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Abstract

Marine microorganisms produce unique secondary metabolites, which are responsible
for a variety of biologically active molecules with a wide range of pharmaceutical
properties. There is a lack of novel effective drugs for metabolic diseases, cancer and
parasite infections as well as TNF-alpha inhibitors hence; underexplored marine
bacteria could be an important source for new bioactive molecules.

Two strains of Muricauda ruestringensis (SBT531 and SBT587) were isolated from
geothermal intertidal pools in Iceland and two strains of Micromonospora sp. N17 and
N74 (SBT 687 and SBT692) were isolated from the Mediterranean sponge Phorbas
tenacior from the Santorini volcanic complex of Crete. Bioactive metabolites
production in thermophile strains of M. ruestringensis (SBT531 and SBT587) and
Micromonospora sp. (SBT687 and SBT692) were identified and isolated, by using a
metabolomics approach to analyse the liquid chromatography-high resolution mass
spectrometry (LC-HRMS) and nuclear magnetic resonance (NMR) data sets. The LC-
HRMS data was processed by using the modified version of Mzmine 2.10 software,
dereplicated with an in-house EXCEL macro coupled to the AntiMarin and Dictionary
of Natural Products (DNP) database to be statistically evaluated by multivariate
analysis in SIMCA v15.02. Orthogonal partial least squares discriminant analysis
(OPLS-DA) in SIMCA was used to predict and pinpoint the biologically active
secondary metabolites. Up-scaling was optimised to increase the production yield of
the target metabolites. Additionally, specific bioassay screening determined the
activity, if any, from the crude extracts, fractions and isolated compounds.

The total ethyl acetate organic extracts of SBT531 and SBT587 were active inhibitors
in target-based functional assays: alpha-glucosidase and protein-tyrosine phosphatase
1B (PTP1B) that are a therapeutic target for the treatment of diabetes and other
metabolic syndromes. The fractionation of SBT531 afforded a series of bioactive alpha
and beta-hydroxy acid derivatives and allowed the definition of a preliminary
structure-activity relationship based on their relative potency. Aseanostatin P6 (13-
methyltetradecanoic acid) was the major compound identified, followed by two
derivatives,  3-hydroxy-13-methyltetradecanoic  acid and  2-hydroxy-14-

XX



methylhexadecanoic acid. On the other hand, the initial organic crude extracts of
SBT687 and SBT692 showed inhibition activity against sea lice and inhibition of TNF-
alpha respectively, however after further fermentation scale-up the fractions were

missing the inhibition activity.
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Chapter 1

GENERAL INTRODUCTION



1.1 Introduction

Screening for new compounds with pharmacological interest for a specific disease or
a disease class has a long history of success and demerit cases. For instance, adoption
of high-throughput screening (HTS) methods for early-stage drug discovery directly
yielded cyclosporin A, a fungal-derived immunosuppressant medication and a mold-
derived agent—mevastatin used to normalise cholesterol levels. Likewise, drug
discovery success cases via development of new drug candidates relying upon a
structure-based drug design (SBDD) shed-to-light dorzolamide, a topical ophthalmic
agent applied in the treatment of glaucoma. Dorzolamide acts by reducing the
production of aqueous humour via inhibition of carbonic anhydrases with consequent
intraocular pressure improvement. This method also drove to uncover imatinib that is
used today in cancer chemotherapy, specifically employed in the treatment of many
leukaemia subtypes. Other drugs detected by the same process is vemurafenib, a BRAF
inhibitor used as chemotherapeutic agent in late-stages of melanoma. To thrive the
path for novel compounds research or boost new drug repurposing programmes, it
becomes apparent that an ideal workflow for earlier drug discovery should rely on a
whole range of detection tools passing through coupled or used-in-parallel analytical
platforms (Roy, 2018).

Since there is an unmet need to develop new metabolomics workflows based on
investigation of natural occurring metabolites to enhance drug discovery, the present
project focused on the identification of secondary metabolites with interesting
bioactivity from two different strains of thermophilic marine bacteria, Muricauda
ruestringensis and Micromonospora sp. A known metabolomic workflow was applied
to the mentioned bacteria strains which have been not study by this approach
previously. Briefly, this involved in vitro cultivation of marine bacteria specimens and
further characterization of their bioactive secondary metabolites via a workflow of

fractionation, mass spectrometry and nuclear magnetic resonance spectroscopy.
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1.2 Drug discovery

The development of a new drug, from target identification to the presentation of a final
product followed by approval for prescription to the general public by a governmental/
local state authority (e.g. FDA—The Food and Drug Administration, EMA—The
European Medicines Agency) involves a multi-step procedure which can easily
revolve around 12 to 15 years and posing extremely high costs for companies (Mohs
and Greig, 2017, DiMasi et al., 2010, Hughes et al., 2011). This process (Figure 1.1)
starts with basic research that includes lead identification, synthesis scale-up and in
vitro pharmacology, followed by preclinical development, which consist of specific
activities such as studies of absorption, distribution, excretion, and metabolism, as well
as screening for activity on cytochrome P450 (CYP) liver enzymes, assay metabolites
for acute pharmacology and in vitro toxicity (Pereira and Aires-de-Sousa, 2018).
Clinical trials include Phase I, II, and Ill that comprises ethics review, in vivo
metabolism assessment, and as a final point the regulatory filings for new drug
application (DiMasi et al., 2010, Hughes et al., 2011).

%CC

Figure 1-1 A schematic of the process in drug discovery and development. Adapted from
(Hughes et al., 2011).

1.2.1 The re-emergence of natural products

Nature always has been a supply of medical products, with more than 80% of drug
substances obtained from natural products (NPs) (Harvey, 2008, McChesney et al.,
2007). NPs are compounds, with potential biological activity, derived (in part or as a
whole) from natural sources like plants, terrestrial and marine microorganisms (Baker
et al., 2007, Cragg and Newman, 2013). To date; plants, fungi and bacteria are the

class of organisms that yielded the most comprehensive number of novel molecular
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entities (Figure 1.2) either as directly isolated NPs or as initial leads for the synthesis
of bioactive molecules (Cragg and Newman, 2013, Onaka et al., 2011, Yang et al.,
2014).

Other
5%

Bacteria
Plant 28%

45%

Fungi
22%

Figure 1-2 Discovery of new molecular entities (NMEs) and natural products
contribution. The figure shows natural product new molecular entities (NMEs) from 1931 to
2013. The cumulative percentage of Food and drug administration (FDA) — approved natural
product NMEs, categorized by environmental source (Patridge et al., 2016).

NPs have played an important global role in the treatment and prevention of human
diseases, while they have a long history of clinical use, better patient acceptance and
tolerance (Chen et al., 2015, Kumar et al., 2014). Moreover, NPs have been and
continue to be the origin for a substantial portion of human therapeutics with more
than 90% of current therapeutic classes are derived from a natural product prototype
(McChesney et al., 2007). Looking back to the period from 1981 to 2006, of the total
of 1184 compounds approved for Human disease intervention, only 30% were of
synthetic origin while roughly 33% were represented by NPs; the remaining is
reasoned to be of either of semi-synthetic or synthetic NPs derivatives origin (Patridge
et al., 2016, Romano et al., 2017).

Since the early ‘90s, many pharmaceutical companies entirely abandoned the approach
of using NPs as the main source of lead compounds (i.e. compounds with
pharmaceutical/ biological activity) due to raised difficulties in finding supplies of raw

precursors, as well as due to technical and analytical issues concerning molecular
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screening and characterization (McChesney et al., 2007). These issues were in part
solved by the adoption of state-of-the-art approaches, such as high-throughput
screening (HTS), in silico molecular modeling, combinatorial synthesis between other
methodologies, which in overall contributed to the establishment of small molecules
synthetic libraries (McChesney et al., 2007). Nevertheless, recently, the Nobel Prize
in Physiology or Medicine of 2015 was shared by two leading investigators, William
C. Campbell and Satoshi Omura regarding the discovery of the bacterial-sourced
natural product, avermectin; in which its derivative, ivermectin can be applied to
reduce the incidence of an array of infectious conditions related with parasitic worms
such as onchocerciasis (river blindness) and lymphatic filariasis (elephantiasis).
Another awardee is Tu Youyou, for her discovery of artemisinin, a plant-derived
natural product as a new therapy for malaria. Both discoveries were a great boost in
the renewed positivity for sourcing lead compounds from natural products (NPs)
(Tambo et al., 2015). Such event shed light upon the entire field, that a New Golden
Age in NPs discovery is arising, reviving the earlier 50’s and 60’s, which enclosed the
glorious discovery of broad range antibiotics such as penicillin and streptomycin
(Shen, 2015).

The value of NPs can be assessed using diverse criteria such as the rate of introduction
of new chemical entities of large structural diversity, including serving as templates
for semi-synthetic and total synthetic modification, the frequency of use in the
treatment of disease and the number of diseases treated or prevented by these
substances (Onaka et al., 2011). Regardless of the recognized opulent record of NPs
in drug discovery and their unique structural diversity, there are still several problems
associated with NPs (Amirkia and Heinrich, 2015). Characteristic limitations of these
compounds are low solubility or chemical instability, which especially obstruct the
development of any formulation type drugs. Furthermore, many NPs are complex
structures while the concentrations of the active constituents in crude extracts are
largely unknown (Baker et al., 2007, Chen et al., 2015). After the isolation of the pure
compounds, it is essential to elucidate the chemical structure, which is an enduring and
challenging process (McChesney et al., 2007). Major developments in fermentation

optimization, purification and structure elucidation enabled faster access to higher
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yields of pure compounds (Lam, 2007, Eldridge et al., 2002). Combination of
separation and high-throughput technologies involving high-pressure liquid
chromatography (HPLC) and solid phase extraction (SPE) with nuclear magnetic
resonance (NMR) and mass spectrometry (MS) revealed a significant impact in
decreasing dereplication time, isolation and structure elucidation of natural products
(NPs) in crude extracts (Lam, 2007, Exarchou et al., 2005).

The field is evolving thanks to combinatorial approaches using latest advances in
genomics, metagenomics and cheminformatics which can impact on the rapidly
identification of gene clusters encoding bioactive NPs, a fundamental step for
understanding natural products biosynthesis (Shen, 2015). The molecular biology-
based approaches enhance the elucidation of enzymatic phases involved in the
biosynthesis of microbial secondary metabolites applying the identification of
biosynthetic gene clusters (Cacho et al., 2014). Currently the NPs research programs
are inspired by the understanding of the molecular and enzymatic basis of secondary
metabolites biosynthesis and the relationship between the secondary metabolite’s
molecules and the correspondent biosynthetic gene clusters (Walsh and Fischbach,
2010).

Natural Products Discovery (NPD) is employed by Pharma and Academia to produce
compounds that can tackle bacterial and fungal infections, develop novel compounds
for cancer therapy, and prevent organ allografts rejection as well hypercholesteremia
(Dias et al., 2012). NPs discovery has been driven either by bioactivity-guided
fractionation of crude broth extracts, or via chemical screening after isolation of
metabolites with desirable spectroscopic properties (Bachmann et al., 2014). Between
late 90s to early 2000s, several of the bigger pharmaceutical companies withdrew their
NPD programmes and sold their collections of screening extracts, because of the
advent of HTS that at the time was promoted as a better method for drug discovery.
The conventional extract-based screening was believed to result in the continuous re-
discovery of previously isolated compounds and was economically and synthetically
challenging (Ojima, 2008, Newman, 2008). Molecular target-based drug discovery,
which applies combinatorial libraries to obtain efficient “Aits ”, replaced the “classical

natural product chemistry” for the past twenty years (Ojima, 2008). The advancements

33



in analytical instrumentation and sophisticated hyphenation of separation techniques
with highly sensitive detectors have allowed for better detection of small molecule
compounds measurable in biological systems, such as, primary and secondary
metabolites and unquestionably will now be used to advance the discovery of natural
product chemistry to identify potential novel drugs candidates (Newman, 2008). The
combinatorial chemistry allowed the ability to produce drug-like molecules, increasing
the size of the known chemical space, DNA sequencing was responsible for the
identification of new drug targets, improvements in the elucidation of three-
dimensional protein structures by X-ray crystallography helped the identification of
lead compounds via structure-guided strategies and computational drug design and
screening were employed with laboratories becoming progressively computerized and
automated (Pereira and Aires-de-Sousa, 2018, Eder and Herrling, 2016). The effective
drug development from new structural leads from nature requires multidisciplinary
collaborations (Cragg and Newman, 2013). Integration of natural products chemistry
with synthetic chemistry, medicinal chemistry, pharmacology, biology, and associated
disciplines ensures a greater chance to advance natural product leads into therapeutic
drugs (Galm and Shen, 2007).

1.3 Marine bacteria as a wealthy resource of

secondary metabolites

Oceans represent the largest reservoir of ecological, chemical and biological diversity
as well as have borne most of the biological activities on our planet, having a great
potential for the development of new NPs (Bhatnagar and Kim, 2010, Dalmaso et al.,
2015, Romano et al., 2017). Several biologically active compounds with varying
degrees of action have been isolated from marine sources throughout the years (Figure
1.3) and until 2018 more than 28,000 marine natural products have been reported
derived from a variety of marine sources (Pereira and Aires-de-Sousa, 2018).

Marine environment is a rich source of bioactive compounds, favoring the production

of great variety of novel molecules, many of which are unique in terms of diversity,
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and structural and functional features not found in terrestrial sources (Romano et al.,
2017). The marine environment also represents a largely unexplored source for
isolation of new microbes such as bacteria, fungi, actinomycetes, microalgae-
cyanobacteria and diatoms, that are producers of potent bioactive secondary
metabolites (Bhatnagar and Kim, 2010). Exploitation of their secondary metabolism
has guaranteed the discovery of compounds with chemical characteristics and
biological properties not existing in screening libraries of synthetic compounds
(Marinelli et al., 2015). The systematic investigation of marine environments as
sources of novel biologically active agents began around the 1970s and throughout the
years an increasing number of new compounds from marine sources were isolated

(Cragg and Newman, 2013, Romano et al., 2017).
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Figure 1-3 Number of new compounds isolated from marine organisms from 2001 to
2013. Adapted from: (Romano et al., 2017).

During the last decades of the 20th century, research on natural products with special
emphasis on the ability of marine organism to produce secondary metabolites, revealed
the importance of these substances for the treatment of several human diseases.
Although numerous bioactive substances have been identified, only recently the first
marine drugs were approved (Imhoff et al., 2011). Marine natural products chemists
and pharmacologists were responsible for the development of several molecules now
available on market or being assessed in clinical and pre-clinical trials. By March

2018, FDA approved seven marine-derived drugs (four anticancer, one antiviral, one
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pain control, and one for hypertriglyceridemia) and several ones in clinical trials: six
compounds in Phase Ill, ten in Phase Il and six in Phase | as shown on Table 1.1
(Mayer et al., 2010, Gerwick and Moore, 2012).
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Table 1-1 Up-to-date pipeline perspective of the marine pharmaceuticals. Adapted from: (Mayer et al., 2010, Gerwick and Moore, 2012)

Clinical Compound Trademark Marine Chemical class Company or Disease area

status name organism Institution
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Phase 111

Plinabulin
(NP1-2358)

NA

Fungus

Diketopiperazine

BeyondSpring
Pharmaceuticals

Cancer: Non-Small
Cell Lung, Brain
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Phase 11

Plitidepsin

Tetrodotoxin

Lurbinectedin NA
(PM01183)

Depatuzumab NA
mafofotin
(ABT-414)

Polatuzumab NA
vedotin (DCDS-
4501A)

GTS-21 NA
(DMXBA)

Aplidin®

Tectin®

Tunicate

Pufferfish

Tunicate

Mollusk/

Cyanobacterium

Mollusk/

Cyanobacterium

Worm

Depsipetide

Guanidinium alkaloid

Alkaloid

ADC

Monomethylauristatin F

(MMAF)

ADC (MMAE)

Alkaloid

Pharmamar

Wex

Pharmaceutical Inc.

Pharmamar

AbbVie

Genentech/Roche

Cancer: Multiple
Myeloma, Leukemia,
Lymphoma

Pain: Chronic Pain

Cancer:
Breast, SCLC

Ovarian,

Cancer: Glioblastoma,
Paediatric Brain
tumours

Cancer: Non-Hodgkin
lymphoma,Chronic
lymphocytic leukemia,
B-Cell,

lymphoma follicular

Lymphoma,

- Schizophrenia, Alzheimer

disease, Attention deficit,
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Phase |

Bryostatin

ABBV-085
Telisotuzumab
vedotin

(ABBV-399)

ABBV-221

ASG-67E

ASG-15ME

NA

NA

NA

NA

NA

NA

Bryozan

Mollusk/
Cyanobacterium
Mollusk/
Cyanobacterium

Mollusk/

Cyanobacterium

Mollusk/

Cyanobacterium

Mollusk/

Macrolide lactone

ADC (MMAE)

ADC (MMAE)

ADC (MMAE)

ADC (MMAE)

ADC (MMAE)

Alzheimer’s disease

Abbvie Cancer: Solid tumours
Cancer: Solid tumours
Abbvie

Cancer: Solid tumours

Abbvie&  Seattle Cancer: Refractory and

Genetics relapsed Lymphoid
malignancy

Astellas&  Seattle

Genetics Cancer: Metastatic

urothelial Cancer
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Cyanobacterium Astellas&  Seattle Cancer: Non-Small cell
Genetics lung Cancer,
Pancreatic, Melanoma,

Lymphoma, Multiple

Marizomib NA Bacterium Beta-lactone-gamma Myeloma
(Salinosporamid lactam Triphase
eA; NPI-0052)

Abbreviations: ADC: Antibody Drug Conjugate; Ara-A: 9-B-D-arabinofuranosyladenine; Ara-C: Cytosine Arabinoside; BCMA: B-cell Maturation
Antigen; CD: Cluster of Differentiation; c-Met: Tyrosine-Protein Kinase Met; DMXBA: 3-(2,4-Dimethoxybenzylidene)-Anabeseine; EGFR: Epidermal
Growth Factor Receptor; ENPP3: Ectonucleotide Pyrophosphatase/ Phosphodiesterase Family Member 3; ET: Ecteinascidin; FDA: Food and Drug
Administration; GCC: Guanylyl Cyclase C; GPNMB: Glycoprotein nonmetastatic B; JNK: c-Jun N-terminal protein kinases; LIV-1: Zinc transporter
SLC39A6; LY6E: Lymphocyte Antigen 6 Complex, Locus E; MMAE: Monomethylauristatin E; MMAF: Monomethylauristatin F; NA: Not Available;

NaPi2b: Sodium-Dependent Phosphate Transport Protein 2b; PSMA: Prostate-Specific Membrane Antigen; RAC1: Ras-related C3 botulinum toxin
substrate 1; SLITRK®6: SLIT and NTRK-like protein 6.
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Microorganisms, including bacteria, fungi and algae, produce secondary metabolites;
which may have some bioactivity; were studied extensively over the past 30 years to
isolate and elucidate novel compounds from marine sources (Bhatnagar and Kim,
2010, Kumar et al., 2014). These metabolites may be effective against infectious
diseases, conditions of multiple bacterial infections and have also been found to be
useful against carcinomas, risk of coronary heart disease, or may act as immune-
suppressants to aid in organ transplantation, consequently making the microbial
secondary metabolites an enormous source of pharmaceutical importance. Along with
the potential sources of natural products, bacteria have proven to be a particularly
abundant resource with a small group of taxa accounting for most discovered
compounds (Jensen et al., 2005). Marine bacteria are prolific producers of such
secondary metabolites as they succeed in harsh oceanic climates. Bacteria produce
some secondary metabolites for their defence against other microorganisms and these
secondary metabolites serve as a source of bioactive compounds for use in human
therapies (Bhatnagar and Kim, 2010).

The value of natural products from marine species has been acknowledged for the past
fifty years, but it is only in recent years that there has been a renewed interest in this
source of new medicines. Chemical structure and pharmacological characterizations
of marine natural products libraries have successfully identified many “hit”
compounds (Yang et al., 2014). Structurally unique secondary metabolites have been
isolated and identified from marine organisms (Kumar et al., 2014). Bacterial marine
natural products are an important source of novel lead structures and the high hit rates
in lead drug screening and large-scale structural diversity make marine natural
products ideal candidates for drug discovery (Gulder and Moore, 2009, Yang et al.,
2014). The biomedical potential of marine bacterial agents, which could be
biotechnologically scaled-up, might help overcome the problems of supply and
sustainability encountered with microorganisms or marine invertebrates from the sea
such as sponges, tunicates, and soft corals. The remarkable capabilities of these
microbes to produce chemically unique bioactive molecules are reinforced by the
characterization of a wealth of interesting new structures through the application of

classical screening and isolation techniques as shown on Figure 1.4., the steps of
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further drug development of natural products from marine microorganisms (Gulder

and Moore, 2009, Imhoff et al., 2011).

Marine habitat

Strains Novel isolation strategies

Strains collections

development

v }
> Genomic Modification of growth
approaches*® parameters®*
Extracts
Compound
Pure compound
librarv 1
Structure
elucidation
v
Structures Bioactivity
Selection '—l
Process Lead structure

development

Figure 1-4 Flow chart from marine habitat to compound selection for further drug
development of natural products from marine microorganisms. *Genomic approaches include
genome mining, metagenomics approaches and molecular manipulation of microbes to
activate “silent” gene clusters. **Modification of growth parameters: pH, temperature, and
nutrients. In addition, stimulation, co-cultivation and use of epigenetic modulators may modify
the secondary metabolite pattern of microorganisms. Adapted from (Imhoff et al., 2011).
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1.3.1 Extreme marine microorganisms and their ability to

survive in harshest environments

Marine microorganisms have evolved for millions of years in order to survive in the
severe surroundings characterized by extreme physical or chemical parameters like
pressure, temperature, pH, salinity, oxidative stress, hazardous pathogens, radiation,
metal and chemicals, which some of these are toxic (Canganella and Wiegel, 2014, Hu
et al., 2016, Nazarenko et al., 2011). Microorganisms living in the deep sea have
several unique features specifically adapted for such an extreme environment to be
able to live, grow, and thrive in this environment (Horikoshi, 1998). The diverse
conditions in marine environments have forced on a bacterial selection leading to new
adaptive strategies and therefore the synthesis of new metabolites. Many of these
compounds produced by the bacteria are referred as secondary metabolites and its
production can be affected by adaptations to the sea conditions (de Carvalho and
Fernandes, 2010).

Extremophile is an organism that successfully thrive in an extreme environment being
able to adapt and survive to extreme conditions due to their highly flexible metabolism.
The term extremophile describes any organism capable of living and growing under
extreme conditions, that can refer to physical extremes (temperature, pressure or
radiation) but also to geochemical extremes such as salinity and pH, which have
attracted the attention of research centres in the pursuit for new potential bioactive
substances useful in different fields (Canganella and Wiegel, 2014, Rothschild and
Mancinelli, 2001, van den Burg). Although all hyperthermophiles are members of the
Archaea and Bacteria, eukaryotes are common among the psychrophiles, acidophiles,
alkaliphiles, piezophiles, xerophiles and halophiles (which respectively survive at low
temperatures, low pH, high pH, and under extremes of pressure, desiccation and
salinity) (Rothschild and Mancinelli, 2001).

A diversity in extreme environments with an increasing number of extremophiles have
been discovered and described. The first extreme environments largely investigated
were those characterized by high temperatures above 30°C. These microorganisms can
be subdivided based on their optimal temperature, into three main groups:

thermophiles that dominate heated environments with an optimal temperature between
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30 °C and 64°C and a maximum at 70°C, extreme thermophiles with an optimal
temperature between 65°C and 80°C, and finally hyperthermophiles with an optimal
temperature above 80°C and a maximum above 90°C (Canganella and Wiegel, 2014,
Urbieta et al., 2015, Baker et al., 2001).

1.3.2 Secondary metabolites isolated from thermophilic

bacteria

Marine microorganisms have exclusive characteristics due to their need to adapt to
extreme environments and that have received them increasing attention to produce
biologically active compounds. Extremely important oceanic resources, like marine
microorganisms such as bacteria, fungi, actinobacteria and cyanobacteria, produce in
their adaption to extreme environmental conditions, structurally novel and
pharmacologically active lead compounds (Zhao et al., 2015). These microorganisms
act as new and promising potential sources of a vast number of bioactive compounds
for functional foods and pharmaceutical development. Important bioactive compounds
have been isolated showing activities such as antimicrobial, antitumour, antioxidative,
anti-inflammatory, antiviral, antituberculosis, antiparasitic, anthelmintic, antimalarial,
antidiabetic, antiprotozoal, anticoagulant and antiplatelet effects (Zhao et al., 2015).
Thermophilic bacteria are a prolific source of a variety of secondary metabolites
(Figure 1.5), for instance, the isolation of thermorubin (Figure 1.5A), an
oxanaphthacene, from a mildly thermophilic actinomycete was first reported in 1964
(Wilson and Brimble, 2009). The compound shown strong bioactivity against Gram-
positive bacteria, less against Gram-negative bacteria and slight to no activity against
yeast and fungi. Likewise, a siderophore SVK21 (2,3-dihydroxybenzoylglycyl-
threonine) (Figure 1.5B) isolated from the thermoresistant bacterium Bacillus
licheniformis and bacillibactin (Figure 1.5C) produced by Bacillus subtilis, both
facilitates microbial iron intake (Wilson and Brimble, 2009, Reitz et al., 2017).
Another case involved a broad-spectrum antibiotic granaticin (Figure 1.5D) and their
derivative—qgranaticinic acid (Figure 1.5E) isolated from the thermophilic
Streptomyces sp. XT-11989 which demonstrated strong antibacterial activity against

Gram-positive bacteria (Sung et al., 2017). Similarly, the BS-1 (bis(2-hydroxyethyl)
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trisulfide) (Figure 1.5F) compound was isolated from Bacillus stearothermophilus
UKG563 in 1991 and was described to have potent cytotoxic effects on mice cell lines

mimicking leukaemia, mastocytoma and lymphoma (Wilson and Brimble, 2009,
Kohama et al., 1992).

bacillibactin 9

S S
F HO/\/ \S/ \/\OH

Figure 1-5 Molecular structure of secondary metabolites isolated from thermophilic
bacteria: A) Thermorubin B) SVK21 C) bacillibactin D) granaticin E) granaticinic acid and F)

BS-1. Adapted from (Wilson and Brimble, 2009).
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1.3.3 Flavobacteriaceae family

The genus Flavobacterium was established by Frankland in 1889, belonging to the
family Flavobacteriaceae in the phylum Bacteroidetes, which currently account for
more than 50 other genera. These species are Gram-negative, non-spore-forming,
strictly aerobic, motile by gliding, pigmented bacteria exhibit menaquinone 6 as their
only or major respiratory quinone. They have DNA G p C contents within the range
of 30-41 mol% (Bernardet and Nakagawa, 2006, Zamora et al., 2013).

Members of the Flavobacteriaceae family include a group of physiologically diverse
and widely distributed environmental microorganisms. This family has been isolated
from many different habitats: soil, freshwater and marine environments, food and dairy
products and their processing environments, specimens from humans, hospital
equipment and devices, diseased dogs and cats, diseased amphibians and reptiles,
diseased freshwater and marine fishes, diseased molluscs, crustaceans, and sea
urchins, diseased birds, eggs and digestive tract of insects, vacuoles or cytoplasm of
amoebae and diseased plants (Bernardet and Nakagawa, 2006, Waskiewicz and
Irzykowska, 2014, Zamora et al., 2013).

Reasonably, applications of members of the family Flavobacteriaceae are related to
their habitats and to their relationship to the host. Positive aspects include synthesis of
several enzymes potentially useful in industry or medicine, turnover of organic matter
in soil, water, and sewage plants, decomposition of pesticides and insecticides,
destruction of toxic proliferative algae, and symbiosis with various insects. Negative
effects include decomposition and defects of food (meat, fish, and dairy products),
infections in humans and animals and destruction of valuable algae and vegetables
(Bernardet and Nakagawa, 2006).

1.3.3.1 Muricauda ruestringensis

Although there are no several studies and papers regarding Muricauda ruestringensis,
it is a bacterium of the Flavobacteriaceae family in the phylum Bacteroidetes.
Preliminary studies of the strain during the EU-FP7 SeaBioTech programme showed

inhibition bioactivity against tyrosine-protein phosphatase non-receptor type 1 also
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known as protein-tyrosine phosphatase 1B (PTP1B) and at some extent against alpha
glucosidase, which makes it extremely interesting in terms of looking into potential
new drugs against metabolic diseases such as diabetes type Il and obesity that currently

represent a major public health issue.

Muricauda ruestringensis (Figure 1.6) is a Gram-negative, facultatively anaerobic,
and slightly halophilic, with optimum pH for growth 6.5 — 7.5. Seawater is required
for growth with mostly polar - located appendages, which seem to be used to connect
cells to each other, though not all the cells produced such appendages. It is not able to
degrade hexadecane, but able to use different sugars and amino acids for growth,
indicating that it probably profits from the lysis or from products like surfactants of
other cells in the community (Bruns et al., 2001).

Muricauda ruestringensis is a type species of the genus Muricauda and the species is
of interest because of its isolated position in the genomically unexplored genus
Muricauda, located in a position of the tree of life (Figure 1.7) containing not many
organisms with sequenced genomes. Strain B1T was isolated from a seawater
sediment suspension from intertidal sediment at the German North Sea coast, which
contained hexadecane as the sole carbon source during the initial cultivation. Later,
the organism either turned out to be unable to degrade hexadecane or lost its ability to
do so. The genus name was derived from the Latin words muris, for mouse, and cauda,
the tail; Muricauda, tail of the mouse, referring to the cellular appendages observed on
some cells. The species epithet is derived from the Neo-Latin word ruestringensis,
pertaining to the former village of Ristringen, which was destroyed by a tidal wave in
1362 (Huntemann et al., 2012).
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Figure 1-6 Scanning electron micrograph of Muricauda ruestringensis B1. Adapted from

(Huntemann et al., 2012).

Muricauda olearia (EU888117)
82/63

Muricauda lutaonensis (EU564844)

Muricauda flavescens (AY445073)

— Muricauda lutimaris (EU156065)

181/

‘ Muricauda ruestringensis (IMG2505694120) **

Muricauda aquimarina (AY445075)

Flavobacterium aquatile (AM230485)

Figure 1-7 Phylogenetic tree highlighting the position of Muricauda ruestringensis
relative to the type strains of the other species within the genus Muricauda. Adapted from

(Huntemann et al., 2012).

All members of the genus Muricauda were isolated from marine environments such
as tidal flats, intertidal pools, a salt lakes and seawater. Sea tidal flats are broad, low-

gradient muddy coastal areas that experience exposure and flooding by seawater
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between low and high tides. It is well known that sea-tidal flats are rich in valuable
biological resources that play very important roles in the restoration and stabilization
of coastal ecosystems and nutrient cycling (Kim et al., 2013).

1.3.4 Micromonosporaceae family

The family Micromonosporaceae currently contains 35 genera and includes Gram-
positive microorganisms characterized by three types of sporulating structures,
specifically, single spores, spore chains, and sporangia which are borne directly on the
substrate hyphae. Spores may be non-motile or motile with tufts of polar flagella. They
are aerobic, non-acid fast and mesophilic microorganisms and form non-fragmenting,
branched, and septate substrate hyphae; aerial mycelium is absent or scanty. Many
strains produce carotenoid mycelial pigments, giving the colonies an orange to red
appearance; however blue-green, brown, or purple pigments are also produced (Hirsch
and Valdés, 2010, Trujillo et al., 2014).

Micromonosporaceae strains degrade chitin, cellulose, lignin, and pectin, and these
microorganisms play an important role in the turnover of organic plant material.
Furthermore, many strains produce useful secondary metabolites and enzymes. They
have important applications in industry, biotechnology, and agriculture. Members of
the family Micromonosporaceae are responsible for the production of gentamicin,
vitamin B 12 and alpha-glucosidase inhibitor acarbose, a potent drug used worldwide
in the treatment of type-2 diabetes mellitus (McChesney et al., 2007, Kumar et al.,
2008, Trujillo et al., 2014).

1.3.4.1 Micromonospora sp.

One of the genera of the family Micromonosporaceae is Micromonospora, proposed
by @rskov (1923), which typically exhibit single, non-motile spores on the mycelium
substrate and the absence of true aerial mycelium. The spore surface is smooth or
ridged. The colonies can be a variety of colours, including white, orange, rose, or

brown while the pigments may or may not diffuse into the medium (Zhang et al.,
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2012). Members of this genus are Gram-positive, non-acid fast, chemo-organotrophic
and usually grow between 20° C and 45° C (Trujillo et al., 2014).

Since 2000, several novel Micromonospora species have been described in the last
decade and an increasing number of members of the genus have been isolated.
Currently, the genus Micromonospora contain 81 species with validly published
names and is the second richest producer of antibiotics in the order Actinomycetales
(Hirsch and Valdés, 2010, Songsumanus et al., 2013, Zhang et al., 2012, Riesco et al.,
2018). Usually Micromonospora are isolated from different habitats in nature such as
peat swamp forest soil, water samples, floodplain meadows, root nodules, marine
sediment, plant tissues, sea sand, marine sponges and other environments (Hirsch and
Valdés, 2010, Supong et al., 2013, Zhao et al., 2004).

The bacteria, particularly those from the order actinomycetales, commonly known as
actinomycetes have proven to be a productive source of new and bioactive compounds.
Among the various genera within the actinomycetales, Micromonospora has been
intensively investigated. Micromonospora species are best known for synthesizing
antibiotics, especially aminoglycoside, enediyne, and oligosaccharide antibiotics, such
as anthraquinones, anthracyclines, alkaloids, and macrolides. The secondary
metabolites produced by actinomycetes demonstrate a variety of biological activities
including antibacterial, antifungal, antiprotozoal, anthelmintic, antiviral, insecticidal,
cytotoxic, antioxidant, and anti-inflammatory (Hirsch and Valdés, 2010, Sousa et al.,
2012).

1.4 Metabolomics technologies and platforms

The metabolome is a genome final product, which is defined as the total quantitative
group of small molecular weight compounds (metabolites) present in a cell or
organism that is involved in metabolic reactions (Dunn et al., 2005). Metabolites are
small molecules that are chemically transformed during metabolism, providing
functional information of cellular state, which serve as direct signatures of a
biochemical activity therefore, they are easy to correlate with a phenotype when

compared to genes and proteins whose function is subject to epigenetic regulation and
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post-translational modifications, respectively (Patti et al., 2012). Metabolomics is part
of the omics strategies (genomics, proteomics and transcriptomics) that aims at
describing the metabolome qualitatively and quantitatively by applying various
analytical platforms and methods (shown in Figure 1.8) (McMurray et al., 1989).
Complementary to the other omics approaches, metabolomics has the essential role of

linking genotype-phenotype information (Lopes et al., 2017).
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Figure 1-8 Metabolomics workflow process used in our Research Group, Natural Products
Metabolomics Group (NPMG) Adapted from: (Macintyre et al., 2014, Tawfike et al., 2013).

Metabolomics combines analytical chemistry, platform technology, mass
spectrometry and NMR spectroscopy with data analysis (Griffiths et al., 2010).
Whereas genomics and proteomics are usually studied using microarrays and 2D-gels
or mass spectrometry respectively. However, the technique of choice is less evident
for metabolomics (Dunn et al., 2005). Nevertheless, MS and NMR usually are the most
frequently used methods of detection in analysis of the metabolome (Villas-Boas et
al., 2005) and the data generated through this technique is further processed using
different software either open-source or commercially available, such as MZmine
(Katajamaa and Oresic, 2005), Mnova, MetAlign (Lommen, 2009), MathDAMP
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(Baran et al., 2006), MS-DIAL (Tsugawa et al., 2015) and XCMS (Smith et al., 2006).
Respective software can be coupled with online or commercially available libraries
and databases like the Dictionary of Natural Products (DNP), ChemSpider (Pence and
Williams, 2010), MarinLit (Blunt and Munro, 2012) or in-house / custom database to
dereplicate secondary metabolites (Harvey et al., 2015). Then the processed data is
further subjected to multivariate statistical analysis applying either unsupervised
clustering such as partial component analysis (PCA) or supervised clustering such as
orthogonal partial least squares discriminant analysis (OPLS-DA) to provide
information on the putative bioactive metabolite at the first fractionation step or detect
putative biomarkers in a cellular process (Nejadgholi and Bolic, 2015, Robotti and
Marengo, 2016, Morlock et al., 2014).

1.4.1 Mass spectrometry (MS)

Mass spectrometry (MS) is the analytical technique of choice in metabolomics for
identification and/or quantification of varied classes of metabolites, consisting in the
production of gas-phase ions that are then detected and characterised by their mass to
charge ratio (m/z) (Becker et al., 2012). In a simple way, a mass spectrometer contains
a sample inlet, an ion source, a mass analyser and a detector with the functions of
introducing the sample into the mass spectrometer, generate gas-phase ions via an
ionisation technique, separate the ions according to their mass-to-charge ratio (m/z)
then generating an electric current from the incident ions that is proportional to their
abundances (Becker et al., 2012). Gas chromatography (GC), high performance liquid
chromatography (HPLC), capillary electrophoresis (CE) allow improved metabolite
identification and quantification. The use of MS in metabolomics has important
advantages such as requiring small volume of samples and provides highly sensitive
detection and metabolite identification via mass spectrum interpretation and
comparison or molecular formula prediction via high resolution mass measurements
(Lindon et al., 2000). Moreover, the combination of separation techniques with MS
increases the capability of the chemical analysis of highly complex biological samples
(Villas-Boas et al., 2005). Nevertheless, MS is also destructive, so the sample is not
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recoverable and is a slow method, unlike NMR spectroscopy (Lindon et al., 2000,
Wishart, 2016).

1.4.2 Nuclear magnetic resonance (NMR)

Nuclear magnetic resonance (NMR) spectroscopy is a widely used technique for
metabolomics studies with many benefits such as being specific and at the same time
non-selective, non-destructive, requires no separation or derivatization, fast, offering
highly reproducible and quantitative analyses (Dunn et al., 2005, Viant et al., 2003,
Wishart, 2016). The NMR spectrum is specific and unique to each compound, and
provides a valuable structural information about the components of the analysed
sample by combining the information on chemical shift (nature of chemical
environment), signal multiplicities (neighbouring signals), homonuclear and
heteronuclear coupling constants, integral of the signal (number of protons), spin-spin
coupling (number and nature of neighbours and connectivity information) and
relaxation or diffusion (size of molecule and large-scale environment of location)
(Dunn et al., 2005, Dona et al., 2016). Although the most utilised NMR experiment is
the one-dimensional proton (1D-'H) NMR, currently there are available alternative
NMR techniques that offer additional chemical and structural information, when in
some situations that 'H NMR is insufficient to provide information to entirely
characterize the metabolite (Villas-Boas et al., 2005, Viant et al., 2003). Additionally,
the analysis is non-destructive, and does not require pre-selection of the analysis
conditions like choosing the ion source or chromatographic operating conditions
(stationary phase, mobile phase, temperature) in LCMS (Dunn et al., 2005).

1.4.3 Multivariate approaches and manual-based metabolite

structure elucidation

An extensive variety of statistical methods are currently available, ranging from
unsupervised methods, such as, PCA, or hierarchical clustering (HCA), to supervised
methodologies like partial least squares (PLS), partial least squares discriminant

analysis (PLS-DA) and orthogonal partial least squares discriminant analysis (OPLS-
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DA) (Lindgren et al., 1996, el-Deredy, 1997). Processed MS and NMR data results to
a matrix of signal intensities, which can be employed for statistical analytical tools
(Spicer et al., 2017). The first step in metabolomics data analysis is using PCA as an
initial exploratory and visualization method, that gives an overview of the variability
of the dataset as the samples are grouped based on similarity or differences within the
group of samples. This enables to detect trends, groupings and outliers (Wold et al.,
1987, Dona et al., 2016) through scores and loadings plot. In the scores plot, each point
represents an individual sample, while a loadings plot gives the corresponding
information about which variables have the greatest contribution to the positioning of
the samples on the scores plot and are responsible for the clustering of samples
(Holmes et al., 2000). PCA analysis is followed by supervised pattern recognition
techniques, which applies the class information of the samples to maximise the
separation between different groups of samples and detect the metabolic signatures
that contribute to the classifications (Dona et al., 2016). OPLS-DA is the most used
supervised methodology, having the same predictive power as PLS but gives better
interpretation of the relevant variables than PLS. This methodology provides

information about the causes for class separation (Bylesjo et al., 2006)

The manual-based structure elucidation is a complex, challenging and time-consuming
process that was applied during this project. For this effect, it combines the information
obtained from 1D and 2D NMR experiments with MS data and information from
metabolite databases such as DNP and AntiMarin to achieve accurate metabolite
identification (Dona et al., 2016). Most of the metabolites observed by NMR
spectroscopy and mass spectrometry were identified with information available in
diverse databases, however, some of the metabolites are unknown, unidentified or
truly novel, which brings difficulties to the elucidation method (Dona et al., 2016).
Nevertheless, it is the unknown metabolites that are the target of interest for further

isolation work.
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1.5 Mining genomes for natural products discovery

More than 20 years have passed since the first microbial genome of the Haemophilus
influenzae (Pfeiffer's bacillus) was fully sequenced (Fleischmann et al., 1995); this
event boosted both biological knowledge at the time by characterising the genomic
landscape of unknown microbial organisms as well as provided an overall
improvement of the DNA sequencing technical aspects and standard operator
protocols, which ultimately opened the avenue for the application of shotgun
approaches in whole-genome sequencing across many relevant bacterial species and
strains(Donkor, 2013, Wang et al., 2016a, Kwong et al., 2015).

The era of technological genomic revolution is a direct result of a remarkable
innovation of nucleotide sequencing methodologies that have drastically altered the
cost and complexity associated with DNA sequencing (Heather and Chain, 2016). The
abilities of DNA sequencers are outperforming current advances in computing
technologies as designated by Moore's law (Figure 1.9). This law specifies that the
complexity of microchips evaluated by the number of transistors in each square inch
per unit cost doubles every two years, while sequencing capabilities are following a
roughly exponential scaling behaviour, which is doubling every five months (Stein,
2010, Muir et al., 2016, November, 2018).
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Figure removed due to copyright restrictions

Figure 1-9 DNA sequencing costs along time. The cost-accounting data presented here
are summarized relative to two metrics and represented in USD dollars: (a) "Cost per
Megabase of DNA Sequence" - the cost of determining one megabase (Mb; a million bases)
of DNA sequence; (b) "Cost per Genome" - the cost of sequencing a human-sized genome
Adapted from: (Wetterstrand, 2018).

The noticeable decrease in the price of sequencing has made bacterial genome
sequencing affordable to an increasingly number of laboratories, leading to a
democratization of sequencing competences (Shendure and Ji, 2008). The reducing

cost of sequencing and the growing number of sequence reads being produced has
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yielded a cost modification from sequencing to bioinformatics analysis pipelines,
together with quality control (QC), assembly, annotation, and data warehousing (Muir
et al., 2016). This fostered the number of sequenced genomes that has dramatically
increased over the last decade—there are more than 163344 sequenced microbial
genomes currently publicly available in September 2018 (O'Leary et al., 2016),
including 27 sequenced Muricauda genomes, 92 sequenced Micromonospora
genomes and houses thousands of metagenome projects (Mukherjee et al., 2017).

The exponential development of available genetic data for microorganisms enabled a
promising new period in the discovery of novel NPs (Figure 1.10). Nowadays, it is
possible to quickly identify gene clusters encoding bioactive NPs as well to make
computer predictions of chemical structure based on the sequence information. The
advances in DNA sequencing and bioinformatics technologies are acknowledgeable,
especially the use of selective genome scanning tools instead of sequencing the whole
microbial genome (Lam, 2007). Presently, it is possible to use genomic information to
generate structure predictions that can be used to identify new molecules, by removing
the probabilities of re-isolating known compounds (Bode et al., 2002). The structure
predictions provide valuable information to guide and help compound purification,
structure confirmation, and design ideal fermentation conditions to produce the
required NPs, by knowing the biosynthetic gene encoding specific NPs that could only
be expressed in certain fermentation conditions. Research groups are applying the
integration of genomic approaches and technologies to increase the efficiency of NPs
discovery with the decreasing of the discovery process time (Bode et al., 2002, Lam,
2007). Another main frontier in drug discovery is the application of metagenomics
(Figure 1-10) and genomic tools which enable the identification of bioactive
compounds in uncultivable species that currently constitute most known and unknown
microorganisms at sea. Genetic engineering became a great alternative to avoid
difficulties of supply by obtaining recombinant strains capable of higher amount of
products of interest and may be able to yield novel analogues with characteristics
greater to those of the related natural product (Eva-Maria Unsin et al., 2013, Romano
et al., 2017). Notwithstanding developments in culturing techniques, the

metagenomics will obtain additional interest. The mining for novel marine natural
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products and their exploitation for biotechnological applications will continued to be
improved by the fast evolving technologies and the higher information of molecular
processes and mechanisms responsible for secondary metabolite production (Wilson
and Piel, 2013, Romano et al., 2017).

Collection of
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Optional enrichment of

target organisms

DNA Isolation

Construction of a High-throughput

metagenomics library sequencing

Functional-based
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: : . ; annotation, binnin
colorimetric screening, screening (PCR Y

reporter genes)
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biocatalysts or small

molecules
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biosynthetic genes and
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Heterologous expression
of pathways or
biocatalysts

Figure 1-10 Metagenomics workflow.Drug discovery pipeline based on a metagenomics
approach. Adapted from:(Wilson and Piel, 2013, Romano et al., 2017).
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1.5.1 Silent (cryptic) biosynthetic gene clusters (BGC)

A biosynthetic gene cluster (BGC) can be defined as a co-localized clustered group of
two or more genes in a specific genome which encode a biosynthetic pathway for the
production of a particular metabolite, that can comprehend its chemical variants, being
highly informative of the encoding class of compounds (Medema et al., 2015). The
genome sequencing technological revolution allowed the faster, easier and
inexpensive way of acquiring the complete bacterial genome, followed by the
development of computational tools to gather and analyse genome sequences. One of
the fundamental approaches in microbial (especially bacterium) natural product
discovery is genome mining, defined as an alternative approach to more traditional
methods for discovery of novel secondary metabolites by information extraction from
genome sequences (Trivella and de Felicio, 2018). Recently, there has been a
combined effort of the scientific community to report the hold-ups in the discovery of
new bioactive natural products (NP). Genome sequencing and mining, genetic or
chemical manipulation of microbial growth, and mass spectrometry (MS)-based
metabolomics are the foremost developing areas in this field and comprise the tripod
for contemporary natural product discovery (Trivella and de Felicio, 2018).
Undeniably, furthermost sequenced microorganisms and plants with relatively large
genomes, comprehend dozens or more blueprints for the biosynthesis of secondary
metabolites (Blin et al., 2013). Furthermore, computerised bioinformatics platforms
nowadays simplify the semi-automated prediction of natural products by encoding
secondary metabolic blueprints (Boddy, 2014). Nevertheless, the identification of
genome-encoded secondary metabolism is one of the first stage in the genome mining
process. Definitely, genome mining widths the total spectrum of the updated essential
dogma of molecular biology with bioinformatics prediction of gene and pathway role,
the control of gene expression and translation, and the identification and structural
elucidation of new metabolites from within the metabolome of the producing
organisms (Bachmann et al., 2014). Therefore, genome mining studies frequently
become more than uniquely a natural product discovery programme as they involve a
complete understanding and management of cellular molecular systems (Figure 1.11).

The genome mining importance ranges well beyond its potential to completely avoid
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the “chance” element of the discovery of secondary metabolites method. For example,
understanding the linking between metabolites, that characterise one of the end points
of the essential dogma, and the gene sequences that encode the metabolites can afford
awareness into the elementary biology of producing organisms as discrete individuals
and as members of the microbiota of their environment. Additionally, numerous if not
most of secondary metabolites have roles in interspecies, intergeneric and/or inter-

kingdom chemical ecological associations (Bachmann et al., 2014).

Figure removed due to copyright restrictions

Figure 1-11 Methods that can be used to activate silent genes in microorganisms. From:
(Walsh and Tang, 2017). PTF: promoter transcription factor, TF: transcription factor, PBPG:
promoter biosynthetic pathway, BPG1: biosynthetic pathway gene 1, BPG2: biosynthetic

pathway gene 2, BPG3: biosynthetic pathway gene 3, Pcons: constitutive promoter.
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1.5.2 Genome sequencing platforms and in silico approaches

The advances in DNA sequencing, particularly in Next Generation Sequencing (NGS),
have significantly improved the quantity and quality of genomic information that can
be obtained from microbial samples (Zhang et al., 2011). The reduced cost of NGS as
well as the increase in high-throughput whole genome sequencing (WGS), as well as
other NGS applications such as whole exome sequencing (WES) or RNA-Seq, a
possible and reliable approach for studying bacterial transcriptomes has been
progressively being developed. However, there are still some challenges such, as
contaminations, data storage, management, analysis, and interpretation, which have to

be considered for the proper use of this technology in NPs research (Su et al., 2011).

