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Abstract

Tuberculosis (TB) is the leading cause of death from infectious diseases in the world,
affecting more than ten million patients each year. However, multi-drug resistance
(MDR-TB) threatens progress achieved in TB care and control, and there are few drugs
available to treat MDR-TB. Our overall aim was to identify anti-TB natural products
from microbes sourced from unique environments. This thesis presents efforts to achieve
an effective approach to identify anti-TB microbial natural products with the combination
of one strain many compounds (OSMAC) strategy, NMR fingerprint and principal
component analysis.

The thesis begins with an introduction of TB and the current anti-TB drugs and
candidates. It also covers a review on anti-TB natural products from marine microbe and
endophyte origin and analysis of their physicochemical properties using Lipinski’s rule of
five as well as the ChemGPS tool. As part of a research program aiming to identify anti-
TB microbial constituents, a cell-based screening assay was developed to screen 2562
crude extracts. Among the active hits, 46 actinomyces isolated from marine, desert or
Traditional Chinese Medicines were selected for further chemical investigation according
to their chemical profiles or anti-TB activities. The results are presented in chapters 2 to
7.

Chapter 2 presents the evaluation of the potential of endophytes and marine microbial-
derived natural products as anti-TB leads using the comparison of their physico-chemical
properties with TB drugs and candidates. A model to predict anti-TB activity of untested
compounds is also proposed.

Chapter 3 describes a cell-based HTS platform for discovering small molecules as well as
crude extracts showing growth inhibition to Mycobacteria bovis BCG. With the aim to
identify potent anti-TB natural products from actinomycetes, a microbial extract library
was generated from 654 strains and 2562 crude extracts were evaluated for their activity.
415 actives were identified as the Hit Library that was the basis for this TB-focus project.
Chapter 4 demonstrates the chemical and biological investigation of an endophyte Y3111.
Chemical investigation of the biota sample resulted in the identification of 6 pluramycin-
type compounds, of which four were new compounds. The structures of the isolated

compounds were determined by the analysis of NMR and MS data. Anti-BCG screening
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suggested that 3 compounds had moderate effects on the inhibition of the bacteria.
Chapter 5 describes the isolation of 24 compounds from 21 active fractions, representing
3 endophytes, 1 desert strain and 3 marine strains. One new compound was identified
from marine strain MS110154. The structures of the isolated compounds were elucidated
on the basis of NMR and MS data. Four compounds exhibited significant anti-BCG
activity with MIC values of 1.5, 1.5, 6 and 8 uM, respectively.

Chapter 6 presents the OSMAC investigation on 13 strains from chapter 5. NMR
fingerprinting and PCA of the data set generated from 4160 fractions revealed 37 outliers,
3 of which were selected for scale-up investigations.

Chapter 7 describes the isolation and identification of 20 natural products from the 3
selected Hit fractions. One new compound with a novel structure was identified from the
desert actinomycete LS120194 under the effect of a specific medium. The structures of
the isolated compounds were deduced on the basis of NMR and MS data. Anti-BCG
screening resulted in 8 active compounds.

The thesis concluded with an analysis of the physico-chemical properties and ChemGPS
analysis of the 50 isolated microbial natural products. Most of the compounds identified
in chapter 4 to 7 had druggable properties and clustered in a chemical space with current
drugs. The highlighted compounds can be potentially used as lead compounds in future

anti-TB drug discovery.
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Chapter I Introduction

Abstract: Tuberculosis has been one of the most global harmful infectious
diseases. Due to the severe drug resistance and HIV-TB co-infection, it is
urgent to search for new anti-TB therapeutics. Microbes have made a
phenomenal contribution to the health and wellbeing of people throughout
the world. In addition to producing many primary metabolites, they are
capable of making secondary metabolites, which constitute half of the
pharmaceuticals on the market. This chapter presents the background of this
project, including tuberculosis disease, drug resistance, current clinical
agents and candidates, anti-TB natural products from marine microbes and
endophytes, and three important strategies used in drug discovery, including
high throughput screening, one strain-many compounds microbial

biosynthetic elicitation strategy, and NMR fingerprinting.



