against HIV-1YU2 by compounds isolated from S.
longwoodensis. (A) IC50 (solid black) and CC50 (dashed grey) of antimycin A8a (3.1),
isolated from fraction F4B8e. (B) IC50 (solid black) and CC50 (dashed grey) of lasalocid
(3.2) isolated from fraction F4B9.
Table 3.4: Antiviral IC50’s by compounds isolated from S. longwoodensis. The HIV-1
reverse transcriptase inhibitor efavirenz was used as a positive control.

antimycin A8a (3.1)
lasalocid (3.2)
efavirenz

HIV-1 Antiviral
IC50 [µM]
0.05 ± 0.01
8.60 ± 5.80
0.01 ± 0.00

Cytotoxicity
CC50 [µM]
95.3 ± 72.7
53 ± 9.4
No effect

Selectivity Index
CC50/IC50
>2000
6.2
--
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3.4.4 Antimycin A derivatives show potent antiviral activity
To further assess the bioactivity of various antimycin A derivatives, we obtained a
mixture of commercially available antimycin A congeners. The mixture purchased
contained four major components as shown by LCMS (Figure 3.6). Isolation and
purification from 9.0 mg mixture using reverse-phase (C18) HPLC yielded four major
components greater than 90% pure with yields of 17%, 24%, 8%, and 35% by mass.
HRMS and 1D 1H NMR analysis was used to determine the identities of each
compound as antimycin A1a (3.3), A2a (3.4), A3a (3.5), and A4a (3.6) (Table B1
[Figure B5-B8]). Single dose testing of each antimycin A derivative (3.3, 3.4, 3.5, and
3.6) showed complete neutralization of HIV-1 infection at a concentration of 1 nM
(Table 3.5) making these exceptionally potent antiviral agents.

Figure 3.6: Commercially available mixture of antimycin A derivatives. (A) Structures
of the four major components from the commercial mixture. (B) LCMS chromatogram
at 254 nm of the antimycin A mixture with the compound identities labelled.

77
Table 3.5: Antiviral and cytotoxic activity of the isolated antimycin A derivatives from
a commercial source (tested at 1 nM). HIV-1 entry inhibitor temsavir was used as a
positive control.

antimycin A1a (3.3)

Percent HIV-1HXB2
infection
1.7 ± 0.3

Percent
Cytotoxicity
105.6 ± 20.1

antimycin A2a (3.4)

3.0 ± 0.7

83.0 ± 3.6

antimycin A3a (3.5)

1.6 ± 0.3

83.7 ± 1.6

antimycin A4a (3.6)

3.9 ± 1.6

90.6 ± 2.3

temsavir (50 nM)

0.6 ± 0.3

99.1 ± 7.8

3.5 Discussion
This study identified two antiviral compounds, antimycin A8a (3.1) and lasalocid
(3.2), isolated from the bacterium Streptomyces longwoodensis. Particularly, 3.1
showed significant low nanomolar activity against HIV-1 in single-round infectivity
assays without associated cell toxicity. Further studies on the derivatives of antimycin
including 3.3, 3.4, 3.5, and 3.6 proved that this entire natural product family exhibits
broad inhibitory activity against HIV-1.
Antimycin-type depsipeptides have been shown previously to possess wide-ranging
anticancer, anti-inflammatory, antifungal, insecticidal, nematocidal, and piscicidal
properties due to their ability to inhibit the mitochondrial electron transport chain.35
More recently, Raveh et al. showed that several different derivatives of antimycin A
exhibited low nanomolar antiviral activity against a wide range of RNA viruses
including members of Togaviridae, Flavivirdae, Bunyaviridae, Picorrnaviridae, and
Paramyxociridae viral families owed to their ability to inhibit mitochondrial activity
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thereby causing a suppression in de novo pyrimidine synthesis.36 Nonetheless, this
report is the first account of any antimycin A derivative acting as an inhibitor of
retroviruses such as HIV-1. While the mechanism of action against HIV was not
explored in this study, similarly to RNA viruses, HIV-1 relies on the cellular synthesis
of pyrimidine for DNA production and viral replication.37 It is probable that antimycin
A derivatives inhibit HIV-1 through an identical mechanism of action as previously
described for other RNA viruses. Antimycin’s mode of action in the HIV-1 setting will
be explored in future studies.
As evident by the discovery of the antiviral compounds 3.1 and 3.2 produced from
the bacteria S. longwoodensis, natural products will continue to play a vital role in drug
discovery. Particularly, this study validates that screening complex microbial extracts
libraries via bioactivity-guided fractionation techniques can result in potent novel
activity from new or previously described compounds. Additionally, the potent activity
of the antimycin A congeners against HIV-1 should be further analyzed for their
suitability as broad-spectrum antiviral agents.
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4.1 Abstract
DNA is an essential biopolymer containing the genetic information that encodes for
all parts and functions of a cell, making it an intriguing point of therapeutic intervention
for genetic disorders and disease. Cancer cells, in particular, feature increased
proliferation rates causing them to be more susceptible to induced DNA damage by
DNA-binding agents such as doxorubicin. Natural product libraries offer a vast reserve
of DNA-binding small molecule drugs that can be exploited as cytotoxic drug leads or
chemical probes to understand cell biology. However, there is no easy way to access
the DNA-acting components of microbial extracts directly, as typical screening
campaigns utilize tedious bioactivity-guided fractionation approaches to isolate active
principles by sequential rounds of cell-based assays. To further explore the pool of
DNA-targeting small molecules from nature, herein we describe a new screening
technique utilizing biolayer interferometry (BLI) to screen an in-house microbial
library containing extracts and fractions from over 100 different bacteria. First, we
established, validated, and applied BLI as a screening system by designing model GCand AT-rich DNA oligonucleotides. We verified their use through binding affinity
determination of well-known DNA intercalating and groove binding agents including
actinomycin D (4.1), doxorubicin (4.2), ethidium bromide (4.3), propidium iodide
(4.4), Hoechst dye 33342 (4.5), and netropsin (4.6). Next, we screened over 100
bacterial extracts from our microbial library for DNA-binding agents. Using this
system, we identified echinomycin (4.7), actinomycin V (4.8), and chartreusin (4.9)
from bacterial extracts. Binding affinities of all compounds were experimentally
determined against defined GC- and AT-rich DNA oligonucleotides and compared to
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previously determined values. This small molecule-DNA binding screen represents a
novel, low cost, easy to use, and sufficiently sensitive application for mediumthroughput screening of complex chemical libraries.
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4.2 Introduction
DNA-targeting chemotherapeutic drugs are known to show significant
antibacterial,1 antiviral,2 and anticancer bioactivities.3 These drugs have revolutionized
medical treatments beginning with the earliest discovery of the anthracyclines isolated
from a culture of Streptomyces purpurascens in 1950.4 Originally, anthracycline type
compounds were identified as potent antibacterial agents, however, their severe toxicity
in mice prevented their success.5 Instead, anthracyclines were soon developed as
antitumor agents after the discovery of the powerful chemotherapeutic drug
doxorubicin, which targets DNA via base pair intercalation and has been used clinically
in the US since 1974.6
Drug discovery in search of DNA-targeting cancer therapeutics has given us
powerful covalent DNA binders such as cisplatin, antimetabolites like 5- fluorouracil,
or the topoisomerase poisons such as etoposide, which target protein-DNA complexes.7
Despite these advances, cancer diagnoses and deaths have continued to grow,
culminating in 1,735,350 new cases of cancer diagnosed in 2018 in the United States
alone.8 Identifying novel chemotherapeutics is an imperative challenge in keeping pace
with the spread and development of chemoresistance in cancer. Furthermore, molecules
which induce damage to DNA through indirect or direct binding events will continue
to serve as powerful tools to study cancer and cell biology.9
Cancer cells are highly prone to DNA damage due to their lenient DNA repair
capabilities and increased propagation resulting from their ability to bypass certain cellcycle checkpoints.7, 10 Anticancer drugs that target DNA can cause changes in DNA
conformation through either intercalation, groove binding, or covalent bonding. These
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binding events typically result in inhibition of duplication or transcription through
DNA strand breaks that often lead to cell death.11 Despite their inherent toxicity, classic
cytotoxic drugs such as the DNA-binding anthracyclines (e.g. doxorubicin and
daunorubicin) remain indispensable instruments in anticancer therapy.12 For example,
32% of breast cancer patients, 57-70% of elderly lymphoma patients, and 50-60% of
childhood cancer patients use anthracyclines as the treatment of choice due to their
therapeutic effectiveness and low rate of tumor resistance.13 Altogether, it is clear that
DNA-targeting drugs when used in combination with other therapeutic regimes,
including cell targeting- and immune-therapy, will continue to be influential in the
quest to combat tumors and disease associated with cancer.14
Identifying compounds that specifically target DNA has been historically difficult
due to DNA’s extreme flexibility, an absence of ‘typical’ binding sites as seen in
proteins, and its lack of spatial structural information from X-ray crystallization or
nuclear magnetic resonance (NMR).3 DNA-intercalating agents are relatively flat
molecules able to insert themselves between base pairs causing lengthening, stiffening,
and/or unwinding of helical DNA.11 These binding events cause significant changes in
the DNA structure that can be detected by many analytical techniques including mass
spectrometry (MS)15-17, NMR18, isothermal calorimetry (ITC)19,

20

, UV absorption

spectroscopy21, light scattering22, fluorescent displacement23, and SPR.24 On the other
hand, minor groove binding agents such as netropsin (4.6), which fit into the small
groove of DNA, only cause minor perturbations to the overall DNA structure that can
be difficult to detect using current methods.25 Furthermore, many of the analytical
techniques used to identify DNA binding are often time intensive, costly, and either not
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sufficiently sensitive or robust enough for mixture screening.26 For example, ITC
requires large quantities of material and is sensitive to changes in buffer, temperature,
pH, and the DNA sequences tested, making it a suboptimal choice for affinity
assessment.27 Additionally, SPR suffers from low screening throughput and high signal
noise due to the microfluidics design which hampers sample analysis and is prone to
refractive index variations from changes in buffer flowing over the sensor chips
surface.28 In our search for a better screening method, we have developed a low cost,
reusable, and medium-throughput method for screening natural product extract
libraries for DNA-binding compounds by utilizing biolayer interferometry (BLI).
Although BLI has typically been used for studying the binding kinetics of
macromolecules such as protein-protein29 or protein-DNA/RNA30 interactions, it has
also been shown to be an excellent screening tool for small molecule discovery.31-33
Here, we show for the first time that BLI is a suitable tool for the reliable and efficient
detection of DNA-small molecule binding events within complex microbial extracts.
BLI allows for the real-time detection of biomolecular binding events between an
immobilized ligand and analytes by utilizing cheap and disposable optical fiber sensors.
This system monitors the reflection of full spectrum white light for constructive and
destructive interference pattern changes accounting for minute deviations in thickness
on the surface of the optical fiber sensors tip. To implement this assay, we first
established model duplex DNA and validated the binding affinities of well-known
DNA intercalating and groove binding agents (Figure 4.1). This approach allowed us
to establish defined binding affinities for six commonly used DNA-acting agents,
including actinomycin D (4.1), doxorubicin (4.2), ethidium bromide (4.3), propidium
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iodide (4.4), Hoechst dye 33342 (4.5), and netropsin (4.6) under well-controlled
conditions. We compared these results to previously reported binding affinities in
literature.