Currently millions of putative BGCs have been identified, which have potential to
produce a vast number of novel natural products. A typical workflow for a modern
NPs discovery strategy begins with identification of silent BGCs using bioinformatics
tools (Figure 1.12), followed by activation of target BGCs using synthetic biology
strategies and structural characterization of the corresponding natural products. Based
on the implementation strategies, BGCs repositories (Table 1-2), computational tools
(Table 1-3) for identification of BGCs mainly fall into two groups. The first group is
rule-based tools, such as ClusterScan (Volpe et al., 2018), NP.searcher (Wang et al.,
2009), NaPDoS (Ziemert et al., 2012), SEARCHPKS (Yadav et al., 2003), and
SMUREF (Khaldi et al., 2010) for mining polyketide synthase/non-ribosomal peptide
synthetase (PKS/NRPS), BAGEL (de Jong et al., 2006) for RiPPs, and antiSMASH
(Medema et al., 2011). These tools use predefined rulesets to identify signature genes
that are associated with biosynthetic pathways annotated in literature or reference
databases resources (Table 1.2). As a result, they can predict known classes of BGCs
with high confidence and positive rates but cannot readily identify BGCs that use
completely different enzymatic mechanisms. Notable among them is antiSMASH,
which in its 3rd version can detect 44 different classes of BGCs, and upon integration
with ClusterFinder (Cimermancic et al., 2014), which uses a rule-independent
algorithm could further provide alternative options for automatic genome-scale
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predictions of BGCs of both known and novel classes (Ren et al., 2017, Weber et al.,
2015, Rutledge and Challis, 2015).

Figure removed due to copyright restrictions

Figure 1-12 Overview of the most commonly used and freely accessible tools
specialized for the analysis of secondary metabolites and their pathways. From: (Weber
and Kim, 2016).
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Table 1-2 Overview of databases for the analysis of secondary metabolites and their biosynthetic gene clusters.

General scope

compound Web Server URL Reference No. of molecules Bioactivities Zr::
databases
. . (Hastings et
ChEBI www.ebi.ac.uk/chebi al., 2013)
. (Bento et al.,
ChEMBL www.ebi.ac.uk/chembl 2014)
. . (Wang et al.,
PubChem pubchem.ncbi.nlm.nih.gov 2009)
(Pence and
ChemSpider chemspider.com Williams,
2010)
NPs databases
- . . (Caboche et
NORINE bioinfo.lifl.fr/norine al., 2008)
www.pharmaceutical- (Lucas et al
StreptomeDB bioinformatics.de/streptom 2013 v
edb )
Dictionary of (Buckingham,
Natural Products dnp.chemnetbase.com 1997) >230k (>153K) yes no
kanaya.naist.jp/KNApSAc | (Nakamura et
KNApSACK K al., 2014)
bioinformatics.charite.de/s | (Banerjee et
Super Natural Il upernatural al,, 2015) >325k yes yes
Reaxys WWW.reaxys.com >220k yes no
UNPD pkuxxj.pku.edu.cn/UNPD (quoitsf)il" >229k (>167k) no yes
TCM
database@Taiwan tcm.cmu.edu.tw (Chen, 2011) >60k (~50K) yes yes
TCMID www.megabionet.org/tcmi >13k (>11K) yes yes

d
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Chem-TCM www.chemtcm.com >12k yes no
HIT lifecenter.sgst.cn/hit >700 (>400) yes yes
HIM blnfo.shmtu.ierzT(]JIu.cn:8080/h ~1300 (~700) yes (focus on toxicity data) yes
african-
AfroDb compounds.org/about/afro ~1000 (~900) yes yes
db
SANCDB sancdb.rubi.ru.ac.za >600 (~600) no yes
www.african-
NANPDB compounds.org/nanpdb >4400 (~3900) yes yes
NPACT crdd.osdd.nae;{raghava/np ~1500 (~1400) yes (focus on anticancer activity) | yes
. . >6500 from online search; >1500 in : o
NPCARE silver.sejong.ac.kr/npcare bulk download (>1500) yes (focus on anticancer activity) | yes
yes (focus on anticancer,
TIPdb cwtung.kmu.edu.tw/tipdb ~9000 (~8000) antiplatelet and antituberculosis yes
activity)
www.pharmaceutical-
StreptomeDB bioinformatics.de/streptom ~4000 (~3600) yes yes
edb
. >1800, including >1700 plant NPs - .
NUBBE database nubbe.ig.unesp.br/portal/n and >100 microorganism NPs yes (focus on annmlcroblal yes
ubbedb.html activity)
(~1700)

Carotenoids . :

Database www.carotenoiddb.jp >1100 yes yes
AntiBase wwwuser.gwdg.de/~hlaats >40k yes no

c/antibase.htm

DMNP dmnp.chemnetbase.com >55k (including NP derivatives) yes no
MarinLit pubs.rsc.org/marinlit (Blunt and >29k yes no

Munro, 2012)
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In silico methods for connecting genomic to chemical have played a vital role in
genomics discovery of new natural products. Here, in this introductory section, an
overview of available computational tools has been presented (Table 1.3) then to
briefly describe a novel computational framework, specifically retro-biosynthetic
enumeration of biosynthetic reactions, which can add to the list of computational tools
available for linking natural products to their BCG. The forward “Genes to
Metabolites” approach is applied by mostly of the existing bioinformatics tools for
analysis of secondary metabolite BCG. In contrast to this approach, the reverse/retro-
biosynthetic approach, “Metabolites to Genes” would include tallying the several
biochemical transformations or enzymatic reactions which would generate the given
chemical moiety starting from a set of precursor molecules and identifying enzymatic
domains that can hypothetically catalyse the numbered biochemical transformations.
The linkage of the biosynthetic genes to secondary metabolites and vice versa can
hypothetically support not exclusively in description of new secondary metabolites, as
well in redesigning known biosynthetic pathways of secondary metabolites to yield
new compounds (Khater et al., 2016, Medema and Fischbach, 2015, Walsh and
Fischbach, 2010). The two approaches that can be applied to accomplish the
redesigning biosynthetic pathways are the one mentioned before the Forward (Genes
to Metabolites) and Reverse/Retro-biosynthetic (Metabolites to Genes) with both
created on understanding the development of sequence/structural features of individual
domains of biosynthetic pathways (Bachmann, 2010, Cacho et al., 2014).There are
multiple benefits from such approaches, not only the understanding of the molecular
and enzymatic basis of secondary metabolites biosynthesis (Cacho et al., 2014). For
instance, it is possible to create more efficient total synthesis paths for complex
secondary metabolites from natural products based on the novel chemical insights
attained from the metabolic pathway elucidation. Correspondingly, the information
about the BGC can enable the increasing the yield of advantageous secondary

metabolites using metabolic engineering (Pickens et al., 2011).
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Table 1-3 Overview of computational tools for the analysis of secondary metabolites
and their biosynthetic gene clusters. Nonribosomal peptides (NRPS), polyketide synthase

genes (PKS), structure-based sequence analysis of polyketide synthases (SBSPKS).

Tool/Database

Web Server URL

Reference

BGS's identification and analysis

antismash.secondarymetabolit

antiSMASH es.org (Medema et al., 2014, Blin et al., 2013)
ClusterFinder https://glthub.cqm/peterum/CIu (Cimermancic et al., 2014)
sterFinder

NP.searcher

dna.sherman.lsi.umich.edu

(Wang et al., 2009)

SMURF jevi.org/smurf (Khaldi et al., 2010)
BAGEL bagel.molgenrug.nl (de Jong e\t/:r:,ﬁé)é)lGétd;-:]gggl;gt al., 2010,
ClustScan bioserv.pbf.hr/cms (Starcevic et al., 2008)
NaPDoS napdos.ucsd.edu (Ziemert et al., 2012)
eSNaPD esnapd2.rockefeller.edu (Reddy et al., 2014)
NRPS-PKS/SBSPKS
SBSPKS www.nii.ac.in/sbspks.html (Anand et al., 2010)
MultiGeneBlast muItigeneblast.}sourceforge.net (Medema et al., 2013)
Connecting genomic and MS data
GNPS gnps.ucsd.edu (Wang et al., 2016a)
Pep2Path pep2path.sourceforge.net (Medema et al., 2014)
RiPPQuest cyclo.ucsd.edu (Mohimani et al., 2014a)
NRPQuest cyclo.ucsd.edu (Mohimani et al., 2014b)
CycloQuest cyclo.ucsd.edu (Mohimani et al., 2011)

Substrate specificity predictions

(NRPS/PKS enzymes)

NRPSPredictor

nrps.informatik.uni-
tuebingen.de

(Rausch et al., 2005, Rottig et al., 2011)

LSI Predictor

bioserv7.bioinfo.pbf.hr/LSIpredi
ctor

(Baranasic et al., 2014)

NRPSsp

WwWw.Nrpssp.com

(Prieto et al., 2012)

NRPS/PKS
substrate predictor

www.cmbi.ru.nl/NRPS-PKS-
substrate-predictor

(Khayatt et al., 2013)

Gene cluster databases

IMG-ABC https://img.jgi.doe.gov/ABC (Markowitz et al., 2014)
MIBIG repository mibig.info (Medema et al., 2015)
DoBISCUIT www.bio.nite.go.jp/pks (Ichikawa et al., 2013)

ClusterMine360

clustermine360.ca

(Conway and Boddy, 2013)

ClustScan DB

csdb.bioserv.pbf.hr/csdb

(Diminic et al., 2013)

MAPSI

gate.smallsoft.co.kr:8008/pks

(Tae et al., 2009)
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1.6 Aims of the project

The project was designed to identify the bioactive metabolites production in the
thermophile strains of Muricauda ruestringensis (SBT531 and SBT587) and
Micromonospora sp. (SBT687 and SBT692). Using metabolomics tools, fermentation
and growth parameters were optimised to increase the production yield of the
respective bioactive target metabolites. The bioactive metabolites were also teargeted
using a metabolomics approach.

High resolution mass spectrometry in combination with liquid chromatography (LC-
HRMS), nuclear magnetic resonance (*H NMR, CARBON and CARBON-
DEPT/JMOD) and 2D-Correlation Spectroscopy (COSY, HMBC, HMQC, HSQC,
and NOESY) were also performed. Bacterial extracts were prepared for specific
bioassays testing. The spectral data were processed using several software’s,
MestReNova 10.0, MzMine 2.10, and statistically analyzed SIMCA 15.0.2, then
dereplicated by employing an In-house database management Macro by EXCEL. The
metabolite search and obtained “hits” from the database were further supported by
using ChemBioFinder version 13 while all structures were drawn using ChemDraw
16.0. DNP and AntiMarin database provided details on the putative identities of all
metabolites in the bacterial extracts and the number of remaining unknowns for the

extracts.
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1.7 Objectives of the project

The following objectives were accomplished:

Up-scaling of the bacterial culture to optimise production of the desired
bioactive compounds;

The use of liquid chromatography coupled to a high-resolution Fourier
transform mass spectrometry (LC-HRFTMS) and offline NMR to identify and
isolate compounds from Muricauda ruestringensis (SBT531 and SBT587) and
Micromonospora sp. (SBT687 and SBT692);

Dereplication of bacterial extracts from Muricauda ruestringensis (SBT531
and SBT587) and Micromonospora sp. (SBT687 and SBT692) by using LC-
HRFTMS and NMR data;

The use of bioassays to determine the activity, if any, of compounds isolated
from Muricauda ruestringensis (SBT531 and SBT587) and Micromonospora
sp. (SBT687 and SBT692);

The use of LC-HRFTMS and NMR to analyse extracts and compounds from
Muricauda ruestringensis (SBT531 and SBT587) and Micromonospora sp.
(SBT687 and SBT692);

Isolation of pure compounds from Muricauda ruestringensis (SBT531 and
SBT587) and Micromonospora sp. (SBT687 and SBT692).
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Chapter 2

MATERIALS AND GENERAL METHODS
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2.1 General Reagents and solvents

Analytical grade acetone, methanol (MeOH), ethyl acetate (EtOAC), dichloromethane
(DCM), acetonitrile (ACN), absolute ethanol, HPLC grade EtOAC and HPLC grade
ACN, HPLC grade n-hexane, HPLC grade MeOH, HPLC grade Isopropanol were
purchased from VWR chemicals, France. HPLC grade DCM and HPLC grade absolute
ethanol were obtained from Fisher Scientific, UK. HPLC grade acetone and formic
acid were purchased from Sigma-Aldrich Co., Germany HPLC grade water was
obtained directly from the laboratory through a direct Q-3 water purifier system
(Millipore, Watford, UK). The solvents used for NMR were dimethyl sulphoxide
(DMSO), deuterated DMSO-ds, deuterated chloroform (CDClIs), deuterated pyridine-
a5, (S)-(+)-methoxy-a-triflouro-methylphynylacetyl chloride ((S)-(+)-MTPA-CI) and
(R)-(-)-methoxy-a-triflouro-methylphynylacetyl chloride ((R)-(-)-MTPA-CI) used for
Mosher ester analysis, were purchased from from Sigma-Aldrich Co.,USA. Celite® S

from Sigma-Aldrich Co.,USA was also used.
2.2 General equipment

The analytical miller (model: IKA A1l Basic) was purchased from IKA, Germany. The
rotary evaporator model number R-110 and R-3 were from BUCHI, Switzerland. The
Ultrawave sonicator was from Scientific Laboratory Supplies, Ltd. The Force 7
centrifuge was from Fisher Scientific. The handheld UV lamp (UVGL-55 UV Lamp)
was from UVP, Cambridge, UK. The heat gun HL 2010 E Type 3482 was from Steinel,
USA. The Stuart® block heater SBH 130D/3 was from Bibby Scientific Ltd.,
Staffordshire, UK. The freeze dryer, model Christ Alpha 2-4 was from Martin Christ
Gefriertrocknunsanlagen GmbH, Germany. The pH meter was purchased from
Jenway, UK. The optical rotation was measured on a 341 Polarimeter from
PerkinElmer, Inc., USA
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2.2.1 Microbiology equipment

The laminar flow hood, BioMAT2, was purchased from Medical Air Technology, UK.
The stand incubator Incu-160s (27°C) or 160c (14 °C) was used to store inoculated
agar plates was from SciQuip Ltd, Shropshire, UK. The 15L double deck incubator
and rotatory shaker Incu-Shake FL24-1R and 5L benchtop incubator and rotatory
shaker Incu-Shake MAXI were obtained from SciQuip Ltd, Shropshire, UK. The
homogenizer IKA T18 Basic Ultra Turrax and handheld homogenizer Ultra Turrax T8

were from IKA Labortechnik Germany.
2.3 Bacterial culturing

During the present study, the microorganisms investigated were all collected during
the SeaBioTech project which was funded by the European Commission within its FP7

Programme, with Grant Number 311932.
2.3.1 Muricauda ruestringensis (SBT531 and SBT587)

The two strains of the bacteria Muricauda ruestringensis (referred to as SBT 531 and
SBT587) were obtained from the intertidal pools in Iceland. Bacterial cultures were
optimized in 100mL Difco™ Marine Broth from Becton, Dickinson and Company
Sparks, USA in twelve 200mL shake flasks. The chosen media was identical to those
used by MATIS (Iceland), who preliminarily isolated and cultivated the bioactive
strain. The bacterial cultures were inoculated with two types of inoculum. The first
set of six flasks was inoculated with 10% inoculum obtained from a 1mL glycerol-
marine broth stock culture. The second set was inoculated with single colonies from
marine agar plates. In triplicates, the cultures were incubated at 45 °C, the growth
temperature similar to the natural Icelandic habitat of the microorganism and shaken
at 120 rpm. These culture conditions were similar already established in MATIS. The
incubation was stopped, and the cultures were harvested at different growth phases
after 1, 3, 5, and 7 days. Comparisons were made in terms of changes in metabolite

profiles and bioactivity at varying incubation periods to determine the optimum growth
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phase to extract the secondary metabolites. Then, liquid cultures of SBT531 were
scaled-up to 15 L (30 x 500 mL) in thirty-one-litre conical flasks using the optimised
culture conditions based on optimum growth, metabolite profiles and bioactivity, by
inoculating single colonies in marine broth, then incubated for 7 days at 45 °C and
shaken at 120 rpm. At the end of the incubation period, the cultures were extracted,
which led to the isolation of small molecules and pure compounds, presented in
Chapter 3 of the thesis.

The results of the analysis on the metabolite production and chemical profile for SBT
587 came out to be identical to SBT 531. Hence, no further optimisation experiments

and fractionation were performed on SBT 587 after its small-scale fermentation.

2.3.2 Micromonospora sp. N17 and N74 (SBT687 and SBT692)

The bacterium Micromonospora sp. N17 (referred to as SBT 687) and
Micromonospora sp N74 (SBT692) were isolated from the Mediterranean sponge
Phorbas tenacior from the Santorini volcanic complex of Crete. Bacterial cultures
were grown at 30 °C and shaken at 120 rpm in ISP2 medium containing sea salt at 25
g/L . ISP2 medium contained Bacto -Yeast extract (4.0g/L) from Oxoid, UK, Bacto-
Malt extract (10.0g/L) from Sigma-Aldrich Co.,USA, D-(+)-Glucose monohydrate
99% (4.0g/L) from Alfa Aesar, England, sea salt (25g/L) Royal Nature Advanced Pro
Formula Salt by Royal Nature, Israel, distilled water and bacto-agar(20.0g/L) from
Oxoid, UK, in case of preparing agar plates). The chosen media was identical to those
used by the research group at the University of Wuerzburg (Germany), who

preliminarily isolated and cultivated the bioactive strain.

Bacterial cultures were optimized in 100mL ISP2 media with 0.025%w/v salt in twelve
200mL shake flasks. The bacterial cultures were inoculated with two types of
inoculum. The first set of six flasks was inoculated with 10% inoculum obtained from
a 1 mL glycerol 1SP2 broth stock culture. The second set was inoculated with single

colonies from marine agar plates. Again, in triplicates, the cultures were incubated at
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30 °C, the optimal growth temperature similar to the microorganisms’ natural habitat
in Crete, and shaken at 120 rpm, which was the similar shaker conditions used in
Wuerzburg. The incubation was stopped, and the cultures were harvested at different
growth phases after 1, 3, 5, and 7 and 10 days. Comparisons were made in terms of
changes in their metabolite profiles and bioactivity at varying incubation periods. The
same optimized conditions were established for SBT687 and SBT692 except for the
incubation period that took 7 days for SBT687 and 10 days for SBT692.

Based on optimal biomass of the cultures, as well as metabolite profiles and bioactivity
of the extracts, the optimum growth phase conditions were achieved to harvest the
cultures, the liquid cultures of SBT687 and SBT692 were then scaled-up to 15 L (30
x 500 mL) in thirty one-litre conical flasks, by inoculation with 10% (v/v) inoculum

in ISP2 medium, then incubated at 30 °C and 120 rpm for 7 and 10 days, respectively.
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2.4 Extraction

After the culture growth was terminated, about 500 mL of HPLC grade EtOAC was
added to the bacterial cultures and left overnight. Then, samples were individually
homogenized with an Ultra-turrax T 18 basic homogeniser, filtered using a Buchner
funnel with 110mm Fisherbrand filters (Fisher Scientific, Hemel Hempstead, UK) and
transferred to a 1L separating funnel. Followed by liquid-liquid partitioning of the
aqueous phase with 500 mL of EtOAC three times. The organic solvent was
evaporated in a rotary evaporator under vacuo; and the dried residue was reconstituted
in a minimum volume of EtOAC to be transferred to a tared storage vial then dried
over nitrogen. The extracts were then concentrated and stored at 4 °C till further work
up. The dried fractions were then reconstituted with the appropriate solvent for mass

spectrometry, NMR spectroscopy and bioassay screening as shown on Table 2.1.

Table 2-1 Samples analysis concentration and solvents used in the extraction
procedure.

Analysis Concentration Solvent
LC-HRMS 1 mg/mL 100%Methanol
or
80:20
Methanol/DCM
NMR 5 mg/600 pL DMSO-d6
<5mg/200 uL Or other suitable
solvent
Bioassay screening 10 mg/mL DMSO
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2.5 Liquid Chromatography — Mass Spectrometry
(LC-MS)

2.5.1 Material and instruments

HPLC grade solvents that included MeOH, DCM, ACN, FA, and water were used.
For crude extracts, fractions and pure compounds, both positive and negative mode
experiments were carried out using an Exactive mass spectrometer with an
electrospray ionization source attached to an Accela 600 HPLC pump with Accela
autosampler and UV/Vis detector from Thermo Scientific, Bremen, Germany. Mass
spectrometry was carried out over a mass range of 100-2000 Da in the positive and
negative ionization modes using a spray voltage of 4.5 kV and capillary temperature
at 270°C. Injecting volume used for each sample was 10 pL. A flow rate of 300pL/min
was utilised. The column used was an ACE Excel 3 C18 column (3um x 150mm x

3mm) from Hichrom Limited, Reading, UK.
2.5.2 Methods

All samples, crude extracts, fractions and pure compounds, were prepared at a
concentration of 1 mg/mL in 80:20 MeOH:DCM or 100% MeOH, depending on the
solubility characteristics of the samples. A solvent and media blank were also included
in MS runs. A binary gradient method was utilized. The two solvents consisted of A
(water and 0.1% formic acid) and B (ACN and 0.1% formic acid). The gradient was
carried out for 45 min culminating with 90 A % and 10% B at 0 min following a 30
min gradient to 0% A and 100% B, which remained isocratic until the 45" min after
which the column was further re-equilibrated back to 90 A % and 10% B for another
9 min. The UV absorption wavelength was set at 254 nm, the sample tray temperature
was maintained at 4°C and the column maintained at 20 °C. The samples were run
sequentially, with solvent and media blanks analysed first. HR-LCMS data was
acquired using Xcalibur version 2.2 from Thermo Scientific, Bremen, Germany, and

processed using the software described in section 2.9.
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2.6 Medium pressure liquid chromatography (MPLC)
and preparative high-performance liquid

chromatography (prep-HPLC)

2.6.1 Material and instruments

The solvents and reagents used were HPLC grade MeOH, DCM, EtOAC, ACN, FA,
acetone, water and were purchased as described in section 2.1 Medium pressure and
preparative liquid chromatography systems were used to isolate and purify the
bioactive secondary metabolites. The elution rate is higher than those used in
quantitative high-pressure liquid chromatography to attain a high-throughput
separation of the compounds from higher loading concentrations of mg to g levels. To
determine which solvent mixture and column to be used in the experiment, separation
of the different metabolites were optimised using different combinations of eluting
solvent systems on reverse (C18) and normal (silica) phased thin layer

chromatography (TLC). Details of the TLC procedure could be read in section 2.7.

One of the systems used was the Biotage Isolera™ One 2.0.4 Spektra flash purification
system from Biotage, Uppsala, Sweden. This had a photodiode array (PDA) detector
covering an UV wavelength range of 200-400 nm but did not have an evaporative light
scattering detector (ELSD). The Biotage had four solvent channels allowing four
solvents to be used in a binary gradient during a single run. Different Biotagee SNAP
loading cartridges were used according to individual sample characteristics, such as
the amount, polarity, complexity and solubility. Details on the respective samples will
be presented in the results and discussion chapters). The sample extract was dissolved
in a suitable solvent prior to loading it to a samplet. The samplet was then dried to get

rid of the carrier solvent and was placed over the column.

Another system used was the Revelerise Flash Forward from Grace Davison Sciences,
UK. This system has an advantage over the Biotage as it has two detectors, an ELSD
and a UV detector from which a certain working wavelength can be chosen between

the given ranges of 200-500 nm. This guarantees superior sensitivity, selectivity and

79



detection of all peaks including UV-inactive compounds. This system also allowed a
binary solvent gradient, but four different solvents could be used in a single run
because there are four independent solvent channels. The dissolved sample was mixed
with Celite® S and the carrier solvent was evaporated. The sample-loaded celite was
packed into a solid sample loader, the size of which was dependent on the amount of
sample and the size of the preparative column to be used that were obtained from
Reveleris, USA.

The appropriate size of the column and the flow rate, which ranges from 4 to 200 mL
were set according to the amount and complexity of the respective samples in terms of
the number of compounds to be separated. The pressure was automatically adjusted
according to the size of column used. The collector was built into the system and trays
recognised by the software. At final of the run the chromatograms could be saved and

printed.

The prep-HPLC system used was the Reveleris® Prep HPLC Flash forward system
from Grace Davison Discovery Sciences, US. The conditions were similar to the
Revelerise Flash Forward as this system has also two detectors, an ELSD and a UV
detector from which a certain working wavelength can be chosen between the given
ranges of 200-500 nm, the pressure was automatically adjusted according to the size
of the column used. However, the flow rate used could be lower (1 to 200 mL/ min)
than was recommended on the column brochure, the ELSD threshold is higher than 5
mv, liquid samples were injected up to 5 mL volumes directly into the system via a 6-
port loop injection valve. The column used was VisionHT C18 Highload 5um from
Dr.Maisch, Germany with 150 mm x 10mm dimensions.. Prior to injection, a sample
was dissolved into a suitable solvent, which is usually the same as the initial solvent
system of the chromatographic gradient. The mixture of the samples and solvents were

filtered through 0.22 um Millexe GP from Merck Millipore, Ireland.

At the end of the respective runs, columns were then flushed with 100mL of 1:1
MeOH:Acetone and collected as the wash. Fractions were then pooled using UV read-
outs for the respective peaks from the Chromatography System and their similarities

on a RP18 reverse or Si60 normal phase TLC plate eluted with the appropriate solvent
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system. Reverse phase plates were eluted with 1:1 ratio of ACN:H.O. Aliquots of each
fraction were prepared for MS (0.1 to 1 mg), NMR (where extract weight was at least
1 mg) and bioactivity assays (10mg/mL) as described in detail in Chapters 3, 4 and 5

under results and discussion.

2.6.2 Methods

2.6.2.1 Muricauda ruestringensis (SBT531)

First fractionation was performed on 1.3086 g of crude extract using the Biotage
MPLC Isolera™ One 2.0.4 Spektra flash purification system. The sample was loaded
on a normal phase SNAP HP-Sil 25g cartridge with a 3g samplet. Gradient elution
method was used with DCM (A) and MeOH (B) as solvent system. The gradient was
carried out for 160 min starting with 2% B at 0 min to 3% B in 5 min, which was held
for 70 min, then increased to 50% B at 70 min, which remained isocratic for the rest
of the run (Figure 2.1). The flow rate was at 12mL/min and maximum collection
volume was set at 10mL. The system marked the respective test tubes based on the
eluting peaks at real time as determined by UV from 254 to 280 nm. The column was
then flushed with 100mL of 1:1 MeOH:Acetone and this was collected as the wash.
Fractions were then pooled using UV read-outs from the Isolera™ One 2.0.4 Spektra
flash purification system and similarities in TLC on Si60 normal phase plates using

DCM and MeOH as solvent system.
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Figure 2-1 Chromatogram from SBT531 first fractionation using the Biotage Isolera™
One 2.0.4 Spektra flash purification system.

Fraction 4 (SBT2311) Figure 2.2, Fraction 9 (SBT2316) Figure 2.3, Fractions 6 and 7
combined (SBT2313 and SBT 2314) Figure 2.4, were subjected to further purification
using the Reveleris Prep HPLC system. The column vision HT C18 5u was used on a
binary gradient elution method using water with 0.1% FA (A) and ACN with 0.1% FA
(B) as solvent systems. The gradient was carried out for 70 min with a flow rate of
5mL/min as follows: culminating with 5% B at Omin to 100% B at 60min, which was
then held for 10 min. Samples were dissolved in less than 5SmL of the starting eluents
and filtered prior to injection. It is important to use an injection volume less than the 5

mL injection loop volume.
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Figure 2-2 Chromatogram from SBT531-Fraction 4 (SBT2311) sub-fractionation using
the Reveleris Prep HPLC system.
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Figure 2-3 Chromatogram from SBT531-Fraction 9 (SBT2316) sub-fractionation using

the Reveleris Prep HPLC system.
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Figure 2-4 Chromatogram from SBT 531-Fraction 6+7 (SBT2313+SBT2314) sub-

fractionation using the Reveleris Prep HPLC system.

2.6.2.2 Micromonospora sp. N17 (SBT687)

First fractionation was performed on 131.9 mg of crude extract using the Reveleris™

Flash Chromatography System using a reverse phase C18 column 40g and gradient
elution method using water (A) and ACN (B). The gradient was carried out for 100
min as follows;10% to 100% B from 0 to 70 min, which was held at 100% B for

another 30 min for the rest of the run (Figure 2.5). The flow rate was 20mL/min and

fractions were collected at a maximum volume of 15mL each. Fractions were then

pooled by also using their chromatogram similarities on a reverse phase TLC plate.
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The total yield of all fraction were sent to PharmaQ (Norway) to perform bioactivity

inhibition assays against parasite Lepeophtheirus sp. (sea lice).
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Figure 2-5 Chromatogram from SBT687 first fractionation using the Reveleris™ Flash
Chromatography System.
1500 2.00
4B
1200 1.60
4B
s
Z 900 120 5
a AB g
@ 600 080
2 4B 2
300 040
AB AB AB
. - L
= = 0.00

10

=] EEma

20

30

ERSY WY FpEST

40
Time {min)

50

n =

60

Figure 2-6 Chromatogram from SBT687 second fractionation using the Reveleris™
Flash Chromatography System.

A second fractionation was performed on 396.1 mg of crude extract using the

Reveleris™ Flash Chromatography System with a 40g C18 reverse phase column by

gradient elution method using water (A) and ACN (B). The gradient was carried out

for 70 min as followed; 2% to 5% B at 0 to 5 min, which was then held for 25 min at
5% B, then gradient increased to 50% B for 10 min to the 40" min then to 100% B to

the 60'™ min which was then held for another 10 min to the end of the run (Figure 2.6).

The flow rate was 40mL/min and fractions were collected to a maximum volume of

25mL

each.
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2.6.2.3 Micromonospora sp. N74(SBT692)

First fractionation of the 15L scale-up was performed on 1.3g of crude extract using
the Reveleris™ Flash Chromatography System using a reverse phase C18 column 40g
and gradient elution method using water and 0.1% FA (A) and ACN and 0.1% FA (B).
The gradient was carried out for 95 min and the program followed; at 0 min B=3%
,going to 5% at 10 min which was held for 10 min, going 10% at 20 min during 10
min, going to 20% at 30 min which was held during 20 min, going to 50% at 50 min
which was held during 10 min, going to 100% at 60 min which was held the rest of the
run (Figure 2.7). The flow rate was 20mL/min and test-tubes containing a maximum
volume of 25mL were collected based on the real time indication of eluting

compounds, determined by UV.
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Figure 2-7 Chromatogram from SBT692 first fractionation using the Reveleris™ Flash
Chromatography System.

Second fractionation of the 15L scale-up was performed on 1.1 g of crude extract using
the Biotage MPLC Isolera™ One 2.0.4 Spektra flash purification system on a reverse
phase SNAP Kp-C18-Hs 30g cartridge with a 3g C18 samplet. A gradient elution
method was used with 0.1% FA in water (A) and 0.1% FA in ACN (B). The gradient
was carried out for 85 min with a stepwise increase of solvent B every 10 minutes. The
run started with 3% to 5% B for the first 10 min, then increased from 5% to 10% B in
the next 10 min or the 20™" min, followed by 10% to 20% B at 30 min, 20% to 30% at
40 min, 30% to 50% at 55 min, 50% to 100% at 70 min, which was held for 10 min
during the rest of the run (Figure 2.8). The flow rate was 25mL/min and maximum
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collecting volume was 18mL. Fraction were monitored on Si60 normal phase plates

using DCM and MeOH as solvent system.
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Figure 2-8 Chromatogram from SBT 692 second fractionation using the Biotage
Isolera™ One 2.0.4 Spektra flash purification system.

2.7 Thin layer chromatography (TLC) and
preparative TLC

2.7.1 Materials and instruments

TLC was performed on normal phase silica gel 60 F2s4 aluminium-plates and on
reverse phase silica gel 60 RP-18 F2s4 S aluminium plates. Preparative TLC were done
on TLC plates silica gel 60 F2s4 20x20 cm aluminium sheets and were all purchased
from Merck KGaA, Germany. The capillary tubes used to load the samples onthe TLC
plates were obtained from Hirschmann, Germany. The handheld UV lamp used as a
detector has two wavelengths at 254 (short UV) and 365 nm (long UV). The spraying
reagent as described below was prepared with sulfuric acid from Fisher Scientific, UK,

acetic acid from Sigma-Aldrich, US and Anisaldehyde from Acros Organics. The other
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reagents used to dissolve the sample and to the solvent systems vary according to the

individual sample characteristics and are detailed in section 2.1.

2.7.2 Methods

The TLC allows a good and relatively simple separation of the compounds of an
extract or a fraction. Frequently, the solvents used in normal-phase are DCM, MeOH,
EtOAc and n-hexane while in reverse phase is ACN and water. Sometimes drops of
formic or sulfuric acid was added to enhance the separation. The samples were
dissolved in suitable solvents (usually MeOH or acetone) and a small volume was
spotted 1 cm above the bottom edge of the TLC plate. Chromatograms were developed
until the eluting solvent reached around 5 cm of length of the plate. The developed
plates were then dried and were observed under the UV lamp. Any band observed was
marked with a carbon pencil, usually using the letters S (short), L(long) and B (blue),
V(violet), O(orange), G(Green), R(red) for the wavelength used and different colours
observed. TLC plates were then sprayed with Anisaldehyde/H>SO4 reagent (mixture
of 0.5 mL of anisaldehyde, 85 mL of methanol, 10 mL glacial acetic acid and 5 mL of
concentrated H.SO4 added slowly to give a final volume of 100.5 mL) and heated at
170°C-200°C using a heat gun that allows the visualization of organic compounds
without UV absorbance such as steroids, terpenes, phenolic acids among others
carbonyl group containing molecules. The Rf values of the observed bands that
corresponded to the analyte migration were calculated according to the following

equation:

distance of analyte migration
Rf value =

distance of mobile phase migration

A preparative TLC was used when the amount of sample was too low (<50 mg) to
perform further fractionation by prep-HPLC. An analytical TLC was first
accomplished to get the suitable solvent system for the best chromatogram separation
for the preparative experiment. The TLC chamber was equilibrated with the mobile
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phase for at least 10 min by placing a filter paper inside the chamber. Equilibration
was completed when the filter paper is saturated with the solvent system. Meanwhile,
the samples were spotted along a line 2 cm above the bottom edge of each TLC plate.
After elution the bands were observed under UV light and were marked using a carbon
pencil as described above. All individual eluted bands were recovered by cutting the
marked bands into several pieces and immersed then stirred in 100 mL acetone
overnight. The stirring step was repeated twice, each time for 1 hour, and the
supernatant was filtered and collected in a tared round bottom flask to dry using the
rotary evaporator. The dried residue was reconstituted in a suitable solvent to be

transferred to a weighed vial, then dried under nitrogen prior to further analysis.

2.8 Nuclear Magnetic Resonance

2.8.1 Material and instruments

NMR experiments were carried out on a Jeol-LA400 FT-NMR spectrometer system
equipped with a 40TH5AT/FG probe (JEOL, Tokyo, Japan) in Strathclyde Institute of
Pharmacy and Biomedical Sciences (SIPBS), University of Strathclyde. Selected
samples were measured on the Bruker Biospin GmbH-NMR instrument from Bruker,
Germany, equipped with a 5mm BB-1H/19F/D probe, both AVIIIHD500 and AV600
are equipped with a BCU-05 unit for automatic cooling of probes to 0° C, from the

Department of Pure and Applied Chemistry, University of Strathclyde.
2.8.2 Methods

Crude extracts and fractions were prepared by dissolving 5 mg of bacterial extract in
600 uL DMSO-d6 (Sigma-Aldrich, Dorset, UK) or other suitable deuterated solvent.
These were transferred to 5 mm 7” 400 MHz NMR tubes (Norell, US. Wilmad®). For
fractions and pure compounds generated with limited sample weights (<5 mg), the
total fraction was dissolved in 200 uL. DMSO-d6 (Sigma-Aldrich, Dorset, UK) and
transferred to a 3mm 7” 400 MHz NMR tube (GPE scientific, Bedfordshire, UK).
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For Mosher ester experiments for determining the absolute configuration of
stereogenic carbinol carbons, 1 mg aliquots of each sample were dissolved in 700 pL
of pyridine-gs, transferred to two NMR tubes and had their *H and *H-'H COSY spectra
measured. Afterwards, 5 uL of (S)-(+)-MTPA-CI and ((R)-(-)-MTPA-CI were added
to the respective aliquots. The NMR tubes were shaken thoroughly and were allowed
to stand at room temperature for 72 hours. The reaction was monitored by *H and *H-
'H COSY every 24 hours. Changes in chemical shifts of the sterogenic carbinol
protons for the respective chiral reagents were then recorded at the end of the reaction.
All experiments were processed by MestreNova (Mnova) 10.0.2 developed by
Mestrelab Research, Spain. Chemical shifts are given in ppm and coupling constants

in Hz.

2.9 Software

2.9.1 Data analysis tools for LC-MS data

Raw data were initially sliced into two data sets based on the ionization mode (positive
and negative modes) using the MassConvert tool from ProteoWizard. The sliced data
sets were imported and processed in modified version of Mzmine 2.10 using
predefined settings to extract features from the raw data. The following data processing
steps were carried out using MZmine; peak detection, (mass detection and
chromatographic builder), deconvolution, deisotoping, filtering, alignment and gap
filling. Identification of adducts and complexes and formula prediction steps were
carried out to predict possible molecular formulae for each feature and to minimize
mis-assignment of features by eliminating adducts and complexes.

Data was then exported as a CSV file for further clean-up. An In-house EXCEL Macro
was developed by Dr Tong Zhang and was adapted for both dereplication and
metabolomics study as described by Macintyre et al., (2014). An accustomed library
was created by employing an algorithm to use the molecular formula data set from
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Antibase® (February 2013), Marinlit® (September 2013), and DNP (December 2016)
from which the monoisotopic exact masses were recalculated. The customized library
was used instead of the manually curated Antibase, MarinLit and DNP databases,
which do not differentiate between monoisotopic, average, and most abundant mass.
The created library was then coupled to MZmine and employed as the custom database
for peak identification and dereplication. “Hits” and unidentified peaks were double
checked against the MS raw data in Xcalibur 2.2 (Thermo, Scientific, Germany). A
CSV file was also used to generate a heat map from programming software R version
x64 3.0.3 using a script utilizing the g-plot package (R Foundation for Statistical
Computing, Austria). The in-house macro was utilized to match the m/z ion peaks in
each bacterial extract with compounds in the database (using RT and m/z threshold of
3ppm) to provide details on the putative identities of all metabolites in each bacterial

extract and the number of remaining unknowns for each extract.

The data was analysed using SIMCA V 15.0.2. For the MS data, the MZmine ID
number was merged with the ionization mode to generate a unique primary ID, while
the other variables like retention time, m/z, and molecular weight were considered as
secondary IDs. Principal component analysis (PCA), an unsupervised statistical
analysis method was initially used to analyse the data sets. A supervised statistical
analysis method with orthogonal partial least squares discriminant analysis (OPLS-
DA) was afterwards utilised to compare groups and discriminate metabolites
according to a known variable that classified the groupings. Both methods were done
applying the Pareto scaling and the models were validated based on multiple
correlation (R?) and cross-validation (Q?) coefficients as well as by permutation tests
for the supervised method. The In-house EXCEL Macro described above was then
employed to identify the top 20 features (ranked by peak intensity) and corresponding
putative identities in each sample by creating individual CSV files for each extract.
Hits from the database were accessed using ChemBioFinder version 13 (PerkinElmer
Informatics, Cambridge, UK).
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2.9.2 NMR

The data obtained was processed with MestReNova (Mnoval0.0) software to confirm
chemical structures. *H spectrums were processed. The baseline was corrected by
manual phasing and by using the Whittaker Smoother. Gaussian was set to 1 Hz for
apodization. Chemical shifts were given in ppm and coupling constants in Hz. The
NMR data was also statistically analysed using SIMCA V 15.0.2 For the NMR data
the chemical shifts in ppm was used to generate the unique primary ID while there

were no other secondary IDs considered.
2.10  Optical Rotation

Compounds with chiral centres were required to determine their optical rotation.
Stereoisomers could rotate linearly polarised light counter-clockwise (-) or clockwise
(+). Optical rotation experiment was performed with Mr Gavin Brain from the
Department of Chemistry, University of Strathclyde, based on a standard operating
procedure for measuring optical rotation on the Perkin Elmer 341 polarimeter
(PerkinElmer Inc., US) at 589 nm. The compound samples were dissolved in MeOH
or other suitable solvent (spectral grade) to a concentration of 2mg/mL. The specific

optical rotation for each sample is calculated using the equation:

[“]T,_100a
=IC

Where o is the average of first ten readings of the rotation value, | the cell volume in
mL (the value of I for the micro test cell is 1) and C is the concentration in g/mL,

measures done at 20° C.
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2.11 Bioassay screening

2.11.1 Materials, reagents, instruments and software

The cell lines used in this project were human normal keratinocytes (NCTC), human
colon carcinoma derived from lung metastasis (T84), human colon adenocarcinoma
primary tumour (HT29), human colon adenocarcinoma (CaCo2), human breast
adenocarcinoma (MCF-7), human breast adenocarcinoma (MDA-MB-231). All cell
lines were deposited and maintained at the University of Strathclyde. Medium 199
(M199) and geneticin was purchased from Life Technologies, Thermofisher, UK.
Eagle’s medium (DMEM), Eagle’s red phenol free (DMEM) and TrypLE™ Express
were purchased from Gibco BRL, UK. Foetal bovine serum (FBS), L-glutamine,
penicillin/streptomycin solution and blastidicin were from Invitrogen, UK. Hanks’
balanced salt solution (HBSS), non-essential amino acid (NEAA), TNF alpha, MG132
and Triton X-100 were purchased from Sigma-Aldrich, UK. Bright-Glo was purchased
from Promega, UK. AlamarBlue® was obtained from Biorad. For the experiments in
this project, 25 cm?, 75 cm? and 150 cm? sterilised tissue culture flasks, falcon tubes,
96-well black plates with clear bottom with lid were from Corning Incorporated, USA.
Clear 96-well tissue culture plates were from TPP®, Switzerland. Three different types
of micro 96-well plates, ones with a clear bottom, others half area clear and half area
solid black area plates were purchased from Greiner bio-one, Germany.

The cell lines were all grown and incubated in Napco 5410 incubator from Napco,
USA or HERA cell 150 from Thermo Scientific, UK, at 37°C in a humidified
atmosphere saturated with 5% CO,. The cabinet used was the SterilGard biological
safety cabinet from The Baker Company, USA. The IEC Medispin centrifuge was
purchased from Thermo Scientific, Germany. The Bright-Line haemocytometer was
obtained from Reichert, US. The water bath was from Clifton, UK. The microscope
was from Olympus Optical, Japan. The Wallac Victor 2 (PerkinElmer, UK) was used
for measuring the fluorescence, ex560/em590nm and ex360/em460nm, absorbance at
405nm and luminescence and was from PerkinElmer, UK. The calculations were

performed by Microsoft EXCEL 2019 and graph bar charts, dilution and dose response
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curves were designed by non-linear regression analysis using GraphPad Prism V 6.0

developed by GraphPad Software, US.

2.11.2 Cell culture: media preparation, cell splitting and

seeding

All cell lines were stored long term in liquid nitrogen. The NCTC medium was
cultured in M199 medium that was supplemented with 100 1U/mL/100 pg/mL
penicillin/streptomycin and 10% (v/v) FBS. Cell lines T84, HT29, MCF-7, MDA-MB-
231 were cultured in DMEM supplemented with 1% (v/v) L-glutamine and the same
as for M199. CaCo2 was also cultured in DMEM but supplemented with additional
1% of NEAA. The pH of all media was adjusted between 7.35-7.45 by adding drops
of sterile sodium hydroxide 0.1N. After collecting the cell lines from storage cryogenic
dewars , they were thawed in a water bath at 37°C and then were transferred to a 25
cm? seeding flask with 5 mL of medium and grown at 37°C in a CO2 incubator. The
cells were checked every day to verify the growth and if necessary, the medium was
changed to feed the cells to promote the growth. The cells were sub-cultured by
trypsinisation twice a week, every 3 — 4 days and maintained at 37°C in a humidified
atmosphere saturated with 5% CO> until the cells reached 80% confluency. After
checking the confluency under the microscope, the medium was removed from the
flask containing the cells. The cells were then washed twice with HBSS, removing and
discarding the HBSS after each wash. TrypLE Express was then added to the flask to
detach the cells from the flask wall. The cell lines were incubated for 2-10 min at 37°C.
The incubation period depends on the used cell line. Pre-warmed medium was added
to the flask to stop the action of TrypLE Express. Cells were then transferred to a 15
mL falcon tube then centrifuged for 2 mins. After centrifugation, the supernatant was
discarded, and the remaining cell pellet was resuspended in pre-warmed medium at
37°C. The volume of medium used to resuspend the cell pellet was proportional to the
size of the pellet. Meanwhile, the haemocytometer was cleaned with 70% alcohol and
15 to 20 pL of the cell suspension was added to the chamber to count the number of
cells. The volume of the cell suspension transferred to a new seeding flask was

calculated according to the following equation:
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seeding density(ccilllzs)

v = cells” X areaof the flask (cm?)
cell count x 10* )

The volume of the cell suspension used to seed a 96-well plate for the different assays

was calculated according to the following equation:

seeding density(cellzs)
vl = ggllls X v2
cell count x 10% ( )
mL

Where v1 is the volume of cell suspension in mL to be added to the new falcon tube
completed to v2, whilst v2 represents the total needed volume of medium in mL used
for the 96-well plate with a varying number of samples. The flask seeding densities for

the cell lines vary according to the cell growth and were listed on Table 2.2.

Table 2-2 Seeding densities (cell/cm?) for the used cell lines.

Cellline NCTC T84 HT29 CACO2 MCEF-7 MDA-
MB-231
Flask 0.4 -0.8 x 104 1-3x10* 1-3x10* 1x10* 0.5x104 0.5x104

96-well 5x10%or2 x 10* 10 x 10* 10 x 10* 10 x 10* 10 x 10* 10 x 10*
plate (NFkp or cytotox)

Initially all fractions were tested at a concentration of 30 pg/mL for all the performed
assays. To obtain the dilution curves, samples were tested from 0.003 to 100 uM by
serial dilution. After a certain number of hours of incubation time, fluorescence,
absorbance and luminescence were read on a Wallac Victor 2. Further statistical

procedures were carried on GraphPad Prism v6.0.
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2.11.3 Sample preparation

The samples were prepared by dissolving the required weight of sample in an
appropriate quantity of DMSO, to give a concentration of 10 mg/mL or 1 mg/100pL.
These samples were then stored as stock samples and were kept at -20°C in a sealed
polypropylene plate. This plate was the stock solution used for serial dilution for all
the assays. Initially, all the samples were tested at one concentration of 30pug/mL (1.2
puL sample from the stock solution with 99 pL of medium) to evaluate their in vitro
activity. However, where there was elicited activity, these samples were added in serial
dilutions ranging from 0.003 uM to 30 uM to obtain a dilution curve (Figure 2.9).

A 1.2 uL sample+
99 L of media

B 33 pL sample+
67 uL of media

C 10 pyL sample
+ 90 pL of media

E 10 pL sample in each step

+ 90 pL of media

F 10 pyL sample
+ 90 L of media

G 10 uL sample
+ 90 pL of media

D 10 uL sample |/ 10 yL of
+ 90 pL of media \ sample added

H 10 uL sample
+ 90 pL of media

Figure 2-9 The preparation of the serial concentration dilutions of the samples.
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2114 Alamar Blue assay: cell viability and cytotoxicity

Crude extracts, fractions, and pure compounds from SBT531, SBT687 and SBT692
strains were tested on T84, HT29, CaCo2, MCF-7 and MDA-MB-231 cell lines as well
as on normal NCTC cell line, in order to test their cytotoxicity using the Alamar Blue
assay. Cell viability and consequent cytotoxicity to cancer cells were tested by
following the same principles and steps used on normal cells. All samples were tested
in independent triplicate assays and the viability percentages of control were
calculated. The crude extract or fraction was considered to have cytotoxic effect if it
resulted in < 40% viability of the tested cells with results confirmed by microscopic
visualisation. For the initial screening, the crude extracts and fractions were tested at

a concentration of 30ug/mL.