1.1 Tuberculosis

Tuberculosis (TB) has been, and still is one of the world’s biggest threats. It causes ill
health among millions of people each year and ranks as the leading cause of death from
an infectious disease worldwide. It is estimated that one-third of the world’s population is
infected with the tubercle bacillus." While only a small percentage (5-15%) of infected
individuals will develop clinical TB, there were approximately 10.4 million new cases
and 1.4 million deaths in 2015." Mycobacterium tuberculosis is thus responsible for more
human mortality than any other single microbial species.

1.1.1 Pathogen

Mycobacterium tuberculosis, the causative agent of TB is difficult to diagnose in latent
form and shows little or no clinical symptoms. It typically affects the lungs (pulmonary
TB) but can affect other sites as well (extra-pulmonary TB). Pulmonary TB is by far the
most common form of tuberculosis, accounting for 86% of all new and relapsed cases
worldwide, based on WHO data. In lung infections, M. tuberculosis is typically inhaled
into the body through the mouth or nose, and passed through the airways where it reaches
the alveolar space in the lungs.” In the majority of the cases, the bacteria are able to evade
immune system defences to establish a latent infection. It does so by the arrest of
phagosome-lysosome fusion, resistance against reactive nitrogen intermediates (RNI) and
nitric oxide (NO) and interference with major histocompatibility complex (MHC) Class
I antigen-presentation.” Reactivation disease occurs when latent bacteria from old,
scarred, granulomatous lesions are reactivated into an active, virulent state. Reactivation
disease is most frequently triggered when the host immune response weakens or is
suppressed. For example, most of the HIV positive individuals are low in CD4" T counts
and face 10% risk per year of TB reactivation disease.”

1.1.2 HIV-TB co-infection

The concurrent management of HIV/TB co-infection remains a challenge owing to
adverse effects, complex drug interactions, overlapping toxicities and tuberculosis -
associated immune reconstitution inflammatory syndrome. An estimated 1.2 million
(11 %) of the 10.4 million people who developed TB in 2015 were HIV-positive.' The
co-evolution of bacteria with their host has led to bidirectional evolutionary pressures,

eventually leading to refinement of survival mechanisms in both species that culminate in



symbiotic relationships.” In the individual host, the two pathogens, Mycobacterium
tuberculosis and the HIV type 1 (HIV), appear to have great impact on each other,
accelerating the deterioration of immune functions.® HIV-related dysfunction of local
immune responses in HIV/TB co-infected individuals reduces the ability of granuloma,
an organized structure comprising epithelioid macrophages surrounded by a rim of
lymphocytes, to restrain tubercle bacilli, leading to their eventual multiplication and
dissemination, thereby culminating in severe pathology.” Furthermore, co-infection with
M. tuberculosis negatively impacts the HIV immune responses and up-regulates HIV
replication in blood and pulmonary lymphocytes and alveolar macrophages ex vivo.®
1.1.3 Drug resistance

Anti-tuberculosis drug resistance is a major public health problem that threatens progress
made in TB care and control worldwide. Drug resistance arises due to improper use of
antibiotics in chemotherapy of drug-susceptible TB patients.” Because the treatment
regimen for TB is long and complex, many patients are unable to complete the course of
treatment, enabling their disease to develop drug-resistance. Once a drug-resistant strain

has developed, it can be transmitted directly to others."

O AllTB
O TB with any drug resistance

MDR-TB
O drug resistance to at least the first

line drugs isoniazid and rifampin

XDR-TB
G drug resistance to the first line

drugs isoniazid and rifampin and
to specific second line drugs

Figure 1.1 The definition of drug resistant tuberculosis.