Figure 4.1: A selection of commercially available DNA binding agents used to validate
BLI as a suitable system for identifying DNA-binding affinities. Features DNA
intercalating (4.1, 4.2, 4.3, 4.4) and groove binding (4.5, 4.6) agents.
In the second part of our study, we used BLI to identify DNA binding agents from
our microbial natural product extract library containing over 100 bacterial extracts. To
do this, we followed the workflow depicted figure 4.2. First, bacteria were grown in
nutrient-rich media and extracted. Those extracts were then separated into multiple
fractions using silica chromatography followed by an initial screening for DNA
interactions using BLI. Upon identification of positive binding extracts, HPLC was
used to purify active compounds. Full binding kinetic analysis was performed to
characterize affinity to both GC- and AT-rich DNA.
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Figure 4.2: Workflow showing the process used for BLI binding-guided isolation of
DNA-binding natural products. Microorganisms were grown for our inhouse library
and extracted using organic solvent. Extracts were screened using BLI for binding at
100 µg/mL while resuspended in kinetics buffer at 5% DMSO. Binding-guided
isolation was used to identify binding agents from microbial extracts and fractions.
Compounds were isolated, identified, and their binding affinities determined.
4.3 Materials and methods
4.3.1 Materials
Actinomycin D (4.1) was purchased from AdooQ Bioscience (Irvine, CA).
Doxorubicin (4.2) was purchased from ThermoFisher Scientific (Waltham, MA).
Ethidium bromide (4.3), propidium iodide (4.4), Hoechst dye 33342 (4.5), and
netropsin (4.6) were purchased from VWR (Radnor, PA). All compounds used were
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tested for purity prior to use by LCMS. Streptavidin biosensors and Kinetic buffer (1x
PBS, pH 7.4, 0.02% Tween-20, 0.1% albumin, and 0.05% sodium azide) were
purchased directly from Molecular Devices (San Jose, CA). Solvents and culture media
components were all purchased from VWR unless otherwise noted.
4.3.2 General experimental procedures
Low- and high-resolution mass spectrometry (MS) was obtained using electrospray
ionization (ESI) on an Agilent Series 1100LC equipped with a photodiode array
detector and a 1946MSD or an Agilent 6545 LC/Q-TOF, respectively. Low-res MS
data was analyzed using ChemStation software. High-res MS data was analyzed using
MassHunter Workstation. Molecular formulas were predicted based on HRMS data
using ChemCalc (chemcalc.org).34 Analytical HPLC was performed on an Agilent
1100 HPLC system equipped with a photodiode array detector. HPLC mobile phase
consisted of ultra-pure H2O (A) and MeCN (B) with 0.05% formic acid in each. A
gradient method from 10% to 100% B over 35 minutes at a flow rate of 0.8 mL/min
was used. The column (Phenomenex kinetex C18, 5 µm, 150 x 4.6 mm) was reequilibrated before each injection and the column compartment maintained at 30°C
throughout each run. Preparatory HPLC (Phenomenex Luna C18, 5 µm, 250 x 21.2
mm) was operated at room temperature using isocratic or gradient elution systems with
a flow rate of 20 mL/min. All samples were filtered through a 0.45 µm nylon filter or
by centrifugation before LCMS and HPLC analysis. NMR spectra were obtained on
either a Bruker Avance III 500 MHz or Bruker Avance III 700 MHz spectrometer
equipped with a 5 mm TXI probe or 13C cryoprobe, respectively. The residual solvent
was used as an internal standard.
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4.3.3 Microbial cultures
All cultures were grown in a nutrient rich malt media (M2) containing malt extract
(10 g/L), yeast extract (4 g/L), and glucose (4 g/L), with the pH adjusted to 6.0 prior to
sterilization. For agar plates, 17 g/L agar was added to the growth media prior to
sterilization. Bacterial library cultures were prepared by inoculating 250 mL malt broth
using a 1 cm2 piece of five to ten-day old agar followed by fermentation at 28 °C for
14 days on an orbital shaker at 120 rpm. Extracts from small cultures exhibiting DNA
binding properties were grown in large scale cultures by inoculating a 500 mL broth
culture with 50 mL of inoculum grown for 5 days. 500 mL cultures were grown for
seven days and used to inoculate up to 14 L of malt broth. Large cultures were grown
for 14 days at 28 °C on an orbital shaker at 120 rpm.
4.3.4 Microbial culture extraction
All cultures were clean streaked on M2 agar plates prior to extraction to test for
purity. Small microbial cultures were extracted using equal parts ethyl acetate followed
by drying over MgSO4 and concentration under reduced pressure. Large microbial
cultures were extracted using adsorbing Amberlite XAD-7 resin (Fisher Scientific).
Sterilized Amberlite was added to growing cultures and stirred for 24 hours. Resin and
mycelia were collected using cheese cloth filtration followed by soaking of Amberlite
resin in 2 L of a 1:1 methanol/acetone mixture followed by concentration under reduced
pressure. Remaining water/extract residue was further extracted three times with ethyl
acetate and dried over MgSO4 followed by concentration. Extracts were fractionated
over silica using vacuum liquid column chromatography (VLCC) using a gradient of
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DCM/MeOH. Fractionated extracts were solubilized in DMSO at 10 mg/mL and stored
at -20 °C in 96 well plates for library screening.
4.3.5 DNA oligonucleotides
DNA oligonucleotides were ordered as complementary single strand segments in
75% GC- or AT-rich variants. One strand of either the either GC or AT variants had a
5’ biotin tag installed for biosensor immobilization (IDT, Coralville, IA). DNA
sequences

d(5’-biotin-GATTTCAAGATATTAAGAAG-3’)

and

d(5’-

CTTCTTAATATCTTGAAATC-3’) were used for AT-rich binding analysis while
d(5’-biotin-GTGCCTGGACCGCCCGACCT-3’)

and

d(5’-

AGGTCGGGCGGTCCAGGCAC-3’) were used for GC-rich binding analysis. Each
oligonucleotide contained 20 base pairs allowing for the natural formation of two
helical twists.29 The oligos were designed to avoid intramolecular hairpins, selfdimerization, and cross-dimerization with delta G values of -0.16, 1, -0.13, -0.66
kcal/mol at 25°C, respectively (more negative delta G values represents increased
stability). Single stranded DNA oligomers were annealed for 2 min at 94° C followed
by cooling to room temperature over 1 hour. Duplex DNA was then stored at -20°C as
a 20 µM solution in TE buffer (10 mM Tris, 0.5 mM EDTA, 50 mM NaCl, pH 8) until
use.
4.3.6 Biolayer interferometry
DNA – ligand binding events were detected and monitored in real time using a
FortéBio Octet Red 96 Biolayer Interferometer (Molecular Devices). Biotinylated,
double-stranded DNA fragments were immobilized on streptavidin sensor tips for 1600
seconds at 25 nM in 1x Kinetic buffer. Extracts were screened after resuspension in
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kinetics buffer at 100 µg/mL and 5% DMSO. Positive binding hits were identified with
binding responses of at least 0.025 nm that reached equilibrium (plateaued binding).
The binding affinity (KD) of each compound was determined through a dilution series
analysis over a concentration range of 0.01∙KD - 10∙KD. Compound testing was done
sequentially using baseline, association, and dissociation steps for 30s, 30s, and 60s,
respectively. Data alignment was done using baseline signals and the curves were fitted
following a 1:1 best-fit model in FortéBio’s data analysis software.
4.3.7 BLI reference subtraction
Microbial extracts can contain up to hundreds of small molecules covering a broad
range of polarities, molecular weights, and pH.35 Therefore, screening microbial
extracts can create significant atypical binding events to either the sensor or DNA
through nonspecific aggregating effects. To reduce signal associated with these
atypical binding events as well as potential optical interferences from variations in
buffer and signal drift, we utilized reference sensor subtraction. A separate set of blank
sensors without the DNA load was exposed to the assay conditions for signal
subtraction. Additional signal drift and variances in buffer composition were
eliminated through the use of DNA-loaded sensors tested in separate buffer wells in
parallel. All extracts tested showed varying amounts of unspecific binding to blank
sensors. However, with double reference subtraction, the noise associated with
unspecific binding was greatly diminished, or completely eliminated to reveal real
binding events.
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4.3.8 Assay robustness
We quantified the robustness of the DNA-binding assay using Z'-factor calculations.
The Z'-factor shows whether an assay can reliably distinguish negative and positive
samples, by comparing responses to control compounds against measurement standard
deviations. We used doxorubicin (4.2), as model compound in this analysis. 4.2 was
spiked into an extract without DNA-binding properties at multiple concentrations and
the Z'-factor was calculated according the equation:
Z- = 1 −