The positive control (column 1 of the 96-well plate) consisted of untreated cells with
100% viability, which means wells containing only cells with medium, and the
negative control contained cells treated with 0.1% of Triton X-100 (column 12). All
samples were added to the cell lines to test at a final concentration of 30ug/mL in a
96-well clear plate and incubated for 48 hours at 37°C in a humidified atmosphere
saturated with 5% COo>. In parallel, T84 and HT29 cell lines were incubated for 72
hours with sample. Alamar Blue, in a final concentration of 10% (v/v), was then added
to the seeding plate containing the cell line with the test samples to assess the cell
viability. The test plates were incubated for 4 to 6 hours after which, fluorescence
measurements were taken at 560 nm and 590 nm wavelengths using a Wallac Victor
microplate reader. The seeding plates were observed under the microscope throughout
the incubation period, and perceptible cell changes were recorded to compare with the

statistical results.
2.11.5 NFkB Luciferase method.
The NFkp Luciferase (inflammatory marker) assay was performed to test the inhibition

of the NFkp pathway ability of SBT687 and SBT692 extracts and fractions on NCTC
cells. This cell line was previously genetically modified and designed for monitoring
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the NFKp signal transduction pathways. The cell line contained a luciferase gene that
when activated, it induced the transcription of the luciferase reporter gene and can be
measured by luminescence. NCTC cells were treated with 0.1% blasticidin (20 pl in
20 mL) and 0.8% geneticin (160 pl in 20 ul) on every 2-3 passages to select the cells
containing the modified genes. On the first day of the experiment, a black clear bottom
plate was seeded with 1x10* cells/well in a volume of 200uL of normal growth
medium per well and incubated for 48 hours at 37°C in a humidified atmosphere
saturated with 5% CO.. FBS (0%) phenol red-free DMEM was used to prepare the
samples. After 72h, the medium was removed with a multichannel pipette and 50ul
/well of 0% FBS phenol red-free DMEM was added. The cells must be in serum-free
medium for at least thirty minutes prior to adding the test samples to the plate.
Meanwhile, TNFa medium was prepared by adding 1.5 pl of 10 pg/mL of TNF a to
10 mL 0% FBS phenol red-free DMEM medium. 10ml of TNF a is used per plate to
make a final concentration 0.75 ng/mL in each well. The TNFa medium was used to
prepare the samples and MG132 control.

The MG132 curve was designated on column 12 (A12 to H12). MG132 was prepared
in the TNFo medium. In well position A12, 5 pl of 10mM MG132 stock solution was
added to 245 pl of TNFa medium, to make a final concentration of 100 uM MG132.
In well position B12, 1.5 pl of 10mM stock of MG132 and 249 pl TNFa medium was
added to make a final concentration of 30 UM MG132. Next, 1 in 10 serial dilutions
of MG132 were performed. 25uL of MG132 from a previously prepared well was
added to 225 pL TNFo medium (Figure 2.10). To column 1 (A to D,) 0% FBS phenol
red-free DMEM (100 pl) was added. To column 1 (E to H), 50 pL of 0% FBS phenol
red free DMEM and 50 pL of TNFa medium were added, giving a total of 100 pL.
After 4h of incubation at 37 °C, the medium was removed from the wells and 50 uL
of 1:1 Bright-Glo: 0% FBS phenol red free DMEM was added to each well. The plate
was wrapped in foil and incubated in the dark at room temperature for ten minutes.
Wallac Victor 2 was used to read the luminance 1s096lum and results were analysed

using GraphPad Prism v6.0.
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A12 5 pL of MG132+
245 1L of media

B12 1.5 uL of MG132+
249 L of media

C12 25 pL of MG132+
225 L of media

D12 25 pL of MG132+ 25 uL of
225 L of media MG132

E12 | 25 pL of MG132+ addhed in
225 L of media each step

F12 25 pL of MG132+
225 L of media

G12 25 pL of MG132+
225 L of media

H12 25 pL of MG132+
225 L of media

Figure 2-10 Preparation of serial concentration dilutions of the standard curve of MG132
for the NFkB Luciferase assay.

2.11.6 PTP1B assay

The PTP1B assay was performed on SBT531 extracts, fractions and pure compounds
and on SBT587 extracts. The assay buffer was freshly prepared for each experiment

accordingly as shown in Table 2.3.

Table 2-3 PTP1B assay buffer preparation.

Reagent Weight/Volume Supplier/code
Catalase* 12.5mg Sigma C1345
HEPES (25mM) 297 mg Sigma H3375
Sodium chloride (50mM) 146 mg Sigma S9625
Dithiothreitol (2mM) 15.4 mg Sigma D5545
EDTA (2.5mM) 36 mg Sigma E1644
BSA (0.01mg/mL) 50 pL of 10mg/mL Sigma A2153

*The catalase was added first and directly weighed into the buffer stock bottle followed by the other
ingredients. 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid-d18 (HEPES), Ethylene-diamine-
tetra acetic acid (EDTA), Bovine serum albumin (BSA). The PT1B assay buffer was made up to 50 mL
with distilled water at a pH of 7.2 (acceptable range: 7.18-7.22) at 37°C.

The enzyme buffer was prepared accordingly as shown in Table 2.4.
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Table 2-4 Enzyme buffer preparation.

Reagent Weight/Volume Supplier/code
HEPES (50mM) 595 mg Sigma H3375
Dithiothreitol (5mM) 38.5mg Sigma D5545
EDTA (ImM) 14.6 mg Sigma E1644
NP-40 (0.05%) 25 puL Sigma 98379

4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid-d18 (HEPES), Ethylene-diamine-tetra acetic acid
(EDTA), Nonidet™ P-40 (NP-40). The enzyme buffer was made up to 50 mL with distilled water with
the pH adjusted to 7.2.

The PTP1B enzyme (Sigma P6244-50UG) was prepared with aliquots of 13 uM stock
into 20 pl lots, made to 52 nM concentration, i.e. 20 pl of 13 uM in 5 mL enzyme
buffer and aliquoted into 1 mL lots to aliquot into 100 ul per tube. A 100 pL of the 52
nM aliquoted PTP1B enzyme was added to 2.4 mL of PTP1B enzyme buffer per plate
giving a final assay concentration of 1nM. The 6,89-difluoro-4-methylumbelliferyl
phosphate (DiFMUP) solution was prepared by adding 1.71 mL of DMSO to 5mg of
DiFMUP to make a concentration of 10 mM. For every plate, 5pL of 10mM DiFMUP
was prepared in 1.25 mL of assay buffer. Bis(4-trifluoromethylsulfonamidophenyl)-
1,4-diisopropylbenzine (Protein Tyrosine Phosphatase Inhibiter 1V) (TFMS)
(Calbiochem 540211) was prepared with 10mg of the inhibiter dissolved in 1.64mL of
DMSO for a 10mM concentration.

Column 12 of the dilution plate provided the TFMS curve. On well A12, with a
concentration of 400uM of TFMS (to make 100 uM), 4pL of 10mM of TFMS was
added to 96 pL of assay buffer. In well B12, with a concentration of 120uM (final 30
uM), 1.2uL of 10mM of TFMS was added to 99 uL of assay buffer. From wells C12
to H12, 1 in 10 serial dilutions were performed using a multiple-channel pipette by
taking 10 pL of the TFMS mixed with the assay buffer from the previously prepared
well into 90 pL of assay buffer. To illustrate, 10 uL was taken from A12/B12 to
C12/D12, and then 10 pL from C12/D12 to E12/F12 and finally taking 10 puL from
E12/F12 to G12/H12 (Figure 2.11).
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A12 4 uL TFMS+
96 uL assay buffer
B12 1.2 yL TFMS+
99 uL assay buffer
C12 10 yL TFMS
+ 90 pL assay buffer |
D12 10 yL TFMS \ 10 L of
+ 90 uL assay buffer TFMS added
E12 10 yL TFMS in each step
+ 90 L assay buffer
F12 10 yL TFMS
+ 90 uL assay buffer
G12 10 yL TFMS
+ 90 uL assay buffer
H12 10 yL TFMS
+ 90 uL assay buffer

Figure 2-11 The preparation of the serial concentration dilutions of the standard curve
of TEMS for the PTP1B assay.

A half-area 96-well black plate was used for this assay method. To column 1 (positive
control), 10 pL of buffer was added. To column 12 (negative control), 10 pL of TFMS
was added to obtain the standard curve. To columns 2-11, 10 pL of sample was added
to 20uL PTP1B enzyme for each well. The plate was wrapped in cling film and
incubated for thirty minutes at 37°C. After the incubation period, 10 pL of DIFMUP
substrate was added to each well and incubated for 10 minutes at 37°C. Wallac Victor
2 was used to read the fluorescence at ex360/em460nm and results were analysed using
GraphPad Prism v6.0.

2.11.7 Alpha-glucosidase assay

The alpha-glucosidase screening assay was performed on SBT531 extracts, fractions
and pure compounds as well as on SBT587 extracts. Solution A was prepared by
dissolving 13.9 g of sodium phosphate monobasic dihydrate (Sigma 04269) in distilled
water. Solution B was prepared by dissolving 26.8 g of sodium phosphate dibasic
heptahydrate (Sigma S9390) in distilled water. The 0.1mM assay phosphate buffer was
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prepared with 25.5mL of Solution A and 24.5mL of Solution B, then made up to
100mL using distilled water at pH 6.8. The yeast a-glucosidase (EC 3.2.1.20) (Sigma
G0660) at 0.2 units/mL was prepared by adding 13uL of the stock solution into 2.5mL
of buffer. The substrate consisted of 1.8mg p-nitrophenyl-a-D-glucopyranoside
(Sigma N1377) dissolved in 1500uL of buffer giving a concentration of 4mM.
Acarbose (Sigma A8989-1G) solution was prepared by dissolving 13mg of acarbose
in 200 pL of buffer to give a concentration of 100mM then sonicated. Column 12 of
the dilution plate was the standard curve for acarbose. Into well A12, 100 pL of
100mM acarbose was added. To well B12, 40 pL of 100mM acarbose was added into
60 pL of buffer. In well C12, 12 yuL of 100mM acarbose was added to 88 pL of buffer
and from D12 to H12, 1 in 10 serial dilutions were performed using a multiple-channel
pipette by adding 10 pL of acarbose from the previous well to 90 pL of buffer. To
illustrate, by taking 10 pL from B12/C12 into D12/E12, and then 10 pL from D12/E12
into F12/G12 and finally taking 10 pL from F12 into H12 (Figure 2.12).

A12 | 100 pL acarbose

B12 | 40 uL acarbose
+ 60 uL buffer

C12 | 12 uL acarbose
+ 88 uL buffer

D12 | 10 uL acarbose
+ 90 uL buffer 10 yL of

E12 | 10 uL acarbose acarbose
+90 pL buffer added in

each step
F12 | 10 pL acarbose
+ 90 uL buffer

G12| 10 pL acarbose
+ 90 uL buffer

H12 | 10 pL acarbose
+ 90 uL buffer

Figure 2-12 The preparation of the serial concentration dilutions of the standard curve
of acarbose for the alpha-glucosidase assay.

For the assay, a half-area 96-well clear plate was used. To the well positions from A2-
H11, 10 pL of sample was added, and in wells A12 to H12, 10 pL of acarbose standard
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was added. In wells Al to D1, 10 pL of buffer was added, and in wells E1 to H1 30
pL of assay buffer was added. Into wells Al to D1 and A2 to Hgl12 was added 20 pL
of yeast a-glucosidase enzyme. Subsequently, there was an incubation time of 10 min
at 37°C, then 10 pL of the substrate was added into all wells and again incubated for
10 min at 37°C. Wallac Victor 2 was used to read the absorbance at 405nm, and results

were analysed using GraphPad Prism V 6.0.

2.12 Genomics

2.12.1 DNA extraction

For the extraction of the SBT531 DNA, isolate 11 genomic DNA kit and the protocol
from Bioline, a Meridian Life Science® Company, was used. The sample was initially
prepared by adding up to 5 mL of liquid broth bacterial culture to a falcon tube, then
centrifuged for 5 min at 8000xg and the supernatant was then removed. On the pre-
lysis step, the pellet was resuspended in 180pL lysis buffer GL and 25 pL of Proteinase
K solution then vigorously vortex and transferred to a sterile 1 mL Eppendorf cap. The
sample was then incubated for 1-3 hours at 56°C, until completely lysed by vortexing
occasionally. Lyses was completed when the sample solution clears up. After
incubation, 200 pL of Lysis buffer G3 was added, then vortexed and incubated at 70°C
for 10 min to further lysis the sample. The sample was then centrifuged at 16.000 x g
for 5 min, then the supernatant was transferred to a new Eppendorf cap. This was
followed by the addition of 210 pL of ethanol and the sample was again vortexed to
adjust the DNA binding conditions. The sample lysate was transferred to a new
eppendorf cap that was provided in the kit, and again centrifuged at 11.000 x g for 1
min then the supernatant was discarded. The silica membrane was washed with 500
puL of Wash Buffer GW1 then with 600 pL of Wash Buffer GW2. The sample was
centrifuged two times at 11.000xg for 1 min, then the supernatant was discarded. The
silica membrane was dried and centrifuged at 11.000 x g for 1 min. Meanwhile, purite
water was heated to 70°C then filtered and 50 to 75 pL of the heated purite water was
added to the sample and incubated at room temperature for 3 minutes then centrifuged
at 11.000 or 16.000 x g for 1 minute to elute the isolated DNA.
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2.12.2 DNA quality/quantity controls

The DNA was quantified by reading the nucleic acid concentration with the Nanodrop
2000/2000L spectrophotometer, Thermo Scientific. Initially, 2 uL of water was added
twice to do the blank. The amount of DNA in ng/pL was determined from 2 pL of the
sample by measuring the absorbance at 260/280 and 260/230. The ratio of absorbance
at 260/280 was used to access the purity of DNA and RNA. The ratio must be
approximately 1.8 for a “pure” DNA. The lower ratio is evidence of the presence of
protein, phenol or other contaminants. The ratio of absorbance at 260/230 was used as
a secondary measure of nucleic acid purity and the expected values must be in the
range of 2.0-2.2. If the ratio is lower, this indicates the presence of contaminants that
absorb at 230 nm. The DNA was subjected to another quality control by running an
agarose gel with Fisher reagents. The gel was added to a gel tank from Jencons, run
on a BioRad chamber and visualized with a visualizer from INgenius, Syngene. The
agarose gel was prepared by dissolving 0.6 g of agarose with 1 pL of ethidium bromide
in 50 pL of 1x diluted TridAcetateEDTA (TAE) 1x buffer, then the gel was poured
into the gel electrophoresis tank and solidified. After that, the plate was filled with the
TAE 1x diluted buffer and 6 uL of HyperLadder Il and was introduced to one of the
wells of the plate. Isolated DNA sample was prepared by mixing 3 pL DNA with 1
pL dye and 2 pL ¢H20, then the mixture was introduced to the wells with a 6 pL blank.
The gel was run for 3-40 min under a 100 volts voltage. After the run was finished, the
gel was examined under the 302/312 nm UV-B. The last quality control was performed
with Qubit dsDNA HS assay kit from Invitrogen by Life Technologies and results
were read on the Qubit 2.0 Fluorometer, Invitrogen by Life Technologies. The sample
and standards were added to labelled 0.5 mL tubes. The Qubit working solution was
initially prepared by diluting the Qubit dSDNA HS reagent at 1:200 in Qubit dSDNA
HS Buffer and the final volume of each tube must be 200 pL. 190 pL of Qubit working
solution was added to each of the standard tubes while 10 pL of each Qubit standard
was added to the appropriate tube, then briefly vortexed. Qubit working solution (180—
199 pL) was incorporated to the sample tubes so that the final volume is 200 pL prior
to adding the sample (can be from 1-20 pL) then again briefly vortexed. The samples

tubes were incubated at room temperature for 2 minutes. The standards and samples
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were analysed under a Qubit 2.0 Fluorometer. The resulting concentrations were given
in ng/mL, which corresponded to the concentration after the dilution step. The
concentration of the sample was calculated by using the following equation:

20
Concentration of the sample = QF value X —~

where QF is the value given by the Qubit 2.0 Fluorometer, x is the volume of the

sample added to the assay tube in pL. The results were in ng/mL.

2.12.3 Sequencing and bioinformatic analysis

The isolated DNA after passing the quantity and quality control described in section
2.12.2, was sent for sequencing to the MicrobesNG sequencing project, IMI-School of
Biosciences at University of Birmingham, performed using next-generation
sequencing with Illumina short read technology establishing a minimum coverage of
30x. The obtained sequence was analysed repeatedly by using several computational
tools such as, Rapid Annotation using Subsystem Technology version 2.0 (RAST)
(http://rast.nmpdr.org/rast.cgi) to do high-quality genome annotations. The Antibiotics
and  Secondary  Metabolite  Analysis  SHellstand-alone  (antiSMASH)
(https://antismash.secondarymetabolites.org) was utilised for automatic genomic
identification and analysis of BGCs. While the Basic Local Alignment Tool
(http://blast.ncbi.nim.nih.gov/Blast.cgi) was used to compare the hits to available

databases. Results are presented in Chapter 3.
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Chapter 3

Muricauda ruestringensis SBT531: SEARCH FOR NEW POTENTIAL
DRUGS AGAINST METABOLIC DISEASES
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3.1 Introduction

There is a lack of research studies and published papers regarding secondary
metabolites of Muricauda ruestringensis and its potential bioactivity. Nevertheless,
preliminary studies of the strain during the EU-FP7 SeaBioTech programme showed
inhibition bioactivity against tyrosine-protein phosphatase non-receptor type 1 also
known as protein-tyrosine phosphatase 1B (PTP1B) and at some extent against alpha
glucosidase, which makes it extremely interesting in terms of looking into potential
new drugs against metabolic diseases such as diabetes type 11 and obesity that currently

represent a major public health issue.

Diabetes mellitus is a chronic endocrine metabolic disease that is characterized by
hyperglycaemia due to insulin deficiency or insulin resistance, being currently the
seventh leading cause of death worldwide (Klaman et al., 2000, Shah et al., 2018).
Diabetes mellitus is divided in four types, including type 1 or insulin-dependent, type
2, gestational diabetes and drug-induced or chronic pancreatitis-induced diabetes
(Jiang et al., 2012). The overwhelming majority of the diabetic population has type 2
diabetes (over 90%), which requires efficient, safe and cost-effective oral
hypoglycemic therapy (Shah et al., 2018). Obesity can be responsible for important
health concerns, which in addition is the major cause of type 2 diabetes, contributing
to half of the detected cases (Jiang et al., 2012, Sarmiento Quintero et al., 2016).

PTP1B is an intracellular phosphorylating enzyme encoded by the PTPN1 gene in
humans, considered to play an important role in the negative regulation of insulin
signal transduction pathway (Lu et al., 2008, Ali et al., 2017). The increase in the
bioactivity of the PTP1B enzyme was implicated in the development of breast cancer
so its inhibition has been studied in the search for new anti-breast cancer agents
(Elchebly et al., 1999). The selective inhibition of PTP1B has been extensively
documented as a potential drug target for the treatment of type 2 diabetes and obesity.
PTP1B inhibitors prevents dephosphorylation of activated insulin receptor (Sohn et
al., 2013). However, to date there is still no approved selective PTP1B inhibitor, as a
few compounds have been tested in clinical trials, but none of them have progressed

into a clinical trial and/or patent registration (Heneberg, 2009, Zhang et al., 2016a). A
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high number of PTP1B inhibitors, either synthetic or isolated natural products, have
been developed and investigated for their ability to stimulate insulin signaling
(Tamrakar et al., 2014). The first reported natural product with PTP1B inhibitory
activity was sulfurcin 236, a bicyclic sesquiterpene with an aliphatic side-chain and a
terminal sulfate group isolated from a deep-water sponge from the genus Ircinia in
Andros, Bahamas (Cebula et al., 1997). Between 2010 to 2016, 118 marine natural
products derived from sponges, algae, soft corals and fungi were described for their
PTP1B inhibitory activity (Zhou et al., 2017). Majority of the reported compounds
were phenolics, which contains one or more hydroxyl groups that can be classified into
different groups such as, flavonoids, bromophenols, phenolic acids, or phenolics
containing furan or pyran rings, coumarins, lignans and other miscellaneous phenolics.
Besides phenolics and steroids, terpenes were also described, consisting of a diverse
number of isoprene units classified as hemiterpenes, monoterpenes, sesquiterpenses,
sesterpenes, triterpenes, tetraterpenes, polyterpenes (Jiang et al., 2012). Structure
activity relationship studies proposed that fewer polar substituents on the structure
skeletons can translate into increased activity, while the addition of one hydroxyl
group may lead to less activity or the different position of the hydroxyl substituents
may translate into different inhibitory activities as well. Moreover, further studies are
required to evaluate how and where the different substituents on the different structures
would determine better activity and selectivity profiles in inhibiting PTP1B (Jiang et
al., 2012).

Alpha (a)-glucosidase (EC 3.2.1.20, a-D-glucoside glucohydrolase) is an intestinal
enzyme responsible for the glycogen metabolism of higher organisms, nutrient
absorption and processing of bacteria causing post-prandial hyperglycaemia while its
inhibition resulted on the decrease of circulating glucose levels and rate of absorption
(Kim et al., 2017b). The first identified alpha-glucosidase inhibitor was acarbose that
was derived from Actinoplanas uthaences and was introduced to the market in the
1990s (Thareja et al., 2012). Miglitol is another example of an alpha-glucosidase
inhibitor, which was obtained from various Bacillus and Streptomyces strains but is
now currently produced by oxidation of 1-amino-D-sorbitol to 6-amino-L-sorbose by
fermentation of Gluconobacter oxydans (Pei et al., 2004, Sulistiyani et al., 2016).

Another example is voglibose synthesized from valiomamine, which was isolated from
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a fermentation broth of Streptomyces hydroscopicus subsp. limoneus (Rios et al., 2015,
Santos et al., 2018, Thareja et al., 2012, Pei et al., 2004, Sulistiyani et al., 2016). Along
with other anti-diabetic drugs, the alpha-glucosidase inhibitors have been proven to be
of a significant advantage due to their localized action with minimal absorption hence
limiting the systemic side effects (Ghani, 2015). It is noticeable that in spite of the
large number of publications on a wide chemical diversity of alpha-glucosidase
inhibitors as new promising therapeutic agents, there is still a lack of further research

on their development into new drugs (Ghani, 2015).
3.1.1 Aim(s)

Here, M. ruestringensis SBT531 isolated from intertidal pools from Iceland was used
for: i) method optimisation for increasing batch production (small- to large scale-up);
i) multivariate analysis of metabolic-guided screens; iii) bioassay-guided (assess
inhibition effect against PTP1B and a-glucosidase) fractionation for further
characterisation (LC-MS/MS and NMR-based) of relevant compounds; iv) association
of isolated bioactive compounds with biosynthetic gene clusters (BGC); v) comparison

of metabolic profiles of two strains of M. ruestringensis (SBT531 vs. SBT587).

3.2 Small scale-up fermentation and extraction of
SBT531

The detailed methods concerning the fermentation and extraction of M. ruestringensis
were presented on Chapter 2. The initial small-scale fermentation was performed at
Matis Itd, and Icelandic Food and Biotech R&D institute founded in 2007 while the
initial bioactivity screening for alpha-glucosidase and PTP1B inhibition were
performed at Strathclyde Institute for Drugs Research (SIDR) by Mrs Louise Young
and Miss Grainne Abbott. Optimal growth conditions were achieved by inoculation of
single colonies on a Difco Marine Broth medium and incubated for 7 days growth at
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45 °C while shaken at 120 rpm. A second small scale up fermentation (4 x 250 mL)
was performed in SIPBS following the fermentation conditions established in Matis
Itd. After a similar chemical profile was achieved, a medium scale up fermentation
was pursued to afford extracts that were subjected to *H NMR (Figure 3.1) and HR-
LC/MS (Figure 3.2) analysis. Spectral data of 'H NMR exhibited signals ranging from
0.5 to 7.5 ppm, with most signals on the aliphatic region from 0.5 to 2.25 ppm, some
signals on the olefinic region 5 to 5.5 ppm and on the aromatic region from 7 to 7.5
ppm denoting the presence of phenyl ring systems. Bioassay screening indicated that
SBT531 was an alpha glucosidase inhibitor at 85% at 30 pg/mL with an 1Cso value of
25 pg/mL and a PTP1B inhibitor at 100% at 30 pg/mL with an ICso value of 1.1
pg/mL.

I N . W
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9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5
f1 (ppm)

Figure 3-1 'H NMR in DMSO-ds of an extract of SBT531 obtained by small scale-up
(DMSO-ds peak at 2.5ppm).
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3.3 Medium scale-up fermentation, extraction and
fractionation of SBT531

3.3.1 Fractionation of SBT531

Liquid cultures of SBT531 were scaled-up to 15 L (30 x 500 ml) using the optimised
culture conditions by inoculating single colonies on Difco Marine Broth medium,
incubated for 7 days at 45 °C and shaken at 120 rpm as described in 2.3.1. After 7 days
of incubation it was extracted with ethyl acetate as described in 2.4. This solvent was
selected after the optimisation of the solvent extraction at the beginning of the project
on which the bioactivity was mainly found on the ethyl acetate extracts. The yield of
the obtained total organic extract was 1.3086 g. The ethyl acetate extract was
fractionated using the Biotage MPLC Isolera™ One 2.0.4 Spektra flash purification
system with a gradient elution method using DCM (A) and MeOH (B) as presented in
2.6.2.1. The mobile system is shown in detail in Table 3.1 and chromatographic

conditions are listed in Table 3.2.

Table 3-1 Mobile phase used for first fractionation of SBT531 on a Biotage MPLC Isolera™
One 2.0.4 Spektra flash purification system.

time (min) % Solvent B
0 2
5 2
15 3
75 3
135 3-50
160 50

Total time=160
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Table 3-2 Chromatographic conditions applied to the first fractionation of SBT531
Biotage MPLC Isolera™ One 2.0.4 Spektra flash purification system.

Column SNAP HP-Sil 25 g

Samplet 39

Solvents DCM (A) and
MeOH (B)

Flow rate 12 mL/min

Detection mode UVvi1i+Uv2

Start Threshold 20 mAU

UV1 Wavelength 254 nm

UV2 Wavelength 280 nm

The first fractionation afforded 187 test tubes, which were pooled according to the
similarities of their TLC profile that yielded 12 fractions (F1-F12) (shown on Figure
3.2). The pooled fractions were then analysed by NMR (Figure 3.3), HR-LC/MS
(shown on metabolomics section 3.4) and bioassay screening as shown on Table 3.3.

Table 3-3 First SBT531 fractionation that afforded 12 fractions.

Fraction Test Tube numbers Yield (mg)
F1 1-10 17.3
F2 11-104 198.7
F3 105 37.1
F4 106-107 118.4
F5 108-109 133
F6 110-111 51
F7 112 33.6
F8 113-120 98
F9 121-135 159.2
F10 136-184 180.7
F11 185-187 1.8
F12 Wash run 0.2
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F1 F2 F3 F4 5 F6 F7 F8 F9 F10 F11 F12

Figure 3-3 Summary TLC plates of the first fractionation of SBT531 with mobile phase
DCM:MeOH 9:1. Brown spots visualized after spraying with anisaldehyde spraying agent. S
(Short), LG (Long Green), LO (Long Orange), LV (Long Violet).

The fractions were analysed by *H NMR spectroscopy (Figure 3.4) along with HR-
LC-mass spectrometry to have a general perspective of the type of compounds being
produced and to prioritise which fractions would proceed for further purification work.
Analysis of the 'H NMR spectral data showed majority of the signals in the aliphatic
(0 — 2.5 ppm), olefinic (3.5 — 5.5 ppm) and aromatic (6 — 8.5 ppm) regions.
Furthermore, signals corresponding to fatty acids were detected (1 — 1.50 ppm) with
characteristic long chain methylene units that were the most relevant structural units
elucidated for SBT531. Fractions F2, F3 and F4 had similar spectral features, however,
F2 and F4 had a clearer spectrum in comparison to F3. Fractions F6 and F7 were
combined after visualization of the NMR data and TLC summary plate, as both

fractions were found to be identical.
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Figure 3-4 Pre-saturated * H NMR (400 MHz) spectra obtained for SBT531 fractions.
Numbers on Y axis indicate the fraction number. Solvent used was DMSO-ds (peak at 2.5
ppm). Highlighted in blue is the aliphatic region, green for the olefinic region, and in red is the

aromatic region.

3.3.1.1 Biological activity of SBT531 crude extract and fractions

The crude extract and fractions were assayed for their inhibitory activity against alpha-
glucosidase and PTP1B. SBT531 crude extract exhibited its bioactivity on alpha-
glucosidase causing less than the 40% enzyme activity threshold at 30 pg/mL on a
triplicate assay (n=3) but was found to be inactive at 10 pg/mL (Figure 3.5). When
tested on a serial dilution of the concentration level, an inhibitory constant (Ki) of 11
png/mL was calculated. This curve was considered ambiguous because the fit does not
follow the typical sigmoid inhibition control curve as that observed for acarbose
(Figures 3.6 and 3.7). The ambiguity is important depending on the research goal. If
the goal is to interpolate unknowns from a standard curve, the interpolations will still

be useful but if the goal is to learn about the data by inspecting the values of the
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parameters, at least one value will not be reliable. The acarbose inhibition control
curve for the alpha - glucosidase assay done in triplicate gave a Ki value of 10 pg/mL
(Figure 3.7). SBT531 fractions were also tested and only Fraction 2 showed inhibitory
activity at 30 pg/mL but not at 10 pg/mL as with the crude extract (Figure 3.5). Then
when Fraction 2 was assayed at different concentrations by serial dilution, it was not
possible to generate an inhibition curve to generate the subsequent Ki value, so it was
not considered a true valid inhibition result (Figure 3.8). The Ki value characterises the
concentration required to form an enzyme-inhibitor complex, where a lower K; value
will indicate more effective inhibition against alpha glucosidase and/or PTP1B

enzymes in the development of preventive and therapeutic agents (Ali et al., 2017).

Chromatographic fractionation is a purification technique applied to isolate and purify
the targeted bioactive metabolites from the crude extract. The crude extract itself holds
unique chemical properties that is responsible for the bioactivity. The extract
comprised of a diverse metabolite profile, which can act synergistically by the
interaction of the metabolites producing a combined bioactive effect greater than the
sum of their separate effects. Nevertheless, when the crude extract is subjected to
fractionation and purification, it can miss the previous reported bioactivity. Loss or
change in bioactivity can also be due to variations in concentrations of the bioactive
metabolites in the different fractions. The concentration of the bioactive metabolite
can decrease after fractionation rendering the fraction inactive when bioactivity is
concentration-dependent and not only due to the mere presence or absence of the
metabolite. These factors all together can explain the reasons why inhibition activity
could disappear after fractionation and was only present on the crude extract.
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SBT531 crude extract and fractions
in a-glucosidase assay
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Figure 3-5 Inhibition effect of SBT531 crude extract and fractions F1 to F10 against a-
glucosidase at 30 and 10 pg/mL (n=3). Error bars represent the standard deviations (SD) of
three replicates (n=3) and values were significant at *p<0.05 and **p<0.001 by 2way ANOVA
multiple comparisons with the control.

SBT531 in
a-glucosidase assay
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Figure 3-6 SBT531 inhibition curve against a-glucosidase at serial concentrations (n=3).
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Figure 3-7 Acarbose inhibitor control curve on a-glucosidase assay (n=3).
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Figure 3-8 SBT531 Fraction 2 inhibition curve against a-glucosidase at serial
concentrations (n=3).

SBT531 crude extract showed inhibition effect against PTP1B at concentrations of 30
and 10 pug/mL (Figure 3.9). Serial dilution of its concentrations afforded a Ki at 1.1
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pug/mL (Figure 3.10). SBT531 fractions (F1 to F10) were also assayed for inhibition
effect against PTP1B at concentrations of 30 and 10 pg/mL in a triplicate assay (n=3)
(Figure 3.9). Inhibitions for Fractions 2 and 3 gave Ki values of 3.0 and 3.1 pg/mL,
respectively (Figures 3.12 and 3.13). The PTP1B inhibitor IV curve gave a Ki value

of 0.7 pg/mL performed in triplicates (n=3) (Figure 3.11) showing the validity of the
model.

SBT531 crude extract and Fractions in PTP1B assay

= 30ug/mi
10pg/ml
= 120 n=3
o >k *k vx i Lk
g 100 = L * % * %k l I
* % l
O go-
£ ’ |
» 60
7]
2 ke *k T
o 40 T
2 oill i <005
I **p<0.001
0 & 0 @l [l P
5 © + ®~§ ® w$ w © I~ ® o o
bt [5e] ('8 [V (T L. |19 [T9 [T (19 [V -
E 2 -
S B

Figure 3-9 Inhibition effect of SBT531 crude extract and fractions F1 to F10 against
PTP1B at 30 and 10 pg/mL (n=3). Error bars represent the standard deviations (SD) of three
replicates (n=3) and values were significant at *p<0.05 and **p<0.001 by 2way ANOVA
multiple comparisons with the control.
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Figure 3-10 SBT531 inhibition curve against PTP1B at serial concentrations (n=3).
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Figure 3-11 PTP1B inhibitor IV curve in the PTP1B assay.
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Figure 3-12 SBT531 Fraction 2 inhibition curve against PTP1B at serial concentrations
(n=3).
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Figure 3-13 SBT531 Fraction 3 inhibition curve against PTP1B at serial concentrations
(n=3).
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3.4 Metabolomic-guided screening of SBT531

3.4.1 Metabolomic profiling of fractions of the crude extract of
SBT531

3.4.1.1 HR-LC/MS Data

After the HR-LC/MS data was obtained on the crude extract, fractions and sub-
fractions, the data was processed as described in Chapter 2, section 2.9.1. The mass
spectral data was processed, dereplicated, subjected to multivariate analysis. Statistical
plots were generated that included PCA and OPLS-DA scores and loadings scatter
plots. S—plots were also generated from the OPLS-DA loadings scatter plot, which
were validated by a permutation test. A heatmap based on the HR-LCMS data was put
together that allowed the visualization of the chemical diversity of respective fractions.
The intensity of the blue bands specified the increase in concentrations of a metabolite
in the sample while the absence or decrease in the concentration of a metabolite was
indicated by red bands. The heatmap on Figure 3.14 shows that F3, F4, F5 and F12
produced more metabolites as evidenced by the greater number and intensity of the
blue bands. While F3, F4, and F5 gave rise to a larger quantity of low-molecular weight
metabolites, F12 had an increase in density of higher molecular weight compounds.
Other fractions afforded certain specific metabolites as shown by the red bands while

the emergence of new blue bands were observed.
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Figure 3-14 Heatmap based on HR-LC/MS data displaying distinct metabolic profiles of
12 fractions and 2 crude extracts. Boxed in red are fractions from where compounds were
later isolated.

The HR-LC/MS data was processed using MZMine from which base peak
chromatograms, base peak intensity and scatter plots were generated that allowed
additional comprehensive profiling of the chemical composition of each fraction in
comparison to the crude extract. Furthermore, this also later permitted correlating the
mass spectral data with those of the NMR results. Visualization of the base peak plot
chromatograms on negative and positive ionization mode shown on Figure 3.15A and

B illustrated that the main compounds being produced were hydroxylated fatty acids,
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cholic acid derivatives and N- phenethylacetamide that was confirmed with further 2D

NMR experiments.
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Figure 3-15 Base peak plot chromatogram (HR-LC/MS data) of SBT531 crude extract
and fractions in negative (A) and positive (B) ionization mode created on MzMine 2.10

modified version.
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PCA was performed on the HR-LC/MS data of 12 isolates and two crude extracts.
PCA plots were generated from four components, a R2X (coefficient of determination)
value of 0.621 was achieved using Pareto scaling, indicating a good model for a
metabolomics data set to fit (R?X > 0.5) and Q? of 0.207 which specifies the predictive
ability of the model. The difference between R2X and Q? was 0.414, which should be
less than 0.3 indicating a slightly over fitted dataset. The presence of outliers and
diversity on chemical profiles of fractions could explain the larger difference between
R2X and Q? or low Q? value. PCA demonstrated patterns, trends and enabled the
visualization of any outliers in the dataset. The fractions were clustering in different
quadrants according with their chemical similarities. Fractions F4 and F5 where
located on the upper left quadrant and F3 on the bottom left quadrant. Fractions F6,
F7, and F8 were located on the upper right quadrant while F9 on the bottom right
quadrant (Figure 3.16A). The loadings plot represented the molecular ion masses of
the detected secondary metabolites of samples found on the corresponding quadrant
position on the scores plot (Figure 3.16B). By comparing the results with the bioassay
screening described in section 3.3.1.1, F2 to F6, showed inhibition effect against
PTP1B, however, F2 and F3 were the most relevant fractions showing inhibition on
both concentrations at 30 and 10 pg/mL, which were located on the same bottom left
quadrant, displaying similarities of their chemical profiles with metabolites sharing
similar m/z between 284.596 to 376.875.
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Figure 3-16 Principal component analysis (PCA) plot of SBT531. (A) PCA-X scores plot
of SBT531 fractions. (B) Loadings plot acquired from the PCA-X model.

To be able to predict and understand the type of chemistry that would be responsible
for the inhibition bioactivity of the SBT531 fractions, a supervised multivariate
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analysis was accomplished by subjecting the HR-LC/MS data sets to OPLS-DA
(Orthogonal Partial least squares - Discriminant Analysis or also known as Orthogonal
Projections to Latent Structures). Therefore, this approach was used because separate
groups of observations are defined by the user, according to the aim of the study and
are clustered in the scores plot, whilst the variables in the loading plots are grouped
accordingly so they are responsible for the observations separation in the scores plot.
The sample extracts were grouped into two classes: active vs. inactive (Y variables)
and by using a loadings S-plot, respective metabolites and functional groups (X
variables) could be pinpointed to be responsible for the bioactivity. This statistical
model would assist in targeting the bioactive natural products for further isolation
work. It is possible to realize the active vs inactive fractions in Figure 3.17, while the
individual metabolites belonging to each group of are shown in the S-plot (Figure
3.18A). An expansion showing the position of the isolated metabolites on the S-plot
showed the target putative compounds for the active fractions in Figure 3.18B,
aseanostatin P6 (molecular formula: C1sH3002, m/z: 241.2177 [M-H]"), two fatty acid
hydroxylated derivatives, 2-hydroxy-14-methylhexadecanoic acid (molecular
formula: C17H3403, m/z: 285.2438 [M-H]"), and 3-hydroxy-13-methyltetradecanoic
acid (molecular formula: C15H3003, m/z: 257.2125 [M-H]"). This was preceded by a
permutation test (Figure 3.19) to authenticate the validity of the model, the R?Y was
0.974 and Q? was 0.385, while the Q2Y intercept was -0.27. These values specified
good fitting and good prediction as the R2Y and Q2 values were close to 1 and 0.5,
respectively, while the QY intercept was -0.27, which is less than 0 indicating the
validity of the permutation test. Furthermore, the difference between Q2 and R?Y was
0.589 which is more than 0.3, indicating overfitting (the ideal difference is less than
0.3). The R2X(1) was 0.185 which means that the variation between groups is 18.5%
and R2X0(1) was 0.201 with a variation within groups of 20.1% showing a high
diversity in chemical profiles between fractions, as well the existence of more unique
fractions that fail to cluster. The targeted end point metabolites from the S-plot were
dereplicated and was cross-matched with the Antimarin and DNP databases to provide
structural details about the targeted metabolites as listed in Table 3.4. Moreover, it was
not possible to isolate all the compounds shown on the dereplication table. Although
the peak intensity was high (E+7 to E+9), the ionisation capability of the respective
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metabolites limits the isolation potential and may not reflect the accurate concentration

of the metabolites that could be lower than expected to be physically isolated.
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Figure 3-17 OPLS-DA of SBT531 fractions according to inhibition activity against
PTPB1B.
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Figure 3-18 OPLS-DA of SBT531 fractions. (A) S-plot for SBT531 fractions acquired from
an OPLS-DA model (Figure 3.24) for their inhibition activity against PTPB1B. (B) Position of
the isolated active metabolites on the S-plot (upper right quadrant) indicating the target

putative compounds for the active fractions labelled with their m/z.
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As shown by the intensities of the base peaks in the negative ionisation mode (Figure
3.20A) of aseanostatin P6 (C15H3002, m/z 241.217), this metabolite was mainly found
in F2 at highest concentration, then followed by F3. Both fractions F2 and F3 showed
inhibition activity. However, the compound was isolated from F2, as it was a purer
fraction than F3, which contained a more complex mixture of compounds.
Aseanostatin P6 was only detected in the negative mode because of the compound’s
low ionisation capability in electrospray (ESI)-MS. The scatter plot (Figure 3.20B)
compared the metabolites found in F2 and F3 that exhibited the richness of both
fractions in terms of chemical composition. The presence of C15H3002 was found in
both F2 and F3 as the ions representing the compound were positioned on the diagonal
indicating the metabolites occurring in both fractions. The intensity base peak plot in
the negative ionisation mode (Figure 3.20C) for 2-hydroxy-14-methylhexadecanoic
acid (C17H3403, m/z 285.244), showed that all fractions and crude extract except F1,
F2 and F7 were producing this compound. A higher concentration of the compound
was visible in F5, followed by F4 and F10. Comparison of F4 and F5, in terms of their
chemical composition and diversity, was shown by a scatter plot (Figure 3.20D)
indicating that both fractions are rich and diverse in their metabolite composition. The
metabolite C17H3403was found to be present in both fractions as the molecular ion was
positioned on the diagonal. The compound 2-hydroxy-14-methylhexadecanoic acid
was later isolated from F4 due to its higher purity in the fraction. For 3-hydroxy-13-
methyltetradecanoic acid (C15Hz003, at m/z 257.212) the intensity base peak plot in the
negative (Figure 3.21A) and positive (Figure 3.21B) ionisation mode were also
construed. The difference in the higher ionisation capability of 3-hydroxy-13-
methyltetradecanoic acid to aseanostatin P6, relies on the extra hydroxyl group in the
latter. In the negative mode, the compound CisH3003 was relatively highest in F10 and
has a lower concentration in F4. Moreover, fractions F5, F6, F7, F8, F9 and F11 also
yielded CisH300s. Comparing F4 and F10 on the scatter plot (Figure 3.21C),
confirmed the higher concentration of CisH3003 in F10 as it was shown above the
diagonal representing F10. On the positive mode, all fractions indicated to produce
the metabolite except F1, F2 and F12 with the highest intensity peaks on F4 and F5,
which was also indicated on the scatter plot (Figure 3.21D) to be present in both

fractions. The concentrations of CisH300z in all fractions that yielded the metabolite
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were in general of higher intensity on the negative mode. The negative ionisation mode
IS more appropriate for compounds with carboxyl or hydroxyl groups, whereas the
positive ionisation mode is more suitable for compounds with amino, amides or
carbonyls substituents, which have stronger proton affinity (Chai et al., 2015, Dunn et
al., 2013, Creydt and Fischer, 2017). Furthermore, F4, from which C15H30O3 was also
isolated, provided elevated purity and afforded higher intensity peaks both on the
negative and positive mode. From all fractions where C1sH3003 was detected, not all
were considered active. The bioactivity can be concentration-dependent, albeit the
compound was present on the HR-LCMS TIC, but when comparing the NMR spectra,
the compound was not detectable in all fractions. The retention times of the target
metabolite also varied for the different fractions, which could signify the presence of

isomers that could account for the differences in bioactivity.
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Table 3-4 Dereplication table of predicted bioactive metabolites by OPLS-DA loadings S-plot. Highlighted rows represent the isolated compounds

from SBT531.

MzMinelD m/z Rt Peak MW Molecular Name Source
(min) Area Formula
P_2849 180.1019 7.67 1.37E+08 179.0946 C10H13NO2 4'-tolyl-3- Actinobacteria
aminopropanoate Streptomyces sp
Porifera Xestospongia sp
P_16318 227.1389 7.94 1.67E+08 226.1316 C11H18N203 cyclo(D-cis-Hyp-L-Leu) Actinobacteria
cyclo[L-(4- Streptomyces sp
hydroxyprolinyl)-L- Cnidaria Palythoa sp
leucine]
cyclo[L-(4-
hydroxyprolinyl)-D-
leucine]
P 9314 165.1103 11.69 3.29E+08 164.1030 CsH12N602 No hits No hits
CsH14N303
N_5093 815.5682 14.25 8.68E+07 816.5755 CasHs0010 No hits No hits
N_3458 815.5679 17.73 2.65E+09 816.5752
P_865 211.0865 19.33 5.83E+07 210.0792 C13H10N20 pyocyanin Proteobacteria
Pseudomonas
aeruginosa
N_5091 783.5783 22.33 5.44E+08 784.5856 CagHgoOs No hits No hits
N_3466 783.5782 22.97 1.47E+09 784.5855
P_9315 393.2999 2297 7.51E+07 392.2927 C24H4004 muqubilin Porifera Prianos sp.

sigmosceptrellin-A,B,C
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Mycaperoxide

Porifera Sigmosceptrella

laevis
N_3462 5154321 28.80 5.84E+08 516.4394 C3o0He006 No hits No hits
N_3459 571.495 33.08 1.39E+09 572.5023 Ca4HesOs No hits No hits
P_1622 340.2635 33.29 7.13E+08 339.2562 Co1H31N4 No hits No hits
Ca3Hs3sNO
N_2023 241.2174 3890 1.06E+07 242.2246 C15H3002 150-13- Bacillus sp. bmg287-af7
methyltetradecanoic acid Micrococcus sp.
13-methylmyristic acid  arctic ice bacterium ANT
V/2 370
P_6206 164.107 38.94 6970326  163.0997 C10H13NO No hits No hits
P_5870 164.107 39.67 4.56E+07
N_1307 285.2436 38.96 2.51E+08 286.2509 C17H3403 No hits No hits
N_2025 285.2438 3452 5.91E+07 286.2511
P_9566 259.2265 38.97 6927812  258.2192 C15H3003 2-methoxytetradecanoic Porifera Callyspongia
P_3193 259.2266 28.81 1.48E+07 258.2194 acid fallax
N_2542 257.2124 30.42 5.56E+08 258.2197 2-methoxy-13-

methyltetradecanoic acid
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3.4.1.2 NMR Data

The 'H NMR dataset was treated similarly as the mass spectral data. PCA was
performed on the *H NMR data of 11 fractions, one fraction was not analysed due to
its insufficient yield. PCA plots were generated from four components, a R?X value of
0.62 was achieved using Pareto scaling, indicating a good fit for a metabolomics
dataset and Q? of 0.117 which specified the predictive ability of the model. The
difference between R2X and Q? was 0.503, which should be less than 0.3 to confirm
complete absence of overfitting. The high diversity on the spectral profiles between
fractions could account for the larger difference between R?X and Q2. It was possible
to visualize on the PCA-X scores plots (Figure 3.22A) the similarities between the
fractions that showed inhibition effect against PTP1B such as F2 with F3, F4, and F6.
However, the active fraction F5 occurred in another quadrant. As shown in Figure
3.22A, F5 is encircled in red. In the PCA scores plot, F5 clustered with the inactive
fractions which could signify similarity in their chemical profile but a possible change
in functional group or stereochemistry could have affected the bioactivity of F5.
Meaning that F5 is chemically unique in comparison to the other active fractions,
which was also reflected on the OPLS-DA scores plot (Figure 3.22B) as F5 did not
cluster together with the rest of the other active fractions. It is possible to differentiate
the active vs inactive fractions in Figure 3.22B through the occurrence of unique
functional groups or structural chemical shifts between the classes as shown in Figure
3.30C. The R?X(1) was 0.191 which means that the variation between groups is 19.1%
and R?X0(1) is 0.178 with a variations within groups of 17.8% showing that R2X(1)>
R2X0(1). The variation difference between the groups is higher than within groups as
must be expected, indicating that the metabolites found in the active fractions share
similar structural features and/or functional groups. The S-plot (Figure 3.22C) showed
that the bioactive fractions contained structural features with chemical shifts mostly
between 0.494 and 3.3915, on the aliphatic hydroxylated region that corresponds to
the fatty acid later isolated and elucidated compounds in this study. This was validated
by a permutation test (Figure 3.22D), R?Y was 0.992 and Q? was 0.561, while Q%Y
intercept was at -0.124. These values specified a good fit and good predictability as
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the R%Y and Q? values were close to 1 and >0.5, respectively, while the Q?Y intercept
was at -0.124, which is less than O indicating passing the permutation test.
Furthermore, the difference between Q2 and R2Y was 0.431 which was still greater

than 0.3, indicating an overfit data (the ideal difference must be less than 0.3).
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Figure 3-22 1H NMR dimensionality reduction overview. (A) PCA-X score plot of SBT531 fractions (B) OPLS-DA of SBT531 fractions
according to inhibition activity against PTPB1B (C) S-plot for SBT531 fractions acquired from an OPLS-DA model (B) for their inhibition activity
against PTPB1B. (D) Permutation tests (100 permutations) for SBT531 fractions for the OPLS-DA model of their inhibition activity against

PTP1B, where Q2Y is less than zero. F5 is encircled due to its unusual clustering behaviour in terms of its bioactivity.
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3.5 Metabolomic-guided sub-fractionation of SBT531
fractions F4, F6+F7 and F9

Based on metabolomic profiling results, fractions of SBT531 were selected for further
purification work. This included Fraction 4, combined Fractions 6 and 7, and Fraction
9 at 118.4, 84.6 and 159.2 mg, respectively. Fractionation was performed on the
Reveleris Prep HPLC system over a column Vision HT C18 5u with a binary gradient
elution method using water with 0.1% FA (A) and ACN with 0.1% FA (B) as described
under section 2.6.2.1. The mobile system and chromatographic conditions are detailed

in Tables 3.5 and 3.6, respectively.