Much attention has focused on the burden of multi-drug resistant (MDR) TB."' MDR-TB
is defined as cases of TB that are resistant to at least rifampicin and isoniazid (Figure
1.1). At present, MDR-TB continues to be a significant problem, not only in the
developing countries, but also in the Baltic region, parts of the former Soviet Union, and
other areas of the world.'” The emergence of drug-resistant TB is often attributed to a
failure to implement adequate control programs for tuberculosis and to appropriately

manage cases of the disease. Therefore, resistance to TB accurately reflects the poor



quality of control programs and is a direct consequence of poor therapeutic practices with
respect to the use of anti-TB drugs."” There were an estimated 480, 000 new cases of
MDR-TB worldwide in 2015 and more than half of these cases were in India, China and
the Russian Federation.'

Extensively drug-resistant tuberculosis (XDR-TB) is a type of multidrug-resistant
tuberculosis (MDR-TB) that is resistant to the front-line drugs and two or more of the six
classes of second-line drugs (Figure 1.1). Transmission of XDR-TB is in clusters and
follows similar transmission patterns as ordinary TB.'* This makes it difficult to put
appropriate barriers to the transmission of the deadly strains. To make matters worse,
proper diagnosis involving culture and sensitivity tests is the most commonly used
diagnostic method especially in the poor countries. This may take from 6 to 16 weeks
before XDR-TB is confirmed during which time it is likely to have spread to other
patients."> The next challenge is that there are limited treatment options for XDR-TB
especially in the developing countries and this makes the disease virtually untreatable and
puts HIV positive people particularly at a greater risk.'®

Three years after XDR-TB was first reported in 2006, Velayati ef al. drew attention to the
emergence of totally drug-resistant (TDR) tuberculosis in a cohort of 15 patients from
Iran, resistant to all first- and second-line drugs.'” The majority of prescriptions were
ineffective and would only have served to further amplify resistance, converting MDR
tuberculosis to XDR tuberculosis and TDR tuberculosis, which can be identified as a
form of incurable tuberculosis.'®

In summary, drug resistant TB kills nearly 2 million people each year and seriously
threatens global TB control." To prevent drug resistant TB from spreading, there is an
urgent need for new diagnostic tools and more importantly, novel and more effective anti-
TB drugs and vaccines are needed to be developed.

1.2 TB drugs and candidates in clinical trials

A number of efficacious anti-tubercular agents were discovered in the late 1940s and
1950s with the last, rifampin, introduced in the 1960s."” However, the emergence of
multi-drug resistant strains of M. tuberculosis makes it necessary for the discovery of
new drugs, and also implements other modalities of treatment. The pipeline of potential

new treatments has been fulfilled with 17 compounds in clinical trials or preclinical



development with promising activities against sensitive and resistant Mycobacterium
tuberculosis strains.”® The mechanisms of all first-line drugs, second-line drugs and
candidates in clinical trials are listed in Figure 1.2.

1.2.1 First-line treatment

Standardized short-course chemotherapy-rifampicin (1) and isoniazid (2) for 6 months,
supplemented with pyrazinamide (3) and ethambutol (4) in the first 2 months-is effective
against drug-susceptible tuberculosis under controlled conditions.”' Although rates of
treatment-limiting side effects vary, mild adverse effects are common.** The limitations
of control programs are most evident in settings that are frequently characterized by
poverty, high levels of HIV co-infection, and poor access to a high standard of
treatment.” Therefore, short and simple regimens that are effective, safe, and robust

during routine programmatic conditions are urgently needed.

NH, [N\ \/EOH !
> NH N
® N]\W 2 T
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N HO
Rifampicin (1) Isoniazid (2) Pyrazinamide (3) Ethambutol (4)

1.2.2 Second-line treatment

Second-line drugs are used for the treatment of MDR and XDR TB. They include
aminoglycosides (kanamycin (5) and amikacin (6)), cycloserine (7), terizidone (8),
ethionamide (9), protionamide (10), capreomycin (11), aminosalicylic acid (12), and
fluoroquinolones ofloxacin (13) and levofloxacin (14). Treatment regimens for MDR and
XDR tuberculosis are longer, less effective, less tolerable, and more expensive than is
standardized short-course chemotherapy, and include the use of injectable drugs, such as
kanamycin (5) and amikacin (6).* Containment of the spread of the MDR and XDR
tuberculosis will be extremely difficult without treatment regimens that are shorter, safer,

more effective, and less expensive than those that are available.”
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1.2.3 Microbes-derived TB drugs
Among the 11 currently used nature-derived TB drugs, 7 of them were either isolated
from microbes or semi-synthesized from microbial natural products (Figure 1.3),

suggesting the high potential of microbial compounds to be TB drugs.
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Figure 1.3 Seven TB drugs sourced or based on the NP scaffold isolated from a microbe.