3σ3 + 3σ5
µ3 − µ5

where σs and σb represent the standard deviations of both the sample and blank,
respectively, and μs and μb represent the average of signals from triplicate reads
associated with the sample and blank, respectively. We used a non-DNA-binding
sample extract as our negative control, and the same non-binding extract spiked with
doxorubicin at w/w concentrations of 1, 2, 4, 8, 16, 24, 48, 92, and 100 percent as our
positive control. It is customary to take Z' > 0.8 as an indication that the assay reliably
distinguishes positive and negative samples, Z' > 0.6 as marginally distinguishing
positive and negative samples, and Z' < 0.5 as indicating that the assay is unsuitable for
high-throughput screening.36, 37
4.3.9 Isolated compounds
Echinomycin (4.7): White solid; UV (MeCN) λmax (log ε) 244, 324 nm; 1H NMR
(700 MHz, CDCl3) d 9.64 (s, 1 H), 9.63 (s, 1 H), 8.84 (d, J=6.1 Hz, 1 H), 8.66 (d, J=7.2
Hz, 1 H), 8.18 (dd, J=14.3, 8.5 Hz, 2 H), 7.99 (d, J=8.2 Hz, 1 H), 7.94 (d, J=8.7 Hz, 1
H), 7.86 (m, J=7.8 Hz, 2 H), 7.81 (m, 2 H), 6.97 (d, J=5.8 Hz, 1 H), 6.83 (s, 1 H), 6.48
(d, J=8.6 Hz, 1 H), 6.13, (s, 1 H), 5.20 (d, J=10.3 Hz, 1 H), 5.15 (d, J=9.9 Hz, 1 H),
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4.95 (m, 3 H), 4.82 (m, 2 H), 4.68 (m, 4 H), 3.43 (d, J=15.1 Hz, 1 H), 3.18 (s, 3 H),
3.10 (s, 3 H), 3.00 (s, 3 H), 2.99 (s, 3H), 2.87 (dd, J=16.2, 11.8 Hz, 1 H), 2.35 (m, 2 H),
2.09 (s, 3 H), 1.41 (d, J=6.8 Hz, 3 H), 1.37 (d, J=7.0 Hz, 3 H), 1.09 (t, J=6.2 Hz, 6 H),
0.92 (d, J=6.7 Hz, 3 H), 0.88 (d, J=6.7 Hz, 3 H); MS (ESI+) m/z 1101.2 (M+H)+, 1053.2
(M-SCH3)+; HRMS (ESI+) m/z 1101.4298 ([M+H]+, calcd. for C51H65N12O12S2:
1101.4286, Δppm 1.6).
Actinomycin V (4.8): Orange solid; UV (MeCN) λmax (log ε) 214, 242, 444 nm; 1H
NMR (500 MHz, CDCl3) d 8.15 (d, J=5.9 Hz, 1 H), 7.70 (d, J=6.0 Hz, 1 H), 7.65 (m,
1H), 7.62 (d, J=7.8 Hz, 1 H), 7.36 (d, J=7.7 Hz, 1 H), 7.18 (d, J=7.1 Hz, 1 H), 6.57 (d,
J=10.5 Hz, 1 H), 5.96 (d, J=9.0 Hz, 1 H), 5.24 (dd, J=6.4, 2.4 Hz, 1 H), 5.15 (dd, J=6.4,
2.4 Hz, 1 H), 4.71 (d, J=17.8 Hz, 1 H), 4.71 (d, J=18.8 Hz, 1 H), 4.57 (m, 3 H), 4.49
(m, 1 H), 3.98 (d, J=19.3 Hz, 2 H), 3.87 (m, 3 H), 3.71, (m, 3 H), 3.64 (d, J=17.8 Hz, 3
H), 3.57 (dd, J=9.3, 6.3 Hz, 1 H), 2.93 (s, 3 H), 2.92 (s, 3 H), 2.90 (s, 3 H), 2.89 (s, 3
H), 2.76 (m, 3 H), 2.70 (m, 2 H), 2.65 (m, 2 H), 2.32 (d, J=17.3 Hz, 2 H), 2.17 (m, 6
H), 1.85 (m, 1 H), 1.26 (m, 3 H), 1.13 (m, 9 H), 0.98 (d, J=5.8 Hz, 3 H), 0.95 (d, J=5.7
Hz, 3 H), 0.92 (d, J=6.4 Hz, 3 H), 0.90 (d, J=6.4 Hz, 3 H), 0.75 (d, J=6.0 Hz, 3 H), 0.74
(d, J=6.0 Hz, 3 H); MS (ESI+) 1269.4 (M+H)+, 1291.4 (M+Na)+; HRMS (ESI+) m/z
1291.5992 ([M+Na]+, calcd. for C62H84N12NaO17: 1291.5975, Δppm 1.7).
Chartreusin (4.9): Greenish yellow solid; UV (MeCN) λmax (log ε) 236, 266, 334,
402, 424 nm; 1H NMR (700 MHz, CDCl3) d 11.62 (s, 1 H), 8.20 (d, J=8.2 Hz, 1 H),
7.60 (t, J=8.2 Hz, 1 H), 7.51 (d, J=8.4 Hz, 1 H), 7.44 (d, J=7.8 Hz, 1 H), 7.40 (d, J=8.4
Hz, 1 H), 5.72 (d, J=4.4 Hz, 1 H), 5.33 (d, J=7.4 Hz, 1 H), 5.11 (s, 2 H), 4.27 (t, J=8.2
Hz, 1 H), 4.19 (q, J=6.5 Hz, 1 H), 3.94 – 3.86 (m, 4 H), 3.78 (dd, J=9.2, 3.5 Hz, 1 H),
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3.36 (s, 3 H), 3.35 (s, 3 H), 3.31 (dd, J=9.8, 2.8 Hz, 1 H), 2.81 (s, 3 H), 1.45 (d, J=6.5
Hz, 3 H), 1.40 (d, J=6.5 Hz, 3 H); MS (ESI+) m/z 663.0 (M+Na)+.
4.4 Results
4.4.1 DNA immobilization
To optimize binding events using BLI, the optimal concentration of immobilized
ligand must be identified.28 While the loading of excessively high concentrations of
ligand can lead to distortion of binding kinetics at near-saturating concentrations, too
low of ligand concentrations results in insufficient signal-to-noise ratios. In general, a
slow-linear loading profile of ligand is preferred as it leads to uniform substrate
immobilization across the sensor tip while avoiding distortion of binding curves at
saturating analyte concentrations. Annealed GC-rich DNA oligonucleotides were used
as an exemplary system and immobilized onto commercial streptavidin coated
biosensor tips at increasing concentrations of 10, 25, 50, 100, and 200 nM (Figure 4.3).
Binding tests to doxorubicin (4.2) showed that the highest concentrations of GC DNA
loaded, 100 and 200 nM, exhibited steep curves and resulted in the strongest binding
signal when exposed to 4.2. However, distortion of binding curves can be seen as
signals that do not reach equilibrium. Conversely, loading the lowest concentration of
GC DNA tested at 10 nM, showed reduced binding signal to 4.2 resulting in a lower
signal-to-noise ratio. Thus, DNA loading concentrations of 25 nM DNA were chosen
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for the remainder of experiments as it resulted in binding profiles that reached
equilibrium while still providing high signal-to-noise resolution.

Figure 4.3: Assessment of the optimal immobilization concentration of GC-rich DNA
to streptavidin biosensors. (A) Duplex GC DNA with a 5’ biotin tag was immobilized
onto streptavidin sensors at 0, 10, 25, 50, 100, and 200 nM. Buffer baseline and DNA
loading steps are shown from left to right. (B) Association of doxorubicin (1 µM) to
DNA loaded sensors. Sensors with high levels of loaded DNA show distortion of
binding curves and do not reach a state of equilibrium (plateaued binding). Sensors
with less DNA (25, 50 nM) show the most optimal association curves by reaching a
state of equilibrium with sufficient signal-to-noise levels. Association and dissociation
steps are shown from left to right.
4.4.2 Binding affinity of known DNA acting agents
To verify the utility of BLI for measuring the binding affinity of small molecules to
DNA, we sought to characterize known DNA intercalating and groove binding agents
for their binding affinities (KD) with subsequent comparisons to KD values determined
via different methods (e.g. ITC and SPR). The DNA intercalating agents tested
included actinomycin D (4.1), doxorubicin (4.2), ethidium bromide (4.3), and
propidium iodide (4.4) while the DNA minor groove binding agents tested included the
Hoechst dye 33342 (4.5) and netropsin (4.6) (Figure 4.1). DNA binding affinities were
calculated using a 1:1 global binding analysis of sensorgrams for each compound when
tested over a range of concentrations from roughly 0.1 KD to 100 KD (Figure 4.4).
These values were then compared to previously reported binding affinities (Table 4.1).
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Acetylcysteine and ascorbic acid were used as negative binding controls which showed
no binding to either GC or AT-rich DNA (Figure C1).

Figure 4.4: Sensorgrams of known DNA intercalating and groove binding agents
against GC- and AT-rich DNA. (A) Actinomycin D (4.1) was tested at 0.03, 0.10, 0.20,
0.40, 1.00, 2.00, and 3.00 µM. (B) Doxorubicin (4.2) was tested at 0.08, 0.16, 0.31,
0.63, 1.25, 2.50, and 5.00 µM. (C) Ethidium bromide (4.3) was tested at 0.16, 0.31,
0.63, 1.25, 2.50, and 5.00 µM. (D) Propidium iodide (4.4) was tested at 0.16, 0.31,
0.63, 1.25, 2.50, 5.00, and 10.00 µM. (E) Hoechst dye 33342 (4.5) was tested at 0.10,
0.25, 0.50, and 0.75 µM. (F) Netropsin (4.6) was tested at 0.10, 0.25, 0.50, 0.75, and
1.00 µM.
Table 4.1: Binding affinities of known DNA intercalating and minor groove binding
compounds
GC DNA (M-1)

AT DNA (M-1) Literature KD (M-1)*
actinomycin D
ND**
5.0x106
4.4x106
6
4
doxorubicin
4.0x10
5.0x10
3.0x106
ethidium bromide 2.7x105
7.1x105
6.6x104
5
5
propidium iodide
8.3x10
1.8x10
-Hoechst 33342
ND**
2.7x107
1.8x107
netropsin
ND**
3.2x107
2.4x106
*
Literature sources: actinomycin D38, doxorubicin39, ethidium bromide40, Hoechst
3334215, netropsin15
**
Binding not detected at any concentration
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In many cases, DNA intercalating agents have been shown to have a moderate to
strong preference for GC-rich DNA while binding between alternating pyrimidinepurine sites.41 True to this point, the two natural product DNA intercalating agents
tested in this study, actinomycin D (4.1) and doxorubicin (4.2), both showed strong
preference to GC-rich DNA. Particularly, 4.1 showed complete selectivity for GC-rich
DNA with a binding affinity of 4.1x106 M-1 and no binding against AT DNA at any
concentration tested. Previous reports found 4.1 to bind DNA with an affinity around
5x106 M-1, depending on the length and percent of GC content in the tested DNA.38
Other reports, such as from Phieler et al., found the binding affinity of 4.1 as low as
3x105 M-1 when tested against salmon sperm DNA using reflectometric interference
spectroscopy.39 Compared to our results obtained using BLI, the more than 10 fold
reduced binding affinity from Phieler et al. is likely due the specific DNA they used,
salmon sperm, which has a GC content of less than 50%.39, 42
Doxorubicin (4.2), another natural DNA intercalating agent, showed a strong
preference to GC-rich DNA with a binding affinity of 4.0x106 M-1. For AT-rich DNA,
a binding affinity of only 4.0x104 M-1 was detected. Previously, when tested by Phieler
et al. for binding to salmon sperm DNA, 4.2 gave a binding affinity slightly lower to
our results against GC DNA at 3.0x106 M-1.39 This difference is, once again, likely due
to the reduced GC content in the DNA they used.40 On the other hand, using AT-rich
DNA, 4.2 exhibited a low KD, but also gave excessively high maximum binding signals
(0.16 nm for AT vs 0.050 nm for GC DNA). This discrepancy may be explained from
atypical binding effects associated with aggregation or other secondary binding
events.26
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The synthetic DNA intercalators ethidium bromide (4.3) and propidium iodide (4.4)
both showed similar binding to GC- and AT-rich DNA. Compound 4.3 only showed a
slight preference to AT DNA over GC DNA with affinities to both at 7.1x105 M-1 and
2.7x105 M-1, respectively. However, both of these affinities were significantly higher
than the previously reported affinity value of 6.6x104 M-1 obtained from testing against
calf thymus DNA using ITC.40 This 10 fold discrepancy is likely due to the previously
reported values being determined by ITC, which is known to be unreliable for affinity
determination to DNA due to its high sensitivity to changes in buffer, temperature, and
pH conditions.27 Compound 4.4 showed similar binding to both GC- and AT-rich DNA
with only a slight preference to GC DNA with affinities of 8.3x105 M-1 and 1.8x105 M1