Table 3-5 Mobile phase used for sub-fractionation of SBT531 fractions F4, F6+F7 and F9
using the Reveleris Prep HPLC system.

Length time % Solvent B
(min)

0 5

60 5-100

10 100

Total time=70

Table 3-6 Chromatographic conditions applied to the sub-fractionation of SBT531
fractions F4, F6+F7 and F9 using the Reveleris Prep HPLC system.

Column Vision HT C18 5u
Sample 5 mL liquid
Solvents Water with 0.1%

FA (A) and ACN
with 0.1% FA (B)

Flow rate 5 mL/min
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Detection mode

uUvi+uv2

ELSD Threshold

20 mV

UV Threshold

0.05 AU

UV1 Wavelength

210 nm

UV2 Wavelength

254 nm

UV3 Wavelength

280 nm

The Sub-fractionation of F4 resulted in 104 test tubes, which were pooled according

to the similarities of their TLC profile, yielding a total of 12 fractions (F1-F12) as

represented on Table 3.7 and Figure 3.23. Combined fractions F6 and F7 gave rise to
64 test tubes, yielding a total of 17 fractions (F1 to F17) listed on Table 3.8 and Figure
3.24. F9 afforded 76 test tubes, yielding a total of 15 fractions (F1 to F15) shown on
Table 3.9 and Figure 3.25. The sub-fractions were analysed by HR-LC/MS, NMR
(Figures 3.26, 3.27 and 3.28) and prepared for bioassay screening. Sub-fractions with

complex TLC profiles and very low yield of less than a milligram were not subjected

to NMR analysis.

Table 3-7 Sub-fractionation of SBT531 Fraction 4 afforded 12 fractions.

Sub-fraction/ Test Tube Yield (mg)
numbers
subF1 1-6 0.6
subF2 7-10 7.3
SubF3 11-29 0.9
subF4 30-34 0.8
SubF5 35-40 1.9
SubF6 41-47 2.6
SubF7 48-71 1.9
subF8 72-85 0.6
SubF9 86-91 0.4
SsubF10 92-97 0.5
subF11 98-104 9.4
SubF12 Wash run 28.9
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Table 3-8 Sub-fractionation of SBT531 Fraction 6 and 7 afforded 17 fractions.

Sub-fraction/ Test Tube Yield (mg)
numbers
subF1 1-3 0.6
subF2 4 18.7
SuUbF3 5 2.3
subF4 6-9 1.9
SubF5 10-12 2.6
subF6 13-15 0.9
SubF7 16-18 0.4
subF8 19-35 0.8
subF9 36-41 0.3
subF10 42-46 1.7
subF11 47-53 0.4
subF12 54-58 0.8
subF13 59-60 3.9
subF14 61 0.7
subF15 62 1.4
subF16 63-64 0.4
SubF17 Wash run 4.8

Table 3-9 Sub-fractionation of SBT531 Fraction 9 afforded 15 fractions.

Sub-fraction/ Test Tube Yield (mg)
numbers

subF1 1-3 0.6
subF2 4 0.2
SubF3 5-8 0.2
subF4 9 0.1
SubF5 10-11 14.4
SubF6 12-14 4.6
SubF7 15-19 2
SubF8 20-22 1.8
subF9 23-24 1.5
subF10 25-33 2.7
subF11 34-36 1.5
SubF12 37-49 2
SubF13 50-70 15.5
subF14 71-76 2.2
SubF15 Wash run 6.6
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F1 F2 F3 F4 FS F6 F7 F8 F9 Fi10 F11 F12

Figure 3-23 Summary TLC plates of the sub-fractionation of SBT531 fraction 4 on RP18
with mobile phase solvents ACN:Water 1:1. Brown spots were visualized after spraying with
anisaldehyde. S (Shortwave), LG (Longwave Green), LV (Longwave Violet).

F3 F4 F5 Fé6 F7 F8 F9 F10 F11  F12 F13 Fi4 F15 F16 F17

F1 F2

Figure 3-24 Summary TLC plates of the sub-fractionation of combined SBT531 fractions
6 and 7 on RP18 with mobile phase solvents ACN:Water 1:1. Brown spots encircled with green
were visualized after spraying with anisaldehyde. S (Shortwave), LG (Longwave Green), LV

(Longwave Violet).
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Figure 3-25 Summary TLC plates of the Sub-fractionation of SBT531 Fraction 9 on RP18
with mobile phase solvents ACN:Water 1:1. Brown spots encircled in green were visualized
after spraying with anisaldehyde. S (Shortwave), LG (Longwave Green), LV (Longwave
Violet), LY (Longwave Yellow).
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Figure 3-26 *H NMR spectra of SBT531 F4 sub-fractions (SBT2369 to SBT2380) at 400

MHz in DMSO-ds (peak at 2.5 ppm). The coloured box shows the sub-fractions that were
subjected to further NMR experiments to structure elucidation.
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Figure 3-27 'H NMR spectra of SBT531 F6+F7 sub-fractions (SBT2410 to SBT2426) at
400 MHz in DMSO-ds (peak at 2.5 ppm). It was not possible to perform *H NMR on all 17

fractions due to insufficient yield.
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Figure 3-28 'H NMR spectra of SBT531 F9 sub-fractions (SBT2381 to SBT2395) at 400

MHz in DMSO-de (peak at 2.5 ppm). The coloured box shows the sub-fraction that was
subjected to further NMR experiments to structure elucidation.
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3.5.1 Biological activity of SBT531 subfractions

Hydroxylated fatty acid aseanostatin derivatives were isolated from SBT531 - F4.
Aseanostatin P6 was isolated from F2 and afforded an inhibition effect against PTP1B.
However, only F4 subfraction 11 showed an inhibition effect at 30 pg/mL (Figure
3.29), which will be discussed later this chapter.

F4 subFraction 11 and 12 in PTP1B assay
= 30ug/ml

- 10pg/ml
n=3

1201
1004
80+

604

% Control

404

204

Control
F4subF11
F4subF12

Figure 3-29 Inhibition effect of SBT531 fraction 4 sub-fractions 11 and 12 against PTP1B
at 30 and 10 pg/mL. Error bars represent the standard deviations (SD) of three
replicates (n=3), and values were significant at *p<0.001 by Two-way ANOVA multiple
comparisons with the control.

3.6 Identification and structure elucidation of SBT531

compounds

The fractionation and Sub-fractionation of SBT531 afforded the purification of
bioactive metabolites. As a result, five compounds were obtained from the scale-up
fermentation work (Table 3.10). HR-LC/MS-based metabolomics guided a targeted
isolation work of the secondary metabolites. The isolated compounds were elucidated
by employing 1D and 2D NMR.
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Table 3-10 Isolated compounds from SBT531 fractions.

New / Weight
Name MF Known m/z MWt Fraction Source (mg)
aseanostatin P6 CisH3002  Known 241.2174 242.403 SBT531_F2 198.7
SBT2309
3-hydroxy-13- CisH3003  Known 257.2125 258.40 SBT531_F4 subF11 94
methyltetradecanoic acid SBT2379
2-hydroxy-14- Ci7H3403  Known 285.2438 286.46 SBT531 F4 subF12  28.9
methylhexadecanoic acid SBT2380
cholic acid derivative CosHs00s Known 391.2856 39258 SBT531 F9 subF13  15.5
N- phenethylacetamide CioH1sNO Known 164.1070 163.22 SBT531_F4 subF2 7.3
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3.6.1 Aseanostatin P6

Table 3-11 Aseanostatin P6.

Compound name: aseanostatin P6 (Known):

Fraction: 2

Retention time (min): 34.72
Synonym(s):

13 — methyltetradecanoic acid
13 — methylmyristic acid
Source: Muricauda ruestringensis
Amount of sample:198.7 mg

Percent yield: 15%

Physical description: Dark brown oily sample
Molecular formula: C15H3002
Molecular weight: 242.403 g/mol
Exact mass: 242.2246

H;C

CH,
15

14\13/12\11/10\9/8\7/6\ 5/4\ 3/2\1/1OaH

I
@)

LC — HRFTMS spectra [M-H]-

RT: 0.00 - 45.04

100 34.72 MNL: 6.05E5
] m/z=
E 241.2100-241.2200
90 F: FTMS {1.2} -p ESI
. Full ms
80 [100.00-2000.00] MS
= SBT531_F2
70
@ 3
8 4
o 60
= o
1= -
= -
< 50
s
£ 7
% 40
[
30
B 38.68
20
104
] 293 7.1 1236 15.54 19.58 3067 32.56
L) o e e I |
0 5 10 15 20 30 35 40 45
Time (min)
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SBT531_F2 #2316 RT: 3465 AV:1 NL: 2.57E5
T: FTMS {1,2} - p ESI Full lock ms [100.00-2000.00]
241.2177
C15Hog O
100+
90
80
70
1] -
& -
S 60
g 60
2
2 1
< 50
o d
= ]
T 40
[ii} -
o ]
307
20 242.2209
] CisHap 02
10
1240.0597 241.0564 0243H1 243
= A2 242.0567 | 15 H31 02
L o e e e e N O N S Ry e B B B O S ey B B B S B B B B R
240.0 2405 241.0 241.5 2420 242.5 243.0 2435
miz

Aseasnostatin P6 was isolated from fraction 2 at a yield of 15.18% (198.7 mg). Based
on the high-resolution mass spectral data, the ESI peak eluted at 34.72 min and an ion
peak was observed in the negative mode at m/z 241.2177 [M—H] . This revealed an
exact mass of 242.2246 g/mol, which established the molecular formula of C15H3002
(Table 3.11). The degrees of unsaturation in a molecule can be calculated from the
molecular formula applying the following formula:

2(+2+N—-H-X
2
Where C=number of carbons, N=number of nitrogen’s, H=number of hydrogens,

Degree of unsaturation =

X=number of halogens.

The degree of unsaturation for C1sHz0O2 was 1 and that double bond was represented
on the carboxylic acid shown on the most downfield signal in the 3C NMR while the
carboxylic OH singlet can be discerned at 11.97. The *H NMR spectrum (Figure 3.30
and 3.31) of aseanostatin P6 showed proton signals from 0.84 to 11.97 ppm. However,
most signals were seen from 0 to 2.2 ppm on the aliphatic region. It contained two
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methyl (CHz) doublets (J = 6.70 Hz) at 61 0.84-0.85 and were assigned to CHs-14 and
CHs-15. A broad singlet (bs) was observed at 6n 1.24, which integrated for nine
methylene (CH2) units due to their similar chemical environment and corresponded to
CH2-4 to CH2-12. Overlapping multiplets (m) for methylene CH2-3 and methine CH-
13 were detected between 1.45 to 1.51 ppm. Additionally, at o4 2.18, a methylene
triplet (t, J= 7.33 Hz) was observed for CH-2. 13C and DEPT (Figure 3.32 and 3.33)
was also performed to confirm the carbon assignments. The most downfield signal at
8¢ 175.06 was assigned to position C-1, indicating the deshielding effect of the electron
withdrawing carboxylic acid -COOH. On the other hand, the most upfield signal at ¢
23.09 was assigned to the two methyl signals for C-14 and C-15.

Moreover, other 2D experiments were performed, such as *H-H COSY (Figure 3.34)
and *H-13C HMBC (Figure 3.35). Through *H-'H COSY, it was possible to identify
the correlations between 61 0.84, the methyl groups on position 14 and 15 with o4 1.49
for the methine group on position 13. The methylene group at o 1.49 for position 3
correlated with the methylene unit on position 2 at 64 2.18. Cross peaks were also
observed between the overlapping methylene and methine units on positions 3 and 13
at on 1.49 with the methylene groups in positions 4 and 12, respectively at on 1.24.

Furthermore, *H-13C HMBC allowed to complete the carbon assignments and
structure. The correlations of 84 2.18 to ¢ 25.07 (3J) and Sn 2.18 to 5¢ 29.32 (3J),
marked the positions for C-4 and C-3, respectively. Also, by detecting the CH direct
signals, it can be deduced that the peak at 6c 34.23 is C-2. The position of C-13 and
C-12 was established by the 3J and 2J HMBC cross peaks with CHs-14 and CHs-15 at
on 0.84 with &¢ 39.05 and 6¢ 27.96, respectively. Additionally, the positions for C-5
to C-11 were assigned in ascending order of ppm, with three overlapping signals, as
8c 27.36, 29.12, 29.49, 29.60, 29.60, 29.60, 29.60 and 29.88. The presented *H and
13C NMR spectral data of the isolated compound was compared with the literature
(Sarpe and Kulkarni, 2011) which confirmed the elucidation of the structure for
aseanostatin P6 (Table 3.12).
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Figure 3-30 *H NMR spectrum of aseanostatin P6 at 400 MHz in DMSO-ds.
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Figure 3-31 Expansion of *H NMR spectrum of aseanostatin P6 at 400 MHz in DMSO-ds.

151



O O
22
o O
(2]
= =
[alya)
resngskanggss
H.C 12 10 8, 6, 4 2 OH R C -
314\/\/\/\/\/\/\/13 3:@) Rhnn
13 11 9 7 5 3 1 — W
I
CH; o
15
1
]
=] |
—
|
i
T T T T T T T T T T T T T T T T
170 160 150 140 130 120 110 100 80 70 60 50 40 30 20
f1 (ppm)

Figure 3-32 13C spectrum of aseanostatin P6 at 100 MHz superimposed with DEPT-135
(blue line) in DMSO-ds.
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Figure 3-33 Expansion of *C spectrum of aseanostatin P6 at 100 MHz superimposed
with DEPT-135 (blue line) in DMSO-ds.
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Figure 3-34 1H-1H COSY spectrum of aseanostatin P6 at 400 MHz in DMSO-d6 showed
partial correlations in the substructure.
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Figure 3-35 HMBC of aseanostatin P6 at 400 MHz. The X and Y — axes correspond to the proton and carbon spectra, respectively.



Table 3-12 *H NMR (400 MHz) and *3C NMR (100 MHz) of aseanostatin P6 in DMSO-ds in
comparison with literature data (Sarpe and Kulkarni, 2011). Full assignment was deduced
from HMBC data (DMSO-ds, 400 MHz).

Atom aseanostatin P6 Literature (Sarpe and
No. in DMSO-ds Kulkarni, 2011) in CDCls
on (multiplicity, oc on (multiplicity, J 8¢ (100
J in Hz) (400 (multiplicity) in Hz) (400 MHz) MHz)
MH?z) (100 MHz)
1 175.06 (C) 180.5
2 2.18 34.23(CH>) 2.34 (t, J=7.5) 34.30
(t, J=7.3)
3 1.49(m) 29.32(CH>) 1.51 (h, J=6.6) 29.40
4 25.07(CH») 24.09
5 27.36(CH>) 30.10
6 29.12(CH>) 29.90
7 29.49(CH>) 1.25-1.32 (m) 29.84
8 1.24 (bs) 29.60(CH>) 29.79
9 29.60(CH>) 29.60
10 29.60(CH2) 29.30
11 29.88(CHy>) v 27.60
12 v 39.05(CH?>) 1.12-1.17 (m) 28.20
13 1.49 (m) 27.96(CH) 1.63 (g, J=7.5) 39.20
14 0.84 (d, J=6.7) 23.09(CHs) 0.86 (d, J=6.6) 22.80
15 0.84 (d, J=6.7) 23.09(CHs) 0.86 (d, J=6.6) 22.80
la 11.97 (s)
OH
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3.6.2 2-Hydroxy-14-methylhexadecanoic acid

Table 3-13 2-hydroxy-14-methylhexadecanoic acid.

Compound name: 2-hydroxy-14-methylhexadecanoic acid (Known)

Fraction: 4 subFraction 12

Retention time (min): 33.26

Synonym(s):
e a-hydroxyanteisoheptadecanoic acid
e anteiso-C 7.0 2-OH

Source: Muricauda ruestringensis (SBT531)

Amount of sample: 28.9 mg

Percent yield: 24%

Physical description: brown sticky powder

Molecular formula: C17H3403

Molecular weight: 286.454 g/mol

Exact mass: 286.2508

[0]0%°-4 (c 0.1 MeOH)

LC — HRFTMS spectra [M-H]-

HT: 0.00 - 45.03

026 150 qp20 1902 20237 298 335

3308 ML: 1. TT7ET
1060 .
2E5 2426-205 2438 F:
o FTMSE (1.2} - pESI
Full lock m=
o [100.00-2000.00] MS
SBTEI_F4
i}
8
& &0
B
5 s
P
=
i)
0
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SBT531_F4 #1784-2308 RT: 25.62-32.72 AV: 246 NL: 1.06E5
T: FTMS {1,2} - p ESI Full lock ms [100.00-2000.00)
285.2438
s Cy7H33 03
[}
b
o
]
[~
= ]
Ko}
<
o
=
S
Q
(1 ol
2 286.2470
284.2314 C17H34 03
4 C17H3203
286.0788 287.2506 287.9715
C2sHi1o C17H3s03 C4505
284 285 286 287 288
m/z

The 2-hydroxy-14-methylhexadecanoic acid was isolated from fraction 4 subfraction
12 with a yield of 24.4% (28.9 mg). Based on the high-resolution mass spectral data,
the ESI peak was eluted at 33.26 min and afforded an ion peak at m/z 285.2438 [M—H]~
in the negative mode. This revealed an exact mass of 286.2508 g/mol, which
established the molecular formula of C17H3403 (Table 3.13).

The degree of unsaturation for C17H34O3 was 1 and that double bond was present on
the carboxylic acid moiety as shown by the most downfield signals on the 3C NMR
spectrum. The *H NMR spectrum (Figure 3.36) of 2-hydroxy-14-methylhexadecanoic
acid showed proton signals from 0.85 to 4.14 ppm on the aliphatic region with a lot of
overlapping signals. The presence of impurities turned difficult to accurately assign
the integrals. A methine doublet of doublet (J=5.73, 3.47 Hz) was exhibited at 61 4.14
and was assigned to CH-2, the geminal proton to the hydroxyl group showing a
dieshielding effect. A pentet (p, J=5.90 Hz) signal at 6+ 1.63 was assigned to CH»-3.
Overlapping methylene and methine signals were observed between 1.33-1.39 ppm as
a multiplet (m), which were assigned to CH-14 and CH.-15. Ten overlapping

methylene units resonated between 1.23 and 1.30 ppm as multiplets (m), assigned to
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CH2-4 to CH»-13. It contained two overlapping methyl multiplets (m) at 640.85 and
0.87 corresponding to CHs-16 and CHs-17, respectively that consisted of an
overlapping triplet and a doublet. *C NMR (Figure 3.37 and 3.38) was also performed
to confirm the carbon assignments. The most downfield signal at dc 167.55 was
assigned to position C-1, indicating the deshielding effect by an electron withdrawing
carboxylic acid substituent. The chemical shift, when compared to the carboxylic acid
unit found in aseanostatin P6, went upfield due to the presence of the hydroxyl
substituent at position 2a that was responsible for an electron donating shielding effect
on C-1. Moreover, signals were observed for a hydroxyl bearing carbon at dc 67.96
that was assigned to C-2 while C-3, the vicinal methylene carbon to the hydroxyl
carbon at C-2, was assigned at dc 38.64. On the other hand, the most upfield signals at
dc 11.37 and 14.47 were assigned to the two methyl signals C-16 and C-17,
respectively. The chemical shifts of the terminal methyl units in this structure went
upfield when compared to the ones in aseanostatin P6. The C-16 is neighboring a
methylene unit at C-15, while C-17 is neighboring a methine unit at C-14 which
explains the difference of the chemical shifts. The chemical shift of C-16 shifted
upfield (shielding effect) due to a higher electron donating effect of the methylene
(CH2) versus methine (CH) (Tonelli and Schilling, 1981, Heffner et al., 1986).

As above, further 2D experiments were performed, such as *H-H COSY (Figure 3.39)
and H-13C HMBC (Figure 3.40). Correlations between protons CH-2 and CH,-3 as
well as between CH,-3 and CH2-4 were observed through *H-H COSY. COSY cross
peaks were detected between CH3-16 and CH2-15, CH2-15 to CH-14 and finally from
CH-14 to CH3-17. The HMBC (Figure 3.40) enabled to determine the complete
structure as well to complete the carbon assignments of the present structure. The
methine proton at C-2 illustrated strong correlations with C-1 (d¢c 167.55), C-3 (6¢c
38.64), C-4 (dc 30.36) and C-5 (6¢c 23.81). The methylene unit at C-3 showed HMBC
correlations with C-2, C-4 and C-5. C-14, C-15 and C-13 resonating at 37.50, 29.63
and 23.09 ppm, respectively. On the other hand, the methyl protons on C-17 and C-16
correlated with C-13, C-14 and C-14, C-15, respectively. Furthermore, the positions
of C-6 to C-12 were assigned in ascending order of resonances with some overlapping
signals as oc 22.98, 27.96, 28.93, 29.56, 29.56, 29.59 and 29.59, respectively. It was
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also possible to see the correlations between the methylene protons at 1.23-1.30 ppm

with the assigned carbons. It is worth mentioning the presence of impurities with

aromatic signals on the *H NMR spectrum (Figure 3.36) between 7.5-8.0 ppm, as well
on the*C NMR spectrum (Figure 3.37) between 135-140 ppm, that not belong to the

compound being analyzed.

nTMANOoLMANOOTONNOLNTMAO0OORNMTORNROOWLL MM
e R A R R AR R R R R R R R K R R AN R R RN R R R
B R R T i i G e e - T--R=-R-E=-E ==
e S 5 D
= el
CH, OH
17 2a
HyC. 14, 12, 1o -8 6 A 2 _OH
LTS REEY Saf ~ g7 ~ 77 "5 - SrTote
15,14 (m)
‘ 1.35
(0]
2 (dd) 3(p)
4.14 1.63 CO(B?
3(5.73, 3.47) 3(5.90) :
| 16,17
13,12,11,10,9,8,7,6,5,
|
2 15,14
f
1
| A # !
R o e D | SRS | S J YRRV, ‘,_,y L
- o Ao
0 (= (=2
] gnE %
T T T T T T T T T T T o T r T e AL TR LS L B
2.0 11.5 11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1o 0.5
f1 (ppm)

Figure 3-36 'H NMR spectrum of 2-hydroxy-14-methylhexadecanoic acid at 400 MHz in

DMSO-ds.
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Figure 3-38 Expansion of 13C spectrum of 2-hydroxy-14-methylhexadecanoic acid at 100
MHz in DMSO-ds.
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Figure 3-39 'H-'H COSY spectrum of 2-hydroxy-14-methylhexadecanoic at 400 MHz in

DMSO-ds showing partial correlations in the substructure.
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Figure 3-40 HMBC of 2-hydroxy-14-methylhexadecanoic acid at 600 MHz. The X and Y — axes correspond to the proton *H (600 MHz) and carbon

spectra 13C (150 MHz), respectively.
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Table 3-14 'H NMR (400 MHz) and *C NMR (100 MH) of 2-hydroxy-14-
methyhexadecanoic acid in DMSO-ds in comparison with literature data (Carballeira et
al., 2002). Full assignment was deduced from HMBC (DMSO-ds,400 MHZz).

Atom 2-hydroxy-14- Literature
No. methylhexadecanoic acid (Carballeira et
in DMSO-ds al,2002) in CDCl3
OH oc OH oc
(multiplicity, J  (multiplicity) (multiplicity,  (multiplicity)
in Hz) (400 (100 MHz) Jin Hz) (125.8 MHz)
MH?z) (500.1 MHz)

la-OH 167.55(C) 173.4

2 4.14 (dd, 67.96(CH) 3.76 80.7
J=5.73, 3.47)

3 1.63 (p, 38.64(CH>) 1.70 38.8
J=5.90)

4 = 30.36(CHz) | 25.1

5 23.81(CHy) 27.01

6 22.98(CHz>) 29.4

7 27.96(CHy>) 29.5

8 28.93(CHz2) 29.6

9 & 1.26(m) 29.56(CHy) ~— 1.33-1.25 29.69

10 29.56(CHz>) 29.71

11 29.59(CHy) 30.0

12 29.59(CHz>) 32.8

13_ | 23.09(CHz) 39.0

14 1.35 (m) 37.50(CH) 1.65 34.4

15 1.35 (m) 29.63(CH2)

16 0.85 (m) 11.37(CHa) 0.83 114

17 0.87 (m) 14.47(CHzs) 0.85 19.2

The optical rotation was [a]o®-4 (c 0.1 MeOH), giving a R configuration, (2R)-2-
hydroxy-14-methylhexadecanoic acid. However, due to the small magnitude of the
optical rotation, this could indicate the presence of a mixture of R and S enantiomers.
The absolute sterochemistry was confirmed by the Mosher method. The
stereochemistry of the chiral centre C-2 was achieved by observing the changes in the

chemical shifts of the neighbouring protons between the bis-(R)-MTPA-CI and the bis-
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(S)-MTPA-CI derivatives of the 2-hydroxy-14-methylhexadecanoic acid. The
chemical shift of the methylene (CH»-3) protons was shifted downfield to 6+ 1.6878
upon reacting with bis-(R)-MTPA-CI reagent (red spectrum) and to én 1.6945 upon
reacting with the bis-(S)-MTPA-CI reagent (green spectrum). The AJR(5S-dR) value
for CH»-3 was calculated to be +0.0067 (+2.68 Hz) as shown in Figure 3.41. The
positive value marked the position of the methylene C-3 to be at the right of the chiral
centre C-2. By assigning the H-2 backwards while the carboxylate carbon C-1 was

positioned left on the chiral centre establishing an S configuration.
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Figure 3-41 Superimposed 'H-'H COSY NMR (400 MHz) spectrum in Pyridine-ds. MTPA
derivatives of 2-hydroxy-15-methylhexadecanoic acid measured 72 hours after reaction with
both bis — (R) — MTPA-CI (red spectrum) and bis- (S)-MTPA-CI reagents (green spectrum).
The S configuration was established.
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3.6.3 3-Hydroxy-13-methyltetradecanoic acid

Table 3-15 3-hydroxy-13-methyltetradecanoic acid.

Compound name: 3-hydroxy-13-methyltetradecanoic acid (known)

Fraction: 4 subFraction 11

Retention time (min): 28.65

Synonym(s): is0-C15:03-OH

Source: Muricauda ruestringensis (SBT531)
Amount of sample: 9.4 mg

Percent yield: 8%

Physical description: white sticky powder
Molecular formula: C15H3003

Molecular weight: 258.40 g/mol

Exact mass: 258.2195

[0]0?°+68(c 0.05 MeOH)

14 12 10 8 6 4 2 1a
OH
13 3 1
11 9 7 5
OH o)
15 3a
LC — HRFTMS spectra [M-H]-
RT: 0.00 - 45.03
28.65 NL: 5.70E7
100 vl
257.2000-257.4000 F:
90 28.93 FTMS {1.2} - p ESI
Full lock ms
a0 [100.00-2000.00] MS
SBT531_F4
70
2
80
g
-
g s0
2
E
Z 40
o

30

026 371 1020 17.89 20.27 2826

0 5 10 15 20 25 30 a5 40 45
Time (min)
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SBT531_F4 #1163-3068 RT: 16.84-42.77 AV: 910 NL: 7.29E5

T: FTMS {1,2} - p ESI Full lock ms [100.00-2000.00)

257.2125
1 CisH2 O3
7
8
©
5
2
(]
2
S
Q
1 o4
258.2156
CisHa O3
109 256.2000 256.9552 55?‘33 258.3317 2592191  259.8161
CysH2 03 CsHO1o 4 f 13 Cy7H3s O CisH31 03 C3014
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The 3-hydroxy-13-methyltetradecanoic acid was isolated from fraction 4 subfraction
11 with a yield of 7.94% (9.4 mg). Based on the high-resolution mass spectral data,
the ESI peak was eluted at 28.65 min with ion peaks at m/z 257.2125 [M—H]" in the
negative mode and 259.2267 [M+H]" in the positive mode. This revealed the exact
mass at 258.2195 g/mol, which established the molecular formula of C15H3003 (Table
3.15).

The degree of unsaturation for C1sH3003 was again 1 and that the double bond was
present on the carboxylic acid as shown by the most downfield signal on the *C NMR
spectrum. The *H NMR spectrum (Figure 3.42) of 3-hydroxy-13-methyltetradecanoic
acid showed proton signals from 0.82 to 3.81 ppm on the aliphatic region, which was
quite comparable to that of 2-hydroxy-14-methylhexadecanoic acid. Similar
resonances were observed like the two methyl doublets (J = 6.60 Hz) at 61 0.84-0.85.
A methylene multiplet was also observed between 1.11-1.16 ppm while six methylene
units resonated at on 1.24 as a broad singlet or overlapping multiplets. Two
overlapping methylene units was also visualized as a broad singlet (bs) between 1.32-
1.34 ppm. Additionally, a methine heptet (J = 6.57 Hz) resonated between 1.45 and
1.54 ppm and was assigned to position CH-13. The two doublet of doublets at 61 2.21
and 2.28, with coupling constants of J = 14.73, 7.78 and 14.77, 5.18 Hz, respectively,
were assigned to the two methylene hydrogens adjacent to the chiral centre. One

hydroxyl-bearing methine proton was shown at 3.78 ppm as a multiplet.

The 3C NMR spectra (Figure 3.43 and Figure 3.44) afforded a signal at 8¢ 173.62 for
the carboxylic acid carbon at position C-1. The hydroxyl-bearing carbon C-3 was
observed at 6¢c 67.63 while its vicinal methylene carbon at C-2 between the carboxylic
acid at C-1 and hydroxyl carbon at C-3 was observed at 6¢c 43.31. In addition, C-14
and C-15 were observed as methyl carbons yielding the most upfield resonance at oc
23.10.

2D experiments were performed, such as *H -'H COSY (Figure 3.45) and *H -13C

HMBC (Figure 3.47) to confirm the structure of 3-hydroxy-13-methyltetradecanoic
acid. *H-'H COSY showed correlations between CH-3 at 5y 3.78 with CH»-4 at &
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1.34 and the germinal methylene protons H-2A and H-2B at 2.21 and 2.28 ppm.
Additionally, both CHs-14 and CHz-15 at dn 0.84 correlated with CH-13 at 1 1.50.
The HMBC data (Figure 3.46) completed the structure elucidation of the metabolite.
Carbons C-1 and C-3 were assigned at 6 ¢ 173.62 and 67.63, respectively, which
illustrated strong correlations with the germinal methylene protons of C-2 at 6 4 2.21
and 2.28. C-2 was assigned as oc 43.31, the third most downfield signal, which
corresponded to the carbon between carboxylic and hydroxylic-bearing carbon. The
methyl carbons C-14 and C-15 correlated with the methine protons of C-13 at 1.50
ppm, with the methylene protons of C-11 at 1.14 ppm and with each other’s methyl
protons at 6+ 0.84-0.85 and carbon at d¢c 23.10. Also, by the visualization of the CH
direct signals, was deducted the position C-11 as d¢ 27.36. Additionally, the positions
of C-6 to C-10 were assigned in ascending order of resonances as dc 29.49, 29.59,
29.63, 29.66 and 29.89, respectively and was possible to see each other correlations
between the methylene protons at 1.24 ppm with the assigned carbons. Moreover, there
were visible weak correlations to the methylene carbon C-12 and methine carbon C-
13 at 8¢ 27.97 and 39.05, respectively. Lastly, the C- 4 and C-5 were observed at 25.64
and 37.50, respectively.

168



s 124

H3ﬁ\ 12 10 8 6 4 2 OH
13/ \11/ \9/ \7/ \5/ \3/ \1/1a
w
| I 8
2]
CH; OH o 3
15 3a
2a (dd)
221
)(14.73, 7.78 1;(111)
2b (dd) ; 14lf5 ()
J-a(in:;) 2.28 ;:, (s 54
= 3(14.77, 5.18 o
12,4 (s)
1.34
)

w0
2 RRRE I
wi"l_'l'?mrﬁ “
)=
A ./ .
——
w [+2] [32] —
- - wn <
- i — — o
2 1.1 10 09 08 0.7

T T T T T T T T T T T T T T T T T T T T
39 38 37 36 35 3.4 33 32 31 3.0 29 28 27 26 25 24 23 22 21 20 19 18 17 16 1.5 14 1.3 1.
f1 (] )]

Figure 3-42 'H NMR spectrum of 3-hydroxy-13-methyltetradecanoic acid at 400 MHz in
DMSO-de.

O WOWYWYWOWwO
peaeaQa
[oNoNoNoNoNoNo)
nununuunuumunun
S55555%
~ coooooao
O MAODONNUOLILLNLODDOUMOON O T O
o GMRTASRELSRRBERTARGA
~N NMOOOODDDDIDIDIINIITIITIITDITAANNLILM
— O FFFFmmmmmaAaaNANANANANNANAN
e e
H,C. 12 10 4. OH
3
14\13/ \11/ \g/ﬁ\/ﬁ\s/ \3/\1/13
CH, OH (e}
15 3b
11
10
8
9
6 14
7 15
5 4
1 3 Zﬂﬁ?’ 112
! N h\‘
‘ [ AU |
T T T T T T T T T T T
170 160 150 140 130 120 110 80 70 60 50 40 30 20

100 90
f1 (ppm)

Figure 3-43 3C spectrum of 3-hydroxy-13-methyltetradecanoic acid at 100 MHz in
DMSO-ds.

169



OH
1a

10,

12,

\13/ \‘M/ \

H;C

N P Ny

14

—0 A
or'ez — %
I
03
$9°57 — T -
~
o€ sz — = u
16'/2— -
6167 /
6562 . ° .
€962 7 ghe @ |m\
99'67 \
6867
(]
o
" ose— oo
s0°6€
90-0SWA Sb™6€ 0
90-0SIWQ §9°6€ | B
9Q-0SWQ £8°6€ -
9U~UOSIWO ZUUF
50-OSWa 820y 7 =
50-0SWa 60
90-0SWa 0£°0%
~ -

Teey —

24

26

30

33 32
1 (ppm)

34

38 37

39

Figure 3-44 Expansion of 3C spectrum at 100 MHz of 3-hydroxy-13-methyltetradecanoic

acid in DMSO-ds.

170



14,15

11
412
13

10,9,8,7,6,5

3 £ @

3.8

4.0

T T T T T T
0 28 26 24 22 20 18
2 (ppm)

T T T T T
4.0 38 36 34 32 3.

1.6

1.4

1.2

1.0

0.8

0.6

f1 (ppm)

Figure 3-45 'H-H COSY spectrum at of 3-hydroxy-13-methyltetradecanoic acid 400 MHz

in DMSO-ds showed partial correlations in the substructure.

171



2 13 412 14,15 20
10,9,8,7,6,5 -10

10

41415 — = < 20
1098761211 — [ 30

21§5 =55 = : @ l40

1"

|60
- — 3 = [ 70

80

f1 (ppm)

90

100

110

120

130

140

150
160

- 1 | = CH direct 170

180

T T T T T T T T T
2.3 2.2 2.1 2.0 1.9 1.8 1.7 1.6 1.5 1.4 1.3 1.2 1.1 1.0 0.9 0.8
f2 (ppm)

Figure 3-46 HMBC of 3-hydroxy-13-methyltetradecanoic acid at 400 MHz. The X and Y-axes correspond to the proton 'H and carbon spectra 2C,
respectively.

172



Table 3-16 'H NMR (400 MHz) and ¥C NMR (100 MHz) of 3-hydroxy-13-
methyltetradecanoic acid in DMSO-ds comparison with literature data (Hashizume et al.,
2004, Yanai and Hiramoto, 1999). Full assignment was deduced from HMBC (DMSO-ds ,400
MH2z).

Atom 3-hydroxy-13- Literature Literature
No. methyltetradecanoic acid (Hashizume et al, (Yanai and
in DMSO-ds 2004) in CDCl3 Harimoto,
1999) in
CDCls
on (multiplicity, oc OH OH
J in Hz) (400 (multiplicity) (multiplicity, J  (multiplicity, J
MHZz) (100 MHz) in Hz) (400 in Hz) (400
MHz) MHz)
1 173.63 (C)
2A 2.21(dd, J=14.73, 43.31 (CH>) 2.31(dd, 2.58(dd, J=3.4,
7.78) J=16.6, 9.0) 17)
2B 2.28(dd, J=14.77, 2.40(dd, 2.47(dd, J=8.8,
5.18) J=16.6, 3.2) 17)
3 3.78(m) 67.63 (CH) 3.96(m) 3.99-4.07(m)
4 1.34 (s) 25.64(CHy) ] 1.09-1.19(m)
5 /M 37.50(CH>) —
6 29.49(CH>)
7 29.59(CH>)
8 m— 1.24(s) 29.63(CH>) =— 1.04-1.52(m) L_ 1.19-1.39(m)
9 29.66(CH?>)
10 29.89(CH>)
11 1.14(m) 27.36(CH?>) —
12 1.34 (s) 27.97 (CHy) 1.09-1.19(m)
13 1.50(hept, 39.05(CH) 1.39-1.60(m)
J=6.57) _|

14 0.84 (d, J=6.20) 23.10(CHy) 0.78(d, J=6.6) 0.86(d, J=6.3)
15 0.84 (d, J=6.60) 23.10(CHy) 0.78(d, J=6.6) 0.86(d, J=6.3)
la

OH

3a

OH

The literature presented different values for optical rotation, depending if it was a R or
S configuration, ranging from [a]p?-170 (c 0.1 MeOH) to [a]p*+13.6 (¢ 1.05 CHCls)
(Hashizume et al., 2004, Zhang et al., 2008b, Hiramoto et al., 1996). The optical
rotation was [a]o?°+68 (c 0.05 MeOH), giving a S configuration, (3S)-3-hydroxy-13-
methyltetradecanoic acid, which was confirmed by Mosher experiments. The
stereochemistry of the chiral centre C-3 was achieved by observing the changes in the
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chemical shifts of the neighbouring protons and by comparing the bis-(R)-MTPA-CI
and the bis-(S)-MTPA-CI derivatives of the 3-hydroxy-13-methyltetradecanoic acid.
The chemical shift of the methylene (CH»-2a) and (CH2-2b) was shifted downfield 6+
4.0111 and 6w 3.5204 upon reacting with bis-(R)-MTPA-CI reagent and to 61 4.0289
and 81 3.5240 upon reacting with the bis-(S)-MTPA-CI reagent. The Ad?(5S-5R) value
for CH2-2a and CH-2b was calculated to be +0.0178 and +0.0036, respectively. The
chemical shift of the methylene (CH»2-4) protons was shifted downfield to 6+ 2.2510
upon reacting with bis-(R)-MTPA-CI reagent and to 6+ 3.1464 upon reacting with the
bis-(S)-MTPA-CI reagent (Figure 3.47). The AJ°R(6S-0R) value for CHz-4 was
calculated to be +0.8954. The positive value marked the position of the methylene
CH2-2a, CH2>-2b and CH»-4 at the right of the chiral centre C-3, establishing a S

configuration.

This compound was first isolated from Flavobacterium meningosepticom, a Gram-
negative bacterium from the Flavobacteriaceae family, in 1976 described by Yano et
al (Yano et al., 1976), interestingly, the same family as Muricauda ruestringensis
(SBT531).
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Figure 3-47 Superimposed H-'H COSY NMR (400 MHz) spectrum for MPTA derivatives
of 3-hydroxy-13-methyltetradecanoic acid. Measured 48 hours after reaction with both bis
— (R) — MTPA-CI and bis- (S)-MTPA-CI reagents, measured in Pyridine-ds. Blue labels are for
couplings upon reaction with bis- (S)-MTPA-CI, while green labels are for the couplings upon
reaction with bis — (R) - MTPA-CI.
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3.6.4 N-Phenethylacetamide
Table 3-17 N-phenethylacetamide.

Compound name: N-phenethylacetamide (known)

Fraction: 4 subFraction 2
Retention time (min): 11.71
Synonym(s):
e N-(2-phenylethyl)acetamide
e N-acetyl-2-phenylethylamine
Source: Muricauda ruestringensis (SBT531)
Amount of sample: 7.3 mg
Percent yield: 6%
Physical description: brownish oily sample
Molecular formula: C10H13NO
Molecular weight: 163.22 g/mol
Exact mass: 163.1070

ZT

CH,
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N-phenethylacetamide was isolated from fraction 4 subfraction 2 with a yield of 6.17%
(7.3 mg). Based on the high-resolution mass spectral data, the ESI peak eluted at 11.71
min yielded an ion peak at m/z 164.1071 [M+H]" in the positive mode. This suggested
the molecular weight of 163.22 g/mol, which established the molecular formula of
C10H13NO (Table 3.17). In comparison to the isolated saturated fatty acids, N-
phenethylacetamide was found to be inactive in the assays performed in this study.
The NMR spectra data used to elucidate the structure is present on the Appendices I.

3.6.5 Cholic acid derivative

Table 3-18 Cholic acid derivative.

Compound name (known): cholic acid derivative

Fraction: 9 subFraction 13
Retention time (min): 22.95
Synonym(s):

e (4R)-4-[(3R,5R,8R,9S,10S,12S,13R,14S,17R)-3,12-dihydroxy-10,13-
dimethyl-2,3,4,5,6,7,8,9,11,12,14,15,16,17-tetradecahydro-1H-
cyclopenta[a]phenanthren-17-yl]pentanoicacid

Source: Muricauda ruestringensis (SBT531)
Amount of sample: 15.5 mg

Percent yield: 10 %

Physical description: brownish oily sample
Molecular formula: C24H4004

Molecular weight: 392.58 g/mol

Exact mass: 392.2927

OH
OH

HO

178



LC - HRFTMS spectra [M-H]-
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The cholic acid derivative was isolated from fraction 9 subfraction 13 with a yield of

9.74% (15.5 mg). Based on the high-resolution mass spectral data, the ESI peak eluting
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at 22.95 min gave an ion peak at m/z 391.2856 [M-H] in the negative mode This
suggested the molecular weight of 392.58 g/mol, which established the molecular
formula of C24H4004 (Table 3.18). Cholic acid was found inactive in all the assays
accomplished in this study. The NMR spectra data used to elucidate the structure is

present on the Appendices I1I.

3.7 Bioreactor fermentation of SBT531

A large scale-up of SBT531 on the bioreactor was performed by Dr Christina
Viegelmann in SIPBS at the Fermentation Centre during the EU-FP7 programme.
Throughout the bioreactor experiments, variable measurements associated with
microbial growth conditions were changed and controlled, which included: the amount
of dissolved oxygen in the liquid phase (%), temperature (°C), nutrient concentrations
(g/L), pH, agitation (rpm), aeration (vvm), medium salinity (%), etc. It was determined
that SBT531 could be cultivated at 37°C in the bioreactor, instead of at 45°C as in the
shake flasks experiments. Table 3.19 shows the process variables of the experiments
performed on SBT531.

Table 3-19 - Parameters of experiments performed on SBT531

Experiment Scale Medium Temperature  pH DO Agitation  Aeration

Number

01MUR 1-L Difco MB 37°C Uncontr  Uncontrolled 120rpm  1lvvm
olled

7.5 Uncontrolled 120rpm  1vvm

02MUR 1-L Difco MB 37°C 7.5 Uncontrolled 120rpm  1vvm

(12 mL bolus
of 5g Bacto
Peptone + 1
g Yeast
Extract

added at 24
hours)

03MUR 1-L Difco MB 37°C 7.5 Uncontrolled 120rpm  1vvm

(Feed of 5g
Bacto

Peptone +
19 Yeast
Extract

added per
day with a
flow rate of 5
mL/hr
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starting at 24

hrs)
04MUR 96- Difco MB 37°C Uncontr  Uncontrolled Uncontr  Uncont
(OmniLog  well olled olled rolled
cell plate
density
experime
nt)
05MUR 10-L Difco MB 37°C 7.5 Uncontrolled 120rpm  1vvm
(120 mL
bolus of 50g
Bacto
Peptone +
10 g Yeast
Extract
added at 24
hours)

The first bioreactor experiment on SBT531 (01MUR) was performed to compare the
growth of the culture when the pH was controlled or uncontrolled. In Reactor 1, the
pH was not controlled whereas in Reactor 2, the pH was controlled at 7.5, which was
the pH of the inoculum. The growth of the cultures was measured by OD and dry cell
weight (DCW). It was possible that the measurements were affected by the production
of the brown precipitate, which was also detected in the shake flask cultures. Due to
the constant agitation of the cultures, the brown precipitate was not observed in the
bioreactors but became more obvious when the DCWs were measured.

Metabolomic analysis using mass spectrometry on the samples from Reactors 1 and 2
revealed that there was indeed a difference in the metabolic profiles of the bacteria
when the pH was controlled compared to when it was uncontrolled, as seen in the PCA
plot in Figure 3.48A. Three target compounds were identified: aseanostatin P6
(C15H3002, m/z 241.2173 [M-H]), and the two derivatives of aseanostatin (C15H3003,
m/z 257.2122 [M-H] and C17H3403, m/z 285.2435 [M-H]’) that were also isolated from
the shake flask cultures (Figure 3.48B).
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Figure 3-48 Principal component analysis (PCA) of metabolic profiles of M.
ruestringensis. (A) PCA scores plot showing the clustering of samples from Reactor 1
(green), where pH was uncontrolled, and Reactor 2 (blue) where pH was controlled at 7.5. (B)
PCA loadings plot coloured according to m/z. The target metabolites (285.243 [M-H], and
257.212 [M-H] are highlighted in purple.
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The two principal components that caused the most variation in the samples, appear to
be time (t[1]) and the bioreactors (t[2]). All the samples from Reactor 1 are in the upper
half of the plot, whereas those from Reactor 2 are predominantly in the bottom half of
the plot. The samples in the right side of the plot are primarily the samples from earlier
fermentation time (0-20.5 hours) whereas the later samples, particularly from Reactor
2, are in the left side of the plot. Although not as evident for Reactor 1, it is still clear
that the samples taken at earlier time points are on the right side whereas those taken
towards the end of the fermentation are on the left side of the scores plot. The loadings
plot (Figure 3.48B) shows the targeted metabolites in purple circles. The aseanostatin
derivative with m/z 285.2435 [M-H]" was in the lower right quadrant and clearly was
predominant in Reactor 2. However, three peaks were detected in the chromatogram
having a mass of m/z 257.2122 [M-H] This suggests that different isomers of this
compound are being produced in the bioreactors, (3R)-3-hydroxy-13-
methyltetradecanoic acid or/and (3S)-3-hydroxy-13-methyltetradecanoic acid. The
derivative with an m/z of 285.2435 [M-H] had a higher intensity compared to the
derivative with an m/z of 257.2122 [M-H]". Aseanostatin P6, despite being a major
metabolite according to the NMR data, ionised poorly. Based on the peak area, it was
evident that the compounds were produced in greater quantities in Reactor 1, when pH

was not controlled.

The second experiment, 02MUR, used the same parameters as Reactor 2 of 01IMUR,
in which the pH was controlled at 7.5, as the growth (ODeoo) was higher in this
bioreactor. A 12-mL bolus containing 5g of bacteriological peptone and 1g of yeast
extract was added at 24 hours, which was the end of the exponential phase. A 24-hour
sample was obtained prior to the addition of the bolus and another sample was taken
at 25 hours after the addition of the bolus.

Metabolomic analysis of the extracts was performed using LC-MS and multivariate
analysis. The PCA scores plot (Figure 3.49A) showed a clear trend as time progresses,
indicating that the metabolic profile of the bacteria changes each day. The PCA loading
plot (Figure 3.49B) shows which metabolites are predominant in the different days.
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The target metabolites, highlighted in red, are clearly produced early in

fermentation.
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Figure 3-49 Principal component analysis (PCA) of the metabolomic profiles of bacteria
02MUR extracts. (A) PCA scores plot of 02MUR extracts coloured by the day the sample was

taken, and (B) PCA loading plot highlighting the target compounds in red.
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The next experiment, 03MUR, was like 02MUR except the additional media
components were introduced more slowly into the reactor at a rate of 5g of
bacteriological peptone and 1g of yeast extract per 24 hours, which is the length of the
exponential phase. The feeding of the fresh medium did not significantly increase the
growth of SBT531 compared to when the bolus was added in 02MUR. It is possible
that this is due to changes in the osmolarity of the broth, as no marine salts were fed
into the reactor. Previous studies on M. ruestringensis (Bruns et al, 2001) revealed that
it grows at salt concentrations of 0.5-9.0% NaCl with an optimum growth at 3%. The
continuous feeding of the peptone and yeast extract at 5 mL/hr could have resulted in
the dilution of the salt present in the broth. Metabolomic analysis of the extracts was
performed with the PCA scores plot (Figure 3.50A) showing a clear trend as time
progresses. The PCA loading plot (Figure 3.50B) showed again that the targeted
metabolites were being produced in earlier time points of fermentation.