, respectively. No report on the binding affinity of 4.4 was found in literature, although

it is likely similar to that of compound 4.3 based on their near identical structures
(Figure 1.1).
Two minor groove binding agents were also tested for DNA binding including
Hoechst dye 33342 (4.5) and netropsin (4.6). Minor groove binding agents are well
known to show high selectivity to AT-rich over GC-rich DNA due to increased
electrostatic interactions in AT-rich DNA.43-45 As expected, 4.5 and 4.6 both showed
strong affinities to AT DNA at 2.7x107 M-1 and 3.2x106 M-1, respectively. No binding
of either compound to GC-rich DNA was seen at any concentration tested. Compound
4.5’s binding affinity was closely matched to a previously determined binding
measurement by Bailly et al. using SPR with an optimized DNA oligonucleotide
sequence resulting in a KD of 1.8x107 M-1. Conversely, 4.6 binding affinity to DNA
was previously determined using ITC giving a KD of 2.4x106 M-1, far below what we
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determined using BLI.43, 44, 46 This is likely due to the previous use of ITC for affinity
determination as well as the fact that our AT-rich oligonucleotide contained 75% AT
nucleotides, making it especially well-suited to bind minor groove binding agents.
Using our well-defined 75% GC- or AT-rich model-duplex oligonucleotides, we
were able to precisely characterize the binding affinity of six different DNA
intercalating and minor groove binding agents. BLI performed exceptionally in this
regard, with each pure compound tested resulting in accurate affinities spanning a large
range (5.0x104 – 3.2x107 M-1). In turn, all of the compounds tested bound predictably
to both GC- and AT-rich DNA and in accordance with previous reports. Therefore, BLI
is well suited for analyzing small molecule DNA binding detection.
4.4.3 Limit of detection in microbial extract screening
Identifying individual active-compounds from microbial libraries is typically a
challenging prospect due, in part, to the highly complex nature of natural product
extracts featuring a wide variety of compounds with differing concentrations,
molecular weight, polarity, and pH.35, 47, 48 However, BLI is well suited to screening
microbial extract libraries. First, BLI lacks the microfluidics design of methods such as
SPR that simplifies use. Second, the optical properties of BLI make it resistant to
changes in pH and the refractive index changes that vary from extract to extract.49
Nevertheless, to develop BLI as a successful microbial library screening tool, we first
identified the limit of detection of DNA binding metabolites in microbial extracts.
Doxorubicin (4.2) was spiked into a non-binding microbial extract (strain O1/4) at
increasing concentrations by weight (w/w) (Figure 4.5) resulting in 10 samples of O1/4
with different percentages of 4.2. The spiked extracts were then analyzed by BLI in
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triplicate to identify binding. To assess the detection limits concentration cutoff, Z′factors were calculated for each concentration based on the maximum signal response
(Table 4.2). Subsequent testing against GC-rich DNA showed that 4.2 could be
identified with a sufficient Z′-factor (>0.6) in all but its lowest concentration (1% w/w).
In fact, when just 4% of the extract mass was attributed to compound 4.2, the Z′-factor
was 0.85, making 4.2 easily identifiable at low concentration in such screening.
However, when tested against AT-rich DNA, 4.2 does not have a strong binding
affinity (5.0x104 M-1). This is reflected by a poor Z′-factor of 0.35 at concentrations as
high 8 % (w/w). Based on this data, we determined that compounds with a high binding
affinity to DNA (>1.0x106 M-1) can be detected in exceedingly low concentrations of
just 2% w/w of the total extract. Lower affinity compounds however (<1.0x106 M-1),
may only be detectable if they are the major component of the extract.

Figure 4.5: Bacterial extract O1/4, which showed no binding against GC- or AT-rich
DNA, was spiked with doxorubicin (4.2) in decreasing concentrations to test for BLI’s
limit-of-detection in identifying binding of small molecules within microbial extracts.
(A) LCMS chromatogram of O1/4 spiked with decreasing concentrations of 4.2 by
weight (w/w) (4.2 elutes at 10 min). (B) Binding sensorgrams of each O1/4 doxorubicin spiked extract against GC- and AT-rich DNA tested at a final
concentration of 100 µg/mL.
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Table 4.2: Limit of detection by Z′-factors.
Percent
Z′-factors*
doxorubicin in
GC-DNA
AT-DNA
extract (w/w)
0
1
2
0.70
4
0.85
8
0.84
0.35
16
0.87
0.65
24
0.89
0.77
48
0.83
0.76
92
0.90
0.88
100
0.86
0.86
*
Z′-factors less than 0.5 are statistically poor, greater
than 0.6 are marginal, and greater than 0.8 excellent.

4.4.4 Identification of small molecule binders from microbial extracts
We utilized our validated BLI-DNA binding screening system to analyze an inhouse library of bacterial extracts and fractions. In total, over 100 bacterial extracts
were examined for binding against both GC and AT-rich DNA oligonucleotides. For
each extract tested, double reference subtraction was implemented to eliminate
unspecific binding.
Extract O1/8, a Streptomyces sp. bacterium, showed strong-preferential binding to
GC-rich DNA in initial screening and was further tested for binding activity. After
initial separations, each fraction was tested for binding resulting in fractions 2 and 3
that gave positive binding responses of 0.06 to 0.08 nm (Figure 4.6). Fractions 5 and
6 on the other hand, gave large-negative binding curves after reference subtraction.
While negative binding curves can be indicative of large binding ligands,50 in this
report, these reference subtracted-negative signals were treated as having zero response
due to the complex nature of microbial extracts likely causing atypical binding events.
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Analysis of the active binding fraction 3 from O1/8 showed only one primary
compound present. Purification followed by identification using HRMS and NMR
analysis resulted in the isolation of echinomycin (4.7 [Figure C4-C7]). 4.7 is a wellknown DNA bis-intercalator with preference to GC-rich DNA.51,

52

Our binding

analysis confirmed 4.7 bound favorably to GC DNA with an affinity of 1.4x106 M-1.
While binding to AT-rich DNA was observed, the affinity was found to be below the
threshold of BLI analysis of 1.0x104 M-1. When tested against GC-rich DNA using
BLI, 4.7 showed a far stronger binding affinity than a previously published value of
5.5x105 M-1 as calculated by UV melting studies using herring sperm DNA (Table
4.3).51
While the binding activity associated with fraction 2 of O1/8 showed equal levels
of binding response as seen in fraction 3, insufficient material prevented isolation
efforts. Nonetheless, analysis of fraction 2 by LCMS showed multiple metabolites with
identical UV patterns to 4.7 but different molecular weights (data not shown); these
compounds are potentially derivatives of echinomycin.
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Figure 4.6: Identification and isolation of the DNA intercalator echinomycin (4.7) from
microbial screening. (A) HPLC chromatogram of fractions from the O1/8 extract at
254 nm wavelength. (B) Binding analysis of fractions tested at 100 µg/mL. Fractions
2 (red) and 4 (blue) show significant binding to GC-rich DNA. (C) Fraction 3 (blue)
shows one major component identified as 4.7. (D) Purified 4.7 binding to GC-rich and
AT-rich DNA at 0.09, 0.37, 1.50, 3.00, 5.00, 7.00, and 10.00 µM.
The extract RM1-1 was identified from library screening with binding curves to both
GC- and AT-rich DNA. Consequently, RM1-1’s fractions 1-6 were screened for

106
binding to both GC- and AT-rich DNA (Figure 4.7). Fractions 5 and 6 both exhibited
strong binding to GC- and AT-rich DNA with responses around 0.15 nm and 0.3 nm,
respectively. Fraction 6 was analyzed by LCMS revealing three components, the major
of which was identified as actinomycin V (4.8) by HRMS and NMR analysis (Figure
C8).53, 54 After isolation, affinity testing showed that 4.8 tightly bound GC-rich DNA
with an affinity of 5.0x106 M-1, similar to the affinity of its structural analog
actinomycin D (4.1) (4.4x106 M-1, [Table 4.1]).
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Figure 4.7: Binding-guided isolation of actinomycin V (4.8). (A) HPLC
chromatograms of the fractions from RM1-1 extract at 254 nm wavelength. (B) Binding
analysis of fractions tested at 100 µg/mL. Fractions 5 (orange) and 6 (purple) show
binding to GC- and AT-rich DNA. (C) Fraction 6 (purple) shows one major component
identified as actinomycin V (4.8). (D) Purified actinomycin V (4.8) binding to GC and
AT-rich DNA at 0.25, 0.50, 1.00, 2.00, 4.00, 6.00, 8.00, and 10.00 µM.
Binding to GC-rich DNA only was identified in the extract of bacterium K14/2 from
our bacterial extract library, with a weaker binding response of 0.04 nm. Fractionation
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and testing by BLI showed all binding activity was present in fraction 5 (Figure 4.8).
LCMS analysis revealed one major component present with a characteristic UV and
mass spectra identical to the natural product chartreusin (4.9). HRMS and NMR were
used to confirm the structure of 4.9 (Table C1, Figure C9). 4.9 is a known DNA
intercalator that has shown a moderate affinity to salmon sperm DNA in previous
reports with a binding affinity of 3.6x105 M-1 determined by ITC.55 Yet, in our hands,
4.9 showed no binding to AT-rich DNA up to 120 µM and only a weak binding affinity
to GC-rich DNA (3.7x104 M-1). It is known that the salt content affects chartreusin’s
ability to bind DNA and that may have altered our experimentally determined KD.55
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Figure 4.8: Binding-guided isolation of chartreusin (4.9). (A) HPLC chromatogram of
fractions from K14/2 extract at 254 nm wavelength. (B) Binding analysis of fractions
tested at 100 µg/mL. Fraction 5 (green) showed binding to GC-rich DNA only. (C)
Fraction 5 (green) shows one major component identified as chartreusin (4.9). (D)
Purified 4.9 binding to GC and AT-rich DNA at 10, 20, 40, 60, 80, 100, and 120 µM.
The metabolite lumichrome (4.10) was also identified from the bacterial extract
K9/11 during library screening, but we were unable to isolate it due to insufficient
material (Figure C2). 4.10 is a common primary metabolite often present in plant-
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based media components. It has known DNA intercalating properties56 and was
dereplicated using LCMS and UV spectroscopy (Figures C3).
Table 4.3: Binding affinities of the isolated DNA binding compounds with their related
binding affinities from literature.
GC DNA (M-1) AT DNA (M-1) Literature KD (M-1)*
echinomycin (4.7)
1.4x106
<1.0x104
5.5x105
6
5
actinomycin V (4.8)
5.0x10
1.9x10
--4
**
chartreusin (4.9)
3.7x10
ND
3.6x105
Compounds were greater than 95% pure by LCMS analysis.
*
Literature sources: echinomycin51 chartreusin55
**
Binding not detected

4.5 Discussion
In conclusion, the development of the BLI screening assay described here for the
analysis of natural product-nucleic acid interactions was shown to be a highly efficient
and effective method in assessing and identifying DNA binding agents. First, the assay
was optimized and validated through multiple steps including: 1- optimizing the
loading concentrations of DNA, 2- analyzing the effects of non-specific binding
through reference subtraction, 3- assessing the robustness of DNA binding
identification using Z′-factors, and 4- verifying the capabilities of BLI in measuring
binding affinities of commercially available small molecules to DNA. Through this,
we found that BLI offers a simple to use, cheap, and highly effective method in
identifying DNA binding agents with medium throughput. We then employed our
protocol to screen an in-house library containing microbial extracts and fractions. In
total, over 100 bacterial extracts were screened, and four DNA binding compounds
were identified including the known DNA binding metabolites echinomycin (4.7),
actinomycin V (4.8), chartreusin (4.9), and lumichrome (4.10). This assay was tested
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to be robust when using extracts of various complexity, the sensors could be re-used if
no binding event was observed, and it can be easily implemented in future screening
campaigns to test large libraries of natural or synthetic compounds.
However, as for most techniques, using BLI for the screening of microbial extracts
is not without obstacles. Low affinity (<1.0x105 M-1) DNA binding agents are missed
if present in relatively low concentration (less than 8% w/w of an extract). As a
solution, we implemented an extract first screen, followed up with fractions of these
extracts derived by polarity based chromatography to allow for more resolved testing.57
Additionally, we also sought to test for binding of DNA alkylating agents such as cisplatin. However, no binding at any concentration tested up to 100 µM was identified.
This could potentially be due to the fact that DNA-cisplatin binding events have been
reported to be slow, taking up to six to twelve hours depending on analyte
concentrations.58 Thus, it is reasonable to assume that the 30 second association times
used in our assay were insufficient for binding. An expanded test of DNA alkylating
agents using BLI will be done to assess the viability of measuring these interactions.
BLI methodology is complementary to other bio-physical techniques available for
the detection of DNA-binding but is uniquely well-suited for dip-and-read screening of
complex microbial extracts. Although the compounds identified here are well-known,
the dereplication of them was highly accelerated using BLI. Continued screening of
microbial extract libraries for nucleic acid binding activity will undoubtedly reveal
additional therapeutic compounds and molecular probes. Additionally, this first report
of BLI used for detecting DNA binding agents from small molecule libraries could be
easily implemented to validate DNA binding agents to either universally standardized
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reference DNA, such as the GC- and AT-rich oligonucleotides reported here, or to a
wide variety of DNA oligomers to test for sequence specific binding.
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5.1 Discovery of novel biological activity through small molecule library
screening
Drug induced chemoresistance to infection and disease such as HIV and cancer has
created an enormous demand for new drugs and inhibitors featuring novel mechanisms
of action.1, 2 For example, HIV’s chemoresistance is the product of viral mutations at
points of therapeutic intervention. Today, the widespread use and availability of
antiretroviral agents has left 50 percent of all patients receiving drug treatments
infected with strains resistant to one or more of the antiretrovirals available.3, 4 This
increase in resistance against current drug therapies calls for the discovery of new
compounds that target currently unexplored stages of the HIV lifecycle.5
Currently, there are no FDA approved inhibitors of HIV RNase H activity despite it
being a verified point of therapeutic intervention.6, 7 Drugs targeting this viral stage
could work together with current drug regimens to oppose the increasing acquisition of
resistance. In chapter two of this work, I found that an isopropyl ether azaBINOL
derivative (B#24) inhibited HIV RNase H activity through the screening of a library of
41 synthetic BINOL and azaBINOL type compounds for neutralization of HIV-1. This
study uncovered an HIV inhibitor with a unique mechanism of action from a chemical
class that had no previous bioactivity reported. Future analysis of the azaBINOL class
of compounds should be done to assess the structure-activity relationship of its various
derivatives. Initial analysis showed that the mono-azaBINOL skeleton core is
necessary for activity as evident with the inactive diazaBINOL isopropyl ether
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derivative B#57. Future synthetic campaigns could focus to creating various new ether
derivatives of B#24, test systematical what positions in the aromatic core can be
substituted, and elucidate which antipode of the racemic tested sample of B#24 is more
potent in viral inhibition while improving their selectivity indices.
The discovery of the B#24, elutes to the many benefits of screening synthetic
compound libraries. For example, synthetic compounds can be easily modified to hold
a diverse set of functionalities for structure-activity relationship studies.8 Additionally,
pure compound libraries, as opposed to natural product extract libraries, simplify drug
screening by eliminating the need for compound isolation and identification.9, 10 Still,
the modern push from the pharmaceutical industry to solely focus drug screening
efforts on large combinatorial synthetic libraries over natural products has not
necessarily been met with an increase in the number of drugs discovered.11, 12 Despite
the large number of FDA approved antiretroviral agents mimicking natural occurring
metabolites, or seemingly containing natural pharmacophores, no naturally occurring
compounds, despite their well-known bioactivities and broad structural diversity, has
made it into clinical use for antiviral treatment.13-15 At the same time, recent advances
in biological screening assays have enhanced the ease and reliability of anti-HIV
assays, thus, improving the probability of identifying active natural products from
complex natural extract libraries.16-18 Therefore, while screening synthetic compounds
for antiviral activity is important and can lead to excellent activity with novel
mechanisms as shown here with B#24, the same screening approaches can be
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successfully utilized for natural products based drug discovery as shown in chapter
three.19
Inspired by the broad biological activity associated with natural products, I screened
a microbial extract library for inhibitors of HIV-1. In total, 52 microbial extracts
derived from both fungi and bacteria were screened in a single-round HIV
pseudoassay.18,

20

One bacterial extract from Streptomyces longwoodensis showed

potent antiviral activity against HIV-1 in initial single dose extract screening.
Subsequent bioactivity-guided fractionation lead to the isolation and characterization
of the natural compound antimycin A8a (3.1) with a potent IC50 of 47 nM against HIV1HXB2 with a highly favorable selectivity index of over 2000. While derivatives of
antimycin A have previously been shown to possess broadband activity against RNA
viruses21, none of them have been described as inhibitors of retroviruses such as HIV1 prior to this study. Additionally, the previously described antiviral compound
lasalocid (3.2) was isolated from the same S. longwoodensis extract with a moderate
antiviral activity of 8.6 µM. While the mechanism of action of antimycin A derivatives
against RNA viruses is understood,21 further studies to verify the mode of inhibition
against HIV-1 are needed. Furthermore, as members of the antimycin A family are
known to be mitochondrial toxins through inhibition of the mitochondria electron
transport chain, future in vivo activity testing could help determine if these compounds
hold any therapeutic potential.22
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As shown in chapter three, natural products harbor the prospective of broad and
potent biological activities that can be accessed via bioactivity-guided fractionation
using cell-based assays and sequential chromatography. While this approach has been
successful historically, it is a technically challenging and resource intensive endeavor.23
Alternative to this phenotypic screening, target-based approaches often improve the
chances of isolating compounds featuring novel or previously undiscovered
bioactivities.24 Particularly, recent advancements in the sensitivity of many label-free
technologies such as biosensor-based assays have allowed for the implementation of
target-based microbial screening through ligand/analyte binding identification.25-28
In chapter four of this dissertation I focused on the development of a new targetbased approach to identify natural products that bind DNA for potential uses as
anticancer drugs. To achieve this, I utilized biolayer interferometry with an attached
DNA oligonucleotide bait to identify binding events with analytes from within the
extracts and fractions of over 100 different bacterial strains. This resulted in the
identification of multiple cytotoxic compounds that bind DNA including echinomycin
(4.7), actinomycin V (4.8), chartreusin (4.9), and lumichrome (4.10). Using BLI in this
regard vastly expedited the screening and isolation efforts of DNA-binding agents by
directly following the activity of compounds interacting with DNA. Extended library
screening efforts using this method could theoretically result in the discovery of novel
compounds that target DNA with potential therapeutic uses in antimicrobial, antiviral,
and/or anticancer therapies.29-31
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In summary, identifying new drugs to treat infections and disease is an imperative
challenge that must be met by todays pharmaceutical scientists. The work in this
dissertation emphasizes the fact that small molecule inhibitors will continue to drive
drug development. Additionally, while there are differences in screening synthetic and
natural compounds with their respective pros and cons, in general, any small molecule
library featuring a broad range of chemical space, functionality, stereocenters, and
lipophilicity is privileged to harbor biological activity.13 Still, it must be noted that
natural products offer a striking level of diversity and bioactivity that make them
excellent drug leads. In this regard, the bacterial strain O1/8 (Streptomyces
longwoodensis) discussed in both chapters three and four of this work produced
compounds with significant antiviral (antimycin A8a [3.1] and lasalocid [3.2]) and
anticancer (echinomycin [4.7]) activity. Stains such as O1/8 emphasize the allure of
expanding the screening for novel drugs to natural product or natural product like
compound collections.32 True to this, many current studies are focused on making
synthetic compound libraries featuring more molecules with more “natural product
like” features through advanced combinatorial chemistry and diversity-oriented
synthesis.33-35 These advances in synthetic library development combine both the broad
structural diversity of natural products with the ease of making and testing synthetic
compounds which will greatly expand our chemical arsenal against infection and
disease. The work I achieved herein to discover potent activity from novel small
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molecule libraries paves the way for exploring novel therapeutic options for the future
of patients infected with the lifelong diseases of HIV and cancer.
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Figure A1: Synthesis of azaBINOL compounds
A1.1: General Experimental Conditions
Preparative chromatographic separations were performed on silica gel 60 (35-75
µm) and reactions followed by TLC analysis using silica gel 60 plates (2-25 µm) with
fluorescent indicator (254 nm) and visualized by UV or phosphomolybdic acid (PMA).
All commercially available reagents were used as received (Sigma Aldrich). Infra-red
spectra were recorded on a Perkin Elmer Spectrum II FT-IR using a thin film between
NaCl plates. NMR spectra were recorded on Bruker Avance spectrometers at the field
strength specified from 5 mm diameter tubes. Chemical shift in ppm is quoted relative
to solvent signals calibrated as follows for CDCl3: dH (CHCl3) = 7.26 ppm, dC (CDCl3)=
77.2 ppm. Numbers in parentheses following carbon atom chemical shifts refer to the
number of attached hydrogen atoms as revealed by the DEPT spectral editing
technique. Low (MS) and high resolution (HRMS) mass spectra were obtained using
electrospray (ES) ionization. Ion mass/charge (m/z) ratios are reported as values in
atomic mass units. The synthesis of quinol-type carbamate B#43 was previously
reported.
Figure A1.2: Synthesis of biaryl compounds B#24, B#57, B#58, B#59, and B#60
(Figure 2.3)