The PCA plot in Figure 3.50A shows that extracts obtained from Day 0 and Day 1
form distinct clusters, but the Day 2 until Day 5 extracts all clustered together, except
for C17H3403 (48 hours) which was an outlier. The target metabolites, aside from
aseanostatin P6 which was unable to be detected in the MS due to its poor ionisation,
were found in the loading plot (Figure 3.50B) in the lower left quadrant, indicating
that they were predominant in the earlier samples. The production of the target
metabolites always occurred during the exponential growth phase and appeared largely
unaffected by the addition of fresh media to the cultures. The Difco® Marine Broth
(MB) used for SBT531 did not have any carbon source aside from the sugars present
in peptone and yeast extract. It was hypothesised that the addition of a carbon source
would extend the exponential growth phase of SBT531, resulting in increased product

yields.
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Figure 3-50 Principal component analysis (PCA) of the metabolomic profiles of bacteria
03MUR extracts. (A) PCA scores plot of 03MUR extracts coloured by the day each sample
was taken, and (B) PCA loading plot highlighting the target compounds, m/z 285.243 and
257.2122 [M-HJ-.

Optimisation of the carbon source and osmolyte concentrations was attempted using
phenotypic microarray testing (SOP#37) using the OmniLog (BIOLOG) (04MUR).
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No growth was achieved in initial experiments using the PM9 microplate™
(osmolytes) and dye mixes A and H, following the protocol for Gram-negative
organisms recommended by BIOLOG. Both dyes, A and H, were tested by growing
SBT531 in Difco® MB with the addition of the dyes to determine if the dyes inhibited
the growth of the bacteria. However, it was proven that the dyes did not affect the
growth of SBT531. The inoculating fluid provided by BIOLOG was most likely not
suitable for cultivation of SBT531. In the course of method development for
cultivation of SBT531 using the OmniLog, the bacteria were grown in 20 mL solutions
of 5g/L of bacteriological peptone and 1g/L of yeast extract containing varying
quantities of salt (1% NaCl, 3% NaCl, 1% marine salts and 3.14% marine salts). No
growth was observed in the broth containing NaCl but without the marine salts (MS),
while only minimal growth was observed at 24 hours in 1% MS. The solution
containing 3.14% MS was identical in composition to Difco® MB in that it was
composed of the same quantities of bacteriological peptone and yeast extract in
addition to the 3.14% marine salts, however, the growth achieved was less than that
achieved in the Difco® MB. The reason for this is not yet known and requires further
studies. Microbial growth requires several chemical elements and physical factors such
as temperature, pH and osmotic pressure (Zengler and Zaramela, 2018, Schaechter,
2015). Regarding the salt concentration, it is clear from this project that SBT531
requires approximately 3.14% marine salts in order to grow, and that it requires salts
other than NacCl. Is also known that is a facultatively anaerobic microorganism that is
capable of growth under both aerobic and anaerobic conditions and slightly halophilic
(Bruns et al., 2001, Huntemann et al., 2012).Further experiments may be performed to
determine the salts and the concentrations of salts necessary for the optimal growth of

SBT531 as well as other obligatory requirements of growth of microorganism.

BIOLOG also recommended that different cell densities be tested in order to determine
the best density for use in the 96-well plates. Commencing the experiment with a cell
density that was too high resulted in all the redox dye being reduced too rapidly and
the growth curve not being evident. A too-low cell density would result in a slow or
no growth, as the dyes may sometimes inhibit the growth of the cells if the quantity of
cells is too low (Bochner et al., 2011). SBT531 was cultivated in Difco® MB in a 96-
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well plate at different cell densities. Purple colour was immediately observed in the
wells containing Dye A and an ODsgo of 1. This cell density was evidently too high.
Dye H gave better peak shapes in general, and a starting ODsgo 0f 0.032 gave a good
growth curve as a small lag phase could be seen before the exponential phase. It was
observed that wells in Row A and Row H had different peak shapes compared to the
other replicates which look more similar to each other. This is likely to be due to
evaporation of the solution at the edges of the plate, particularly as the plate was
incubated for 120 hours at 37°C. This should be taken into consideration when

planning future experiments.

Although carbon source optimisation using BIOLOG technology was unable to be
completed, SBT531 was upscaled to 10-L using the Biostat-C bioreactor (Sartorius).
This experiment followed the same parameters as 02MUR, in that a bolus containing
509 of bacteriological peptone and 10g of YE was added at the end of the exponential
phase. The growth of SBT531 in the 10-L culture was similar to the growth in the 1-L

cultures, and the end of the exponential phase was also reached at 24 hours.

Analysis of the MS and NMR data showed that the target metabolites continued to be
produced at the 10-L scale. Multivariate analysis of the MS data once again revealed
the Day 0 extracts (SBT3146-3150) had distinct chemistries compared to the other
extracts, which clustered together (Figure 3.51A). This showed that the metabolic
profile of the bacteria during the exponential phase is significantly different from the
other growth phases, and that the addition of the peptone and YE at the end of the
exponential phase does not result in a continuation of this metabolic profile, despite
prolonging the exponential phase and increasing the biomass. The B-hydroxy fatty
acids were produced in a similar pattern to the previous fermentations in the 1-L
bioreactors (Figure 3.51B).
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Figure 3-51 - Principal component analysis (PCA) of the metabolomic profiles of
bacteria 05MUR extracts. (A) PCA scores plot of 05MUR extracts coloured by the day the
sample was taken, and (B) PCA loadings plot highlighting the target compounds.
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In the SBT531 shake flasks, the major compound being produced is aseanostatin P6.

However, in the bioreactors, other derivatives of pB-hydroxy fatty acids were being

produced as the fermentation time progressed. In the medium scale, aseanostatin P6

was a major component as shown on the NMR but did not ionise well as observed on

the HR-LC/MS data. The optimum yield of aseanostatin P6 occurred in the exponential

phase during early times of fermentation between 24 to 48hours and for B-hydroxy

fatty acids between 12 to 48 hours, whereas the main production of cholic acid

derivatives was obtained later time-point of fermentation after 72 hours. The SBT531

bioreactor at 120 hours, still showed the presence of aseanostatin P6 in small

quantities, however together with the production of other components which included

cholic acid derivatives and other B-hydroxy fatty acids (Figure 3.52 and 3.53).
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Figure 3-52 Comparison of the chromatograms (negative ionization-LC-HRMS data) of
the SBT531 medium scale-up (shake flasks) and the different growth times
(3,12,22,48,72,96 and 120h) of SBT531 large scale-up (bioreactor). Highlighted in green
box the aseanostatin P6 (AP-6) peak, in blue box the beta hydroxy fatty acid derivatives (BHA)
and in red the colic acid derivatives (CA derivs.).
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Figure 3-53 Comparison of the chromatograms from Biotage MPLC Isolera™ One 2.0.4
Spektra flash purification system of the SBT531 medium sale-up (shake flasks) and
bioreactor at 120h. Highlighted in green box the aseanostatin P6 (AP-6) peak, in blue box
the beta hydroxy fatty acid derivatives (BHA) and in red the colic acid derivatives (CA derivs.).
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3.8 Genomics profile of SBT531

3.8.1 Sequencing and genome annotations

Whole genome sequencing of Muricauda ruestringensis was performed using next-
generation sequencing with Illumina short read technology (MicrobesNG,
Birmingham) and establishing a minimum coverage of 30x. The reads were trimmed
using Trimmomatic (Bolger et al., 2014) and the quality was assessed using in-house
scripts combined with the following software: Samtools (Li et al., 2009), BedTools
(Quinlan and Hall, 2010) and bwa-mem (Li and Durbin, 2009). Genome annotations
were conducted in Prokka 1.11 (Seemann, 2014) and further quality assessment of the
assembly in QUAST 3.1 (Gurevich et al., 2013) with evaluation of taxonomic
(taxonomic distribution) sequence classification using Kraken (Wood and Salzberg,
2014).

Curation of genomic data (annotation) was ensured via the curation of subsystems in
SEED/ RAST webserver (Overbeek et al., 2014) with further downstream mapping
using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (Kanehisa
and Goto, 2000). Annotation and analysis of secondary metabolite biosynthesis gene
clusters (BGC) in M. ruestringensis genome sequences was assessed using
antiSMASH (Medema et al., 2011) webserver.

3.8.2 Analysis of secondary metabolites biosynthetic gene

clusters

The genome assembling of M. ruestringensis strain SBT531 contains nine scaffolds /
contigs with more than 1000bp with 3121 coding sequences (Table 3.20). Genome
assembling metrics and quality control (QC) parameters and confirmation of

taxonomic families, genera and species (Table 3.21).
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Table 3-20 M. ruestringensis assembly metrics All sequences in submitted assemblies are
initially treated as ‘contigs / scaffolds’. Each contig was split on runs of 25 or more ‘N’
characters to form ‘contigs’. Any contigs that could be split in this way were regarded as
‘scaffolded contigs’ Scaffolds that didn’t have runs of 25 or more ‘N’ characters were also
counted as ‘unscaffolded contigs’. N50 scaffold/contig length is calculated by summing lengths
of scaffolds/contigs from the longest to the shortest and determining at what point you reach
50% of the total assembly size. The length of the scaffold/contig at that point is the N50 length.
The L50 measure is the number of scaffolds/contigs that are greater than, or equal to, the N50
length. The N50 is defined as the minimum contig length needed to cover 50% of the genome.
L50 is the number of contigs whose summed length is N50. % GC-content (guanine-cytosine).
All the assembly metrics were calculated using QUAST (Gurevich et al.,, 2013) and
*annotations using RAST(Overbeek et al., 2014). Base pairs (bp).

Statistics 12943wD7_Mur
(ref.1D)

# contigs (>= 0 bp) 37

# contigs (>= 1000 bp) 9

Largest contig 1,477,579

Total length 3,264,533

Total length (>= 0 bp) 3,272,505

Total length (>= 1000 bp) 3,264,533

N50 1,424,516

N75 1,424,516

L50 2

L75 2

GC (%) 44.85

# coding sequences* 3121

# RNAs (including rRNA & tRNA)* 42

# Mismatches 0
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Table 3-21 Taxonomic labelling using top families and genera.Sequence-based
classification system calculated using the software Kraken (Wood and Salzberg, 2014).

Unclassified (%0) 94.60
Most frequent Family (%)  Flavobacteriaceae 3.88
2nd most frequent Family Cyclobacteriaceae 0.13
(%)

Most frequent genus (%) Muricauda 1.26
2nd Most frequent genus Zobellia 0.62
(%)

Most frequent species (%) Muricauda 1.26

ruestringensis

Escherichia coli (%) Escherichia coli 0.00

Distribution of the protein families and associated functional roles in M. ruestringensis
strain SBT531 genome (Figure 3.54). Three major groups including Amino Acids and
Derivatives (224 feature counts), Cofactors, Vitamins, Prosthetic Groups, Pigments
(144 feature counts, which covers biotin biosynthesis) and Carbohydrates (136 feature

counts).
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Subsystem Coverage Subsystem Category Distribution Subsystem Feature Counts

W Cofactors, Vitamins, Prosthetic Groups, Pigments (144)
@M Cell Wall and Capsule (21)

@ W Virulence, Disease and Defense (49)

@ MW Potassium metabolism (9)

@ W Photosynthesis (0)

Miscellaneous (11)

m Phages, Prophages, Transposable elements, Plasmids (1)
Membrane Transport (38)

@ M Iron acquisition and metabolism (0)
RNA Metabolism (37)

W Nucleosides and Nucleotides (60)
Protein Metabolism (115)

@ M Cell Division and Cell Cycle (3)

Motility and Chemotaxis (0)

@ M Regulation and Cell signaling (9)
Secondary Metabolism (7)

DNA Metabolism (55)

W Fatty Acids, Lipids, and Isoprenoids (25)
@ M Nitrogen Metabolism (14)

m Dormancy and Sporulation (3)

@ M Respiration (28)

Stress Response (17)

Metabolism of Aromatic Compounds (13)
Amino Acids and Derivatives (224)
Sulfur Metabolism (11)

Phosphorus Metabolism (12)
Carbohydrates (136)

FEEEE®
m

Figure 3-54 M. ruestringensis functional roles and protein families. Subsystems
collections retrieved from SEED viewer (Overbeek et al., 2005). Major groups include Amino
Acids and Derivatives (224), Cofactors, Vitamins, Prosthetic Groups, Pigments (144) and
Carbohydrates (136).

The analysis of the biosynthetic gene clusters (BGCs) of M. ruestringensis (Figure
3.55) yielded the follow protein families as follow: 3-oxoacyl-[acp] synthase 3 (fabH,
UniProtKB: G2PNX4/G2PMD7) (Figure 3.55A, J), prolyl endopeptidase/
oligopeptidase (G2PNW2) (Figure 3.55B), acyl carrier protein AcpP (Figure 3.55C),
3-oxoacyl-[acp] synthase 2 (G2PNR5) (Figure 3.55D and E), biotin synthase (Figure
3.55F), putative glycosyltransferase EpsJ (G2PLAS5) (Figure 3.55G), 3-oxoacyl-[acp]
synthase 3 protein 1 (fabH, UniProtKB: G2PNX4/G2PMD7) (Figure 3.55H),
dipeptidyl-peptidase 5 (Figure 3.551) and peptidase S9 (G2PNW?2) (Figure 3.55K).

There are three known mechanisms for the initiation of fatty acid biosynthesis in
bacteria. Firstly, FabH (3-ketoacyl-ACP synthase Ill) catalyses the condensation of
acetyl-CoA with malonyl-ACP to yield acetoacetyl-ACP (Figure 3.56). In the second
pathway, the acetate moiety is first transferred from acetyl-CoA to acetyl-ACP by the
transacylase activity of FabH. The acetyl-ACP is then condensed with malonyl-ACP
by FabB (synthase I) or alternatively by FabF (synthase I1). The third pathway involves
the decarboxylation of malonyl-ACP by FabH, FabB or FabF to form acetyl-ACP
followed by subsequent condensation with malonyl-ACP. The evidence for the
existence of these pathways and their relative contributions to the initiation of fatty

acid biosynthesis is a current area of research.
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Biotin (vitamin H or vitamin B7) (Figure 3.57) is the essential cofactor of biotin-
dependent carboxylases, such as pyruvate carboxylase and acetyl-CoA carboxylase.
Mammals cannot synthesize biotin, while in bacteria, fungi, and plants it is synthesized
from pimelate thioester through different pathways. In bacteria and many organisms,
pimelate thioester is derived from malonyl-ACP. The pathway starts with the
methylation to malonyl-ACP methyl ester, followed by the fatty acid chain elongation
cycle to form pimeloyl-ACP methyl ester, which is then demethylated to form
pimeloyl-ACP. Pimeloyl-ACP is converted to biotin through the final four steps in the
biotin bicyclic ring assembly, which are conserved among biotin-producing
organisms. In B. subtilis, biotin is derived from pimeloyl-ACP formed by oxidative
cleavage of long-chain acyl-ACPs. Some bacteria synthesize biotin from pimeloyl-
CoA derived from pimelate. Biotin is covalently attached to biotin-dependent
carboxylase by biotin protein ligase, also known as holocarboxylase synthase in
mammals, to form an active holocarboxylase. After degradation of the biotinylated
carboxylase into biocytin, it is further degraded by biotinidase to release free biotin,
which is recycled in holocarboxylase synthesis. Biotin is catabolized by beta-oxidation

of the valeric acid side chain or oxidation of sulfur in the heterocyclic ring.
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Figure 3-55 Biosynthetic gene clusters analysis. Analysis performed with antiSMASH.
Annotated protein families as follow: 3-oxoacyl-[acp] synthase 3 (A, J), Prolyl endopeptidase
(B), Acyl carrier protein AcpP (C), 3-oxoacyl-[acp] synthase 2 (D and E), Biotin synthase (F),
putative glycosyltransferase EpsJ (G), 3-oxoacyl-[acp] synthase 3 protein 1 (H), Dipeptidyl-
peptidase 5 (l) and Peptidase S9 (K). Acyl-carrier-protein (acp).
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Figure 3-56 Biosynthesis of fatty acids pathway. Mapping of the gene clusters found in the
antiSMASH analysis using a reference pathway (EC, enzyme nomenclature) map from KEGG
database (https://www.genome.jp/kegg/pathway/map/ec00061.html). Tetradecanoic acid and
hexadecanoic acid are displayed as full colored red circles. fabH (3-oxoacyl-[acp] synthase 3),
fabF (3-oxoacyl-[acp] synthase 2.
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Figure 3-57 Metabolism of biotin (vitamin H). Mapping of the gene clusters found in the
antiSMASH analysis using a reference pathway (EC, enzyme nomenclature) map from KEGG
database (https://www.genome.jp/kegg/pathway/map/ec00780.html). fabH (3-oxoacyl-[acp]

synthase 3), fabF (3-oxoacyl-[acp] synthase 2.
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Figure 3-58 Summary diagram of metabolic pathways of biotin and fatty acids
biosynthesis. The following intermediates are represented: acetyl-CoA (I), malonyl-CoA (l1),
beta-ketoacyl-acp (lll), beta-hydroxyacyl-acp, (IV), trans-2-enoyl-acp (V) and acyl-acp (VI).
Acyl carrier protein (ACP), biotin carboxyl (BC) carrier protein (BCCP). FabH (3-oxoacyl-[acp]
synthase 3), FabF (3-oxoacyl-[acp] synthase 2.
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3.9 Small scale-up fermentation and extraction of
SBT587

A second bacterium M. ruestringensis isolate (SBT587) was obtained from the
intertidal pools in Iceland. Bacterial cultures were optimized, incubated and harvested
at different growth phases for a controlled number of days 1, 3, 5, or 7 in Difco Marine
Broth in shake flasks (12 x 200 ml) inoculated with 10% inoculum and single colonies
at 45 °C, 120 rpm. Comparisons were made in terms of metabolite production by
varying culture period, comparing metabolite profiles at 1, 3, 5 or 7 days. SBT 587
was found to produce the same type of compounds as SBT 531, thus there were no
chemical novelty. In this case, no further scale-up fermentation and fractionation was
done on SBT 587. The initial bioactivity screening for alpha-glucosidase and PTP1B
inhibition was also performed on the microbial isolate SBT587. SBT587 did not inhibit
an alpha glucosidase activity but exhibited activity against PTP1B at 98% inhibition
at a concentration of 30 pg/mL (Figure 3.59).

SBT587 in the PTP1B assay

== 30ug/ml

= 10pg/ml
120+ n=3

% Control

—

Figure 3-59 Inhibition effect of SBT587 crude extract against PTP1B at 30 and 10 ug/mL
(n=3). Error bars represent the standard deviations (SD) of three
replicates (n=3), and values were significant at *p<0.05 by Two-way ANOVA multiple
comparisons with the control.

Control
SBT5874
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3.9.1 NMR and HR-LC/MS comparisons with SBT531

Different extracts of SBT587 were prepared for NMR and HR-LC/MS analysis to
determine the metabolite production and if it was comparable to SBT531. Comparing
the proton spectral data of SBT587 single colonies at day 7 extracts 1, 2, and 3 (Figure
3.60) with SBT531 small scale at day 7 (Figure 3.61), it is perceptible that the spectra
of both strains shared identical peaks, on the aliphatic region between 0.5-1 ppm the
characteristic doublet of the fatty acid derivatives of aseanostatin P6 and on the
aromatic between 7-7.5 ppm the aromatic rings of the cholic acid derivatives.
Furthermore, when analysing the proton NMR spectral data of SBT587, 10% inoculum
at day 7 extracts 1, 2 and 3 (Figure 3.62) with SBT531 Fraction2 (Figure 3.63) it is
possible to detect the doublet between 0.5-1 ppm and the triplet between 2-2.5 ppm,

which are typical or characteristic resonances for aseanostatin P6.

SBT587 Day 7 Extract 3 —Single colonies
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Figure 3-60 'H-NMR spectral data (400 MHz) of SBT587 Day 7 Extract 1, 2 and 3 Single
colonies. The blues boxes showed the fatty acid derivatives signals and cholic acid
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derivatives signals.
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Figure 3-61 *H-NMR spectral data (400 MHz) of SBT531 small scale up. The blues boxes
showed the fatty acid derivatives signals and cholic acid derivatives signals.
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Figure 3-62 'H-NMR spectral data (400 MHz) of SBT587 Day 7 Extract 1, 2 and 3 10%
Inoculum. The blues boxes showed the fatty acid derivatives signals, characteristic of
Aseanostatin P6.
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Figure 3-63 'H-NMR spectral data (400 MHz) of SBT531 Fraction 2. The blues boxes
showed the fatty acid derivatives signals characteristic of Aseanostatin P6.

Analysing the MS data results regarding the production of secondary metabolite, the
base peak plot of the chromatograms from the negative mode of ionization for SBT587
inoculated with 10% inoculum (Figure 3.64) and single colonies (Figure 3.65) were
found to be comparable to those of SBT531 Fractions 4, 6, 7 and 9 (Figure 3.66). It
can be confirmed that both strains are producing similar set of compounds, although

the retention time is slightly different.
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Figure 3-64 Base peak plot chromatogram (HR-LC/MS data) of SBT587 10% Inoculum
metabolites (Negative ionization) created on MzMine 2.10 modified version.
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Figure 3-65 Base peak plot chromatogram (HR-LC/MS data) of SBT587 Single Colonies
metabolites (Negative ionization) created on MzMine 2.10 modified version.
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Figure 3-66 Base peak plot chromatogram (HR-LC/MS data) of SBT531 Fractions 4, 6, 7
and 9 metabolites (Negative ionization) created on MzMine 2.10 modified version.
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Discussion

In the present work, different scale-up fermentations were performed on M.
ruestringensis strains (SBT531 and SBT587). A metabolomics workflow for drug
discovery was conducted prior to extraction and fractionation. NMR and HR-LC/MS
were used as analytical platforms to achieve the metabolomics analysis. The extracts
and fractions were also subjected to a battery of bioassays, from which bioactive
fractions were selected for further compound purification for structure elucidation.
Potential biosynthetic gene clusters (BGCs) based on previous assessment of M.
ruestringensis genomic profile was also studied. Similar secondary metabolites were
produced during the scale-up steps. Moreover, the elucidated and isolated compounds
were mainly branched hydroxylated fatty acids, N-phenethylacetamide and a cholic
acid derivative as shown in Figure 3.67.

\(\/\/\/\/\/\'(OH W/VWYON
o} oM o

Aseanostatin P6 3-hydroxy-13-methyltetradecanoic acid
H
\/I\/\/\/\/\/\/mk’( § e
o \H/
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2-hydroxy-14-methylhexadecanoic acid N-phenethylacteamide

H
OH >

HO

Cholic acid derivative

Figure 3-67 Metabolites identified in M. ruestringensis strains SBT531 and SBT587.
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Both M. ruestringensis strains, SBT531 and SBT587, were isolated from intertidal
pools in Iceland, therefore, was expected that both strains secondary metabolites were
analogous and synonymous, which was confirmed by their similar NMR and HR-
LC/MS data. SBT531 and SBT587 both produced the hydroxylated fatty acid
derivative, 3-hydroxy-13-methyltetradecanoic acid, with an m/z of 257.212 [M-H]
and aseanostatin P6. Aseanostatin P6 was the major metabolite as indicated by its
NMR spectrum, but it ionised poorly and was not visible on the total ion
chromatograms of SBT587. Cholic acid derivatives with an m/z of 815.568 [2M-H]
and m/z of 783.578 [2M-H] were also being produced but with a reduced intensity
when compared to the fatty acids. The profile of hydroxy fatty acids is useful to
differentiate and grouping certain gram-negative bacteria like M. ruestringensis. Both
2-hydroxy and 3-hydroxy fatty acids are found as constituents of cells and their
distribution differs depending on the types of microorganisms (Yamanaka et al., 1988).
The occurrence of branched-chain hydroxy fatty acids in gram-negative bacteria is
rather specific and useful in their comparative biology and phenotypic systematics.

Regarding the Bioreactor fermentation, although the scaling up of SBT531 from 1-L
to a 10-L bioreactor resulted in identical growth and similar production of the
aseanostatin derivatives, it also resulted in the production of aseanostatin P6 isomers.
It is currently unknown why aseanostatin P6 and its derivatives are produced mainly
in the exponential phase. aseanostatin P6 is a cellular fatty acid that is known to be a
component of the cell wall of M. ruestringensis. It comprises 15.52% of the fatty acid
profile of M. ruestringensis strain B1T (Bruns et al., 2001) and is responsible for the
membrane fluidity (Kaneda, 1991). In fact, being an extremophile requires ability of
protective measures to extreme environments in which the cell outer-membrane plays
an important role as it is the main target of adverse conditions (Kaneda, 1991). Further
studies on the optimisation of carbon, nitrogen, and salt concentration of the media
and as well gene expression analysis from metabolic approach might yield a better

understanding of the role of aseanostatin P6 and its derivatives in SBT531.

Detailed chemical profiles about certain bacteria are well described on the literature,

nevertheless current knowledge regarding M. ruestringensis is limited. Literature
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search concerning production of secondary metabolites in the genus Muricauda is
quite limited. Nevertheless, carotenoid pigments such as zeaxanthin, a xanthophyll
(also known as phylloxanthins) are produced (Prabhu et al., 2014) in many member of
the Muricauda genera owning antioxidant and anticancer properties. Another example
of a bioactive isolated compound from the Genus Muricauda was MomL, an N-acyl
homoserine lactone (Tang et al., 2015) that could be used as a therapeutic agent against
Pseudomonas aeruginosa since it seems to decrease the virulence in a Caenorhabditis

infection model.

Aseanostatin P6 or 13-methyltetradecanoic acid, C1sH3002, was isolated from SBT531
fraction 2. Fraction 2 exhibited inhibition activity against alpha-glucosidase (30
pg/mL) and PTP1B (30 and 10 pg/mL, Ki 3 pg/mL) with less than 40% inhibition
(<40% threshold) which can be related with the mentioned isolated compound. It was
firstly isolated from the external fatty tissue of sheep in 1952 (Hansen et al., 1953).
Since then, the production and isolation of this fatty acid was reported in many
bacteria, for instance Propionibacterium propionicum (previously known as Arachnia
propionica) (Cummins and Moss, 1990, O'Donnell et al., 1985), Porphyromonas
circumdentaria sp. nov. (Love et al., 1992), Porphyromonas canoris sp. nov. (Love et
al., 1994) Friedmanniella luteola sp. nov., Friedmanniella lucida sp. nov.,
Friedmanniella okinawensis sp. nov., Friedmaniella sagamiharensis sp. nov. (Iwai et
al., 2010), Granulicoccus phenolivorans gen. nov., sp. nov. (Maszenan et al., 2007)
Chryseobacterium soldanellicola sp. nov., Chryseobacterium taeanense sp. nov. (Park
et al., 2006), Sphingobacterium sp. (Naka et al., 2003), Bacillus sphaericus (Siegel et
al., 1997), Flavobacterium ranacida (Faung et al., 1996), Stigmatella aurantiaca and
Myxococcus xanthus (Dickschat et al., 2005). Furthermore, this compound was
investigated as an important anticancer agent known as inducing apoptosis in several
types of human cancer cell lines. Reported literature showed inhibition of tumour cell
growth by inducing apoptosis in T-cell lymphomas in vitro and in vivo by down-
regulating phospho-AKT and activating caspase-3 (Cai et al., 2013). Moreover, 13-
methyltetradecanoic acid induces mitochondrial dysfunction in bladder cancer cell
lines through modulation of the AKT/MAPK signaling pathways (Lin et al., 2012).

This compound is also involved in the disruption of mitochondrial integrity and
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inducing apoptosis via caspase-independent death pathways reported in human breast
cancer cell lines (SKBR-3) (Wongtangtintharn et al., 2005). Other research articles
report antineoplastic activity in many Human-derived cellular lines: DU-145 (prostate
carcinoma), K-562 (leukemia), HCT-116 (colon carcinoma), NCI-H1688 (small lung
cell carcinoma), SNU-423 (liver carcinoma), MCF7 (mammary adenocarcinoma),
BxPC-3 (pancreatic adenocarcinoma), and NCI-SNU-1 (gastric carcinoma) (Yang et
al., 2000). Additionally, reports shown that aseanostatin P6 have anti-inflammatory,
antioxidant, antithrombotic effects and can stabilize membranes with a
neuroprotective effect on focal cerebral ischemia / reperfusion injury models (Yu et
al., 2016).

3-Hydroxy-13-methyltetradecanoic acid, CisHz0O03, was first isolated from
Flavobacterium meningosepticom, a Gram-negative bacterium from the
Flavobacteriaceae family, in 1976 described by Yano et al (Yano et al., 1976),
interestingly, the same family as M. ruestringensis. This compound was isolated from
several bacteria within different genus, for instance, Echinicola (Zhang et al., 2016a),
Flavobacterium (Sheu et al., 2016), Sphingobacterium (Li et al., 2016), Aquimarina
(Wang et al., 2016b), Algoriphagus (Kohli et al., 2016), Maribacter (Park et al., 2016),
Lysobacter (Miess et al., 2016) and Hymenobacter (Liu et al., 2016). The associated
bioactivity was concerning insecticidal and antimicrobial activity against Gram-
positive bacteria (Morgan et al., 2009, Hashizume et al., 2001, Hashizume et al., 2004),
stimulator of the apolipoprotein E (ApoE) secretion from human hepatoma Hep G2
cells (Yanai et al.,, 2000) importance demonstrated with studies in
hyperlipidaemic rabbits, in which ApoE was responsible for the prevention of
progression of the atherosclerosis and also decreasing cholesterol levels(Yanai
and Hiramoto, 1999).

2-Hydroxy-14-methylhexadecanoic acid, C17Hz403, is the less studied of the three
isolated fatty acids. It was principally reported being produced by a bacteria belonging
to the order Actinomycetales (Mingma et al., 2016, Yano et al., 1970, Yano et al.,
1969). The two hydroxylated fatty acid derivatives from aseanostatin P6 were isolated,
3-hydroxy-13-methyltetradecanoic acid, C1sH3003 from SBT531sub-fraction 11, and
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2-hydroxy-14-methylhexadecanoic acid, Ci7H3403 from SBT531 sub-fraction 12.
Fraction 4 mL and F4 subFraction 11 both showed inhibition activity against PTP1B
at a concentration of 30 pg/mL (123.8 uM) but not at 10 pug/mL (41.2 uM), which is

not such a potent bioactivity as it should be as lowest as possible.

Comparing the three isolated fatty acids in terms of their inhibition ability against
PTP1B, the inhibition activity putatively decreased or disappeared with the elongation
and/or hydroxylation and methylation of the chain. Further research about structure
activity relationship on other derivatives is required to confirm this hypothetical

evidence.
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Chapter 4

Micromonospora sp. N17 (SBT687): SEARCH FOR
NEW POTENTIAL AGROCHEMICAL LEADS
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4.1 Introduction

The genus Micromonospora is a Gram-positive, filamentous and sporulating
actinobacteria, which was first described by @rksov in 1923 (Carro et al., 2018, Riesco
et al.,, 2018). Currently the genus has 81 species with valid published names
(http://www.bacterio.net/micromonospora.html), most of them only discovered

during the last decade. This genus holds many uncharacterised isolates (Figure 1)

available at NCBI (www.ncbi.nlm.nih.gov/genome/13707). Here, in this chapter
Micromonospora sp. L5 (Figure 4.1A, B) will be used as a template for further study
of its biosynthetic gene clusters (BGCs) since the target bacteria isolated in this project,
Micromonospora sp. N17 (SBT 687) was not sequenced. Strains from the genus
Micromonospora have been widely isolated from soil, freshwater, and marine habitats
that included plant and animal tissues as well as other sources (Hirsch and Valdés,
2010, Riesco et al., 2018, Carro et al., 2018). Micromonospora species have been
described for being a potential source of new antibacterials (Charan et al., 2004, Berdy,
2005) but the genus has also been important for the discovery of other bioactive
molecules with antitumoral activity (lgarashi et al., 2007), antifungal (Ismet et al.,
2004), antiviral, insecticidal (Hirsch and Valdés, 2010) and also for producing vitamin
B12 (Leviton and Hargrove, 1952), and potentially can be used for probiotic in
aquaculture (Das et al., 2008).
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Figure 4-1 Micromonospora sp. L5 overall genomic description (A) and circular tree
dendrogram (B) based on genomic BLAST of 26 isolates from an uncharacterised population
of Micromonospora.

The bacterium Micromonospora sp. N17 (SBT 687) was isolated from the
Mediterranean sponge Phorbas tenacior from the Santorini volcanic complex of Crete.
The high diversity of microorganisms isolated from the marine sponge Phorbas
tenacior frequently found in the Mediterranean Sea are responsible for a great variety
of biologically active secondary metabolites (Dupont et al., 2014). Reported natural
products from both the sponge and its associated microorganism included alkaloids
(Rudi et al., 1994), macrolides (Searle and Molinski, 1995), terpenoids (McNally and
Capon, 2001, Jang et al., 2008, Zhang et al., 2008a), steroids (Morinaka et al., 2007,
Morinaka et al., 2009), peptides or modified peptides with potential antimicrobial,
antioxidant and antiplasmodial activities (Dupont et al., 2014, Fehmida et al., 2017).

Preliminary bioassay screening of SBT687 demonstrated 100% growth inhibition
against the parasite Lepeophtheirus sp. (sea lice) at 75 pg/mL. The bioscreening result
of SBT687 against sea lice exhibited the insecticidal or pesticidal potential of its
secondary metabolites. The characterization of new lead compounds against the
mentioned infesting parasite holds great interest for the salmon farming industry. Sea
lice infestation is becoming a major concern for the salmon industry due to the harmful
effect in health, production and market value of the fish (Jimenez et al., 2013). Sea lice
is a common name for many species of marine ectoparasitic copepods that exists

naturally in the ocean. However, the copepod population can exponentially grow and
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spread in fish farming sites (Wright et al., 2016). The infesting parasite entails the
greatest challenge for fish farming. Chemical therapy, biological methods, and
operational measures are amongst the approaches that have been used to control sea
lice population and infestation (Dumas, 2016). Short-duration immersion treatments
used chemicals like pyrethroid-cypermethrin or a combination of pyrethroid-
deltamethrin and organophosphates azamethiphos in high-concentrations (Olsvik et
al., 2014, Jimenez et al., 2013). On the other hand, macrocyclic lactone emamectin
benzoate and the benzoyl urea diflubenzuron and teflubenzuron were used for in-feed
treatments (Murray, 2016). Frequently, fishes were also exposed to hydrogen
peroxide, a non-specific oxidising agent (Vera and Migaud, 2016, Helgesen and
Horsberg, 2013). Chemical treatments can be stressful for the fish and/or even consist
a potential threat to the surrounding wild life while resistant parasite strains can still
be passed further to stronger generations (Grant, 2002, Helgesen and Horsberg, 2013).
Recently, increasing resistance to chemical therapy has been reported (Helgesen and
Horsberg, 2013, Carmona-Antofianzas et al., 2016). Therefore, there is a current need
for investigation of novel intervention strategies and novel chemicals to control of sea
lice infestations, which is heavily dependent on effective insecticide
chemotherapeutants (Wagner et al., 2008, Helgesen and Horsberg, 2013, Jimenez et
al., 2013).

4.2 Small and Medium scale up fermentation,

extraction and fractionation of SBT687

4.2.1 Scaled-up fermentation of SBT687

Methods relating to fermentation and extraction were described in detail under Chapter
2. The initial small-scale fermentation of the bacterium Micromonospora sp. N17
(SBT 687) in ISP2 agar plates and 100 mL liquid broth was done in Julius-von-Sachs-
Institut fir Biowissenschaften, University of Wuerzburg, Germany. Fermentation
conditions for SBT687 were optimised using 10% (v/v) inoculum on ISP2 liquid broth
then incubated for 7 days at 30° C with shaking at 120 rpm. Using the optimised culture
conditions, SBT687 was then scaled-up to 2L (5 x 400 ml). Fractions from the 2L
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culture were sent to PHARMAQ for bioactivity screening for anti-sea lice activity
(Lesa assay). PHARMAQ AS (part of Zoetis) that was founded in 2014 and based in
Overhalla, Norway, is a veterinary company that manufactures health products for the
aquaculture industry. A second medium scale-up to 15L (30 x 500 mL) was also
accomplished. Fractions from the culture extract were further subjected to NMR, LC-
HRMS, bioassay screening and metabolomics profiling analysis. The *H-NMR
stacked spectra of the different SBT687 fermentation scale-up are presented in Figure
4.2, illustrating the stability of the bacterium to be consistent in its metabolite

production.
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Figure 4-2 Proton *H NMR (400 MHz) spectra obtained for SBT687 at different scale-up
from 100 mL to 2L then 15L. No noticeable changes were observed during the scale-up.
Solvent used was DMSO-ds (peak at 2.5 ppm).

4.2.2 Fractionation of SBT687
Bacterial cultures (liquid cultures) of SBT687 were scaled-up to 2 L (5 x 400 ml) using

optimised conditions. After seven days of incubation, bacterial cultures were extracted

using ethyl acetate. Total organic extract from the obtained yield was 131.9 mg.
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Further fractionation of the ethyl acetate extract was performed using the Reveleris™
Flash Chromatography System enduring 100-min isocratic gradient elution with water
(A) and ACN (B) on a reverse-phase 40g C18 column cartridge. The gradient elution
HPLC is shown in Table 4.1 and detailed chromatographic conditions in Table 4.2. All
yield of the fractions were sent to PharmaQ (Norway) for bioactivity screening. Full
description of this setup can be seen in Chapter 2 (2.3.2 t0 2.6.2.2).

Table 4-1 Gradient used for first fractionation of SBT687 on the Reveleris™ Flash

Chromatography System.

Time (min) % Solvent B
0 10
70 100
30 100

Total run time=100

Table 4-2 Chromatographic conditions applied to the fractionation of SBT687 using the

Reveleris™ Flash Chromatography System.

Column Reverelis C18 40g

Sample 3 spoons of Celite® S with sample dissolved in MeOH
Solvents Water (A) and ACN (B)

Flow rate 20 mL/min

Detection mode UVv1i+UVv2
ELSD Threshold 5mV

UV Threshold 0.05 AU
UV1 Wavelength 290 nm
UV2 Wavelength 320 nm

The fractionation of SBT687 resulted in 72 fractions, which were pooled according to
similarities of their thin layer chromatographic (TLC) profile to yield a total of eight
fractions (F1-F8) as displayed in Table 4.3.

Table 4-3 First SBT687 fractionation afforded 8 fractions.
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Fraction/ Test Tube/Fraction Yield (mg)

numbers
F1 1-10 7.9
F2 11-20 12.3
F3 21-30 1.9
F4 31-40 3.1
F5 41-50 1.3
F6 51-60 1.9
F7 61-72 7.5
F8 Wash run 19.5

A second fractionation was performed in the crude extract (396.1 mg) from the 15L
culture. Similar chromatographic conditions as the 2L culture extract were applied. A
70-min gradient elution was applied with equilibration at 0 minutes with 2% B,
increasing to 5%, then followed by a 70-min gradient to 100% B as presented in Table
4.4. A modified gradient was implemented since during the first chromatographic
fractionation, 80% of the peaks were eluting in the first 10 minutes of the run. The
initial percentage of B was decreased from 10 to 2% to decelerate the elution of the
highly polar compounds in order to increase the retention and enhance the separation
of analytes. Aliquots of each fractions were prepared for MS, NMR (when possible
due to limited extract weight) and bioactivity assays. The second fractionation round
of SBT687 resulted in 112 fractions, which were pooled according to their TLC profile
to afford a total of 22 fractions (F1-F22) as shown in Table 4.5. The TLC plates from
both fractionations were compared based with their similarities and retention factors

(Rf) values. Detailed description of this setup can be seen in Chapter 2 (2.11t0 2.6.2.2).

217



Table 4-4 Gradient used for the second fractionation of SBT687 on the Reveleris™ Flash
Chromatography System.

Time (min) % Solvent B
0 2
5 5
30 5
40 50
50 50
60 100
70 100

Total run time=70 min

Table 4-5 Second SBT687 fractionation afforded 22 fractions.

Fraction Test Tube/ Fraction numbers Yield (mg)
F1 1-3 44.3
F2 4 10.8
F3 5-6 6.9
F4 7 2.1
F5 8-25 14.3
F6 26-41 27.8
F7 42-51 5.6
F8 52-56 4
F9 57-59 20.5
F10 60-61 25.3
F11 62-67 29.5
F12 68-71 6.7
F13 72-75 10.9
F14 76-77 7
F15 78-80 6.5
F16 81-85 14.3
F17 86 1.3
F18 87-95 0.6
F19 96-99 4.7
F20 100-112 11.7
F21 Run wash 7.8
F22 Column Flushing (100%ACN) 66.4
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4.2.2.1 H-NMR spectra of SBT687 fractions

The fractions were analysed by *H NMR spectroscopy (Figure 4.3) along with HR-
LC-mass spectrometry to have a general perception of the type of compounds being
produced in terms of their chemistry and to prioritise which fractions, if any, would
proceed for further purification work. Analysis of the *H NMR spectral data showed
distribution of the signals in the aliphatic (0 — 2.5 ppm), olefinic (3.5 — 5.5 ppm) and
aromatic (6 — 8.5 ppm) regions. Moreover, it displays the presence of hydroxylated
aliphatic and olefinic compounds such as those found in terpenoids, steroids and fatty
acids. Additionally, the presence of aromatic compounds like phenols and alkaloids

were indicated by presence of aromatic region signals.
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Figure 4-3 Proton * H NMR (400 MHz) spectra obtained for SBT687 fractions. Numbers
on Y axis indicate the fraction number. Solvent used was DMSO-ds (peak at 2.5 ppm).
Highlighted in blue is the aliphatic region, green for the olefinic region, and in red is the
aromatic region. The red box indicates the fractions from which compounds were isolated.
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4.2.2.2 Biological activity of SBT687 crude extract and fractions

The preliminary bioassay screening of SBT687 crude extract exhibited 100%
inhibition against the parasite Lepeophtheirus sp. (sea lice) at 75 pg/mL. Fractions F6
and F8 from the first fractionation afforded 65% and 72% of inhibition against the
parasite Lepeophtheirus sp. (sea lice), respectively, at 75 pg/mL. Many fractions from
the second fractionation weren’t sent to Norway (for bioassay screening) due to the
end of the project and limitations concerning samples weight. Comparing the TLC
profiles of the scale-up batches in terms of their retention factors (Rf) values,
absorbance characteristics under the UV and colouration with the anisaldehyde spray
reagent, F5/F6 and F15-F22 from the second fractionation of the 15L scale-up were
found to be comparable to those of F6 and F8 of the first fractionation from the 2L
scale-up (Figure 4.4). However, although F5/F6 of the second fractionation has a
similar absorbance pattern under the UV as those of F6, their Rf values did not match.
Hypothetically, F15-F22 from the second fractionation must be the active fractions
with their comparable Rf values with those from the first fractionation. Rf values of
relevant spots were calculated according to the formula defined below and values

shown in table 4.6.

distance of analyte migration

where: Rf value = — , —
distance of mobile phase migration
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F1 F2 F3 F4 F5

Fi F2F3 FANFS_F6 JFT F8 F9 F10 FI1 F12 F13 F14 |[FIS F16 F47 P18 F1e P20 21 F22

Figure 4-4 Summary TLC plates for the fractionation of A) the 2L culture (F1 to F8) and B)
15L culture (F1 to F22) extracts of SBT687 with mobile phase solvents ACN:Water 1:1 on
RP18 plates. Brown spots were visualized after spraying with anisaldehyde reagent. As
observed under short and long UV wavelength, the spots were marked S (Short), LB (Long
Blue), LG (Long Green), LY (Long Yellow), LV (Long Violet). The red boxes highlighted the
active fractions against parasite Lepeophtheirus sp. (sea lice) at 75 pg/mL.
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Table 4-6 Rf values of the encircled analytes from the TLC plates for the fractionation of
A) the 2L culture (F1 to F8) and B) 15L culture (F1 to F22) extracts of SBT687. As observed
under short and long UV wavelength, the spots were marked S (Short), LB (Long Blue), and

LV (Long Violet). Brown spots were visualized after spraying with anisaldehyde reagent.

(A) (B) Spot colour Spot colour
Fraction Fraction (uv (spray
2L Rf value 15L Rr value absorbance) reagent)
F6 Rfl - 0.38 F5 Rfl —0.55 short
Rf2 — 0.49 Rf2 — 0.67 LV Brown
R¢3 —0.60 R¢3 -0.82 LV Brown
F8 Rf1-0.05 F16 R¢1-0.05 Brown
R¢2-0.13 Rf2-0.13 short Brown
Rf3-0.22 R¢3-0.24 short/LB Brown
Rf4-0.35 Rf4-0.38 LV Brown
R 5-0.42 R 5-0.45 LB Brown
R¢6-0.49 R¢6-0.49 short Brown
R¢7-0.58 R¢7-0.58 LV
R¢8-0.61 R¢8-0.61 short
F8 Rf1-0.05 F17 Rl —0.05 Brown
R¢2-0.13 R2 —0.13 short Brown
Rf3-0.22 R¢3 -0.25 short/LB Brown
F8 R¢1-0.05 F19 Rfl —0.05 Brown
Rf2-0.13 Rf2 —0.13 short Brown
F8 Rf1-0.05 F20 Rl —0.05 Brown
Rf2-0.13 Rf2 —0.13 short Brown
Rf1-0.05 F21 Rfl - 0.05 Brown
R¢2-0.13 Ri2-0.14 short Brown
Rf3-0.22 R¢3 -0.26 short/LB Brown
R¢4-0.35 Rf 4 -0.32 LV Brown

4.3 Metabolomic guided screening of SBT687

4.3.1 Metabolomic profiling of fractions of the crude extract
of SBT687

4.3.1.1 HR-LC/MS data

After data acquisition using HR-LC/MS of the crude extract and fractions, datasets
were processed as described in Chapter 2 (section 2.9.1). Then implementation of
statistical procedures, mainly dimensionality reduction approaches for feature

elimination and extraction using, for instance an unsupervised modelling method—
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principal component analysis (PCA) and a supervised modelling method—orthogonal
projections to latent structures discriminant analysis (OPLS-DA). This yielded the so-
called plot-scores (of samples) and loading-plots (of variables) than can be displayed
as a PCA biplot and as well as S-plots, which integrates modelled covariance and
correlation from the OPLS-DA model in a scatter-plot. Statistical validation of the
OPLS-DA model was achieved by resampling the observed data 100 times
(permutation test). Additionally, a heatmap (Figure 4.5) was also generated using an
initial matrix of m/z and peak intensities across fractionations (F1-F22). The heatmap
allowed the visualization and comparison of the chemical diversity of respective
fractions, as well to establish similarities and differences between them. The colour
key from red to blue indicated increasing intensity of specific chemical elements in the
fractions. The heatmap on shows that F17 and F18 produced a higher diversity of
metabolites as evidenced by the greater number of intense blue bands. While the initial
fractions F4 to F7 gave rise to a larger quantity of low-molecular weight metabolites,
and later fractions F19 to F22 had an increase in density of higher molecular weight
compounds. F11 to F16 produced a variety of types of metabolites ranging from lower
to higher m/z. Other fractions afforded certain specific metabolites as shown by the

emergence of new blue bands were observed.

Color Key

Heatmap: SBT687 Fractions (HR-LCMS Data)
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Figure 4-5 Heatmap based on HR-LC/MS data displaying distinct metabolic profiles of 22
fractions of SBT687. Boxed in red are the fractions with higher chemical diversity.
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The HR-LC/MS data was processed using MZMine modified version 2.10 from which
base peak chromatograms and scatter plots could be generated that allowed additional
comprehensive profiling of the chemical composition of each fraction in comparison
to the crude extract. Furthermore, this also later permitted correlating the mass spectral
data with those of the NMR results. Visualization of the base peak plot chromatograms
on negative and positive ionization mode as shown on Figure 4.6A and B illustrated
the main compounds being produced. The base peak chromatogram on negative
ionization mode illustrated high intensity peaks from F17. Apart from the unknown
peaks found at m/z 162.060 [M—H]-, an ion peak at m/z 553.390 [M-H] with a
molecular formula of CzsHsoN4O was putatively identified as manzamine H (section
4.4.2). Manzamines are a class of polycyclic alkaloids with a fused and bridged
membered heterocyclic ring system coupled to a beta-carboline moiety (Radwan et al.,
2012). Additionally, another metabolite at m/z 341.207 [M-H] that afforded a
molecular formula of C17H30N2Os, detected in fractions F2, F4, F8, F9 and F12 to F17
was reputed as loxistatin (Figure 4.7). Loxistatin was earlier described as a cysteine
proteinase inhibitor (Satoyoshi, 1992). On the other hand, the positive ionization base
peak plot chromatogram showed high intensity peak at m/z 211.087 [M+H]" with a
molecular ~ formula  of  Ci3HioN2O  for  the  cytotoxic  alkaloid
1-vinyl-8—hydroxy—p—carboline (Prinsep et al., 1991, Beutler et al., 1993), which
was detected in nearly all fractions but with highest intensity in F18. Another major
peak, found in F18, was detected at m/z 509.384 with a molecular formula of C3oHs206

was dereplicated as polyhydroxylated androstane (Kobayashi and Mitsuhashi, 1982).
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Figure 4-6 Base peak plot chromatogram (HR-LC/MS) of SBT687 fractions in negative (A)
and positive (B) ionization mode created on MzMine 2.10 version.
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Figure 4-7 Structure of loxistatin and 1-vinyl-8-hydroxy-B-carboline as dereplicated
from the negative and positive ionisation mode, respectively.
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PCA was performed on the HR-LC/MS data of 22 isolates. PCA plots were generated
from four components, a R2X value of 1 was achieved using Pareto scaling, indicating
a good model for a metabolomics data set to fit (R*X > 0.5, Umetrics) and Q? of 1
which specifies good predictive ability of the model. The difference between R2X and
Q? was 0, as both were equal to 1. The initial value of R>X was 0.77 and Q2 -0.53
nevertheless, after adding 21 components the score of 1 for both parameters was
achieved. The presence of strong outliers and differences in chemical profiles could
be deduced from the RZX[1] and R2X[2] values, which gives the percent variation
between and within clusters, respectively. PCA plots reveal patterns and trends to
enable visualization similarities and differences between samples as well as detect
outliers in the dataset. Outliers are observed to be situated outside the ellipse. Outlying
samples could be indicated by their uniqueness in chemical profile as demonstrated by
F17 and F18 encircled in red in Figure 4.8A. In contrast, chemical similarities were
exhibited by the rest of the fractions clustering together on the upper left quadrant. In
order to confirm the similarity of the clustering fractions, a new PCA scores plot
(Figure 4.8B) was generated by excluding F17 and F18. Fractions F14 and F7 became
the new outliers, with F9 and F16 located on the upper left quadrant and F13 and F15
were located being on the bottom left quadrant. While the remaining fractions
clustered together.

The loadings plot represented the molecular ion masses in m/z of the secondary
metabolites of respective samples found on the corresponding quadrant position on the
scores plot. Discriminating metabolites were found with ion peaks at m/z 533.393 and
533.374 for outliers F17 and F18, respectively (Figure 4.8C). The ion peak at m/z
553.393 represented the major ion peak particularly found in F17 was dereplicated as
manzamine H, as discussed above and further in section 4.4.2. The ion peak at m/z
533.374 found no hits from the database. A dereplication study identified the
metabolites to be terpenes and alkaloids (Table 4.7).
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Figure 4-8 SIMCA analysis of SBT687 fractions mass spectral data. (A) PCA-X scores
plot of SBT687 fractions, showing the outliers F17 and F18 encircled in red. (B) PCA-X scores
plot of SBT687 fractions without F17 and F18, showing the new outliers F19 and F7 encircled
in red. (C) Loadings plot acquired from the PCA-X (A) model colour coded according to m/z

with labelled “end point” metabolites.

To predict and understand the type of chemistry that would be responsible for the
insecticidal bioactivity of SBT687 extract and fractions, a supervised multivariate
analysis was accomplished by subjecting the HR-LC/MS data sets to OPLS-DA. The
sample fractions were grouped into two classes: active vs. inactive (Y variables) and
by using a loading scatter and S-plots, respective metabolites and functional groups (X
variables) could be pinpointed to be responsible for the bioactivity. This statistical
model would assist in targeting the bioactive natural products for further isolation
work. F5 and F6 were included on the active group to confirm the position of their
metabolites on the loadings S-plot. VIP (Variable Influence/Importance in Projection)
and % contribution scores were employed to statistical validate the predicted bioactive
metabolites exhibited as “end point” features on the S-plot specifically those afforded
by F5, F6, F16, F17, and F18 (Figure 4.9). The % contribution and VIP (which must
be >1) scores must be directly proportional to the probability that a certain metabolite
of interest is indeed responsible for the bioactivity. As shown, the predicted bioactive
features for F5 and F6 had low VIP and % contribution scores, while those from F16,
F17, and F18 gave % contribution scores of greater than 20% while the VIP scores
were greater than 5.0.
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Figure 4-9 Contribution scores plots for F5, F6, F16, F17, and F18 to indicate the
orthogonal VIP (Variable Influence/Importance in Projection) scores on an OPLS model for
the “end point” features for the respective fractions on the loadings S-plot as labelled here with
their m/z ratios. Coloured regions designate increasing orthogonal VIP scores where red < 5,
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It was possible to differentiate the metabolites from the active vs inactive fractions
from the OPLS-DA scores plot shown in Figure 4.10A. F17 remained an outlier as
was indicated by the PCA model while F18 on the upper left quadrant was isolated
from the other active fractions clustering together on the bottom left quadrant. The
individual metabolites belonging to each group are shown on the loadings scatter plot
(Figure 4.10B). The OPLS-DA loadings plot exhibited the discriminating active
metabolites for F17 and F18 that separated them from the rest of the active fractions,
which made the group occupy two different quadrants. The discriminant metabolites
were the ion peaks at m/z 553.390 [M-H] putatively identified as manzamine H
(section 4.4.2), 341.207 [M-H]" was found to be loxistatin, and 211.087 [M-H]
putatively identified as the alkaloid 1-vinyl-8—hydroxy—B—carboline, and at m/z
509.384 [M+H]* was dereplicated as polyhydroxylated sterol 1B-3 B-5a, 6 P
tetrahydroxy sterol. The ion peaks at m/z 797.449 [M—H]~ and 509.384 [M+H]" did
not afford any hits or match from the database. An expansion of the loadings scatter
plot was performed to show the ion peaks at m/z 321.232 [M+H]* (enclosed by the
blue box), which was particularly detected in F18.

The discriminating metabolites shown on the active side of the loadings-plot were also
indicated on the “end point” of the active side of the S-plot (Figure 4.10C). An
expansion of the S-plot (enclosed by the blue box) for the extracted ion peaks at m/z
321.232 [M+H]", amajor ion particularly detected in F18, confirmed its position to be
on the active side of the plot. The metabolites representing the ions peaks found at m/z
321.232 were tabulated with their VarID, m/z and Rt. A variable column trend plot of
the selected ion peaks indicated their relative abundance in the active fractions (Figure
4.10D). The ion peak with a VarID of P_1935 and a retention time (Rt) of 26.24 min
was found at its highest abundance in F18. P_1935 was putatively identified as
dolatriol. However, structure elucidation of the isolated compound as described under
section 4.4.1 was proven otherwise as the acid derivative of manoyl oxide. Manoyl
oxide derivatives were first reported from Pinus needles (Andersson et al., 1990,
Elliger et al., 1976, Zinkel et al., 1985) and more recently from liverwort (Guo et al.,
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2010). The match was not found through the in-house dereplication macro because all

terrestrial sources were filtered out during the search.

The OPLS-DA model was validated by a permutation test (Figure 4.10E). Although
the R2Y was 1, the Q? value was not considered significant at 0.264. These values
specified good fitting but poor prediction with Q? <0.5. Furthermore, the difference
between Q? and R2Y was 0.736 that is greater than 0.3 could indicate overfitting when
the ideal difference must be less than 0.3. The resulting QY intercept from the
permutation test gave a value of —0.25, which is less than 0 indicating the model’s
validity. The R?X[1] at 0.0615 specified the variation between groups at 6.15% while
the R?Xo[1] at 0.187 gave an 18.7% variations within the group. The variation within
the group is greater than between groups signified the existence of more unique
chemical profiles found in fractions F17 and F18 that fail to cluster among the other
active fractions. It is normally expected that the variation between groups should be
greater than within the groups. The higher percentage of variation within the group
could have caused the low predictability score. The targeted bioactive metabolites
were dereplicated and cross-matched with the Antimarin and DNP databases to
provide structural details as listed in Table 4.7. It is worth mentioning that 70% of the
targeted metabolites afforded no hits or match from the database, while 5 of which
were significant at P<0.05. In comparison to the results of the TLC profiles, F17 and
F18 afforded a higher number of metabolites than that of F16 on their MS profiles. On
reversed phase TLC, F17 and F18 illustrated the presence of more non-polar
components, and hence, the low RF values, which do not reflect the number of eluting
components when compared to F16. F16 yielded more polar to semi-polar components
demonstrating a better distribution and elution of the metabolites on the chromatogram
and hence, F16 revealed a higher number of metabolites on reverse phase TLC.
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Figure 4-10 MVDA analysis of mass spectral data of SBT687 fractions. (A) OPLS-DA
scores plot of active versus inactive fractions. (B) OPLS-DA loadings scatter plot of active
versus inactive metabolites colour coded according to their m/z. with expansion of the
guadrant enclosing the isolated target active metabolite at m/z 321.242 (C) S-plot with
expansion of the quadrant enclosing the isolated target active metabolite at m/z 321.242.
Table shows VarlD, m/z and Rt for the extracted ion peaks. Encircled in blue is the major ion
peak found in F18. (D) Variable column trend plot for ion peaks at m/z 321.242 to show their
relative abundance in the active fractions. (E) Permutation test (100 permutations) for OPLS-

DA model of SBT687 fractions on their insecticidal activity against Lepeophtheirus sp
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Table 4-7 Dereplication table of predictive possible bioactive metabolites by OPLS-DA loading S-plot. Highlighted rows represent the isolated

compounds from SBT687 fractions.

MzMine Rt Peak Area Molecular
ID m/z (min)  (highest) MW Formula Name Source P values
P_2252 187.1442 6.34 5.95E+07 186.1369 no prediction No hits No hits 0.12
(F6)
N_7715 151.0412 9.94 2.37E+08 152.0484 no prediction No hits No hits 0.29
(F6)
N_731 341.2070 15.22 1.32E+09 342.2147 C17H30N20s loxistatin Aspergillus japonicus 0.30
(F17) tpr-64; semisynth.
N_3941 569.3841 18.40 1.33E+08 570.3914 C3sHs406 dihydrocaulerpenyne  Chlorophyta Caulerpa 0.28
(F16) palmitoleic acid prolifera
N_3944 419.2900  19.23 5.65E+07 420.2978 no prediction No hits No hits 0.28
(F16)
N_5471 797.4491 19.23 7.42E+08 798.4564 no prediction No hits No hits 0.28
(F17)
N_3943 554.3918  20.37 8.35E+07 555.3991 no prediction No hits No hits 0.27
(F16)
P_896 1017.7600 21.23 1.74E+08 1016.753 no prediction No hits No hits 0.05
(F17)
N_3947 543.3594 21.47 5.94E+07 544.3667 no prediction No hits No hits 0.24
(F16)
N_3940 405.3108 21.47 1.95E+08 406.3181 no prediction No hits No hits 0.26
(F16)
N_99 553.3885  21.50 1.21E+09 554.3958 CasHs405 lagunapyrone C marine actinomycete 0.26
(F16) CNB 984
N_1599 553.3927  21.52 2.18E+09 554.3999 CssHsoN4O manzamine H Porifera Ircinia sp 0.28
(F17)
N_7748 553.3745  21.52 1.47E+09 554.3817 no prediction No hits No hits 0.28
(F18)
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P_669 509.3838  21.74 4.73E+08 508.3865 CaoHs206 18,3p,5a,6pB- Cnidaria Sarcophyton 0.03
(F17) tetrahydroxy sterol glaucum

N_3370 293.185 22.16 7.51E+08 294.1923 no prediction No hits No hits 0.20
(F16)

P_1935 321.242 26.24 6.77+06 320.2350 Ca0H3203 dolatriol Mollusca Dolabella 0.16
(F18) auricularia

N_1684 429.2403 31.22 1.30E+08 428.233 no prediction No hits No hits 0.03
(F21)

P_1681 413.2662  31.38 1.69E+08 412.2589 no prediction No hits No hits 0.04
(F21)

P 577 803.5434  32.15 1.84E+08 802.5361 no prediction No hits No hits 0.04
(F21)
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Another OPLS-DA model was generated by grouping the most unique fractions, F17
and F18 as the only active fractions (Figure 4.11). It was possible to realize the active
metabolite belonging to F17 as labelled on the S-plot with its Var ID (N_1599) and
m/z 553.393 (Figure 4.12A). An expansion of the S-plot by filtering the m/z from the
putatively dereplicated manzamines derivatives exhibited the distribution of these
compounds between the active and inactive fractions (Figure 4.12B). From all the
manzamine derivatives, only the ones with m/z 551.377 and 567.372 were in the
inactive fractions on the upper right quadrant. A variable column trend plot for N_1599
disclosed its highest relative abundance to be in F17 (Figure 4.12C). A second variable
column trend plot was also generated for the ion peaks putatively identified as
manzamine derivatives to determine their relative distribution in the different
fractions. All manzamine derivatives were found to be concentrated in F17 while
N_1599 was found to be the most abundant as well (Figure 4.12D).

A permutation test (Figure 4.13) was accomplished to authenticate the validity of the
current model, the R?Y was 1 and Q2 was 0.911, while the QY intercept was at —0.33.
These values specified good fitting and prediction, while the Q2Y intercept, which is
less than O indicated the validity of the OPLS-DA model. Furthermore, the difference
between Q? and R?Y was 0.089 showing again a good fitness and prediction. R?X[1]
was at 0.194 which means that the variation between groups was 19.4% and R2Xo[1]
was at 0.189 with a variations within groups of 18.9%. The variation between and

within groups was almost equal in this case.

The dereplication Table 4.8 lists all the manzamines produced by SBT687 with their
intensities in the respective fractions where they were detected. Interestingly, F17
afforded the highest relative abundance of a mixture of manzamine congeners.
However, F16 yielded the highest relative concentration of tetrahydro-8-
hydroxymanzamine at m/z 567.3699 and with molecular formula of CzgHsN4Oo.
Manzamines are sponge-derived B—carboline alkaloids that were firstly alleged to be
exclusive sponge metabolites (Taylor et al., 2007). However, manzamines have been

isolated from different genera of sponges (AlTarabeen et al., 2015, Edrada et al., 1996,
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El Sayed et al., 2001, Furusato et al., 2014, Ichiba et al., 1994, Ichiba et al., 1988, Ali
etal., 2017, Kobayashi et al., 1994, Kondo et al., 1992, Kubota et al., 2017, Ohtani et
al., 1995, Peng et al., 2003, Rao et al., 2006, Rao et al., 2003, Sakai et al., 1986, Sakai
et al., 1987, Tsuda et al., 1996, Watanabe et al., 1998, Yamada et al., 2009, Zhou et
al., 2000). Nevertheless, recent research has proven that manzamines are microbial
metabolites. Manzamines are produced by sponge-derived microorganisms like those

of the genus Micromonospora (Waters et al., 2014).

SBT687 Fractions(OPLS-DA) B Active
Scaled proportionally to R2X il iractive
Colored according to classes in M4
A
200000 @r17
150000
100000
5 soooo—5 =
g O
N 1
S -50000 @7
-100000
-150000
-200000 @ris
2250000 © ot r e
-250000 -200000 -150000 -100000 -50000 0 50000 100000 150000

1*t[1]
R2X[1] = 0.194, R2Xo[1] = 0.189, Ellipse: Hotelling's T2 (95%)

Figure 4-11 OPLS-DA of SBT687 fractions with only F17 and F18 considered for the

active group.
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Figure 4-12 MVDA analysis of mass spectral data of SBT687 fractionsF17 and F18 . (A) S-plot indicating the targeted putative compound labelled
with its m/z and VarlD number for fractions F17 and F18. (B) Expansion of the targeted manzamines derivatives labelled with their m/z (C) Variable
column trend plot of the selected metabolite N_1599 at m/z 553.393, showing which fractions were yielding the metabolite. (D) Variable column trend plot

of all dereplicated manzamine derivatives in SBT687 showing manzamine-yielding fractions.
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Figure 4-13 Permutation test (100 permutations) for the OPLS-DA model of SBT687

fractions on their insecticidal activity against Lepeophtheirus sp.
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Table 4-8 Dereplication table of the manzamines produced by the SBT687 fractions. Highlighted row represents the compound found in the S-plot
endpoint of the OPLS-DA analysis.

MzMinelD m/z Rt Peak MWt Molecular Name Source
(min)  Area (highest) Formula
N_5514 551.3763 22926  2.26E+07(F17) 552.3836 CasHsN4O manzamine D Porifera Amphimedon sp
N_5598 551.3765 24.329 8475776(F17)  552.3838
N_2798 551.3768 21.812  2.24E+07(F17) 552.3841
N_2885 551.377  18.302 7982102(F14)  552.3843
N_1599 553.3927 21522  2.18E+09(F17) 554.3999 CasHsoN4O manzamine H Porifera Ircinia sp
N_5845 564.3473  22.923 2101300(F17) 565.3545 CssHasN4O2" 8-hydroxymanzamine A Porifera Pachypellina sp
N_5841 565.3553  20.106 4589200(F17) 566.3626 CasHasN4O2 manzamine J N-oxide Porifera Xestospongia
ashmorica
N_5571 565.392 22.366  1.14E+07(F17)  566.3993 Cs7Hs0N4O N-methyl-epi- Porifera
manzamine D

N_3227 567.3699 22.316  316590.9(F14) 568.3772 CasHasN4O2 tetrahydro-8- Porifera Cribrochalina sp
N_3495 567.3699 18.681  4.46E+07(F16) 568.3772 hydroxymanzamine A
N_2535 567.3719 16.312 1361614(F13) 568.3792
N_1790 567.3719 15.435 2381570(F13) 568.3792

241



4.3.1.2 NMR Data

The 'H NMR dataset of the fractions was treated correspondingly as the mass spectral
data. A heatmap was generated and organized according to chemical shifts to similarly
show the differences in chemical profiles of the 21 fractions. Fraction 19 was excluded
due to its very low and insufficient yield, which was less than a mg. The heatmap on
Figure 4.14 shows that F9 has the greatest number and intensity of the blue bands
distributed at a broad range from 0-12 ppm. This fraction was also found to yield
diketopiperazines or cyclized dipeptides that includes cyclo-(prolyl-leucine) and
cyclo-(prolyl-isoleucine) with crowded peaks in the aliphatic region and particularly
at 4 to 5 ppm for the a-protons as also shown on its COSY spectrum (Figure 4.15).
Fraction 18 showed higher intensity peaks on the aliphatic (0 to 3 ppm) and
olefinic/sugar (4 to 6 ppm) region while lower intensity peaks were observed in the
aromatic (6 to 9 ppm) region. The other fractions displayed a diverse chemical profile

with changing intensities of resonances in various regions.
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Figure 4-14 Heatmap based on 'H NMR data displaying the distinct metabolic profiles
of 21 fractions of SBT687.
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Figure 4-15 *H-'H COSY (400 MHz) spectrum in DMSO-ds of the cyclized dipeptide shown
in blue boxes are the a protons that is characteristic for amino acids.

PCA was performed on the *H NMR data of 21 fractions. PCA plots were generated
from four components, a R?X value of 0.99 was achieved using Pareto scaling,
indicating a good fit and Q? of 0.54 which specified a good predictive ability of the
model for a metabolomics dataset. The difference between R?X and Q? was 0.459,
which should be less than 0.3 to confirm complete absence of overfitting. The high
diversity on spectral profiles between fractions could account for the larger difference
between R2X and Q2.

On the PCA-X scores plot (Figure 4.16A), F9 and F17 appeared as outliers while the
rest of the others fractions clustered together. The occurrence of unique functional
groups or structural chemical shifts between the active and inactive fractions was
accomplished by OPLS-DA as shown through a scores plot in Figure 4.16B. F9 was
once again an outlier. The R?2X[1] was 0.115 which means that the variation between
groups is 11.5% and R2Xo[1] was 0.284 with a variations within groups at 28.4%

indicating that R?Xo[1] > R?X[1] . The low percent variation between groups was

243



evident by the overlapping of active and inactive fractions between and across their
respective quadrants. The percent variation within groups was almost double of that
between the groups and could be accounted for the dispersed distribution of the

fractions, which signified a diversity in structural features.

The S-plot (Figure 4.16C) showed that the bioactive fractions contained high density
of resonances between 1.201 to 5.997 ppm that corresponds to structural features for
hydroxylated aliphatic and olefinics as those found in terpenoids, steroids and fatty
acids. The inactive fractions were producing mostly aromatic compounds such as
phenols with most of the chemical shifts were between 4.798 and 8.395 ppm.
Alkaloidal resonances that resembles those of the manzamines can also be observed
by closely positioned signals between 7.0 to 12.0 ppm. The data points were found on
the active side of the S-plot but still relatively distant from the zero line of the y-axis.
The further are the data points from the zero line of the y-axis, the higher is the %
confidence interval, which is also affected by the intensity of the resonances. The
presence of the manzamines was clearly detected in the mass spectral data of active
fractions considering the low yield of F17 at only 1.3 mg. This is a typical classical
scenario, where mass spectrometry can simply detect ionisable compounds even at ng
levels, while NMR spectroscopy do require mg levels of the respective metabolites in

a mixture to be detected.

The OPLS-DA model was validated by a permutation test (Figure 4.16D), where R?Y
was at 0.568 and Q2 was at 0.057, while the QY intercept was at —0.262. These values
specified a good fit where R?Y>0.5 but predictability was not as good. The difference
between Q2 and R2Y was 0.511 which was still greater than 0.3, indicating an overfit
data. However, the QY intercept was less than 0, which indicated a valid OPLS-DA

model.
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Figure 4-16 MVDA analysis of *HNMR spectral data of SBT687 fractions . (A) PCA-X score plot of SBT687 fractions with outliers encircled in red
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4.3.1.3 HR-LC/MS Data — NMR Data Fusion

The fusion of both spectral dataset from the *H-NMR and HR-LCMS was also
subjected to PCA. PCA-X scores and loadings plot as well as hierarchy-clustering
analysis (HCA) dendrogram were generated. The PCA-X (Figure 4.17A) was coloured
coded according to the marked groups on the HCA (Figure 4.17B) to verify the
separation of the outliers from both the NMR and mass spectral datasets. Fusion of the
spectral data presented F9 and F17 as the outliers while F18 was positioned on the
upper right quadrant isolated from the rest of the other 18 clustering fractions. R?X
and Q? values were of 1, which specified good fitness and predictive ability of the
model. The HCA allowed to visualize the best clustering order of the fractions
according to the chosen dendrogram cut off. Fractions that clustered together shared
the same chemical profile or yielded similar major metabolites. The HCA afforded six
groups with F17, F9 and F18 and F7 being the most unique fractions and the rest
sharing more similar features. The fractions F20, F8, F11, F6, F21, F22, F2, F10, F12
and F13 form one group while F14, F15, F6, F1, F3 and F4 form another group. The
PCA loadings plot were colour coded according to their m/z and chemical shifts in
ppm (Figure 4.17C). Encircled endpoints representing the outliers were labelled with
their corresponding chemical shifts. It was demonstrated that the outlier F9 on the
lower left quadrant, had the highest density of resonance between 0.8 to 2.5 ppm in
comparison to the other fractions. According to these chemical shifts, F9 could be
described to yield a higher abundance of aliphatics and olefinic type of compounds.
Alternatively, on the opposite quadrant, which represents the second outlier F17, the
quadrant is dominated by data points colour coded from lighter blue to darker green
representing chemical shifts from 4 to 9 ppm, indicating the presence heteroatom-
bearing aliphatics and nitrogen-containing aromatics. These resonances are typical to
those of the manzamine alkaloids and this is further confirmed by m/z 553.393
dereplicated as manzamine H found in the same quadrant of the loadings plot. The
concatenated data sorted and brought clarity to the positions of the overlapping NMR

data points observed in section 4.3.1.2.
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Figure 4-17 MVDA MS-NMR data fusion analysis of SBT687 fractions. (A) PCA of fused
NMR and MS spectral date for 21 fractions colour coded according to HCA groupings. (B)
HCA of SBT687 fractions based on HR-LCMS and 'H NMR coloured according to marked
groups showing the chemical similarities between fractions and with green line cut-off. The
fractions enclosed in a red box represent the group of outlying and isolated fractions while the
other two main groups were enclosed by a blue and green box, respectively. (C) Loadings
scatter plot coloured according to their m/z and ppm shifts. Encircled endpoints were labelled

with their ppm while one discriminating metabolite was labelled with its m/z.
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4.4 |dentification and structure elucidation of SBT687

compounds

4.4.1 4-epi-manoyl oxide acid

Table 4-9 4-epi-manoyl oxide acid.

Compound name (new compound): 4-epi-manoyl oxide acid
Fraction: Fraction 18 (F18)
Retention time: 26.26
Synonym(s):
e 8,13-epoxy-14-labden-19-oic acid
e 8,13-Epoxylabd-14-en-19-oic [(manoyl oxide)-19-oic] acid
¢ (3R,4aR,7R,10aS)-3,4a,7,10a-tetramethyl-3-vinyldodecahydro-1H-
benzo[f]chromene-7-carboxylic acid
Source: Micromonospora sp. N17 (SBT687)
Amount of sample: 0.6 mg
Percent yield: 0.2%
Physical description: dark yellow oily sample
Molecular formula: C20H3203
Molecular weight: 320.466 g/mol
Exact mass: 320.2351
[0]0?° Not measured due to insufficient quantities
H

H
sl ||

Relative stereochemistry shown is based on
nOe and after comparison of the NMR

" spectral data to published data.
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Based on the high-resolution mass spectral data, the ESI peak at 26.26 min in the

positive mode was found at m/z 321.2407 [M+H]". This revealed the exact mass at
320.2351 g/mol, which established the molecular formula of CxoHs203 (Table 4.9).
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The molecular formula and mass spectra data suggested it was probably a diterpene
for a CxoH32. The degree of unsaturation for C2oHz203 was 5 which corresponded to
either to a benzyl unit with an olefinic or an acid substituent; or three aliphatic rings
with an olefinic and/or an acid substituent. The *C and Jmod NMR spectra exhibited
signals for a carboxylic acid at ca. 180 ppm and exomethylene moiety at ca. 110 ppm.
Alternatively, both *H and 3C NMR spectra were devoid of any aromatic resonances
with more signals observed in the aliphatic region.

The *H NMR spectrum (Figures 4.18 and 4.19) of F18 exhibited four methyl signals
within 0.78 to 1.23 ppm. All methyl proton signals were observed as singlets (30.78,
1.03, 1.19 and 1.23), which were assigned for H18, H17, H20 and H19. The methyl
group signals were also seen in the Jmod spectrum at 6 15.80, 16.54, 25.70 and 28.78
as C18, C17, C19 and C20, respectively (Figure 4.20 and 4.21). One carboxyl carbon
(C16) was observed at 8179.94 and two olefinic carbons for C14 and C15 were
observed at 148.59 and 110.32 ppm, respectively. As found in the COSY spectrum
(Figure 4.22), two olefinic signals at 64.85, dd, J=10.75,1.86 Hz (H15a) and 5.09,
J=17.16, 2.12 Hz (H15b) correlated with each other with J coupling constant of ca.
2Hz, indicating the presence of an exomethylene moiety. Another olefinic methine
proton (H14a) was shown at 65.83, J=17.35, 10.71 and exhibited trans (J=17.35) and
cis (J=10.71) correlations with both protons H15b and H15a, respectively

Through *H-13C HSQC (Figures 4.23 and 4.24), it was possible to complete the
assignments of each proton to its corresponding carbon (*J *H-*C bond). The CHs
and CH were marked by a red contour (negative phase) while CH2 was marked by a
blue contour (positive phase). The methylene protons for positions 1, 2, 3, 6, 7 and 12
were split to Ha and Hp exhibiting resonances at 60.86 (t, J=11.73) and 1.56 (dd,
J=13.40, 6.35) for H»-1; 1.46 (d, J=11.18) and 1.56 (dd, J=13.40, 6.35) for H,-2; 1.46
(d, J=11.18) and 1.65 (td, J=12.07, 2.90) for H»-3; 1.13 (m) and 1.40 (m) for H»-6;
1.65 (td, J=12.07, 2.90) and 1.35 (m) for H2-7; and 1.56 (dd, J=13.40, 6.35) and 1.73
(dt, J=12.95, 5.20) for Hz-12. The latter CHs gave J correlations with carbon
resonances at 638.35, 17.62, 36.92, 22.42, 43.13, and 35.60 then assigned for C1, C2,
C3, C6, C7, and C12, respectively. Quaternary carbons C4, C8, C10 and C13 with
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resonances at 646.70, 74.78, 36.26 and 73.17, respectively were not observed in an
HSQC spectrum. C8 and C13 resonances shifted downfield due to the deshielding
effect of the neighboring electronegative oxygen on the ring. The correlation between
on 1.51 and &c¢ 15.18 was assigned to the methylene CH-1. The methine group for
position CH-5 showed correlations between oy 1.65 (td, J=12.07, 2.90) and oc 50.96
while CH-9 gave cross peaks between 64 1.28 and d¢ 56.13.

The H-BC HMBC experiment was conducted to establish the connectivity of the
substructures within the compound by determining the correlations between
neighboring protons and carbons atoms (Figure 4.25 and 4.26). The methyl proton for
C-17 at 61 1.03 exhibited strong correlations with adjacent carbons C-16, C-4, C-3 and
C-5 confirming the HSQC assignments for the respective carbons. The position of C-
18 was further validated by its *H cross peaks at 4 0.78 with carbon signals at 8¢
38.35, 50.96, 36.26, and 56.13 assigned for C-1, C-5, C-10, and C-9, respectively.
Furthermore, the position and chemical shift of the quaternary carbon C-14 was
confirmed by the correlations of the protons of the exomethylene moiety (H15a, H15b)
and olefinic methine unit (H14a) at on 4.85, 5.09 and 5.83 with &¢ 73.17. Meanwhile,
the methyl moiety at 5¢c 28.78 for C-20 was further confirmed by its correlations with
the methylene and methine protons at 4 1.56, 1.73 and 5.83 assigned for C-12 and C-
14, respectively. The correlations of 54 1.28 to 8¢ 36.26 (2J), dn 1.28 to ¢ 74.78 ()
and &4 1.28 to 8¢ 28.78 (3J), marked the positions for C-10, C-8, and C-19,

respectively.

A final experiment was performed to elucidate the relative stereochemistry. Based on
the H-'H NOESY experiment (Figure 4.27) (full spectrum on Appendice I11) the
methyl unit CHz-17 on C-4 gave a nOe on the methyl unit CH3-18 on C-10, while CHzs-
18 on C-10 also showed a strong through-space correlation with the CHs-19 on C-8.
The methyl unit CH3-19 on C-8 showed a nOe as well with CH3-20 on C-13. The
stereo positions of the methyl group on CHs-17 on C-4, CH3-19 on C-8, CHs-18 on C-
10, and CH3-20 on C-13 all before followed the axial B—positions. The exomethylene

proton H15b and methane H14 from the vinyl moiety showed a nOe cross peak with
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CH3-20 on C-13, giving the orientation of C-13 vinyl moiety on the equatorial a-
position, while the H15b is trans to H14, H15b is also cis to CH3-20.

According to the literature, the stereo positions of the methyl groups CHs-19 on C-8,
CHs-18 on C-10, and CH3-20 on C-13 followed the axial p—positions while the C-13
vinyl moiety is on the equatorial a-positions, which were similar to those found in the
isolated compound. The occurrence of a carboxylic acid unit (C-16) on C-4, similar to
other diterpene derivatives, shielded proton shift of the axial methyl group upfield on
C-10 (Bardyshev et al., 1982, Zinkel et al., 1985). This fact can be corroborated with
the comparison of the chemical shift of the methyl group singlet on C-18 at 64 0.78
for the isolated compound with that of manoyl oxide at 6+ 0.85 (Vlad et al., 1966). The
presented *H and 3C NMR spectral data of the isolated compound was comparable
but not identical with that found in the literature (Andersson et al., 1990, Kohda et al.,
1983, Bardyshev et al., 1982, Buckwalter et al., 1975, Martin et al., 1980, Zinkel and
Clarke, 1985). However, there were some noticeable differences between the chemical
sifts presented on the literature and the isolated compound, due to the change in the
stereochemistry at position C-4. The carboxyl moiety went on the equatorial o-position
as CHs-17 on C-4 took the axial B—position, which instantaneously shielded CHz-17
that went upfield to 64 1.03 (—0.25) and 6. 16.54 (—8.5) while the carbon at C-4 suffered
a deshielding effect by +3.3 ppm when compared to the published manoyl oxide acid
as shown in Table 4.10 (Andersson et al., 1990). This change also affected the
chemical shifts of methylene protons at position 3, which were deshielded by +0.54
and +0.49 ppm, the methine proton at position 5 was also deshielded by +0.47 ppm
but C-5 was a shielded by -4.06 ppm and the methylene protons on C-6 by -0.73 and -
0.50 ppm, respectively. The structure of F18 was confirmed to be 4-epi-manoyl oxide
acid, a labdane diterpene acid derivative of manoyl oxide (Table 4.10). This is the first
time that this type of compound was isolated from a microorganism. Nevertheless, the
isolated compound is considered a new congener as no similar stereoisomer was found

in the literature.

However, the yield of the isolated sample (<1mg) was too low to measure the optical
rotation of the 4-epi-manoyl oxide acid. Published optical rotation ([a]o?°) for the
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compound ranges between -41.5° (Zinkel et al., 1985) to -39.2° (Bardyshev et al.,
1982), using solvent as ethanol.
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Table 4-10 'H NMR (600.13 MHz) and *C NMR (150.92 MHz) of manoyl oxide acid in
DMSO-ds and comparison with literature (Andersson et al., 1990). Full assignment was
deduced from HSQC and HMBC (DMSO-ds ,600 MHZz).

Atom in DMSO-ds Literature (Andersson et
No. al.,1990) in CDCls
on (multiplicity, oc oc (multiplicity) 6c (100
Jin Hz) (600.13 (multiplicity) (400 MHz) MHz)
MH?z) (150.92
MHz)
1 0.86 (t, J=11.7) 38.35(CHy>) 0.90 (J=13.3,4.4) 39.13(CH>)
1.5 (dd, 1.67 (J=13.3,3.0)
J=13.4,6.3)
2 1.46 (d, J=11.2) 17.62(CH>) 1.47 (J=13.3,3.4) 18.99(CH>)
1.56 (dd, 1.87 (J=13.5,4.1)
J=13.4,6.3)
3 1.46 (d, J=11.2) 36.92(CH?>) 1.02 (J=13.5) 37.84(CH>)
1.65 (td, 2.14 (J=13.5,4.1)
J=12.1,2.9)
4 46.70(C) 43.67(C)
5 1.65 (td, 50.96(CH) 1.18 (J=13.0,3.0) 55.02(CH)
J=12.1,2.9)
6 1.13 (m) 22.42(CH>) 1.86(J=14.0,5.0) 21.36(CH?2)
1.40 (m) 1.90(J=13.0,0.5)
7 1.65 (td, 43.13(CH>) 1.85(J=13.0,3.0) 43.10(CH>)
J=12.1,2.9) 1.40(J=13.0,0.5)
1.35 (m)
8 74.78(C) 74.78(C)
9 1.28 (m) 56.13(CH) 1.32(J=11.7,4.1) 56.71(CH)
10 36.26(C) 37.62(C)
11 1.51 (d, 15.18(CHz) 1.48(J=6.0,5.5) 15.42(CH>)
J=7.8,5.4) 1.60(J=9.0,5.5)
12 1.56 (dd, 35.60(CH?>) 1.64(J=13.3,6.0) 35.59(CH?>)
J=13.4,6.3) 1.78(J=13.3,5.5)
1.73 (dt,
J=12.9,5.2)
13 73.17(C) 73.26(C)
14 5.83 (dd, 148.59(CH) 5.87(J=17.3,10.7) 147.83(CH)
J=17.3,10.7)
15 4.85 (dd, 110.32(CH>) 4.93(J=10.7,1.6) 110.35(CH>)
J=10.7,1.9) 5.15(J=17.3,1.6)
5.09 (dd,
J=17.2,2.1)
16 179.94(C) —_— 182.92(C)
17 1.03 (s) 16.54(CHz) 1.28 25.06(CHz3)
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18 0.78(s) 15.80(CHs)  0.72 13.11(CHs)
19  1.23(s) 25.70(CHs)  1.32 28.62(CHs)
20 1.19 () 28.78(CHs)  1.24 28.77(CHs)

According to the dereplication table 4.7 shown on 4.3.1.1, F18 was putatively
identified as dolatriol (Figure 4.28) with a molecular formula of CazH3z20z.
Nevertheless, the NMR spectra obtained from F18 was not compatible with the
structure of dolatriol. Dolatriol was earlier isolated from Mollusca Dolabella
auricularia (Pettit et al., 1980).

Figure 4-28 Compound dolatriol CxH3203. Relative stereochemistry according to the
literature (Saha et al., 1990).

The 'H and 3C NMR spectrum prediction (Figure 4.29) of dolatriol provided
invaluable information which demonstrated that this compound did not correspond to
the one isolated. In the simulated spectra for dolatriol in DMSO-ds, three hydroxyl
groups in the *H NMR exhibited two overlapped singlets at 5.23 ppm and a doublet at
4.39 ppm while the exomethylene was predicted as a pair of doublets at 4.9 and 5.0
ppm and an olefinic methine was revealed at 5.5 ppm. For F18, the exomethylene
signals were observed as doublet of doublets and more deshielded downfield.

In the simulated *3C NMR spectra of dolatriol, the three oxygen-bearing carbons were

predicted at 76.26 ppm and 82.25 ppm for two overlapping carbons. For F18, two
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quaternary oxygen-bearing carbons were observed at ca. 75 ppm while missing a third
signal at ca. 80 ppm as described for dolatriol. The obtained spectra for F18 did not
show the signals as predicted for dolatriol but instead exhibited a very downfield signal
at 179.94 ppm characteristic of the carboxylic acid group as found in the elucidated

structure of 8,13-epoxy-14-labd-en-19-oic acid.

Predicted 1H NMR Spectrum
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Figure 4-29 Predicted 'H and 3C NMR spectrum for dolatriol.
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4.4.2 Manzamines

Table 4-11 Manzamines found in SBT687 Fraction 17.

Compound name (Known compound): manzamines

Fraction: Fraction 17 (F17)

Source: Micromonospora sp. N17 (SBT687)
Amount of sample: 1.3 mg

Percent yield: 0.3%

Physical description: yellow amorphous powder
Major derivative detected: manzamine H

|
HN g N OH
z H
manzamine H manzamine J N-oxide 8-hydroxymanzamine A
Chemical Formula: C3gHsoN4O | Chemical Formula: C3gHssN4O2 Chemical Formula: C3sH44N4O;
Exact Mass: 554.3985 Exact Mass: 566.3621 Exact Mass: 564.3464
s
- N
: H
OH
N~ ,
: v /7
ril
manzamine D N-methyl-epi-manzamine D
Chemical Formula: C36HggN4O  Chemical Formula: C37H5oN,O
Exact Mass: 552.3828 Exact Mass: 566.3985
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Several manzamines were found in the dereplication of SBT687 fractions particularly
in F17 with molecular weights ranging from 552.384 to 568.379 g/mol and retention
times between 20.11 to 24.33 minutes. Practically, F17 afforded all the manzamines
detected in SBT687, which included manzamine D (CssHasN4O, m/z 551.3761
[M-H]~, Rt:21.81 min), H (CzsHs0N4O, m/z 553.3900 [M—H]~, Rt:21.52 min), J N-
oxide (CssHasN4O2, m/z 565.3554 [M—H]~, Rt:20.11 min), 8-hydroxymanzamine A
(CssHasN4O2", m/z 564.3473 [M-H]~, Rt:22.93 min), and N-methyl-epi-manzamine D
(C37H50N40O, m/z 565.3920 [M—-H]-, Rt:22.37 min) as shown in table 4.11. The highest
peak intensity was observed for manzamine H and this metabolite was found on the
metabolomic profile analysis presented in section 4.3.1. Tetrahydro-8-
hydroxymanzamine A (CssHsN4O2, m/z 567.3699, Rt: 18.68 min) achieved the
highest intensity peak for F16 (4.46E+07). Nonetheless, the higher peak intensity did
not reflect the true concentration of the metabolite as it was poorly discernible on the
'H NMR data of F16.

Manzamines are structurally complex alkaloids with an intricate nitrogen-containing
polycyclic system, characterized by a fused tetra or pentacyclic ring system attached
to a B-carboline moiety (Furusato et al., 2014, Ashok et al., 2014, Rao et al., 2003).
Manzamine A (Figure 4.30), the prototype of this group, was the first isolated from an
Okinawa sponge of the genus Haliclona in 1986 by Higa and co-workers (Radwan et
al., 2012).

manzamine A

Figure 4-30 Manzamine A and the characteristic B-carboline moiety of manzamines.
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A simulated *H NMR spectrum of manzamine A is depicted in Figure 4.31. The H
NMR spectrum of fraction F17 is presented in Figures 4.32. It was possible to visualize
a mixture of different manzamines with crowded overlapped peaks in the aliphatic
region and the characteristic aromatic signals of the B-carboline moiety. Nonetheless,
the *H-'H COSY (Figure 4.33) confirmed the presence of the characteristic signals and
correlations of a manzamine in the aromatic and aliphatic region. Furthermore, the
correlations within the dominant ABCD and AB system of the B-carboline unit that
belongs to manzamine were seen on the expansion of the *H-'H COSY (Figure 4.34).
Olefinics were observed between 5.5 and 6.5 ppm correlating to the aliphatic region at
2.0 ppm (boxed in red) while the N-adjacent protons were found between 3.0 and 4.0

ppm correlating further upfield to the 1.0 to 1.5 ppm region (boxed in yellow).
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Figure 4-31 Simulated *H NMR spectrum for manzamine A.
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Figure 4-32 *H NMR spectrum of SBT687 F17 manzamine at 600.13 MHz in DMSO-ds.
Highlighted in blue is the aliphatic region showing the crowded peaks and on the upper left
there is an expansion of the signals between 7.4 to 8.6 ppm displaying the signals of the beta

carboline moiety.
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Figure 4-33 'H-'H COSY (600.13 MHz) spectrum in DMSO-ds showed the spin systems
characteristic of manzamines. Green box corresponds to the aromatic region correlations
and blue box to the aliphatic region correlations. The red boxes indicate the olefinic systems

while the yellow boxes demonstrate the correlation of N-adjacent aliphatic protons.
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Figure 4-34 Expansion of *H-'H COSY (600.13 MHz) spectrum in DMSO-ds represented
the one dominant ABCD system of the beta carboline unit, that belongs to manzamine and

correlations within this system with the characteristic doublets (d) and triplets(t) labelled.
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4.5 Discussion

In the present work, different scale-up fermentations were performed in
Micromomospora sp. N17 (SBT687). A metabolomics workflow for drug discovery
was conducted prior to extraction and fractionation. NMR and HR-LC/MS were used
as analytical platforms to achieve the metabolomics analysis. The crude extract
exhibited insecticidal activity with 100% inhibition against parasite Lepeophtheirus
sp. (sea lice) at 75 pg/mL in preliminary bioassays. The bioassay screening of the
fractions did not display insecticidal activity for all fractions. From the fractionation
of the 2L culture, fractions F6 and F8 afforded 65% and 72% of inhibition against
parasite Lepeophtheirus sp. (sea lice), respectively, at 75 pg/mL. From the
fractionation of the 15L scale-up, it was not possible to test all fractions due to
inadequate yield and time was also insufficient to validate the bioactivity results due
to the closing period of the FP7 project with PHARMAQ AS. The inhibitory activity
was then deduced by comparison of the thin layer chromatograms of both
fractionations from the respective scale-ups. Moreover, using multivariate analysis,
the most statistically probable bioactive metabolites were targeted for isolation and
elucidation work. The compounds were structurally identified as alkaloids
(manzamines) and terpenes (4-epi-manoyl oxide acid) from fractions 17 and 18,

respectively.

4.5.1 Diterpenes as promising insecticidal agents

Terpenes are the most abundant structurally diverse class of natural products, followed
by alkaloids and phenolics (Singh and Sharma, 2015). The basic unit of terpene
consists of an isoprene, 2-methylbuta-1,3-diene (CsHs). Thus, based on C5 units,
terpenoids are classified in hemiterpenes (C5), monoterpenes (C10), sesquiterpenes
(C15), diterpenes (C20), sesterpenes (C25), triterpenes (C30), tetraterpenes (C40) and
polyterpenes (>C40) (Zwenger and Basu, 2008). The terpene isolated from
Micromomospora sp. N17 Fraction 17 was structurally elucidates as manoyl oxide
acid (Andersson et al., 1990, Kohda et al., 1983, Bardyshev et al., 1982, Buckwalter

etal., 1975, Zinkel et al., 1985), a labdane diterpenoid acid derivative of manoyl oxide.
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Manoyl oxide acid had been synthetized by the oxidation of the labdane diterpene
jhanol with Jones’ reagent to afford the carboxylic acid congener (Kohda et al., 1983).
Previous studies reported that this compound exhibited substantial inhibitory effect on
cytokine production from lipopolysaccharide-stimulated human peripheral
mononuclear cells in comparison with the reference compound, prednisolone (Duan et
al., 1999).

The large superfamily of labdane related diterpenes includes more than 7000 identified
natural products characterized by a basic decalin core (Peters, 2010). Their
biosynthetic pathway requires the initiating and essential step of a protonation-initiated
reaction to cyclization of geranylgeranyldiphosphate (GGPP) to labdane-type
diphosphate by a class |1 diterpene synthase (diTPS), which is then taken up by a class
I diTPS to create a hydrocarbon skeletal structure analogous to the labdanes. Through
the action of enzymes, such as cytochrome P450s (CYPs), these basic structures were

transformed to a varied range of extremely complex molecules (Ignea et al., 2016).

Labdane type diterpenes were isolated/identified from different natural products,
particularly higher plants. These compounds were isolated, among others, from pine
needles of several species of Pinus that includes P. sylvestris (Bardyshev et al., 1982),
P. resinosa (Zinkel and Clarke, 1985), and P. nigra (Zinkel et al., 1985); from leaves
of Stevia rebaudiana (Kohda et al., 1983); roots of Viguiera hypargyrea, a Mexican
medicinal plant (Marquina et al., 2009); the mangrove plant Rhizophora mangle L.,
(Martins et al., 2017); and from aerial parts of several plants like Baccharis tola
(Martin et al., 1980), Eupatorium jhanii (Gonzalez et al.,, 1977), Leyssera
gnaphaloides L. (Tsichritzis and Jakupovic, 1991), and Salvia reuterana (Moridi
Farimani and Miran, 2014). However, labdane type diterpenes, such as manoyl oxides,
were also isolated from liverwort, a division of non-vascular land plants, which means
this class are not only distributed in higher plants (Guo et al., 2010). Even though the
labdane type diterpene, manoyl oxide acid, is commonly found in plants, the 4-epimer
congener was isolated for the first time from a microbial source, which in this case is

from fraction 18 of SBT687. The isolated stereoisomer has never been described
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before and is reported for the first time in this study. Figure 4.35 presents the

stereochemistry of the different congeners reported in the literature.

Hoji )

0 0
(3R,4aR,6aR,7S,10aS,10bR)-3,4a,7,10a,10b- (3R,4aS5,6aS,7R,10aR,10bS)-3,4a,7,10a,10b-
pentamethyl-3-vinyldodecahydro-1H- pentamethyl-3-vinyldodecahydro-1H-
benzo[flchromene-7-carboxylic acid benzo[flchromene-7-carboxylic acid

0

(3S,4aR,6aR,75,10aS,10bR)-3,4a,7,10a-
tetramethyl-3-vinyldodecahydro-1H-
benzo[flchromene-7-carboxylic acid

Figure 4-35 Stereochemistry of the manoyl oxide acid congeners that has been reported
in the literature.

Therefore, the fact that this plant metabolite was found in a microorganism and was
recently found in lower plants as well, could suggest that the metabolite is not being
produced by the plant but by a microorganism. It is known that the microorganisms
have a close interaction with the cell’s plant, and taking up secreted metabolites,
having a synergistic interaction (Raturi et al., 2013).

Diterpenoids are predominantly isolated from plant or fungi, but rarely from bacteria
(Smanski et al., 2012). However, bacteria, particularly actinomycetes, hold
biosynthetic potential as source for terpenoids like it was revealed by advances in
microbial genomics (Xie et al., 2014). Nevertheless, it is probable that these genetic
pathways remain silent under laboratory growth conditions or remains untargeted by
using bioassay-guided fractionation methods designed to isolate bacterial natural
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products, which will not detect secondary metabolites at pug levels (Mullowney et al.,
2015). Several diterpenoids have been reported to be isolated from marine
Micromonospora sp. that includes halimane-type of diterpenoids such as
micromonohalimanes A and B, which have moderate antibacterial effects against
methicillin-resistant Staphylococcus aureus (Zhang et al., 2016b). Another terpene
isolated from a marine Micromonospora is a A%® -pimarane diterpene, isopimara-2-
one-3-0l-8,15-diene but was found without significant activity in cytotoxic assays
against human ovarian OVCAR4 and Kuramochi cancer cells (Figure 4.36)
(Mullowney et al., 2015).

micromonohalimanes A °

micromonohalimanes B

CH

Isopimara-2-one-3-0l-8,15-diene

Figure 4-36 Examples of isolated diterpenes from marine Micromonospora sp.