7-(Isopropyloxy)-8-(naphth-1-yl)quinoline (B#24): A stirred solution of 7-hydroxy8-(naphth-1-yl)quinoline (2.4, 20 mg, 0.074 mmol) in reagent grade DMF (0.5 mL) at
rt under Ar was treated with NaH (12 mg, 60 wt.% in mineral oil, 0.30 mmol).
Effervescence was observed. After stirring for 30 min, neat 2-bromopropane (0.030
mL, d = 1.31, 39 mg, 0.317 mmol) was added. The reaction mixture was then heated
to 45 °C and stirring continued for 18 h. After this time, the mixture was allowed to
cool to rt and partitioned between EtOAc (5 mL) and H2O (5 mL). The aqueous phase
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was extracted with EtOAc (5 mL) and the combined organic phases were washed
with H2O (5 mL) and brine (5 mL), then dried (Na2SO4) and concentrated in vacuo.
The residue was purified by column chromatography (SiO2, eluting with 15-30%
EtOAc in hexanes) to afford the title ether B#24 (20 mg, 0.064 mmol, 86%) as a
colorless oil. IR (neat) 2976, 2927, 1610, 1498, 1307, 1259, 1111, 773 cm–1; 1H NMR
(400 MHz, CDCl3) d 8.76 (1H, dd, J = 4.2, 1.8 Hz), 8.17 (1H, dd, J = 8.2, 1.8 Hz), 7.92
(1H, dm, J = 8.3 Hz), 7.90 (2H, d, J = 9.0 Hz), 7.61 (1H, dd, J = 8.2, 7.0 Hz), 7.47
(1H, d, J = 9.0 Hz), 7.45 (1H, dd, J = 7.0, 1.2 Hz), 7.42 (1H, ddd, J = 8.1, 6.7, 1.4 Hz),
7.31-7.21 (3H, m), 4.42 (1H, septet, J = 6.1 Hz), 1.05 (3H, d, J = 6.1 Hz), 0.98 (3H, d,
J = 6.1 Hz) ppm; 13C NMR (175 MHz, CDCl3) d 157.6 (0), 150.2 (1), 147.0 (0), 137.9
(0), 133.9 (0), 132.9 (0), 129.1 (1), 128.9 (1), 128.5 (1), 128.3 (1), 126.2 (1), 125.8 (1),
125.6 (1), 125.5 (1), 124.1 (0), 119.0 (1), 118.5 (1), 72.6 (1), 22.3 (3), 22.2 (3) ppm
(aromatic C-atom signals not fully resolved, 20 peaks observed for 22 unique C-atoms);
MS (ES+) m/z 314 (M+H)+; HRMS (ES+) m/z 314.1544 (calcd. for C22H20NO:
314.1545)
7-(Isopropyloxy)-8,8´-biquinolyl (B#57): A stirred solution of 7-hydroxy-8,8´biquinolyl (2.6, 52 mg, 0.191 mmol)S1 in reagent grade DMF (1.0 mL) at rt under Ar
was treated with NaH (40 mg, 60 wt.% in mineral oil, 1.00 mmol). Effervescence was
observed and the mixture became a dark orange color. After stirring for 5 min, neat 2bromopropane (0.070 mL, d = 1.31, 92 mg, 0.746 mmol) was added. The reaction

For the preparation of quinol 2.4 and naphthol 2.5, see: Banerjee, S.; Riggs, B. E.;
Zakharov, L. N.; Blakemore, P. R. Synthesis 2015, 47, 4008-4016.
For the preparation of 2.6, see the Supporting Information section of: Wang, C.;
Flanigan, D. M.; Zakharov, L. N.; Blakemore, P. R. Org. Lett. 2011, 13, 4024-4027.
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mixture was then heated to 50 °C and stirring continued for 5 h. After this time, the
mixture was allowed to cool to rt and partitioned between EtOAc (10 mL) and H2O (50
mL). The aqueous phase was extracted with EtOAc (10 mL) and the combined organic
phases were washed with H2O (10 mL) and brine (10 mL), then dried (Na2SO4) and
concentrated in vacuo. The residue was purified by column chromatography (SiO2,
eluting with 2% MeOH in CH2Cl2) to afford the title ether B#57 (46 mg, 0.146 mmol,
77%) as a colorless oil. IR (neat) 2925, 1658, 1596, 1496, 1272, 1112, 1045, 829, 796
cm–1; 1H NMR (400 MHz, CDCl3) d 8.78 (1H, dd, J = 3.9, 1.8 Hz), 8.72 (1H, dd, J =
4.2, 1.8 Hz), 8.21 (1H, dd, J = 8.3, 1.8 Hz), 8.14 (1H, dd, J = 8.2, 1.8 Hz), 7.90 (1H,
dd, 7.2, 2.5 Hz), 7.88 (1H, d, J = 9.1 Hz), 7.71-7.65 (2H, m), 7.47 (1H, d, J = 9.0 Hz),
7.34 (1H, dd, J = 8.3, 4.2 Hz), 7.22 (1H, dd, J = 8.2, 4.2 Hz), 4.46 (1H, septet, J = 6.1
Hz), 1.06 (3H, d, J = 6.1 Hz), 0.96 (3H, d, J = 6.1 Hz) ppm; 13C NMR (100 MHz,
CDCl3) d 156.6 (0), 150.7 (1), 149.9 (1), 148.8 (0), 147.8 (0), 136.4 (0), 136.3 (1),
136.0 (1), 132.2 (1), 128.8 (1), 128.6 (0), 127.7 (1), 127.3 (0), 126.3 (1), 124.2 (0),
120.7 (1), 119.0 (1), 118.2 (1), 72.5 (1), 22.5 (3), 22.3 (3) ppm; MS (ES+) m/z 315
(M+H)+; HRMS (ES+) m/z 315.1502 (calcd. for C21H19N2O: 315.1497).

7-[(Diethylamino)carbonyloxy]-8,8´-biquinolyl (B#58): A stirred solution of 7hydroxy-8,8´-biquinolyl (2.6, 43 mg, 0.158 mmol) in pyridine (1.0 mL) at rt under Ar
was treated with neat diethylcarbamoyl chloride (0.080 mL, d = 1.07, 86 mg, 0.632
mmol). The resulting solution was heated to 100 °C and stirred for 24 h. After this time,
the mixture was allowed to cool to rt and partitioned between EtOAc (10 mL), H2O (15
mL) and sat. aq. NaHCO3 (5 mL). The aqueous phase was extracted with EtOAc (10
mL) and the combined organic phases washed with H2O (5 mL) and brine (5 mL), then
dried (Na2SO4) and concentrated in vacuo. The residue was purified by column
chromatography (SiO2, eluting with 3% MeOH in CH2Cl2) to afford the title carbamate
B#58 (45 mg, 0.121 mmol, 77%) as a colorless oil. IR (neat) 2930, 1715, 1594, 1417,
1263, 1208, 1157, 796 cm–1; 1H NMR (400 MHz, CDCl3) d 8.81 (1H, dd, J = 4.3, 1.7
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Hz), 8.79 (1H, dd, J = 4.2, 1.7 Hz), 8.22 (1H, dd, J = 6.6, 1.7 Hz), 8.20 (1H, dd, J =
6.5, 1.7 Hz), 7.94 (1H, d, J = 8.9 Hz), 7.90 (1H, dd, J = 8.1, 1.3 Hz), 7.76 (1H, dd, J =
7.1, 1.4 Hz), 7.68 (1H, dm, J = 7.3 Hz), 7.64 (1H, d, J = 8.8 Hz), 7.35 (1H, t, J = 4.4
Hz), 7.33 (1H, d, J = 4.4 Hz), 3.17-3.06 (2H, m), 2.68 (1H, dq, J = 14.2, 7.1 Hz), 2.49
(1H, dq, J = 14.2, 7.0 Hz), 0.95 (3H, t, J = 7.0 Hz), 0.32 (3H, t, J = 7.0 Hz) ppm; 13C
NMR (100 MHz, CDCl3) d 153.8 (0), 150.7 (1), 150.3 (1), 150.1 (0), 148.4 (0), 147.5
(0), 136.2 (1), 136.2 (1), 135.0 (0), 132.4 (1), 130.4 (0), 128.6 (0), 128.4 (1), 128.1 (1),
126.6 (0), 126.3 (1), 123.4 (1), 120.9 (1), 120.4 (1), 41.9 (2), 41.2 (2), 13.3 (3), 13.2
(3) ppm; MS (ES+) m/z 372 (M+H)+; HRMS (ES+) m/z 372.1716 (calcd. for
C23H21N3O2: 372.1712).
2-(Isopropyloxy)-1-(quinol-8-yl)naphthalene (B#59): A stirred solution of 2hydroxy-1-(quinol-8-yl)naphthalene (2.5, 75 mg, 0.276 mmol) in reagent grade DMF
(2.0 mL) at rt under Ar was treated with NaH (30 mg, 60 wt.% in mineral oil, 0.75

mmol). Effervescence was observed. After stirring for 30 min, neat 2-bromopropane
(0.070 mL, d = 1.31, 92 mg, 0.748 mmol) was added. The reaction mixture was then
heated to 75 °C and stirring continued for 18 h. After this time, the mixture was allowed
to cool to rt and partitioned between EtOAc (15 mL) and H2O-brine (10:5 mL). The
aqueous phase was extracted with EtOAc (2x5 mL) and the combined organic phases
were washed with H2O (5 mL) and brine (5 mL), then dried (Na2SO4) and concentrated
in vacuo. The residue was purified by column chromatography (SiO2, eluting with 25%
EtOAc in hexanes) to afford the title ether B#59 (66 mg, 0.211 mmol, 76%) as a pale
yellow oil. IR (neat) 2976, 2927, 1716, 1593, 1496, 1371, 1235, 798, 750 cm–1; 1H
NMR (400 MHz, CDCl3) d 8.80 (1H, dd, J = 4.2, 1.8 Hz), 8.24 (1H, dd, J = 8.3, 1.8
Hz), 7.94-7.88 (2H, m), 7.84 (1H, dm, J = 8.1 Hz), 7.68-7.64 (2H, m), 7.41 (1H, d, J =
9.0 Hz), 7.37 (1H, dd, J = 8.3, 4.2 Hz), 7.31 (1H, ddd, J = 8.0, 6.6, 1.4 Hz), 7.21 (1H,
ddd, J = 8.5, 6.6, 1.3 Hz), 7.15 (1H, dm, J = 8.5 Hz), 4.36 (1H, septet, J = 6.1 Hz), 1.05
(3H, d, J = 6.1 Hz), 0.89 (3H, d, J = 6.1 Hz) ppm; 13C NMR (175 MHz, CDCl3) d 153.5
(0), 150.3 (1), 147.8 (0), 136.9 (0), 136.3 (1), 134.4 (0), 132.5 (1), 129.6 (0), 129.4 (1),
128.6 (0), 128.1 (1), 127.7 (1), 126.3 (1), 126.1 (1), 126.0 (0), 125.9 (1), 123.7 (1),
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121.0 (1), 118.5 (1), 72.9 (1), 22.6 (3), 22.4 (3) ppm; MS (ES+) m/z 314 (M+H)+;
HRMS (ES+) m/z 314.1546 (calcd. for C22H20NO: 314.1545).