The analysis of the biosynthetic gene clusters (BGCs) of Micromonospora sp. L5
(Table 4.12) seems enriched for the biosynthetic class of saccharide/terpenes,
including sioxanthins (glycosylated carotenoids) (Figure 4.37) and phosphonoglycans;
associated respectively to phytoene/squalene synthase and terpene synthase/cyclase

metal-binding domain protein families.

HO,
OH OH
VAN 0™, i

Figure 4-37 Structure of the glycosylated carotenoid sioxanthin.
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Table 4-12 AntiSMASH analysis of the biosynthetic gene clusters (BGCs) of Micromonospora sp. L5. The genomic location/position of each
BGC shown as nucleotide (nt.) counts. The identified regions containing the clusters are displayed and numbered in the same order in which they

appear on the input nucleotide sequence. Homologous gene clusters are matched based on blast hits against the curated MIBIG repository and

ranked by similarity (%). Highly conserved enzyme HMM profiles represented by core-enzymes.

Region

The following regions are from record NC_014815.1 (Micromonospora sp. L5):

1

H
2

Region 1

Region 2
Region 3
Region 4

Region 6
Region 8
Region 9
Region 11
Region 12
Region 14
Region 15
Region 16
Region 17

Type

8 D

4
Terpene
Terpene
Nrps
T3pks
Terpene
Bacteriocin - Terpene
Siderophore
Oligosaccharide - T2pks - Other
Transatpks - Nrps - Otherks
Betalactone
Oligosaccharide - Nrps - Terpene
T2pks
Terpene
Nrps - T1pks
Otherks - Nrps - T1pks - Siderophore
T1pks
T1pks - Nrps

From

221533

313898

822679
2761812
4058457
4219887
4603155
4644202
4791253
5007285
5033252
5269338
5524214
6014732
6169329
6308998
6358138

To

5
1
6

242010

334259

876586
2802873
4077583
4243981
4615003
4739578
4886022
5029399
5092158
5341912
5545416
6080342
6273581
6352726
6596525

Most similar known cluster

7 9 11 13 15 17
oo o1 0Do
Ei] 10 12 14 16
Sioxanthin
Phosphonoglycans
Zorbamycin

Alkyl-O-Dihydrogeranyl-Methoxyhydroquinones biosynthetic gene

Lymphaostin

Cinerubin B
Leinamycin
Tautomycetin
Lobosamide
Xantholipin
Sioxanthin
Bleomycin
Azicemicin
Tiancimycin
Rifamycin

hybrid
saccharide
hybrid
hybrid

hybrid

polyketide
hybrid
polyketide
t1pks
polyketide
hybrid
hybrid
polyketide
t1pks
polyketide

Similarity

100%
3%
4%

1%

33%

62%
15%
14%
13%
14%
100%
12%
13%
19%
35%

MIBiG BGC-ID

BGC0001087
BGC0000806
BGC0001058
BGC0001077

BGC0001006

BGC0000212
BGC0001101
BGC0000158
BGC0001303
BGC0000279
BGC0001087
BGC0000963
BGC0000202
BGC0001378
BGC0000137




Diterpenes in general own an extensive range of biological activities though, the

specific class of labdane diterpenoids appeared as novel lead compounds for current

drug discovery with therapeutic properties such as, antimicrobial, antifungal,

anticancer, anti-inflammatory, antiparasitic, antiviral, immunomodulatory functions
and as well as larval growth inhibitor (Elliger et al., 1976, Tran et al., 2017).

Furthermore, several compounds derived from other diterpenoids have been described,

with the representatives of this class being tanshinones, carnosic acid and carnosol,

forskolin, andrographolide, sclareol, (+)-polyalthic acid and galanal A (Table 4.13)

Table 4-13 Biological activity and source of other-diterpenoids.

Name of labdane- Source Biological activities Literature
type diterpene
tanshinones roots of Salvia antioxidant, (Xu, 2011,

miltiorrhiza anti-inflammatory, Robertson et al.,
cardiovascular and 2014, Ignea et al.,
cerebrovascular 2016)
protective effects

carnosic acid and Salvia spp. antioxidant (Gayaetal.,
carnosol Rosmarinus anti-adipogenic 2013, Danilenko

officinalis anti-cancer et al., 2003)
forskolin root cork cells of positive inotropic (de Souza et al.,

Coleus forskohlii

agent, vaso and
bronchodilatador,

1983, Huerta et
al., 2010, Ho and

weight loss, treatment Shi, 1982,
of open angle Lindner et al.,
glaucoma, anti- 1978, Caprioli
hypertensive, and Sears, 1983,
protection congestive Bristow et al.,
heart failure 1984)
andrographolide extracts of anti-inflammatory, (Sheeja et al.,
Andrographis anti-hypertensive 2006, Awang et
paniculata al., 2012)

sclareol

Salvia officinalis

antiphotoaging

(Park et al., 2016)

(+)-polyalthic acid

Vitex rotundiforia

antimutagenic

(Miyazawa et al.,
1995)

galanal A

flower buds of
Myoga

anti-inflammatory

(Yamamoto et al.,
2014)
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One of the described biological effects of the labdane diterpenoids was larval growth
inhibition, as mentioned above. Resilient varieties of sunflower (Helianthus annus L.)
showed resistance to attacks by larvae of the sunflower moth (Homeosoma electellum

H.). It was revealed that the extracts of this variety’ s florets contained greater

quantities of larvicidal diterpenoid acids. One of the possible explanations for the
mechanism of action for inhibitory larval growth effect could involve the hormonal
system of the insect, as the skeletal structure of diterpenes acids, resembles the
common steroids, it seemed possible that it could be interfering with the insect steroid
metabolism. This interference in any step of hormones metabolism by inhibition of it,
would decrease the vitality of the larva (Elliger et al., 1976). There could exist a
parallelism between this effect and the potential insecticide or/and pesticide effect of
SBT687, particularly against sea lice. Further research could adapt the mechanisms of
action of larval growth inhibitors in or order to be a potential target in inhibiting the

sea lice infestation

Some diterpenes are known for having insecticidal activity. The following labdane
diterpenes  9-acetoxy-2a,7a-dihydroxylabda-8(17),(132)-diene, 15-19-diacetoxy-
20, 7a-dihydroxylabda-8(17),(132)-diene, 7a,15,19-triacetoxy-2a,7a-hydroxylabda-
8(17),(132)-diene, 19-acetoxy-2a,7a-dihydroxylabda-8(17),(13Z)-dien-15-al, 19-
acetoxy-7 a,15-dihydroxylabda-8(17),(132)-dien-2-one, 19-acetoxy-2a, 7a -
dihydroxylabda-14,15-dinorlabd-8(17)-en-13-one and 20, 7a,15,19-tetrahydroxy-ent-
labda-9(17),(132)-diene were isolated from the aerial parts of Hyptis spicigera and
exhibited insecticidal properties against larvae of Ostrinia nubilalis Hubner (Fragoso-
Serrano et al., 1999). Various chemical classes of terpenoids were also tested against
the herbivorous insect Leptinotarsa decemlineata, among them the labdane diterpene
20,3a-dihydroxycativic acid. This compound showed active antifeedant effect and
toxic activity to L. decemlineata, which confidently, did not present cytotoxicity on
mammalian cell lines. A mechanism of action related with membrane-dependent-
modifying effects have been proposed for discriminatory cytotoxic effect rather than

a general cytotoxic action (Gonzalez Coloma).
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Terpenoids being the largest group of natural compounds, provide new inspiring
opportunities for drug discovery. In addition to the vast therapeutic effects, terpenoids
play an important role in plant interactions thus, the need for further investigation of
the potential biological as well eco-chemical functions (Ludwiczuk et al., 2017). The
improvement of the regulation of terpene metabolism will enable the manipulation of
terpene biosynthetic pathways for enhancement of biotransformation of medicinally
important terpenes and production of both known and novel compounds (Singh and
Sharma, 2015).

4.5.2 Manzamines the B-carboline alkaloid compounds with

significant insecticidal/antifeeding activity

Fraction 17 afforded the identification of a mixture of manzamines (D, H, J N-oxide,
8-hydroxymanzamine A and N-methyl-epi-manzamine D) with the visualization of
characteristic signals of the B-carboline moiety and attached heterocyclic ring.
Manzamines are a structurally interesting group characterized by a complex,
heterocyclic ring system attached to a 3-carboline moiety (Ang et al., 2000). Since the
discovery of manzamine A, more than 100 manzamine-related alkaloids have been
identified (Furusato et al., 2014). Initially, this class of compounds were isolated from
the marine sponge Haliclona sp. but over the years, derivatives have been found in
numerous distinct genera of marine sponges frequently from the Indian and Pacific
oceans (Table 4.14) (Ashok et al., 2014). Marine sponges contain microbes up to 40%
of their total biomass by providing the favorable environmental conditions (Valliappan
et al., 2014). Amongst the sponge-associated bacteria, the genus Micromonospora are
one of the dominant producers of bioactive natural products like manzamines
(Valliappan et al., 2014). The fact that the manzamines were isolated from a diverse
variety of sponges, distantly related, and geographically disparate suggests the
possibility that the compounds are actually being produced by the sponge-associated
microorganisms, such as a Micromonospora species, and not by the individual sponge
itself (Rao et al., 2006, Taylor et al., 2007).
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The isolation of a genus or strain of bacteria, that is able to produce manzamine
derivatives, can be cultured in a large-scale fermenter, which would improve concerns
with environmental issues and expedite the route of these compounds through
numerous phases of the drug-testing process (Taylor et al., 2007). Growing
manzamine-producing bacteria in order to have sufficient yield of manzamines for
pharmaceutical and agrochemical research is far more sustainable than harvesting
enormous quantities or tonnes of sponges that will instigate environmental concerns
and impact (Hill, 2005). Exclusive laboratory synthesis of the manzamines is not
sustainable due to the complexity of the chemical structure of the molecule, high costs
of production, and intrinsic production of undesirable by-products (Waters et al.,
2014). Nevertheless, in 2005, sponge-derived Micromonospora was grown at large
scale up to 10 liters of fermentation culture with preservation of manzamine yield from

a small scale up fermentation (Hill, 2005).

Table 4-14 Some of the relevant manzamines isolated since manzamine A in 1986

(Human immunodeficiency virus (HIV-1), Herpes simplex virus 1 e 2 (HSV-I and HSV-II).

Name of Source Biological activity Literature
manzamine
manzamine A Okinawa sponge antitumor, (Sakai et al., 1986,
Haliclona sp. antimalarial, Ashok et al.,
antiparasitic, 2014),(Simithy et

antileishmanial activity al., 2018, Peng et
against Mycobacterium al., 2003)
tuberculosis,

anti-HSV-I,
insecticidal,
antifungal
manzamine B Haliclona sp. anti-inflammatory, (Sakai et al., 1987,
antimalarial Rao et al., 2006)
manzamine C Haliclona sp. neuro anti- (Sakai et al., 1987,
inflammatory Mayer et al., 2005)
manzamine D Haliclona sp. antitumor, strong (Watanabe et al.,
Ircinia sp. activity against 1998)
Amphimedon sp. Mycobacterium
tuberculosis
manzamine E Xestospongia sp. moderate antimalarial, (Ichiba et al., 1988,
activity against Rao et al., 2003,
Mycobacterium Simithy et al., 2018)

tuberculosis
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manzamine F Xestopongia sp. moderate antimalarial, (Ichiba et al., 1988,
activity against Rao et al., 2006,
Mycobacterium Simithy et al., 2018)
tuberculosis

manzamine H Ircinia sp. cytotoxic for (Kondoetal., 1992)
leukaemia 1210 cells
and KB epidermoid
carcinoma cells),
antimycobacterial

manzamine J Ircinia sp. antimalarial, (Kondo et al., 1992)
antiparasitic

ircinal A Ircinia sp. antimalarial, (Kondo et al., 1992,
antiparasitic, activity Rao etal., 2006)
against Mycobacterium
tuberculosis

ircinal B Ircinia sp. antimalarial, (Kondo et al., 1992)
antiparasitic

8- Pachypellzna sp. strong antimalarial, (Ilchiba et al,,

hydroxymanzam Amphimedon sp. antitumor, anti-HSV- 1994),(Simithy et

ine A Acanthostrongylophora I, antileishmanial, al., 2018)

aff. ingens strong activity against

Mycobacterium
tuberculosis

manzamine Y Amphimedon sp. antimalarial (Kobayashi et al.,

1994)
3,4- Amphimedon sp. antimalarial (Kobayashi et al.,

dihydromanzam
ine A

1994)

xestomanzamine

Xestospongia sp.

weak cytotoxicity for

(Kobayashi et al.,

A KB cell lines 1995)

xXestomanzamine Xestospongia sp. weak cytotoxicity for (Kobayashi et al.,

B KB cell lines 1995)

manzamine X Xestospongia sp. weak cytotoxicity for (Kobayashi et al.,
KB cell lines 1995)

manzamine Y Xestospongia sp. weak cytotoxicity for (Kobayashi et al.,
KB cell lines 1995)

kauluamine Prianos sp. moderate (Ohtani et al., 1995)
immunosuppressive

manzamine L moderate cytotoxicity (Tsuda et al., 1996)
for leukaemia 1210
cells and KB
epidermoid carcinoma
cells

6- Xestospongia sp. moderate cytotoxicity (Edradaetal., 1996)

deoxymanzamin
e-X

for L5178y cell lines,
anti-insecticidal

manzamine J N-
oxide

Xestospongia sp.

moderate cytotoxicity
for L5178y cell lines,
anti-insecticidal

(Edradaetal., 1996)
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3,4- Xestospongia sp. moderate cytotoxicity (Edradaetal., 1996)
dihydromanzam for L5178y cell lines,

ine-A-N-oxide anti-insecticidal

manzamine A Xestospongia sp. moderate cytotoxicity (Edradaetal., 1996)
N-oxide for L5178y cell lines

manzamine M Amphimedon sp. moderate cytotoxicity (Watanabe et al.,

for leukaemia 1210

cells

1998)

epimanzamine
D

Palaun sponge

moderate cytotoxicity
for HeLa cell lines

(Zhou et al., 2000)

N-methyl
epimanzamine
D

Palaun sponge

moderate cytotoxicity
for HelLa cell lines

(Zhou et al., 2000)

ent-8- Prianos sp. antiparasitic (El Sayed et al.,
hydroxymanzam 2001)

ine-A

ent-8- Prianos sp antiparasitic (El Sayed et al.,
hydroxymanzam 2001)

ine-F

neo-kaulua- Prianos sp antiparasitic (El Sayed et al.,
mine 2001)
manadomanzam  Acanthostrongylophora  strong activity against (Peng et al., 2003)
ines Aand B sp. Mycobacterium

tuberculosis, strong
activity against- HIV-
1, moderate activity
against AIDS
opportunistic
infections

zamamidine C

Amphimedon sp

moderate antimalarial

(Yamada et al,
2009)

acanthomanzam  Acanthostrongylophora  cytotoxicity for HeLa (Furusato et al.,
ines A-E ingens cells, inhibition of the 2014)
proteasome
ircinal E Acanthostrongylophora  cytotoxicity for murine  (AlTarabeen et al.,
ingens lymphoma  L5178Y 2015)
cell line

kepulauamine A

Acanthostrongylophora
sp.

antibacterial

(Kimetal., 2017a)

zamamidine D

Amphimedon sp.

antimicrobial

(Kubota et al.,
2017)
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Manzamines account significant importance as potential pharmaceutical, associated
with a great number of substantial biological activities including insecticidal,
cytotoxicity, anti-inflammatory, antimicrobial (antibacterial and antifungal), anti-
infective, antiparasitic as well with high potential for future clinical applications for
malaria, Mycobacterium tuberculosis, neurological diseases, HIV, HSV and several
types of cancer (Rao et al., 2003, Rao et al., 2006). The mentioned biological activities
can suffer modification due to changes in each of the structural moieties, with available
literature detailing extensive SAR studies on antimalarial, antileishmanial, anti-HIV,
anti-HSV, antitumor activities (Ibrahim et al., 2008, Guzman et al., 2011, Ashok et al.,
2014, Peng et al., 2003, Chatwichien et al., 2015). Nonetheless, there is a lack of SAR
studies concerning the insecticidal activity. The insecticidal activity of the
Micromonospora sp. N17 (SBT687) practically decreased from 100% inhibition to
72% after fractionation, this could be explained that the activity is stronger in the crude
extract where all compounds, predominantly the ones identified/mentioned, are
organised with a synergistic effect. Further studies about the interaction with terpenes
and alkaloids extracted from Micromonospora sp. could be interesting to clarify the
accurate presence of insecticidal activity. Other additional noteworthy fact is that the
described manzamines were identified from a Micromospora sp isolated from Phorbas
tenacior, a Mediterranean sponge collected from the Santorini volcanic complex of
Crete. Generally, the manzamine-yielding sponges were collected from Indian and
Pacific oceans as mentioned earlier, this wide distribution across distantly related
sponges, proposes, once again, the putative role of microbes in the biosynthesis of
manzamines. Biomimetic fermentation approach embraces substantial potential to
produce manzamines, considered to be the key for source challenges and the
availability of a sustainable supply for chemically complex precursors which are

critical to future research studies.

Antifeedant compounds belong to diverse classes, such as alkaloids, flavonoids and
terpenes. Manzamine alkaloids, have been reported to have antifeedant insecticidal
activity. There are numerous identified antifeedant mechanisms of action such as
chordotonal organ modulator which cause hind leg extension, as well as block femoral

chordotonal organ discharge (Taylor-Wells et al., 2018) or could in general act on
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specific sensory cells (antifeedant receptors) in the pest causing different effects that
prevent ordecrease or block insect feeding (Purrington, 2003). The general mechanism
of action of manzamine antifeedants could be used as a potential target in inhibiting
sea lice infestation, hence, hypothetically SBT687 application as a potential insecticide

or pesticide against sea lice.

Beta-carboline compounds are responsible for a high range of biological properties.
The fact their structure modification is straightforward, makes these compounds of
interest for synthesis and structure-activity relationships with the purpose of novel
drugs development with insecticidal activity (Zeng et al., 2010). Harmine compounds
belongs to the beta-carboline alkaloids with known reported insecticidal activity (Yao
et al., 2004). A series of 1,3-substituted beta-carboline derivatives (tetrahydro-p-
carboline) from harmine were studied in terms of its insecticidal effect and was
acknowledged that 1-phenyl-1,2,3,4-tetrahydro-p-carboline-3-carboxylic acid and
methyl-1-phenyl-B-carboline-3-carboxylate were the most promising compounds,
exhibiting high inhibition rates of insect cultured Sf9 cell line in vitro and in vivo
insecticidal activities against instar larvae of mosquitos, Culex pipiens
quinguefasciatus and mustard aphid, Lipaphis erysimi (Zeng et al., 2010). Further
study described the synthesis of several 1,2,3,4-tetrahydro-p-carboline-3-carboxylic
acid derivatives from harmine and evaluated their larvicidal activities, showing low
insecticidal activities against lepidopteran pests and mosquito larvae but were higher
against oriental armyworm (Mythimna separate) and pyrausta nubilis (Ostrinia
nubilalis) (Song et al., 2014). A recent study published in 2018 synthetised a series of
novel B-carboline derivatives from tetrahydro-B-carboline ester with hydantoin,
thiodyantoin, and urea as part of their structures or formulation in order to improve
and modulate their activity. The insecticidal activity was tested against Plutella
xylostella and Culex pipiens pallens and part of these compounds demonstrated good
activity, particularly the ones with hydantoin and urea (Huang et al., 2018).
Interestingly, the benzoyl urea diflubenzuron and teflubenzuron are used for in-feed
treatments as effective control method of the sea lice (Olsvik et al., 2013, J Branson et
al., 2000), which make the beta-carboline compounds containing urea, of interest for

future evaluations against sea lice. Structure modifications of the beta-carboline
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moiety containing urea with manzamine congeners can be designed to study the

potential insecticidal activity against sea lice.
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Chapter 5

Micromonospora sp. N74 (SBT692): SEARCH FOR NEW
POTENTIAL ANTI-CANCER DRUGS
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5.1 Introduction

5.1.1 Anti-cancer BioScreening Campaign

Worldwide incidence of cancer in 2018 was projected to have risen to 18.1 million
new cases and 9.6 million deaths (Bray et al., 2018). Globally, cancer lifetime-
prevalence sets that 1/ 5 men and 1/ 6 women will develop the disease, and 1/ 8 men
and 1/ 11 women will die from this ailment (Fitzmaurice et al., 2017). A major number
of cancer-related deaths worldwide are associated with malignant tumours of the
breast, colon and rectum (CRC) (Fitzmaurice et al., 2017). This has led to the
development of various therapeutic strategies to prolong survival including improved
surgical techniques, anti-angiogenesis therapies and adjuvant/neoadjuvant
chemoradiotherapy. Thereby, is of great importance to devise methodologies to not

only pharmacologically treat, but also to diagnose these cancer types at an early-stage.

The nuclear factor-kappa B (NF-kappa B, NFkB) belongs to a family of transcription
factors (TFs) that function as dimers and regulate genes involved in immunity,
inflammation and cell survival (Egan and Toruner, 2006). Several pathways are known
to induce NF-kappa B-activation (Oeckinghaus et al., 2011, Perkins, 2007). The
canonical pathway (Figure 5.1) is induced by tumour necrosis factor-alpha (TNF-
alpha), interleukin-1 (IL-1) or by-products of previous infections of bacterial and/or
viral origin. This pathway relies on IKBKB mediated IkB-alpha (NFKBIA)
phosphorylation of amino acids 32 and 36 serine (Ser) residues, leading to its
ubiquitination and proteasomal degradation (Mathes et al., 2008), which allows the
NFKB1 (p50)/ RELA (p65) NFkB-dimer to enter the nucleus and activate the
transcriptional machinery of target genes (Oeckinghaus et al., 2011, Perkins, 2007).
Regulation and control of NFkB activity throughout pharmacological intervention,
would provide a potential approach for the management of many NFkB-associated

human ailments (Kumar et al., 2004).
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Figure 5-1 Inhibition of TNF-alpha-NFkB by MG132. Activation of NF-kappa B (NFkB)
signalling pathway by the cytokine-triggered TNF-alpha in Human keratinocytes (NCTC 2544).
NCTC/NFkB-Luciferase cells were treated with MG132 and exposed to TNF-alpha and then
undergone luciferase assay to assess NFkB activity. Treatment with MG132 inhibits TNF-
alpha-triggered/induced degradation of NFKBIA (IkB-alpha). Ubiquitin mediated (ub. med.); N-
benzyloxycarbonyl-L-leucyl-L-leucyl-L-leucinal (MG132); NF-kappa-B transcription factor
(RELA-NFKB1 complex).

Concerning progression of non-hereditary CRC, two main mechanism hits (Board,
2019, De Rosa et al., 2015) were identified to yield genetic instability: i) chromosomal
instability from triggering proto-oncogenes such as GTPase KRas (KRAS) and
silencing of tumour supressing genes such as cellular tumour antigen p53 (TP53),
netrin receptor DCC (DCC)/ mothers against DPP homolog 4 (SMAD4), and
adenomatous polyposis coli protein (APC); ii) microsatellite instability from si lencing
DNA mismatch repair genes such as MutL protein homolog 1 (MLH1) and/or MutS
protein homolog 2 (MSH2) by promoter hypermethylation thereby repressing gene
expression, and targeted mutations of genes coding short tandem repeats (STRs), for
example TGF-beta receptor type- 2 (GFBR2) and apoptosis regulator BAX (BAX)
(Khare and Verma, 2012). Hereditary CRC forms, for instance familial adenomatous
polyposis have prevalence of germline defects in APC gene on chromosome 5 (Board,
2019).

Currently, molecular stratification of breast carcinomas are by large guided by the
presence or absence of specific hormone receptors such as for estrogen and
progesterone, and expression of the receptor tyrosine-protein kinase erbB-22 (ERBB2,
HER2) (Wang et al., 2016a, Harrison, 1989). Patients missing or under-expressing all
three receptors are designated as suffering from triple negative breast carcinomas

(TNBC) therefore chemotherapies relying on hormonal treatment and/or with
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herceptin don’t have an effect on those groups (Hon et al., 2016, Rakha and Green,

2017). Thus, novel therapies are needed to directly target these receptors.

Selection of Micromonospora sp. N17 (SBT692) for further culture optimisation,
fractionation work and more intensive bioscreening campaign was due to the positive
preliminary screening results obtained from SeaBioTech consortium partners. Pilot-
studies on SBT692 crude extracts exhibited activity on TNF-alpha-induced NF-kB
(SIPBS, UK) with 88.98% inhibition at 30 pg/mL. It showed weak activity against
transient receptor potential cation channels that included subfamily A, member 1
(TRPA1) with 56.09% at 50 pg/mL and subfamily M member 8 (TRPM8) with
36.03% at 50 pg/mL while SBT692 further showed activity on peroxisome
proliferator-activated receptor alpha (PPARa) with 84.88% at 30 pg/mL (Axxam,
Italy). Additionally, SBT692 revealed to potentially inhibit human colorectal
carcinoma cell (HCT116) growth by 53% at 30 pg/mL (Horizon, UK).

TRPAL1 is a nonselective cation channel well-known for its role as a sensor of
xenobiotics and can become active by induction of chemical mediators of
inflammation, giving rise to pain and neurogenic inflammation (Rech et al., 2010).
Therefore, is an appealing target for therapeutic intervention in pain relief (Noyer et
al., 2018) with many antagonists yet to be discovered. Thermoreceptor TRPM8 (Noyer
et al., 2018), was earlier seen as a modulator of chronic pain-related pathways, and
more recently as a potential molecular target in androgen-regulated prostate cancer
(Zhang and Barritt, 2004). Peroxisome proliferator activated receptor alpha (PPAR«)
is a nuclear receptor that modulates hepatocarcinogenesis (observed in rodent models
chronically fed with bezafibrates) (Hays et al., 2005). Additionally, PPARa regulates
lipid metabolism, for instance being active under conditions of energy deprivation
(Shao et al., 2014).
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5.1.2 Aim(s)

Here, Micromonospora sp. N17 (SBT692) isolated from P. tenacior within the
Santorini volcanic caldera was employed for initial screening and bioassay-guided
fractionation for further characterisation (LC-MS/MS and NMR-based) of relevant
compounds in: (i) inhibition of cytokine (TNF-alpha)-triggered NF-kB activation in
human keratinocytes (NCTC 2544), (ii) viability of tumour-derived cell models for
breast (MCF-7 and MDA-MB-231), colon (HT29 and CaCo2) and advanced colon
(T84) cancer.
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5.2 Small and Medium scale up fermentation,

extraction and fractionation of SBT692

5.2.1 Scaled-up fermentation of SBT692

The detailed methods concerning the fermentation and extraction were explained
previously on Chapter 2. The initial small-scale fermentation of the bacterium
Micromonospora sp. N74 (SBT 687) was performed at Julius-von-Sachs-Institut fir
Biowissenschaften, University of Wuerzburg, Germany while the bioactivity
screening for TNF-alpha inhibition (NFkf Luciferase Method), cell cytotoxicity and
viability were done in SIPBS. The conditions for optimal growth and best chemical
profile for SBT692 were achieved with 10% (v/v) inoculum on ISP2 medium and
incubation for 10 days at 30° C and 120 rpm. In SIPBS, SBT692 was then scaled up
first to 3L (6 x 500 mL) then twice to 15-L in production flasks (30 x 500 mL).

5.2.2 Fractionation of SBT692

After 10 days of incubation, the SBT692 3L scale-up was extracted with ethyl acetate
as described in section 2.4. The yield of the obtained total organic extract was 168.3
mg. The ethyl acetate extract was fractionated using the Biotage MPLC Isolera™ One
2.0.4 Spektra flash on a reverse phase column SNAP Kp-C18-HS-12g with a samplet
1.2 g KP-C18-HS-PK20. The fractions were eluted by binary gradient step elution
method using water with 0.1% FA (A) and ACN with 0.1% FA (B) as solvents systems
as described in section 2.6.2.2. The gradient system is presented in the Table 5.1 and
chromatographic conditions are detailed in Table 5.2.
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Table 5-1 Gradient elution of crude extract obtained from 3L of SBT692 using Biotage
MPLC Isolera™ One 2.0.4 Spektra flash purification.

time (min) % Solvent B
0 5

) S)

15 10

20 20

40 50

50 50

60 100

70 100

Total time=70

Table 5-2 Chromatographic conditions applied on the fractionation of SBT692 crude
extract obtained from 3L scale-up using the Biotage MPLC Isolera™ One 2.0.4 Spektra

flash purification.

Column SNAP Kp-C18-HS-12¢g

Samplet 1.2 g KP-C18-HS-PK20

Solvents water with 0.1% FA (A) and ACN with 0.1% FA (B)
Flow rate 12 mL/min

Detection mode Uv1i+uv2

Start Threshold 20 mAU

UV1 Wavelength 254 nm

UV2 Wavelength 280 nm
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The fractionation of SBT692 resulted to 56 fractions. Fractions with similar TLC
profiles were pooled together, yielding a total of 12 fractions (F1-F12) shown on table
5.3 and Figure 5.2.

Table 5-3 Fractionation of SBT692crude extract from 3L scale-up affording 12 fractions.

Fraction Test Tube Yield (mg)
numbers
F1 1-5 20.3
F2 6-10 6.5
F3 11-15 49.3
F4 16-20 63.3
F5 21-25 86.4
F6 26-30 48
F7 31-35 49.3
F8 36-40 515
F9 41-45 43.4
F10 46-50 3.6
F11 51-56 5.9
F12 Column washing 49.5
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F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12

Figure 5-2 Summary TLC of the first fractionation of SBT692 crude extract obtained
from a 3L scale-up with solvent system ACN:Water 1:1 on RP18 plate. Brown spots were
visualized after spraying with anisaldehyde reagent. As observed under short and long UV
wavelength, the spots were marked S (Short), LB (Long Blue) LG (Long Green), LV (Long
Violet).

It was observed on the TLC plate from the SBT692 3L scale-up apart from the UV
visible compounds, after spraying with anisaldehyde/H>SO4 reagent the presence of
organic compounds without UV absorbance that could be steroids, terpenes, phenolic
acids among others. Therefore, in order to better isolate these putative interesting
compounds, the fractionation of the crude extract (1.3g) from the first 15 L scale-up
was performed using the Reveleris™ Flash Chromatography System on a reverse
phase C18 column 40g cartridge instead of the Biotage MPLC Isolera™ One 2.0.4
Spektra flash. Since this system holds two detectors, an ELSD and a UV detector from
which a certain working wavelength can be chosen (200-500 nm), this guarantees
superior sensitivity, selectivity and detection of all peaks including UV-inactive
compounds. Elution was done by gradient method using water and 0.1% FA (A) and
ACN and 0.1% FA (B) as solvent systems. The run length of time was increased, as

well as the polarity (decreasing the initial % of ACN) to improve the separation of the
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highly polar compounds. The gradient system is presented in the Table 5.4 and

chromatographic conditions are detailed in Table 5.5. Aliquots of each fraction were

prepared for MS, NMR and bioactivity assays. Due to limited weights for some

fractions, it was not possible to do some of the chemical analysis and bioassay

screening procedure.

Table 5-4 Gradient elution of SBT692 crude extract obtained from the first 15 L scale-
up using the Reveleris™ Flash Chromatography System.

time (min) % Solvent B
0 3

10 5

20 10

30 20

50 20

60 50

70 100

95 100

Total time=95

Table 5-5 Chromatographic conditions applied on fractionation of SBT692 crude
extracts obtained from the first 15L scale-up using the Reveleris™ Flash
Chromatography System.

Column Reverelis C18 40g

Sample 3 spoonsful of Celite® S with dissolved sample in MeOH
Solvents water with 0.1% FA (A) and ACN with 0.1% FA (B)
Flow rate 20 mL/min

Detection mode UVv1+Uv2

ELSD Threshold 5mV

UV Threshold 0.05 AU

UV1 Wavelength 290 nm

UV2 Wavelength 320 nm
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The fractionation of SBT692 crude extract obtained from the first 15L scale-up

resulted to 216 fractions. Fractions with similar TLC profiles were pooled together,

yielding a total of 15 fractions (F1-F22) presented on table 5.6 and Figure 5.3.

Table 5-6 Fractionation of SBT692 crude extract from the first 15L scale-up afforded 15

fractions.
Fraction Test Tube Yield (mg)
numbers

F1 1-15 62
F2 16-19 34
F3 20-31 53.3
F4 32-36 16
F5 37-40 12.8
F6 41-45 14.5
F7 46-105 173
F8 106-144 512.4
F9 145-153 20.3
F10 154-170 42.7
F11 171-184 25.3
F12 185-188 5.4
F13 189-216 28.2
F14 Wash run 12.4
F15 Column washing 7
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Crude F1 F2 F3 F4 F5 Fé F7 F8 F9 F10 F11  F12 F13 F14 F15

Figure 5-3 Summary TLC of the fractionation of SBT692 crude extract obtained from the
first 15L scale-up with solvent system ACN:Water 1:1 on RP18 plates. Brown spots were
visualized after with anisaldehyde spraying reagent. As observed under short and long UV
wavelength, the spots were marked S (Short), LB (Long Blue), LG (Long Green), LY (Long
Yellow), LV (Long Violet).

The fractionation of the second 15 L scale-up was performed on 1.1 g of crude extract
using the Biotage MPLC Isolera™ One 2.0.4 Spektra flash purification with a reverse
phase column SNAP Kp-C18-HS-30g with a 3g samplet KP-C18-HS-PK20. Because
the Reveleris™ Flash Chromatography System was not available at the time of this
fractionation, the Biotage MPLC Isolera™ One 2.0.4 Spektra flash was used, using
the same binary gradient elution. Binary gradient elution method used water with 0.1%
FA (A) and ACN with 0.1% FA (B) as solvent system presented in the Table 5.7.
Chromatographic conditions are shown in Table 5.8.
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Table 5-7 Step gradient elution of SBT692 crude extract obtained from the 2nd 15L
scale-up using Biotage MPLC Isolera™ One 2.0.4 Spektra flash purification.

time (min) % Solvent B
0 3

5 3
15 10
25 10
35 20
45 30
60 50
75 100
85 100
Total time=85

Table 5-8 Chromatographic conditions applied to the crude extract of the second 15L
scale-up of SBT692 using the Biotage MPLC Isolera™ One 2.0.4 Spektra flash

purification.
Column SNAP Kp-C18-HS-30g
Samplet 3 g KP-C18-HS-PK20
Solvents water with 0.1% FA (A) and ACN with 0.1% FA (B)
Flow rate 25 mL/min
Detection Uv1+uv2
mode
Start 20 mAU
Threshold
uvi 254 nm
Wavelength
uv2 280 nm
Wavelength
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The fractionation of the SBT692 crude extract that was obtained from second 15L
scale-up resulted to 119 fractions. Again, fractions with similar TLC profile were
pooled together, yielding a total of 13 fractions (F1-F13) shown on table 5.9 and Figure
5.4. Fractions from both batches of 15L scale-up were analysed by NMR, LC-HRMS

and assayed for their bioactivity.

Table 5-9 Fractionation of SBT692 crude extract from the second 15L scale-up afforded
13 fractions

Fraction Test Tube Yield (mg)
numbers
F1 1-12 63.6
F2 13-21 45.9
F3 22-36 42.7
F4 37-47 323.4
F5 48-50 61.4
F6 51-54 83
F7 55-59 45.6
F8 60-64 14.2
F9 65-71 33.7
F10 72-76 73
F11 77-94 16
F12 95-119 43.7
F13 Column washing 7.4
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Crude F1 F2 F3 F4 F5 Fé F7 F8 F9 F10 F11 F12 F13

Figure 5-4 Summary TLC of the fractionation of crude extract SBT692 obtained from the
second 15L scale-up with ACN:Water 1:1 solvent system on RP18 plates. Brown spots
were visualized after spraying with anisaldehyde reagent. As observed under short and long
UV wavelength, the spots were marked S (Short), LB (Long Blue) LG (Long Green), LV (Long
Violet), LO (Orange).

5.2.2.1 H NMR spectra of SBT692 fractions

Crude extracts from the initial 100 mL fermentation, 3L scale-up, the first 15L scale-
up and second 15L scale-up and fractions thereof were analysed by ‘H NMR
spectroscopy (Figure 5.5 and 5.6) along with LC-high resolution mass spectrometry to
provide a comprehensive chemical profile of the metabolites being produced. Analysis
of the stacked 'H NMR spectra of the crude extracts (Figure 5.5) showed that the
chemical profile changed from the 100 mL to the 3L scale up then to the two batches
of 15L scale-up. The small scale-up to 3 L exhibited a richer spectrum with crowded
and intense peaks in the aliphatic, olefinic and aromatic region. This chemical richness
decreased to the following batches of fermentation scale-ups with less peaks and
intensities. From the100 mL to the 3L scale up, there was an increased in resonances

in the aromatic region between 6 to 8.5 ppm.
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Analysis of the stacked *H NMR spectra of the fractions showed that the compounds
being produced were different between batches. Overall, the stacked NMR data
exhibited signals in the aliphatic (0 — 2.5 ppm), olefinic (3.5 — 5.5 ppm) and aromatic
(6 — 8.5 ppm) regions with some of the regions exhibiting more crowded and
overlapping peaks. Fractions from the first fermentation, fractions 4 to 6 (blue box)
and 9 to 12 (orange box) showed similar resonances while the others shared lower
diversity and intensity of signals (Figure 5.6A). The spectra of F4 to F6 were populated
both by aliphatic as well as aromatic resonances. Aliphatic peaks were resonating as
complex, overlapped signals with the possible presence of electronegative atoms such
as O, N, C=C, and C=0 attached to the alkyl group (CH) promoting a deshielding
effect. Additionally, the presence of signals that resemble the o protons of amino acids
were detected from 4 to 5.50 ppm. The spectra of F9 to F12 displayed, besides the
aliphatic and olefinic signals, aromatic resonances which could be substituted by
withdrawing groups that shifted the proton of benzene ring downfield to 7.5 ppm.
Moreover, the fractions from the second fermentation exhibited lower diversity and
less intense signals compared to those from the first fermentation, with F7 yielding the
most unique spectrum. This fraction exhibited signals from fatty acids at 1 to 1.50 ppm
characteristic of long chain methylene units and in the aromatic region with downfield

signals up to 9 ppm (Figure 5.6B).
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Figure 5-5 Proton * H NMR (400 MHz) spectra obtained for SBT92 crude extracts
obtained from different scale-up fermentations in DMSO-ds.
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Figure 5-6 Proton *H NMR (400 MHz) spectra obtained for SBT92 fractions. Numbers on
Y axis indicate the fraction number. Solvent used was DMSO-ds (peak at 2.5 ppm). A) Fifteen
SBT692 fractions from first fermentation and B) thirteen SBT692 fractions from second

fermentation. Boxed spectra indicate similar and distinct fractions.
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5.2.2.2 Biological activity of SBT692 crude extract and fractions

The NFkpB Luciferase assay was performed in NCTC cell line, to determine the

inhibition effect of the crude extract and fractions of both scale-up batches. MG132
inhibition control gave an ICso of 1.5uM (Figure 5.7). The SBT692 crude extract and
fractions from both scale-up batches did not exhibit any inhibition effect against TNF-
alpha (Figure 5.8). A slight inhibition effect of 40 to 50% was observed against TNF-

alpha for F11 to F13 from the 2" 15L scale-up.

125+

100+

754

50

%Control

25+

0+

MG132 in TNFa assay

10!!

107

10% 104 104 104
Log conc. (mM)

1Csp 1.5 pM

n=3

Figure 5-7 MG132 inhibition control curve for the NFKB Luciferase assay done in

triplicate (n=3) gave an ICso of 1.5uM.
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Figure 5-8 The inhibition effect of SBT692 crude extracts and fractions from first (A) and
second (B) 15L scale-ups against TNF alpha in the NFkB Luciferase assay at 30 pg/mL tested in
NCTC cell line. Error bars represent the standard deviations (SD) of three replicates (n=3) and
ANOVA p<0.05 compared with the control. The black line at 40% indicates the inhibition threshold.
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The crude extract and fractions from the first and second 15L scale-up were also

assayed for cytotoxicity effect on NCTC cell line (Figure 5.9) and cell viability effect
on MCF-7, MDA-MB-231, T84, HT29 and CaCo2 cancer cell lines (Figure 5.10, 5.11

and 5.12) while no cytotoxic effect on NCTC cell line or cell viability effect on the

tested cancer cell lines were observed. However, weak cytotoxic activity at 40 to 50%

activity against NCTC cell line was observed for F7 and F8 from the 2" 15L scale-up

as well.
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Figure 5-9 Cytotoxicity effect of SBT692 crude extracts and fractions from first
fractionation (A) and second fractionation (B) on NCTC cell line at 30 pg/mL. Error bars
represent the standard deviations (SD) of three replicates (n=3) and ANOVA p<0.05 compared

with the control. The black line at 40% indicates the cytotoxicity threshold
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Figure 5-10 MCF-7 cancer cell line viability screening using SBT692 crude extracts and fractions on (A) in first fractionation and
(B) second fractionation and on MDA-MB-231 cell line (C) in first fractionation and (D) second fractionation at 30 pg/mL. Error bars
represent the standard deviations (SD) of three replicates (n=3) and ANOVA p<0.05 compared with the control. The black line at 40%

indicates the cell viability threshold.
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Figure 5-11 HT29 cancer cell line viability screening of SBT692 crude extracts and fractions on (A) in first fractionation and (B) second
fractionation and on T84 cell line (C) in first fractionation and (D) second fractionation at 30 pg/mL. Error bars represent the standard
deviations (SD) of three replicates (n=3) and ANOVA p<0.05 compared with the control. The black line at 40% indicates the cell viability

threshold.
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Figure 5-12 Cell viability screening of SBT692 crude extracts and fractions from first
fractionation (A) and second fractionation (B) on CaCo2 cell line at 30 ug/mL. Error bars
represent the standard deviations (SD) of three replicates (n=3) and ANOVA p<0.05

compared with the control. The black line at 40% indicates the cell viability threshold.
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5.3 Metabolomic screening of SBT692

5.3.1 Metabolomic profiling of the crude extract and fractions
of SBT692 for both 15 L scale-up fermentations

Isolation and purification work of any of the metabolites were not pursued for SBT692
due to loss of bioactivity during scale-up. However multivariate analysis of the production
of metabolites were done to attempt to explain the changes occurring in the microbial
strains during the scale-up. Due to a similar sponge source for SBT692 and SBT687 that
were both taxonomically identified belonging to the genus Micromonospora, in this
section, differences in metabolic production were also defined.

5.3.1.1 HRMS data

HRMS data was acquired using Xcalibur version 2.2 and was processed using MZMine.
Base peak chromatograms were generated which allowed additional comprehensive
profiling of the chemical composition and comparison of each SBT692 crude extract from
the initial small-scale fermentation to the two batches of 15L scale-up. Base peak
chromatograms for both ionization modes (Figure 5.13) of the “bioactive” SBT692 crude
extract from the initial small-scale fermentation showed very polar major peaks from 0 to

12 minutes.

Regarding the base peak chromatograms of SBT692 crude extracts from the first 15L
scale-up (Figure 5.14), main peaks between 5 to 10 minutes were observed (Figure 5.14A
and B). For the second 15L scale-up, the chromatograms were not only different from the
first batch but as well as between both ionisation modes (Figure 5.14C and D). The
negative ionisation mode displayed increased peak numbers mainly between 10 to 20
minutes while in the positive ionisation mode, peaks were observed between 0 to 25

minutes. The increased in the number of peaks in the negative mode signified an increase
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in production of acidic compounds like phenolics and fatty acids in the second
fermentation batch. The chromatograms clearly illustrated the differences between the
fermentation batches. From the analysis of the HPLC chromatograms, it was quite evident
that metabolite production in SBT692 was not stable and reproducible while the

bioactivity was lost during scale-up.
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Figure 5-13 LC-HRMS data of SBT692 from the initial small-scale fermentation and extracted
ion chromatograms on negative and positive ionisation mode acquired from Xcalibur version 2.2.
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Figure 5-14 Base peak chromatograms (HRMS data) of SBT692 crude extract of first 15L
scale-up in negative (A) and positive (B) ionization mode and of SBT692 crude extract of second
fractionation in negative (C) and positive (D) ionization mode created on MzMine 2.10 modified
version.

Heatmaps for the fractions from the first and second 15L scale-up were generated. The
heatmap allowed the visualization and comparison of the chemical diversity of respective
fractions, as well as to establish similarities and differences between the scale-up batches
and between the fractions. The heatmap on Figure 5.15 showed the crude extracts and
fractions from both 15L fermentation scale-ups producing different sets of metabolites.
Fractions F9 to F13 and F15 from the first scale-up produced higher diversity of
metabolites as evidenced by the greater number and intensity of blue bands, while on the
second fermentation this was observed in fractions F8, F9 and F11.
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Figure 5-15 Heatmap based of HRMS data displaying distinct metabolic profiles of two
batches of fermentations of SBT692. Boxed in red are the crude extracts and fractions showing
higher chemical diversity.
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PCA was performed on the HRMS data of the two batches of fermentations of SBT692.
Using Pareto scaling, PCA plots were generated achieving a R?X value of 1 and Q2 of
0.999, which indicated a well fitted model and good prediction of variables, respectively.
The difference between R2X and Q2 was less than 0.3 validating the model. As observed
from the PCA scores scatter plot, the fractions from the 2" 15L scale-up were all
clustering together that indicated a strong similarity of their chemical profiles (Figure
5.16A). Fractions F12, F13 and F15 from the 1% 15L scale-up were outlying while its
remaining fractions were clustered together nearer to the group from the 2" scale-up,
except for F11 and F14. The findings from the PCA score plot support the information
provided by the HPLC chromatograms concerning the differences between the two
fermentation batches. Moreover, the loadings scatter plot denoted the molecular ion peaks
of the detected secondary metabolites of samples found on the corresponding quadrant
position on the scores plot being possible to visualize the discriminating metabolites for
F12, F13 and F15, which were highlighted in red boxes in Figure 5.16B. As shown by the
distribution of features between the outliers and the group in the middle of the axis, the
type of compounds afforded by the respective fractions can be predicted. From the 1 15L
scale-up; F12 yielded mid-MW compounds within the 300 to 600 amu range while F13
and F15 exceptionally afforded a higher density of higher MW metabolites with mass ion
peaks at m/z 1000 to 1150 amu. The remaining fractions obtained from both 15L scale-up
afforded low MW compounds between 100 to 300 amu as well as metabolites with higher
MWs greater than 1200 amu.
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Figure 5-16 PCA metabolomic screening of SBT692. (A) PCA-X scores plot of SBT692 crude
extract and fractions from first and second fermentations. The green label is for the first
fermentation while the blue stands for the second fermentation of SBT692. (B) Loadings plot
acquired from the PCA-X model with metabolites from the outlier's fractions highlighted in red

boxes.
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To detect the metabolites contributing for the differences between the two fermentation
batches for SBT692, an OPLS-DA model was used (Figure 5.17A) achieving a R?Y and
Q? of 0.648 and 0.534, respectively. Moreover, the difference between R2Y and Q? was
less than 0.3 confirming that the model was not over fitted. The R2X(1) was 0.108 which
means that the variation between groups is 10.8% while R?Xo(1) was 0.273 indicating a
variation within groups of 27.3%. The greater variation within the group indicated a higher
diversity in chemical profiles between fractions, which was particularly observed for the
first 15L scale-up. F12 from the first 15L scale-up was again the outlier while the fractions
from the second fermentation batch clustered very tightly close together. Furthermore, to
identify the metabolites with the greatest input on the segregation between the
fermentation batches, a loadings S-plot was generated (Figure 5.17B). The m/z features
were dereplicated and cross-matched with the in-house database to putatively identify the
compounds differentiating the two fermentation batches for SBT692. The loadings S-plot
revealed that compounds with MWs between 200 to 450 and 1000 to 1150 amu were
unique to the first batch while the second fermentation batch produced a higher density of
low MW compounds at m/z 100 to 450 amu (Table 5.10). The higher MW compounds
ranging from 1000 to 1150 amu were highly oxygenated as well. The permutation test
gave a QY intercept at -0.11 which was <0, further validating the OPLS-DA model
(Figure 5.17C).
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Figure 5-17 OPLS-DA metabolomic screening of SBT692. (A) OPLS-DA scores and (B)
corresponding loadings S-plot plot of the mass spectral data for SBT692 fractions from the first
and second fermentation batches. (C) Permutation tests (100 permutations) to validate the OPLS-
DA model of SBT692 differentiating the mass spectral datasets between two fermentation
batches.
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Table 5-10 Dereplication table of the ighlighted end point metabolites from SBT692 first (1st) and second (2") fermentation outliers

fractions visualized in the loadings scatter plot from the PCA and S-plot endpoints of the OPLS-DA analysis.