2-[(Diethylamino)oxycarbonyl]-1-(quinol-8-yl)naphthalene (B#60): A stirred
solution of 2-hydroxy-1-(quinol-8-yl)naphthalene (2.5, 50 mg, 0.184 mmol) in pyridine
(2.5 mL) at rt under Ar was treated with neat diethylcarbamoyl chloride (0.23 mL, d =
1.07, 246 mg, 1.82 mmol). The resulting solution was heated to 100 °C and stirred for
44 h. After this time, the mixture was allowed to cool to rt and partitioned between
EtOAc (10 mL) and H2O-sat. aq. NaHCO3 (10:5 mL). The aqueous phase was extracted
with EtOAc (10 mL) and the combined organic phases were washed with H2O (5 mL)
and brine (5 mL), then dried (Na2SO4), and concentrated in vacuo. The residue was
purified by column chromatography (SiO2, eluting with 40% EtOAc in hexanes) to
afford the title carbamate B#60 (59 mg, 0.159 mmol, 86%) as a colorless oil. IR (neat)
2973, 2931, 1713, 1419, 1269, 1213, 1159, 982, 799, 750 cm–1; 1H NMR (400 MHz,
CDCl3) d 8.83 (1H, dd, J = 4.2, 1.8 Hz), 8.23 (1H, dd, J = 8.3, 1.8 Hz), 7.96 (1H, d, J
= 8.9 Hz), 7.92 (1H, dd, J = 8.1, 1.5 Hz), 7.91 (1H, dm, J = 8.2 Hz), 7.74 (1H, dd, J =
7.1, 1.5 Hz), 7.65 (1H, dd, J = 8.1, 7.2 Hz), 7.52 (1H, d, J = 8.9 Hz), 7.42 (1H, ddd, J
= 8.1, 6.3, 1.6 Hz), 7.39 (1H, dd, J = 8.2, 4.2 Hz), 7.33-7.24 (2H, m), 3.15-3.08 (2H,
m), 2.74 (1H, dq, J = 13.9, 6.9 Hz), 2.53 (1H, dq, J = 14.2, 7.3 Hz), 0.94 (3H, t, J = 7.0
Hz), 0.32 (3H, t, J = 6.9 Hz) ppm; 13C NMR (100 MHz, CDCl3) d 154.2 (0), 150.4 (1),
147.2 (2C, 0), 136.7 (1), 135.4 (0), 134.0 (0), 132.6 (1), 131.8 (0), 129.2 (1), 128.6 (2C,
0), 128.3 (1), 128.1 (1), 126.5 (1), 126.3 (1), 126.2 (1), 125.1 (1), 122.5 (1), 121.2 (1),
42.0 (2), 41.3 (2), 13.3 (2C, 3) ppm; MS (ES+) m/z 371 (M+H)+; HRMS (ES+) m/z
371.1761 (calcd. for C24H23N2O2: 371.1760).
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Figure A2: 1H and 13C NMR spectra were recorded in Fourier transform mode at the
field strength specified using standard 5 mm diameter tubes. Chemical shift in ppm is
quoted relative to residual solvent signals calibrated as follows: CDCl3 dH (CHCl3) =
7.26 ppm, dC (CDCl3) = 77.2 ppm.
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Table A1: HIV-1pp library screening. Library screening results for BINOL and
azaBINOL compounds at single-dose concentration (10 μg/mL) in a pseudotyped HIV1 single-round infectivity assay and an MTT cell viability assay. Tested compounds
were racemic unless otherwise indicated by red type and an absolute configuration
descriptor following the code number [(aS) or (aR)]. Compounds 2.1-2.6 in main paper
are also included in this library and are identified with their library code numbers by
(= #).
A1.1: Data organized by library member number and segregated by scaffold type: (a)
BINOL, (b) 8-azaBINOL, or (c) 8,8´-diazaBINOL
A1.1a. data for BINOL scaffolds
R3

Percent
cell
viability
TZM-bl

R

R

R

R

Percent
HIV-1HXB2
Infection

B#15 (= 2.1)

H

OH

OH

H

35.1

46.0

B#08 (aS) (= 2.1)

H

OH

OH

H

59.7

89.0

B#16 (aR) (= 2.1)

H

OH

OH

H

10.8

19.3

B#54

SO2NHMe

OH

OH

SO2NHMe

69.5

105.5

R2
R2’

3

2

2´

3´

R3’

A1.1b. screening data for 8-azaBINOL scaffolds
R3

Percent
cell
viability
TZM-bl

R3

R2

R2'

R3'

Percent
HIV-1HXB2
Infection

B#04 (= 2.2)

H

OH

OH

H

83.9

78.5

B#09 (aR) (= 2.2)

H

OH

OH

H

89.1

99.7

B#10 (aS) (= 2.2)

H

OH

OH

H

68.5

91.8

B#05 (= 2.4)

H

OH

H

H

73.2

87.2

B#06 (= 2.5)

H

H

OH

H

82.0

75.5

B#07
B#22
B#23
B#24
B#25
B#26

H
H
H
H
H
H

H
OMe
OBu
OiPr
H
H

H
H
H
H
OMe
OBu

H
H
H
H
H
H

46.2
47.9
47.9
26.8
64.1
71.1

77.9
67.1
67.1
68.7
74.6
75.3

N

R2
R2’
R3’
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A1.1b. screening data for 8-azaBINOL scaffolds... continued
B#39
B#46 (aR)
B#47 (aS)
B#40

H
H
H
H

OC(=O)Bu
OC(=O)Bu
OC(=O)Bu
OC(=O)NEt2

OC(=O)Bu
OC(=O)Bu
OC(=O)Bu
OAc

H
H
H
H

87.6
76.1
87.0
71.5

82.4
76.1
73.4
99.5

B#42

H

H

OAc

H

69.7

73.2

B#43
B#59
B#60

H
H
H

OC(=O)NEt2
H
H

H
OiPr
OC(=O)NEt2

H
H
H

26.5
85.5
26.4

99.6
92.0
73.9

A1.1c. screening data for 8,8´-diazaBINOL scaffolds
R3

Percent
cell
viability
TZM-bl

R

R

R

R

Percent
HIV-1HXB2
infection

B#01 (= 2.3)

H

OH

OH

H

93.3

110.8

B#02 (= 2.6)

H

OH

H

H

78.1

84.4

B#03

H

H

H

H

77.3

84.4

B#17

H

OH

OBu

H

70.0

91.4

B#18

H

OMe

OMe

H

93.6

97.0

B#19

H

OCH2OMe

OCH2OMe

H

102.0

100.0

B#20

H

–O(CH2)3O–

H

59.4

102.9

B#21
B#33
B#34
B#44 (aR)
B#45 (aS)
B#35
B#37
B#38
B#41
B#49
B#50
B#51
B#52
B#53
B#56
B#57
B#58

H
H
H
H
H
H
H
I
H
SBn
SBn
SBn
S(O)Bn
SO2NHMe
H
H
H

–O(CH2)4O–
OAc
OC(=O)Bu
OC(=O)Bu
OC(=O)Bu
OC(=O)NMe2
OC(=O)NEt2
OC(=O)NEt2
OAc
OH
OC(=O)Bu
OC(=O)NMe2
OC(=O)Bu
OH
P(O)Ph2
OiPr
OC(=O)NEt2

H
H
H
H
H
H
H
I
H
SBn
SBn
SBn
S(O)Bn
SO2NHMe
H
H
H

66.5
19.8
91.2
97.6
91.9
93.7
82.3
2.3
53.1
97.2
99.8
77.8
84.3
82.1
85.5
59.3
92.9

96.3
44.8
84.6
100.7
89.6
90.5
86.6
3.9
83.3
98.2
100.0
80.8
100.8
87.6
93.6
96.5
104.2

N
N

R2
R2’

3

2

2'

3'

R3’

OAc
OC(=O)Bu
OC(=O)Bu
OC(=O)Bu
OC(=O)NMe2
OC(=O)NEt2
OC(=O)NEt2
H
OH
OC(=O)Bu
OC(=O)NMe2
OC(=O)Bu
OH
OBu
H
H
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A1.1d. screening data for miscellaneous 8,8´-diazaBINOL scaffolds
Compound

Percent
HIV-1HXB2
infection

Percent
cell
viability
TZM-bl

Compound

Percent
HIV-1HXB2
infection

Percent
cell
viability
TZM-bl

86.4

68.6

O
I

N
Me
N

OMe
OMe

84.8

84.8

t-Bu
t-Bu

N
N

NMe2
NMe2

O
O
O

B#27

B#36
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A1.2: Histogram for all screening data organized by library member number. Antiviral
activity of every BINOL, 8-azaBINOL, and 8,8´-diazaBINOL compound tested against
HIVpp (HXB2). Compounds tested at a single dose concentration of 10 μg/mL. Also
shown in black is cell viability against TZM-bl host cells. Results are shown as the
mean ± SD (error bars) of triplicates (n = 3).
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A1.3: Screening data at 10 μg/mL recapitulated and clustered by compound structural
class/homology. In the charts below, percent HIV-1HXB2 infection (I) is indicated in red
and percent cell viability TZM-bl (V) in blue for racemic compounds.
A1.3a BINOLs and azaBINOLs with free hydroxyl groups and some deoxy derivatives

N

OH
OH

I
V
B#15 35.1 46.0

B#04
B#05
B#06
B#07
O2
S

R2 R2’
OH OH
OH H
H OH
H
H

R2
R2'

I
83.9
73.2
82.0
46.2

V
78.5
87.2
75.5
77.9

B#01
B#17
B#02
B#03

N
N

NHMe

I
V
B#54 69.5 105.5

R2 R2’
OH OH
OH OBu
OH H
H
H

V
I
93.9 110.8
70.0 91.4
78.1 84.4
77.3 84.4

X

NHMe

OH
OH
S
O2

R2
R2'

N
N

OH
OH
X

B#53
B#49

X
SO2NHMe
SBn

I
82.1
97.2

V
87.6
98.2

A.1.3b Ether derivatives of deoxy-8-azaBINOLs, deoxy-8,8´-diazaBINOL, and 8,8´diazaBINOL
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N

N

OR

N
N

OR

R
I
V
B#22 Me 47.9 67.1
B#23 Bu 47.9 67.1
B#24 i-Pr 26.8 68.7

N
N

R
I
V
B#25 Me 64.1 74.6
B#26 Bu 71.1 75.3
B#59 i-Pr 85.5 92.0

N
N

OR
OR

V
I
R
B#18
93.6 97.0
Me
B#19 CH2OMe 102.0 100.0

B#20
B#21

O
O

n
1
2

X
OR

X

R

I

V

B#56 Bu P(O)Ph2 85.5 93.6
H
B#57 i-Pr
59.3 96.5

(CH2)n

I–

V
I
59.4 102.9
66.5 96.3

N
Me

OMe

N

OMe

B#27

I
84.8

V
84.8

A1.3c Ester derivatives of 8-azaBINOL and 8,8´-diazaBINOL and some deoxy variants
X
R2
R2'