. Peak
le\élnel m/z (nl?itn) Area MWt '\églﬁﬁﬂ? Name Source
(highest)
A) First Fermentation Batch
Porifera
P_170 3151342  5.75 Z(ffEFIg? 3141267  CvHieNOs cribrostatin 5 Cribrochalina
_ vasculum
8.24E+08  256.1211 CisH1sN202 albonoursin Streptomyces
P_188 257.2183  7.08 (1% F12) Ibulus
1 77E406 Angiococcus
P 118 405.1656 8.36 (iSt F12) 404.1583 C20H24N207 myxochelin-A disciformis an d30
- (myxobacterales)
P_1770  263.1852  10.20 5('1‘2? EFJi(z)? 262.1780 C1aH250s No hits No hits
P_1602 219.1591 11.20 i’lss?l:g? 218.1518 C11H20, No hits No hits
2.35E+08 19,23 .
P_4713 427.2682 17.85 (1% F12) 426.2609 C23H307 dihydroxyprotylonolide Aspergillus sp
P_3020 405.2846 17.87 LHLB I?ig? 404.2773 C21H4007 No hits No hits
P 4705 3872738 1700 OOBEY08 g eee  CabOs 6-deoxyerythronolide B~ SUreptomyces
- ' ‘ (1% F12) ' erythreus
P 6748 422.3068 18.43 i’li'tg I?ig? 421.2996 CasH39NO2 No hits No hits
- Porifera Clathria
6.42E+08 N dinordehydro-batzelladine calla, Porifera
P_4767 708.4900 20.57 (1 F12) 707.4828 CssHs2NgO4 B Monanchora
arbuscula
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4.54E+06

CarHs7N3/

P_4864 664.4642  20.71 (1% F12) 663.4569 CssHs7NoOs/ No hits No hits
- Cu9Hs00
CaoHaoN1s/
P 5245 6204379  20.85 ‘Effﬁg? 619.4306  CasHsiNeOy/ No hits No hits
- Cs2Hs1NO1o
1.71E+07 CaztasNsO/ . .
P_5984 576.1112  20.98 (1% F12) 575.4039 Cs1Hs3Ns0s/ No hits No hits
- C3oHs7NOg
CsoHasNo/
P_6745 532.3845  21.09 %1(2? IIE:B? 531.3773 C25HasN1102/ No hits No hits
- Ca2sHs3NOsg
P_4722 617.4266  21.56 4213;3 IIE:B? 616.4193 unpredicted No hits No hits
N Ca4He7N130;
P 5236 8105582  22.25 ‘Ef?ﬁg? 8095509  CasH7iNeOs No hits No hits
- CsH71N110s
9.44E+08 N-Butylglucosamine ester .
P 6746  573.4008  22.97 (1% F12) 572.4015 CaoHssN20s Serivative B Serratia sp.
P_4749 1198.8410  23.03 ‘E’lge IIE:B? 1197.834 unpredicted No hits No hits
4 ZAIE +08 Echinodermata
P_4714 613.3931  23.45 (iS‘ F12) 612.3858 Ca3Hs6010 echinasteroside C Echinaster
- brasiliensis
1 95E408 Bacillus subtilis,
N_7255 1048.691  32.40 (iS‘ F15) 1049.698 CsaHosN7O13 pumilacidin A marine Bacillus
- pumilus KMM1364
1.75E+09 - i
P_9198 1078.739  35.65 (1% F15) 1077.732 CsHgoN7013 pumilacidin C No hits
- L Streptomyces
2.70E+09 primycin, primycini,
N_8686 1076.723  36.90 (1%_F15) 1077.730  CssHi0sN3O17 primycin Al Micromonospora
galeriensis
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2.43E+09

Thermopolyspora

N_12376  1000.736 3724 jy'jgy 1091744 CssHisN:Ox primycin A2 galeriensis
B) Second Fermentation Batch
(3R, 7aR)- Streptomyces
Po19 211144 998 L34E08 5001367 CuHNO, cyclo(leucylprolyl); rochei 87051-3,
(2™ _F4) maculosin-6; cyclo-D- marine bacteria
Prolyl-D-leucyl
P 3343  269.1493  13.80 1('213'5;3)8 268.142 Ci3H20N20,4 No hits No hits
N_168 267.1351  13.82 7('232'5;3)8 268.1424 C1aH1sNs No hits No hits
P 13012  175.1331  13.93 éﬁ’f;%? 174.1258 C1oH1503 No hits No hits
P 2270 1050702  14.80 8(';9(,'5;%7 104.0630 CaHa No hits No hits
P 12185  117.0912  15.37 1('222'5;%6 116.0839 CeH120: No hits No hits
P 9116  115.0756  22.17 (52'23'5;1()17) 114.0684 CeH1002 No hits No hits
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5.3.1.2 NMR Data

The *H NMR spectral data was subjected to multivariate analysis similar to the mass
spectral dataset. Using Pareto scaling, PCA achieved a R?X value of 0.52, and a Q? of
0.197, which specified a well fitted model (R2X>0.5) but not so good prediction of
variables with Q%<0.5. The difference between R?X and Q2 was 0.323, which should be
less than 0.3 to confirm complete absence of overfitting. PCA-X scores plots (Figure
5.18A) of fractions from both fermentation batches SBT692 presented a mixed clustering
pattern with some overlapping fractions between batches indicating similarity in
molecular structures of compounds produced in both batches. On the other hand, the
differences between the batches are more difficult to detect in NMR as only components

greater than milligram levels can be detected.

Moreover, to distinguish the determinants of clustering variation on the PCA score plot,
an OPLS-DA was performed (Figure 5.18B). The OPLS-DA model gave R?Y and Q?
values of 0.996 and 0.8, respectively, achieving good fit and prediction devoid of
overfitting with [R?Y-Q?] <0.3. The variation between groups was 5.48% [R2X(1)] while
the variation within groups was 16.3% [R?Xo(1)]. Therefore, the variation between the
fractions within batches is higher than between fermentation batches. A loading S-plot
(Figure 5.18C) was generated to visualize the variables responsible for the discrimination
between groups. According to the end points of this plot, the fractions from the first batch
contained structural features with chemical shifts mostly in the aliphatic and olefinic
regions at less than 5 ppm, while the fractions from the second fractionation exhibited a
mixture of signals distributed between 2.4 to 7.2 ppm with higher density of aromatic
resonances. The model was validated by a permutation test (Figure 5.18D) with QY

intercept at —1.09.
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Figure 5-18 MVDA analysis of NMR data of SBT92 fractions from two fermentation batches. (A) PCA-X, (B) OPLS-DA scores plot, and (C) corresponding
loadings S-plot of SBT692 fractions from first and second fermentation batches. Features in the S-plot were coloured according to chemical shifts in ppm. (D)
Permutation tests (100 permutations) to validate the OPLS-DA model of SBT692 differentiating the *H NMR spectral datasets between two fermentation

batches
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5.3.2 Metabolite profile comparison between SBT692 and
SBT687

5.3.2.1 HRMS DATA

PCA was performed on the HRMS datasets of two fermentation batches of SBT692
against SBT687 to further show the differences and/or similarities between the different
bacterial strains. Using Pareto scaling, a R?X value of 1 was achieved indicating good fit
and Q? of 0.998 which specified a good predictive ability of the model, with a difference
between R?X and Q? at less than 0.3. Furthermore, the PCA scores plot exhibited similar
outliers from the first fermentation batch of SBT692, as already shown in section 5.3.1.1,
while SBT687 fractions overlapped with those of SBT692 from the second fermentation
batch (Figure 5.19).

SBT692 1st and 2nd fermentation and SBT687 (PCA-X) SBT692_1st

Colored according to classes in M2 [l sET692 2nd
[ sBTes7
A

100000

1 ©sBT692_F12

4 SB1692 F11@ -
0 3 ; i = —— ¢
E SBT692_F10
SBT692_F14

&-100000

-200000

-300000

SBT692_F13@
SBT692_F15

a —
—r—rr Tt b =

T T —r L e I S
-600000 -500000 -400000 -300000 -200000 -100000 0 100000 200000

]
R2X[1] = 0.201, R2X[2] = 0.119, Ellipse: Hotelling's T2 (95%)

Figure 5-19 PCA-X scores plot of SBT687 and SBT692 fractions from first and second
fermentation batches.
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To predict the metabolites responsible for the differences between SBT687 fractions and
the SBT692 fractions from first fermentation batch, an OPLS-DA model was generated
(Figure 5.20A) achieving a R%Y and Q2 of 0.967 and 0.82, respectively, indicating a model
with both good fit and predictability. The difference between R?Y and Q? was less than
0.3 confirming that the model was not overfitted. Variations between groups and within
group were exhibited at 5.87% [R2X(1)] and 20.5% [R2X0(1)], respectively. The low
percent variation between groups demonstrated a small general difference in chemical
profiles between strains. However, the presence of an outlier and the more dispersed
distribution of the fractions from the first fermentation batch of SBT692 caused the
percentage variation within group to be greater than the variation between the strains.
Furthermore, to identify the metabolites with the greatest input to the segregation of
SBT692 fractions from first fermentation batch versus those of SBT687, a loading S-plot
was generated (Figure 5.20B). The end-point metabolites defined for the first fermentation
batch of SBT 692 is obviously identical to those that differentiates it from second
fermentation batch, which have been presented in the dereplication Table 5.10. The
discriminating metabolites for SBT687 are the same bioactive features listed in Chapter
4, such as the manzamines, which is interesting as SBT687 is not only different from
SBT692 simply because of the type of compounds it produces, but as well as differentiates
its bioactivity from SBT692.The model was validated by a permutation test with QY
intercept value of —0.31 (Figure 5.20C).
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Figure 5-20 MVDA analysis of mass spectral data of SBT92 fractions from first fermentation
batch versus SBT687 fraction. (A) OPLS-DA scores plot and (B) corresponding loadings S-plot
of SBT692 fractions from first fermentation batch versus SBT687 fractions. Features in the S-plot
were coloured according to their m/z ranges. (C) Permutation tests (100 permutations) to validate
the OPLS-DA model differentiating the mass spectral datasets between strains.

The HRMS dataset for SBT692 fractions from second fermentation batch was also
compared with those of SBT687. An OPLS-DA model was generated (Figure 5.21A)
achieving a R2Y and Q? values of 0.995 and 0.907, respectively, for a model with both
good fit and predictability. The difference between R?Y and Q? was less than 0.3
indicating that the model was not overfitted. Variations between the two groups and within
the groups were exhibited at 5.59% [R?X(1)] and 15% [R2Xo(1)], respectively. Again, the
variation between the two strains was lower than the diversity in chemical profiles
between the fractions particularly those from SBT687. The percentage variation between
strains was almost similar when SBT687 was compared to SBT692 fractions from the first
fermentation batch. However, this time the higher variation within the groups was due to
the outlying fractions F17 and F18 from SBT 687. The outlying fractions F17 and F18 of

SBT687 were likewise the bioactive fractions described in Chapter 4. Furthermore, an S-
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plot was generated (Figure 5.21B) and the end-point metabolites from SBT687 were the

same as listed on Chapter 4. The permutation test gave a validation score with Q2Y
intercept value of -0.25 (Figure 5.21C).
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Figure 5-21 MVDA analysis of mass spectral data of SBT92 fractions from second
fermentation batch versus SBT687 fraction. (A) OPLS-DA scores plot and (B) corresponding
loadings S-plot of SBT692 fractions from second fermentation batch versus SBT687 fractions.
Features in the S-plot were coloured according to their m/z ranges. (C) Permutation tests (100
permutations) to validate the OPLS-DA model differentiating the mass spectral datasets between
strains.

To revalidate the OPLS-DA results between comparing just two groups at a time, the
HRMS dataset for SBT692 fractions from both batches were also compared with those of
SBT687. An OPLS-DA model was generated (Figure 5.22A) achieving a R2Y and Q?
values of 0.952 and 0.841, respectively, for a model with both good fit and predictability.
The difference between R?Y and Q? was less than 0.3 indicating that the model was not
overfitted. The OPLS-DA demonstrated that SBT 687 remained distinct from both
fermentation batches of SBT 692 as they were all positioned in three different quadrants.
Variations between the groups and within the groups were exhibited at 5.70% [R?X(1)]
and 2.54% [R2Xo(1)], respectively. The distinct separation between the strains and the
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batches was reflected by the percent variation, which this time is 2x higher than the
variation within groups, demonstrating greater chemical similarities within the groups
without the occurrence of any outlying fractions. Although, the percentage variation
between strains was similar to the previous analysis when only two groups were
compared, the percentage variation within groups plummeted. However, after analysis of
the loadings plot shown in Figure 5.22B it was possible to verify that the outlying fractions
were still defined by the same sets of metabolites established by the previous S-plots.
Compounds with mid-MW within the 300 to 600 amu were found in SBT687 fractions,
compounds with mid- MWs between 200 to 450 and 1000 to 1150 amu were unique to
the first batch while the second fermentation batch produced a higher density of low MW
compounds at m/z 100 to 450 amu. The permutation test confirmed validity of the model
with aQ?Y intercept value of -0.262 (Figure 5.22C).
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Figure 5-22 MVDA analysis of mass spectral data of SBT92 fractions from first and second
fermentation batches versus SBT687 fractions. (A) OPLS-DA scores plot and (B)
corresponding loadings S-plot of SBT692 fractions from first and second fermentation batches
versus SBT687 fractions. Features in the S-plot were coloured according to their m/z ranges. (C)
Permutation tests (100 permutations) to validate the OPLS-DA model differentiating the mass
spectral datasets between strains.
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5.3.2.2 NMR DATA

Multivariate analysis was also performed on the 'H NMR data of the fractions to detect
the differences between the different fermentations and strains. PCA was performed on
the *H NMR data of SBT692 fifteen fractions from the first fermentation, thirteen fractions
from second fractionation and twenty-one fractions from SBT687. The model applied
Pareto scaling, achieving a R?X value of 0.527, and a Q2 of 0.197, which specified a well
fitted model at R?X>0.5 for a metabolomics data set but prediction was not so good with
low (Q2<0.5). The difference between R?X and Q? was 0.3, and the model was still not to
be considered overfitted. The PCA scores plot (Figure 5.23) of fractions from both
fermentation batches of SBT692 and those of SBT687 exhibited heterogeneous
distribution among the four quadrants. Although most of the fractions of SBT 687
occurred in the quadrants between (—) PC1 and () PC2 or also described as the lower left

quadrant.
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Figure 5-23 PCA-X score plot of *H NMR data from SBT692 fractions from first and second
fermentations and SBT687 fractions.
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In contrast to PCA, an OPLS-DA model could identify the variables responsible to
segregate the two strains. The OPLS-DA of the SBT692 fractions from first fermentation
versus those of SBT687 achieved values of 0.701 and 0.242, respectively, with good fit
but poor prediction. The difference between R?Y and Q? [R2Y-Q2 >>0.3] was greater
than 0.3, which indicated an overfitted model. The variation between groups was 8.94%
[R2X(1)] while the variation within groups was 14.2% [R?Xo(1)]. The variation of the
fractions within the respective groups was higher than between the different strains. The
low percentage variation between strains was due to the presence of fractions crossing the
respective quadrants assigned for each group. For instance, F11, F16 and F20 of SBT687
were on the left quadrant assigned for SBT 692, which indicated that these fractions were
sharing more similarities with some of the SBT692 fractions of the first fermentation
batch. On the other hand, F7 of SBT692 was overlapping with SBT687 fractions in the
right quadrant (Figure 5.24A). The S-plot (Figure 5.24B) was again generated to
determine the variables responsible for the discrimination between groups. According to
the end points of the mentioned plot that were more noticeable for the SBT692 fractions,
the presence of resonances lower than 2.5 ppm for these fractions, may indicate the
presence of low molecular weight lipids. The model was validated by a permutation test
(Figure 5.24C) with Q?Y intercept value at -0.288.
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Figure 5-24 MVDA analysis of 'HNMR spectral data of SBT92 fractions from first
fermentation batch versus SBT687 fraction. (A) OPLS-DA scores plot and (B) corresponding
loadings S-plot of SBT692 fractions from first fermentation batch versus SBT687 fractions.
Features in the S-plot were coloured according to their chemical shifts in ppm. (C) Permutation
tests (100 permutations) to validate the OPLS-DA model differentiating the THNMR spectral
datasets between strains.
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Moreover, a second OPLS-DA was performed between SBT692 fractions from the second
fermentation batch versus those of SBT687. R2Y and Q? values of 0.979 and 0.727,
respectively, were achieved, attaining a good fit and prediction with [R2Y-Q2] <0.3
indicating that the model was not overfitted. Both [R2X(1)] and [R%Xo(1)] variations were
determined at 9.06 % and 12.3%, respectively, indicating that the percentage variation
between strains and fractions within groups were quite comparable. The fractions from
each strain studied under this section showed distinct clustering without any overlapping
variables between the fractions of SBT687 on the right quadrant and those from the second
fermentation batch of SBT692 on the left quadrant (Figure 5.25A). The fractions for each
strain were equally dispersed resulting to a slight increase in variation within the
respective groups. The loadings S-plot (Figure 5.25B) generated more distinguishable end
point metabolites for SBT692 fractions of the second batch, these fractions contained
structural features with chemical shifts mostly in aliphatic (red box) and aromatic region
(red triangle), at less than 2.5 ppm and around 7.2 ppm, respectively. The model was

validated by a permutation test (Figure 5.25C) with QY intercept at -0.635.
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Figure 5-25 MVDA analysis of HNMR spectral data of SBT92 fractions from second
fermentation batch versus SBT687 fraction. (A) OPLS-DA scores plot and (B) corresponding
loadings S-plot of SBT692 fractions from second fermentation batch versus SBT687 fractions.
Features in the S-plot were coloured according to their chemical shifts in ppm. (C) Permutation
tests (100 permutations) to validate the OPLS-DA model differentiating the 'THNMR spectral
datasets between strains.
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Similarly, as it was performed to the HRMS dataset, to revalidate the OPLS-DA results
between comparing just two groups at a time, the NMR dataset for SBT692 fractions from
both batches were also compared with those of SBT687. An OPLS-DA model was
generated (Figure 5.26A) achieving a R%Y and Q? values of 0.606 and 0.379 respectively,
for a model with both relatively a good fit and predictability for a metabolomics profiling
study (Eriksson et al., 2012). The difference between R%Y and Q? was less than 0.3
indicating that the model was not overfitted. Variations between the three groups and
within the groups were exhibited at 9.08% [R?X(1)] and 8.68% [R2Xo(1)], respectively.
The variations between strains as well as fermentation batches and between fractions
within the respective groups were quite similar. The OLPS-DA scores plot (Figure 5.26A)
of fractions from both fermentation batches of SBT692 and those of SBT687 displayed
heterogeneous distribution among the four quadrants with the presence of fractions
crossing the respective quadrants assigned for each group. For instance, F20 of SBT687
was on the upper right quadrant assigned for first fermentation batch of SBT692 while,
F7 of the first fermentation batch of SBT692 was found on the left quadrant assigned for
SBT687 fractions. On the other hand, F8 from the first fermentation of SBT692 was
overlapping with the fractions from the second fermentation of SBT692 at the lower right
quadrant. Although most of the fractions of SBT 687 occurred in the quadrants on the
lower and upper left quadrant, while, most the fractions of. first and second fermentation
batches were distributed on the upper and lower right quadrant, respectively. The loadings
score plots obtained from the OPLS-DA model displayed the same set of functional
groups described for the outlying fractions presented in the earlier sections (Figure 5.26B).
SBT692 fractions from the first batch showed the presence of lower resonances from 2.4
to 4.8 ppm, whilst, SBT692 fractions of the second batch contained structural features
with chemical shifts mostly aromatic region between 7.2 to 7.4 ppm. SBT687, positioned
between the two fermentation batches of SBT 692, covered a wide range of resonances
from the aliphatic to the oleficnic and the aliphatic regions of the spectra, unique to

SBT687 were resonances between 8 to 10 ppm that resembled those of the pyridine ring
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and exchangeable NH protons of a manzamine alkaloid. The model was validated by a

permutation test (Figure 5.26C) with Q?Y intercept at -0.285
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Figure 5-26 MVDA analysis of THNMR spectral data of SBT92 fractions from first and second
fermentation batches versus SBT687 fractions. (A) OPLS-DA scores plot and (B)
corresponding OPLS-DA loadings plot SBT692 fractions from first and second fermentation
batches versus SBT687 fractions, features were coloured according to their chemical shifts in
ppm. (C) Permutation tests (100 permutations) to validate the OPLS-DA model differentiating the
IHNMR spectral datasets between strains

5.3.3 Multivariate analysis of slightly bioactive fractions

obtained from the second fermentation batch of SBT692

From the second 15L scale-up, a slight inhibition effect of 40 to 50% was observed against
TNF-alpha for F11 to F13 while F9 had slight bioactivity against MDA-MB-231 and
Caco2 cancer cell lines. Even though the first fermentation batch seems to be more diverse
in terms of its chemical profile, the second batch is likely to produce a new set of
metabolites that is slightly more active than the latter. The base peak chromatogram in the
negative ionisation mode of the crude extract from the second batch of scale-up indicated
an increase in occurrence of acidic compounds, which may include short chain fatty acids,

phenolics, polyketides, or anthraquinones. Polyketides and anthraquinones are
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particularly known for their bioactivity. It will still be interesting to know whether these
set of metabolites have already been earlier described in the literature with similar
bioactivity as in this current study. Although SBT692 is unstable in terms of the
production of its secondary metabolites, having the data on the type of compounds
statistically probable to be responsible for the bioactivity will provide information to
predict the biosynthetic pathway and hence, responsible gene cluster can be later explored

in more stable or even industrially robust microorganisms.

5.3.3.1 HRMS DATA

PCA was done on mass spectral data of all the fractions (Figure 5.27A). Using pareto
scaling, PCA plots were generated achieving a R2X value of 1 and Q2 of 1 after adding
13 components, which indicated a well fitted model and good prediction of variables,
respectively. As observed from the PCA scores scatter plot, almost all fractions were
clustering together on the mid-axis of the left quadrant indicating strong similarities of
their chemical profiles, except for F7 and F8 that occurred on the right quadrant while F11
was an outlier (Figure 5.27A). Furthermore, the loadings scatter plot denoted the
molecular ion peaks of the detected secondary metabolites of samples found on the
corresponding quadrant position on the scores plot being possible to visualize the
discriminating metabolites for the outlier fraction F11 (Figure 5.27B). The endpoint
metabolites found for F11 were within 100 to 400 amu range with mass ion peaks at m/z
109.101, 211.087, 249.124 and 387.155 (Table 5.11).
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Figure 5-27 PCA metabolic screening of SBT692 (2"? fermentation). (A) PCA-X scores plot of
SBT692 crude extract and fractions from second fermentations. (B) Loadings plot acquired from

the PCA-X model with metabolites from the outlier fraction F11 labelled with respective m/z.
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Additionally, an OPLS-DA was performed on the HRMS datasets of SBT692 fractions
from the second fermentation to attempt to pinpoint compounds that could be responsible
to this slight change in bioactivity of the fractions obtained from the second fermentation
batch of SBT 692, fractions F9 and F11 to F13 were grouped together versus the
considered inactive fractions (Figure 5.28A) Using Pareto scaling, a R?Y value of 0.96
was achieved indicating good fit and Q2 of 0.192 which specified a weak predictive ability
of the model, with a difference between R%Y and Q? at more than 0.3. The large difference
between the R?Y and Q? values could indicate that the model was overfitted. The active
fractions were distributed on the left side but in different quadrants, with F9, F12 and F13
located in the lower quadrant whilst F11 was on the upper quadrant, showing possible
different chemical profiles between the slightly bioactive fractions. Moreover, F7 and F8
from the inactive fractions were distributed in the lower right quadrant while the
remaining inactive fractions were clustering in the upper quadrant. Variations between
groups and within group were exhibited at 8.95% [R?X(1)] and 18.5% [R?Xo(1)],
respectively. The more dispersed distribution of the fractions from both groups of
fractions, caused the percentage variation within group to be greater than the variation
between the active versus inactive group. Moreover, a loading scatter plot (Figure 5.28B)
and S-plot (Figure 5.28C) were performed to visualize the discriminating metabolites
from the active fractions which were mostly metabolites yielding low to mid-MW with
mass ion peaks at m/z 100.220 to 557.659. The model was excluded as the permutation
test afforded a QY intercept at 0.258 (Q2Y>0) (Figure 5.28D).
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Figure 5-28 MVDA first analysis of mass spectral data of SBT92 fractions from second fermentation batch according to bioactivity.
(A) OPLS-DA scores plot of SBT692 active fractions from second fermentation batch versus inactive and (B) corresponding loadings plot and
(C) S-plot of SBT692 OPLS-DA.Features in the loading plot and S-plot were coloured according to their m/z ranges. (D) Permutation tests
(100 permutations) to validate the OPLS-DA model differentiating the mass spectral datasets between fractions.

345



Hence the first model was excluded because it cannot be validated by the permutation test,
a new model was created with the active fractions against TNF-alpha, excluding the
inactive outlying fractions F7 and F8 that could be affecting the model and F9 was set as
inactive (Figure 5.29). The R?Y and Q? of 1 and 0.506, respectively, specified a model
with excellent fit and good predictability. Once again, the difference between R2Y and Q?
was greater than 0.3 indicating that the model could be overfitted. Variations between
groups and within group were analogous to the first model and were at 10% [R*X(1)] and
17.1% [R2X0(1)], respectively. The more dispersed distribution of the active fractions
caused the percentage variation within group to be greater than the variation between the
active versus inactive group (Figure 5.29A). A loadings S-plot (Figure 5.29B) was
generated to visualize the variables responsible for the discrimination between groups.
According to the end points of these plots, the active fractions contained metabolites with
variable range of MW with mass ion peaks from m/z 100 to 1200 amu (Table 5.11). The
P values were relatively good for 50% of the end point features that were found significant
at P<0.05. A permutation test was performed to test the validity of the model which
afforded a positive QY intercept at 0.443 (Q?Y>0) that concluded the model was not valid
due to poor predictability.

Although the permutation test was not able to validate the OPLS model, IP and %
contribution scores could be employed to statistically validate the predicted bioactive
metabolites against TNF-alpha (Figure 5.29B) specifically those afforded by F11, F12,
and F13 (Figure 5.30). As shown, the predicted bioactive features for F11 and F12 had
high VIP and % contribution scores, greater than 7.0 and 20% or 40%, whereas those from
F13 gave lower % contribution scores of 2 to 10% while the VIP scores were 2.0 to 10.0.
The predicted targeted bioactive metabolites against TNF-alpha were dereplicated and
details are listed in Table 5.11
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Figure 5-29 MVDA second analysis of mass spectral data of SBT92 fractions from second
fermentation batch according to bioactivity against TNF-alpha. (A) OPLS-DA scores plot of
SBT692 active fractions against TNF-alpha from second fermentation batch versus inactive and
(B) corresponding loadings S-plot of SBT692 OPLS-DA. Features in the and S-plot were coloured
according to their m/z ranges and endpoint metabolites were labelled with respective m/z.
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Similarly, a VIP and % contribution scores plot analysis was also done on F9, which
afforded bioactivity against MDA-MB-231 and Caco2 cancer cell lines. As it was
observed on the contribution score plot on Figure 5.31, the predicted bioactive features
for F9 gave % contribution scores of 10 to 15% while the VIP scores were between 4.0 to
6.0. The predicted targeted bioactive metabolites with potential anti-cancer activity were
dereplicated and details are listed in Table 5.11. Even though the P values were found
greater than 0.05 (but less than 0.25), which were not statistically significant in terms of
its bioactivity to the tested cell lines, the predicted bioactive metabolites were still found

unique to F9 and hence predicted selective to MDA-MB-231 and Caco2 cancer cell lines.
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Figure 5-31 Contribution scores plots for F9 to indicate the orthogonal VIP (Variable
Influence/Importance in Projection) scores on an OPLS model for the “end point” features for the
respective fractions on the loadings S-plot (Figure 5.28C) as tabulated here with their m/z ratios.
Coloured regions designate increasing orthogonal VIP scores where red < 5, blue =5 to 15, and
green > 15.
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Table 5-11 Dereplication table of the predicted bioactive end point metabolites from fraction F9, F11, F12 and F13 from SBT692
second fermentation visualized in the S-plot of the OPLS-DA analysis. Highlighted metabolites were common between bioactive fractions.

(NS = not significant, P>0.05).

MzMinelD m/z Rt  Peak Area MWt Molecular Name Source Pvalue
(min)  (highest) Formual
Predicted bioactive metabolites for F11, F12 and F13
P_3375 405.1652 13.8  7.50E+08 404.1579  CxH24N.07 myxochelin-A Angiococcus disciformis 2.7E-10
an 30 (myxobacterales)
P_13012 175.1331 13.93 256E+05 174.1258 CoH1503 No hits No hits 0.10 NS
P_1250 109.0278 13.99 3.90E+06  108.0205 CsH40: benzoquinone No hits 0.11 NS
P 2321 203.1794 18.41 3.41E+07 202.1722 CisHz neolaurencenyne Rhodophyta Laurencia 3.9E-07
okamurai
P_3336 135.1169 20.15 2.41E+07 134.1096 CioH14 No hits No hits 0.01
P_3196 119.0857 20.17 2.33E+07 118.0784  unpredicted No hits No hits 9.5E-06
P_3108 107.0859 20.2 2.98 E+07 106.0786 CsH1o No hits No hits 6.0E-06
P_8689 149.1325 20.41 5.32E+07 148.1252 Ci11H1s6 dictyopterene B Ochrophyta Dictyopteris 0.03
plagiogramma
P_1002 211.0865 20.51 2.25E+08 210.0793 Ci3H10N20 1-vinyl-8- Bryozoa Cribricellina 0.03
hydroxy-p- cribraria
carboline
P 8584 297.0757 20.61 2.03E+07 296.0684 C17H120s haloquinone Streptomyces venezuelae 0.01
subsp. xanthophaeus Tue
2115
P_8691 161.1324 20.65 2.01 E+07 160.1251 CioHie inflatene Cnidaria Clavularia 0.10 NS
inflata
P_3304 147.1168 20.66 2.50 E+07 146.1095 C11Hu4 desmarestene Ochrophyta Desmarestia 0.01
sp
P 184 385.1407 21.06 2.29E+07 386.1479  CyoH22N20g No hits No hits 0.10 NS
N_82 249.1243 21.08 1.13E+08 250.1316  CizH1sN203 nongidin A/ Streptomyces sp. GT 0.09
jenamidine 061115, Streptomyces sp.
Al/A2 strain HK10297
P_841 523.207 21.09 8.16 E+07 522.2002  CysH30N20s No hits No hits 0.10 NS
P 844 387.1548 21.09 6.97E+07 386.1476  CaoH22N2O0g No hits No hits 0.10 NS
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N_137 134.0235 21.09 6.13E+07 135.0308 CsHsN4O No hits No hits 0.09 NS
P_2921 375.1986 22.80 8.56E+06 374.1914  CisHzN100: No hits No hits 0.01
P_8585 225.1022 23.07 194 E+07 224.0949  CusH2N,O  dihydrophenazin- [synthetic] 0.10 NS
monoacetate
P_2463 1113.811 31.83 3.1E+05 1112.804 C7sH100Ns No hits No hits 2.8E-10
Predicted bioactive metabolites for F9
P_9051 382.1542 16.33 2.48E+07 381.1469  CaH19N30O; benzomalvin A Penicillium sp. 0.180 NS
P_2809 147.1168 16.56 2.50 E+07 146.1095 CuHus desmarestene Ochrophyta Desmarestia ~ 0.188 NS
sp
P_12033 107.0859 16.64 2.98 E+07 106.0786 CsH1o No hits No hits 0.201 NS
N_486 134.0235 16.89 3.9E+07 135.0308 CsHsN4O No hits No hits 0.198 NS
N_688 249.1243 16.95 1.13E+08 250.1316  Ci3H1sN203 nongidin A/ Streptomyces sp. GT 0.184 NS
jenamidine 061115, Streptomyces sp.
Al/A2 strain HK10297
P_5881 387.1548 16.99 3.15E+07 386.1476  CaoH2N20s No hits No hits 0.201 NS
P_5901 447.1759 17.14 2.67E+07 446.1686  CoHzsN20s No hits No hits 0.20 NS
P_5755 227.0184 18.26 2.47E+07 226.0741  Ci3H1oN2O»  beta-carboline-3-  Streptomyces sp. Ma5373 0.24 NS
carboxylic acid
methyl ester Streptomyces thioluteus
6-Methoxy-1-
phenazinol
P_5454 111.0443 18.29 1.17E+07 110.0370 CesHsO2 No hits No hits 0.24 NS
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5.3.3.2 NMR DATA

The 'H NMR spectral data from SBT692 fractions from the second fermentation, was
subjected to multivariate analysis similar to the mass spectral dataset (Figure 5.30) to
explain and predict the structure family, functional groups and substituents responsible
for the slight increase in bioactivity of the strain after a second batch of fermentation.
Using Pareto scaling, an OPLS-DA was performed achieving a R?Y value of 0.906, and a
Q? of 0.733, which specified a well fitted model (R?X>0.5) with good prediction of
variables with Q>0.5. The difference between RZX and Q? was less than 0.3, confirming
complete absence of overfitting. The variation between groups (active versus inactive)
was 17.2% [R2X(1)] while the variation within groups was 23.8% [R*Xo(1)]. Therefore,
the variation within between fractions or within groups was higher than between the active
versus inactive groups. From the OPLS-DA model, a dispersed distribution of the
fractions within the quadrants of the respective groups could explain the high percentage
of variation within groups (Figure 5.32A). Moreover, a loadings scatter plot (Figure
5.32B) was generated to visualize the outlying features from the active fractions, which
exhibited signals lower than 2.5 ppm .The S-plot (Figure 5.32C) was created to visualize
the variables responsible for the discrimination between the active versus the inactive
fraction, which exhibited, similarly as the loading scatter plot, the presence of resonances
lower than 2.5 ppm that may indicate the presence of low molecular weight lipids. The

model was validated by a permutation test (Figure 5.32D) with Q?Y intercept at —0.373.
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Figure 5-32 MVDA analysis of NMR data of SBT92 fractions from second fermentation according to bioactivity . (A) OPLS-DA scores
plot of SBT692 active fractions from second fermentation batch versus inactive fractions and (B) corresponding loadings scores plot and (C)
loadings S-plot of SBT692 OPLS-DA. Features in the loadings scatter plot and S-plot were coloured according to chemical shifts in ppm. (D)
Permutation tests (100 permutations) to validate the OPLS-DA model of SBT692 differentiating the 'H NMR spectral datasets between
fractions
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5.4 Discussion

In the present work, besides the small 3L fermentation, two batches of 15L scale-up were
performed on Micromomospora sp. N74 (SBT692) which were further subjected to
extraction, fractionation, and metabolic profiling analysis. NMR and HRMS were used as
analytical platforms to achieve the metabolomics analysis. The preliminary bioassay
screening of SBT692 showed inhibition against several factors as well as against TNF-
alpha-induced NF-kB. However, the fractions did not display any inhibition activity
towards TNF-alpha, as well as cytotoxicity effect on NCTC cell line and cell viability
effect for the tested cancer cell lines, MCF-7, MDA-MB- 231, T84, HT29 and CaCo2.

Micromonospora sp. is an important source of bioactive compounds with different
therapeutically properties. The genus is known to exhibit a considerable physiological
and biochemical diversity being as well a defined group in terms of morphology,
phylogeny and chemotaxonomy (Hirsch and Valdés, 2010). The dereplication study of the
most diverse fractions, afforded 50% of the compounds putatively identified while the
other 50% did not give any match from the in-house macro database. The identified
metabolites belonged to distinct classes, such as, diketopiperazines, lipopeptides,
phenolics, quinones, lactones, guanidines alkaloids, macrolides, steroids, among others,
showing the high diversity of secondary metabolites being produced by the
Micromonospora sp. N74 (SBT692), as shown in Figure 5.33/34.
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Figure 5-33 Major secondary metabolites identified from the dereplication of the outlying fraction being produced by the

Micromonospora sp. N74 (SBT692).
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Figure 5-34 (continued) Major secondary metabolites identified from the dereplication
of the outlying fractions being produced by the Micromonospora sp. N74 (SBT692) from the

first fermentation batch.
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The first fermentation batch of SBT692 produced a diverse set of metabolites that
disappeared during the second batch of 15L scale-up. Below is a description of the
discriminating compounds found in the first batch of scale-up as earlier reported in the
literature.

Albonoursin  is a  diketopiperazine  (3-benzylidene-6-isobutylidene-2,5-
dioxypiperazine) that first reported in 1963 by Rosenfeld et al. (Fukushima et al.,
1973). This compound was produced by several actinomycetes, exhibiting known
antibacterial activity (Fukushima et al., 1973, Li et al., 2014). Pumilacidin A and C
were found in F15 of the first fermentation batch. Pumilacidins are cyclic lipopeptides
with a cyclized heptapeptide attached to a B-hydroxy fatty acid derived from the
surfactin family (Elleuch et al., 2012). Pumilacidin has been described having antiviral
activity against herpes simplex virus type 1 (HSV-1) as well a protective effect against
gastric ulcers (Naruse et al., 1990). Myxochelin A is a phenolic cathecol siderophore
with weak antimicrobial activity (Kunze et al., 1989). However, this compound or its
derivatives exhibited other biological activities like growth suppression of K-562
leukemia cells (Schieferdecker et al., 2015) or inhibition of the 5-lipoxygenase (5-LO)
pathway (Schieferdecker et al., 2017). Cribrostatin 5 is an isoquinoline quinone
showing antineoplastic effects and antibacterial and/or antifungal activities (Pettit et
al., 2000). The compound 19,23-dihydroxyprotylonolide is a 16-membered macrolide
antibiotic reported for the first time in 1994 but also isolated from Micromonospora
sp.YS-02930K (Yasumuro et al., 1994). Dinordehydrobatzelladine B a polycyclic
guanidine alkaloid, was identified in 2009 from a marine sponge Monanchora
arbuscula and showed mild antitumor and antimalarial activity (Laville et al., 2009,
Mayer et al., 2013). The 6-deoxyerythronolide B was described as a key precursor of
the macrolide antibiotic erythromycin (Meng et al., 2011). Echinasteroside C is a
polyhydroxysteroidal glycoside commonly isolated from different species of starfish,
of the phylum Echinodermata, class Asteroidea (lorizzi et al., 1993, Malyarenko et al.,
2016). This class of compounds have been reported to display a high range of
biological activities including antiviral, antibacterial, antifungal, cytotoxic, hemolytic,
antitumor, immunoregulatory, neuritogenic and anti-biofouling effects (November,
2018, Kicha et al., 2008). Primycin was first described in the Nature in 1954 (Valyi-
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Nagy et al., 1954) Being classified as a guanidine type antibiotic with high efficacy
against Gram-positive pathogens, primycin is only used topically in dermatological
indications (Gesztelyi et al., 1980, Feiszt et al., 2014).

From the above-mentioned dereplicated compounds, only myxochelin A was
described to have an inhibitory role in inflammation, specifically in the 5-LO pathway
and not against TNF-alpha. The 5-LO is responsible for the catalyses of two initial
steps in the biosynthesis of leukotrienes, known mediators of a variety of inflammatory
and allergic reactions as well associated with cancer, where an increased formation of
5-LO products was observed (Haeggstrom and Funk, 2011, Radmark et al., 2015).

The second fermentation batch of SBT692 produced new set of metabolites that were
slightly more active than the first fermentation batch. Figure 5.35 illustrates the
discriminating compounds found in the second batch of scale-up as earlier reported in
the literature, and below the description focusing on the ones with described anti-
cancer activity.

Previous bioassays studies with the alkaloid 1-vinyl-8-hydroxy-beta-carboline (1-
VHB-carboline) exhibited cytotoxicity (100 ng/mL, LCso) against mice lymphoma
(P388D1, ATCC CCL-46) cells lines (Prinsep et al., 1991) and relatively potent
cytotoxicity at 19 uM (LCsg) against human NCI-60 tumour cell lines screening panel
(Beutler et al., 1993). Haloquinone, a phenanthrenequinone derivative, synthetic
derivatives halt aberrantly activated Wnt/Beta-Catenin signalling pathways (Halbedl
et al., 2013) at 2.5 uM.in human embryonic kidney (HEK293) cell lines. Notably, all
derivates were also able to block the expression of Axin-2 (AXIN2), a known inhibitor
of the Wnt signalling pathway (Krishnamurthy and Kurzrock, 2018) in colorectal
cancer cell lines (SW-480, ATTC, CCL-228) (Halbedl et al., 2013). Jenamidine
A1/A2, a bicyclical alkaloid, inhibits the proliferation at 1.91 pg/mL (Glso) of human
bone marrow-derided chronic myelogenous leukemia cell lines (K-562, ATCC, CCL-
243) (Snider and Duvall, 2005, Duvall et al.,, 2006, Stevens et al., 2011).
Benzoquinones and its numerous derivatives are well known secondary metabolites

with reported anti-cancer properties (Lu et al., 2013). For instance, one benzoquinone
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with growing interest as potential therapeutically agent for cancer is embelin (Lu et
al., 2016). Embelin, among modulating other important pathways, may be responsible
for inducing apoptotic cell death by supressing the NF-kf and p53 pathways, holding
several mechanisms of action that modulate diverse representative characteristic of
tumour cells (Ko et al., 2018, Prabhu et al., 2018).
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Figure 5-35 Major secondary metabolites identified from the dereplication of the slightly
bioactive fractions afforded by the Micromonospora sp. N74 (SBT692) from the second
fermentation.

The initial crude extract accounted for inhibition activity against TNF-alpha. However,
after the 15 L scale-up fermentation and fractionation, the inhibition activity
disappeared. Therefore, different metabolomic profiling approaches using both *H
NMR and mass spectral data along with multivariate analysis of the fractions from
both fermentation batches, allowed the validation of the lack of stability of
Micromomospora sp. N74 (SBT692) in terms of the production of its secondary
metabolites. Hence, the loss of bioactivity during the scale-up process. Furthermore,
there was evidence of the unstable production of metabolites, with changes in chemical

profile between the first and the second fermentation scale-up, as it was seen in the
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data presented. Moreover, both Micromonospora sp. (SBT687 and SBT692) were
isolated from the same sponge and identical geographical location, thus, it was
expected that both strains were producing identical secondary metabolites.
Nevertheless, it was clear that the SBT687 and SBT692 strains were producing
different type of metabolites, as it was shown with the metabolomics profiling data

analysis.
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Chapter 6

CONCLUSIONS AND FUTURE WORK
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6.1 Conclusions

The present project aimed to identify and isolate the bioactive metabolites production
in the thermophile strains of Muricauda ruestringensis (SBT531 and SBT587) isolated
from geothermal intertidal pools in Iceland and in Micromonospora sp. (SBT687 and
SBT692) isolated from the Mediterranean sponge Phorbas tenacior from the Santorini
volcanic complex of Crete. A metabolomics-guided isolation approach was
implemented, applying NMR and HR-LC/MS as analytical platforms to achieve the
metabolomics analysis. Through the application of metabolomics tools, fermentation
and growth parameters were optimised to increase the production yield of the

respective bioactive target metabolites, accomplishing the purposed objectives.

6.1.1 Muricauda ruestringensis (SBT531 and SBT587)
metabolomic profile and biological importance of
isolated metabolites as potential targets for metabolic

diseases

Since both M. ruestringensis strains, SBT531 and SBT587, were isolated from the
same geographical location, was expected that both strains secondary metabolites were
analogous, which was confirmed after scrutiny of their similar NMR and HR-LC/MS
data. The fractionation of SBT531 afforded a series of bioactive alpha and beta-
hydroxy acid derivatives. Aseanostatin P6 (13-methyltetradecanoic acid) was the
major compound identified which exhibited inhibition activity against alpha-
glucosidase (30 pg/mL) and PTP1B (30 and 10 pg/mL, Ki 3 pg/mL) with less than
40% inhibition (<40% threshold), followed by two derivatives, 3-hydroxy-13-
methyltetradecanoic acid and 2-hydroxy-14-methylhexadecanoic acid. These
compounds showed inhibition activity against PTP1B at a concentration of 30 pg/mL
but not at 10 pg/mL. The comparison of the three isolated fatty acids in terms of their

inhibition ability against PTP1B, suggested that the inhibition activity was structure-
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dependent as it decreased or disappeared with the elongation and/or hydroxylation and

methylation of the chain.

6.1.2 Micromonospora sp. N17 (SBT687) and N74 (SBT692)
potential agrochemical and anti-cancer biological
activity from isolated/dereplicated compounds and

metabolomic profile

Considering that both strains of Micromonospora sp. N17 and N74 (SBT687 and
SBT692) were isolated from the same sponge and identical geographical location, was
anticipated that both strains were producing identical secondary metabolites.
Nevertheless, it was clear that the SBT687 and SBT692 strains were producing
different classes of metabolites, as it was shown with the metabolomic data analysis.
The initial insecticidal activity against parasite Lepeophtheirus sp. (sea lice) at 75
pg/mL of the Micromonospora sp. N17 (SBT687) decreased from 100% inhibition to
72%, after fractionation, this could be explained that the activity is stronger in the
crude extract where all compounds, predominantly the ones identified/mentioned, are
organised with a synergistic effect. Application of multivariate analysis allowed to
predict the most statistically probable bioactive metabolites of SBT687, which were
targeted for isolation and elucidation work. The compounds were structurally
identified as a combination of manzamines and 4-epi-manoyl oxide acid, from
fractions 17 and 18, respectively. Even though the labdane type diterpene, 4-epi-
manoyl oxide acid, is reported as a plant metabolite, it was isolated from a marine
microorganism, that could suggest that the metabolite is not being produced by the
plant but by the microorganism. Manzamines-yielding sponges were often isolated
from Indian and Pacific oceans, hence that this class of compounds were identified
from the Mediterranean sponge derivate Micromonospora sp. N17 (SBT687),
suggested the hypothetical role of microbes in the biosynthesis of manzamines.
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Different scale-up fermentations were performed on Micromomospora sp. N74
(SBT692). The preliminary bioassay screening of the initial crude extract of SBT692
showed inhibition against TNF-alpha TRPA1, TRPM8, PPARA as well as cell
viability effect of human colorectal carcinoma cell line (HCT116). However, afterward
the 15 L scale-up fermentation and fractionation, the inhibitory effects towards TNF-
alpha, as well as cell viability effect for the tested breast and colon cancer cell lines,
MCF-7, MDA-MB- 231, T84, HT29 and CaCo2, were missing. Subsequently, several
metabolomic approaches using the HR-LCMS and 'H NMR data permitted to
acknowledge the unstable production of secondary metabolites by the
Micromomospora sp. N74 (SBT692), hence the loss of bioactivity with further

fermentations.

6.2 Future work

Moving forward over the traditional bioassay-guided isolation approach in natural
products (NPs) drug discovery seems feasibly given today’s wealth in cutting-edge
technologies/platforms, software solutions and chemical libraries (Weller, 2012).
Workflows with pre-fractionation, high-throughput screening (HTS) and computer-
assisted structure elucidation are becoming the routine of choice (Harvey et al., 2015)
of every NP researcher. Furthermore, the genome sequencing on M. ruestringensis
provided support to identify and understand the possible biosynthetic gene cluster
(BGC) encoding the biosynthetic pathway to produce specialized metabolites,
associated with the genome mining approach by information extraction from genome
sequences. Further research is needed about structure activity relationship on branched
hydroxylated fatty acids derivatives from M. ruestringensis strains to evaluate the
effect of the elongation, hydroxylation and/or methylation of the chain in terms of their
inhibition ability against PTP1B. Additionally, is needed future exhaustive study and
identification about the BGC responsible for the hydroxylation, elongation and
methylation of the chain, with further laboratory gene cloning, knock-out and

hydroxylation experiments to validate the theoretical predicted studies.
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Regarding the Micromonospora sp. (SBT687) additional experiments could be
performed to determine the interaction with terpenes and alkaloids extracted from this
strain, to confirm the accurate presence of insecticidal activity, as well as SAR
investigation concerning the insecticidal activity. Moreover, structure modifications
of the beta-carboline moiety containing urea with manzamine congeners can be in
future studies developed to evaluate the potential insecticidal activity against sea lice.
Although, Micromonospora sp. (SBT692) evidenced unstable production of secondary
metabolites with loss of bioactivity during the scale-up process, new small scale-up
fermentations could be repeated using a variation of culture conditions to verify

stability of the metabolites production.
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Appendix I: NMR data of N-phenethylacetamide
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App 1 H NMR (500 MHz) spectrum for N-phenethylacetamide (spectrum with a mixture
of compounds), measured in DMSO-d6.
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App 3 3C NMR (500 MHz) spectrum for N-phenethylacetamide, measured in DMSO-ds.
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Appendix II: NMR data of a cholic acid derivative
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App 6 'H NMR (400 MHz) spectrum for cholic acid derivative, measured in DMSO-ds.
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App 7 Stacked *°C (1) and DEPT (2) NMR (100 MHz) spectra for cholic acid derivative
measured in DMSO-d6.
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Appendix lll: NMR data of 4-epi-manoyl oxide acid
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App.11 1*H-*H NOESY (400 MHz) spectrum in DMSO-d6indicated through space correlation
of protons in manoyl oxide acid to establish the relative stereochemistry.
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