N

R2
R2'

N
N

X
B#42
B#39

O

R2

R2’

H

OAc

O

O
Bu

O

Bu

I
69.7

V
73.2

87.6

82.4

B#41
B#33
B#34
B#50
B#52

R2

R2’

OAc
OAc

H
OAc

O

O

O

Bu

O

Bu

X
H
H
H
SBn
S(O)Bn

I
V
53.1 83.3
19.8 44.8
91.2 84.6
99.8 100.0
84.3 100.8

A1.3d Carbamate derivatives of 8-azaBINOL and 8,8´-diazaBINOL and some deoxy
variants
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Figure A3: BLI controls. (A) Loading of HIV-1 RT enzyme onto amine reactive
(AR2G) biosensors for binding analysis. Sensors are first baselined in 50 mM acetate
buffer, then chemically activated in sNHS and EDC. HIV-1 RT is then immobilized on
active sensor surfaces until saturation. A final quench step with ethanolamine blocks
any remaining activated sensor surface. (B) Rilpirivine, a second generation NNRTI
binds HIV-RT with a binding affinity KD 14.6 ± 2.1 μM. (C) Raltegravir was used as
a negative binding control. No binding to HIV-1 RT seen at any concentration.
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Figure A4: BLI binding sensorgrams of selected azaBINOL compounds to HIV-1 RT.
Six compounds tested at 11 concentrations ranging from 10 to 200 μM (except for
B#43, which was tested at four concentrations from 2.5 μM to 50 μM). B#24 shows
significant binding to HIV-RT in dose dependent manner. None of the other azaBINOL
derivatives tested show any binding to HIV RT. Data obtained with double reference
subtraction and fit using a 1:1 binding model.
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Figure A5: Luminescence inhibition assay of B#24. B#24 was tested for inhibition of
luminescence in a purified recombinant enzyme assay. Raltegravir (Aids Reagent) was
used as a non-inhibiting control. Luciferase inhibitor I (Sigma Aldrich) was used as a
positive control. B#24 shows no inhibition of luminescence at any concentration tested.
Results are presented as mean ± S.D. (error bars) of triplicates (n = 3).
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Figure A6: 1H NMR aggregation study of B#24. No changes in chemical shift, number
of peaks, or peak shape identified over increasing concentrations showing the B#24 is
not aggregating under assay conditions (1% DMSO). B#24 was solubilized in DMSOD6 (MilliporeSigma; Burlington, MA) to a concentration of 20 mM. Serial dilution in
50 mM sodium phosphate at pH 6.8 in 100% D2O (MilliporeSigma; Burlington, MA)
yielded five samples ranging in concentration from 200 µM to 12 µM. 1H-NMR spectra
of each sample was obtained over 64 scans on a Bruker Ascend 800 MHz spectrometer
equipped with a 5 mm TCI cryoprobe.
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Appendix B: Supporting Information for Chapter Three
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Figure B1: HIV-1 single dose screening of bacterial extracts. All extracts tested at
10 µg/mL in 1% DMSO.
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Figure B2: HIV-1 single dose screening of fungal extracts. All extracts tested at
10 µg/mL in 1% DMSO.
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Figure B3: Antiviral activity of bacterial library sample O1/8 featuring the extract and
fractions tested at 10 µg/mL in 1% DMSO.
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Figure B4: Bacterial strain O1/8. (A) Agar plate of O1/8 on nutrient agar. (B)
Phylogenetic tree analysis of the sequenced DNA from the 16S rRNA encoding region
shows close homology of O1/8 with Streptomyces longwoodensis.
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Table B1: Tabulated 1H NMR data of antimycin A congeners isolated from a
commercial mixture of antimycin A derivatives. J values are reported in parenthesis
(Hz). 500 MHz, CDCl3.
Antimycin A1a

Antimycin A2a

Antimycin A3a

Antimycin A4a

3

5.29 t (7.7)

5.29 t (7.8)

5.30 t (7.7)

5.29 t (7.5)

4

5.73 dq (6.8, 6.8)

5.73 dq (6.7, 6.7)

5.73 dq (6.7, 6.7)

5.73 dq (7.3, 7.3)

7

2.53 td (11.0, 2.8)

2.53 td (10.0, 2.8)

2.53 td (11.2, 3.0)

2.53 td (11.4, 2.7)

8

5.09 t (10.1)

5.08 m

5.09 t (10.1)

5.08 m

9

5.00 m

5.00 m

5.00 m

5.00 m

10

1.29 d (6.6)

1.29 d (6.6)

1.29 d (6.6)

1.29 d (6.6)

11

1.31 d (6.6)

1.32 d (6.6)

1.31 d (6.6)

1.31 d (6.6)

4'

8.55 d (8.1)

8.55 d (8.1)

8.55 d (8.1)

8.55 d (8.3)

5'

6.92 t (8.1)

6.92 t (8.1)

6.92 t (8.1)

6.92 t (8.3)

6'

7.24 dd (8.3, 1.1)

7.24 dd (8.3, 1.0)

7.24 s

7.24 s

8'

8.50 s

8.50 s

8.50 d (1.0)

8.50 s

13

2.42 sext. (7.0)

2.61 sept. (7.1)

2.42 sext. (7.0)

2.61 sept. (7.1)

14

1.19 d (7.0)

1.22 dd (7.0, 2.0)

1.19 d (7.0)

1.22 d (7.3, 2.1)

15

1.75 m, 1.50 m

1.22 dd (7.0, 2.0)

1.72 m, 1.49 m

1.22 d (7.3, 2.1)

16

0.95 t (7.4)

--

0.94 t (7.4)

--

1"

1.75 m, 1.23 m

1.70 m, 1.23 m

1.72m, 1.23 m

1.69 m, 1.25 m

2"

1.23 m

1.23 m

1.23 m

1.25 m

3"

1.23 m

1.23 m

1.23 m

1.25 m

4"

1.23 m

1.23 m

0.86 t (7.1)

0.87 m

5"

1.23 m

1.23 m

--

--

6"

0.86 t (7.0)

0.87 m

--

--

NH - 3'

7.91 s

7.95 s

7.95 s

7.90 s

NH - 7'

7.06 d (7.6)

7.06 d (8.2)

7.10 d (7.7)

7.05 m

OH - 2'

12.61 s

12.61 s

12.61 s

12.61 s
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Figure B5: 1H NMR antimycin A1a. 500 MHz, CDCl3.
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Figure B6: 1H NMR antimycin A2a. 500 MHz, CDCl3.

157
Figure B7: 1H NMR antimycin A3a. 500 MHz, CDCl3.
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Figure B8: 1H NMR antimycin A4a. 500 MHz, CDCl3.
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Figure B9: 1H NMR antimycin A8a isolated from S. longwoodensis. 500 MHz, CDCl3.
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Figure C1: Negative binding controls (A) acetylcysteine and (B) ascorbic acid exhibit
no binding to either GC or AT-rich DNA. Sensorgrams show association (0-200 s) and
dissociation (200-400 s) steps.

162
Figure C2: Binding-guided identification of lumichrome (4.10). (A) HPLC
chromatogram of fractions at 254 nm wavelength. (B) Binding analysis of fractions
from K9/11 extract at 100 µg/mL. Fractions 4 and 5 (blue, green) exhibit binding to
primarily GC-rich DNA. (C) Fraction 5 (green) shows one major peak identified as
lumichrome.

163
Figure C3: Dereplication of lumichrome (4.10) from fraction 5 of K9/11 extract. (A)
experimentally identified lumichrome (4.10) shows an exact UV match with literature.
(B) MS (ESI+) (C) Structure, formula, and exact mass of 4.10.
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Figure C4: 1H NMR of echinomycin (4.7), 500 MHz, CDCl3.

165
Figure C5: Echinomycin (4.7) HSQC, 500 MHz, CDCl3.

166
Figure C6: Echinomycin (4.7) COSY, 500 MHz, CDCl3.

167
Figure C7: Echinomycin (4.7) HMBC, 500 MHz, CDCl3.

168
Table C1: Comparison of tabulated 1H NMR data of actinomycin V (4.8) isolated from
RM1-1 (500 MHz, CDCl3) to literature values (Zhang et al. Mar. Drugs, 2016, 14,
181). J values shown in parentheses (Hz).

Position

Literature

Isolated

Position

Literature

Isolated

3

7.61 d (7.7)

7.62 d (7.8)

4

7.36 d (7.7)

7.36 d (7.8)

2

4.56 dd (7.3, 2.7)

4.57 m

2''

4.49 dd (6.6, 2.6)

4.49 m

NH-2'

7.19 d (7.3)

7.18 d (7.1)

NH-2'

7.68 d (7.2)

7.70 d (6.0)

4'

3.57 dd (9.5, 6.0)

3.57 dd (9.3, 6.3)

4''

3.70 dd (9.8, 6.0)

3.71 m

NH-4'

7.68 d (7.2)

7.65 m

NH-4''

8.21 d (6.0)

8.18 d (5.9)

5'

2.13 m

2.17 m

5''

2.23 m

2.17 m

6'

1.12 d (6.8)

1.13 m

6''

1.14 d (6.8)

1.13 m

7'

0.90 d (6.8)

0.90 d (6.4)

7''

0.91 d (6.8)

0.92 d (6.4)

9'

3.96 d (19.5);
4.55 d (19.5)
--

3.98 d (19.3),
4.57 m

9''

3.73 m; 3.29 m

3.71 m

10''

2.21 m, 2.27 m

2.17 m

2.32 d (17.5),
3.64 d (17.5)
6.57 d (10.5)

11''

1.87 m, 2.76 m

1.85 m, 2.76 m

12'

2.31 d (17.5);
3.63 d (17.5)
6.56 d (10.0)

12''

5.96 d (9.3)

5.96 d (9.0)

14'

2.89 s

2.89 s

14''

2.92 s

2.90 s

15'

3.87 m, 4.57 m

15''

17'

3.9 d (17.7); 4.58
d (17.7)
2.94 s

2.92 s

17''

3.66 d (17.5),
4.71 d (17.5)
2.93 s

3.64 d (17.8),
4.71 d (17.8)
2.93 s

18'

2.69 d (9.6)

2.70 m

18''

2.71 d (9.6)

2.70 m

19'

2.65 m

2.65 m

19''

2.65 m

2.65 m

20'

0.74 d (6.5)

0.74 d (6.0)

20''

0.75 d (6.5)

0.75 d (6.0)

21'

0.95 d (6.3)

0.95 d (5.7)

21''

0.98 d (6.3)

0.98 d (5.7)

23'

5.24 dd (6.2, 2.6)

5.24 dd (6.4, 2.4)

23''

5.15 dd (6.2, 2.6)

5.15 dd (6.4, 2.4)

24'

1.26 d (6.7)

1.26 m

24''

1.12 d (6.7)

1.13 m

11'
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Figure C8: 1H NMR of actinomycin V (4.8), 500 MHz, CDCl3.
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Figure C9: 1H NMR of chartreusin (4.9), 500 MHz, CDCl3.