1.2.4 Drugs in clinical development

Eight small molecules in clinical development for TB as well as three existing drugs that
are redeveloped or repurposed for TB and five new chemical compounds that are
specifically developed for TB are introduced below.

Fluoroquinolones are broad-spectrum antimicrobial drugs that target DNA gyrase.”
Gatifloxacin (15) and moxifloxacin (16), the most recently developed fluoroquinolones,
have shown better in vitro activity against M. tuberculosis compared to ofloxacin (13)
and levofloxacin (14), the previous used fluoroquinolones.”” According to results from a
mouse model of tuberculosis infection, moxifloxacin-containing regimens have the
potential to shorten treatment of drug-susceptible TB from 6 months to 4 months.” Phase
3 trials are in progress for investigation of whether treatment of drug-susceptible
tuberculosis can be shortened to 4 months by substitution of gatifloxacin (15) for
ethambutol (4), or moxifloxacin (16) for ethambutol (4) or isoniazid (2).*’
Nitroimidazoles are antimycobacterial compounds that are equally active against drug-
susceptible and drug-resistant TB.”® Two nitroimidazoles, PA-824 (17) and OPC-67683
(18), are currently in clinical trials for the treatment of TB and the outcome of these may
determine the future directions of drug development for anti-tubercular nitroimidazoles.’’
PA-824 is a prodrug that requires the mycobacterial glucose-6-phosphate dehydrogenase
(FDG1) or its cofactor, coenzyme F420, to be transformed into an active form.*> No
cross-resistance between PA-824 with standard anti-TB drugs has been observed.”> OPC-
67683 is a member of the nitroimidazo-oxazole family.>* Early bactericidal activity and
Phase 1 studies have been completed, and the compound is being assessed in a Phase 2
trial for the treatment of MDR tuberculosis.”

TMC207 (19), the most active diarylquinoline, is highly potent against drug-susceptible
and drug-resistant strains of M tuberculosis. It has a novel mechanism by inhibiting the
mycobacterial ATP synthase enzyme and exhibits synergy with pyrizinamide in vitro.*®
Compared with isoniazid or rifampicin, TMC-207 showed no early bactericidal activity
for at least the first 4 days, but showed similar activity to rifampicin or isoniazid from 5—
7 days when administered at 400 mg per day in mice model. *” The safety, tolerability,
and efficacy of TMC-207 when added to individualised treatment for newly diagnosed

MDR tuberculosis is being investigated in a Phase 2 trail.*®



Oxazolidinones exert their antimicrobial activity by inhibiting protein synthesis by
binding to the 70S ribosomal initiation complex.” Linezolid (20), the only approved drug
in this class, showed weak early bactericidal activity against M. tuberculosis in patients

with cavitary pulmonary TB.* Long-term use of linezolid has been associated with
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cumulative toxicity, including peripheral and optic neuropathy.*' PNU-100480 (21) is an
analogue of linezolid that is being developed. It showed slightly better activity against M.
tuberculosis in vitro than did linezolid, but substantially improved activity in mouse
models of TB.* A combination regimen of PNU-100480, moxifloxacin, and
pyrazinamide was more active than the standard regimen of rifampicin, isoniazid, and
pyrazinamide.* These findings suggest that PNU-100480 has the potential to shorten
treatment of drug-susceptible and drug-resistant tuberculosis.**

SQ-109 (22) is a derivative of ethambutol (4), but differs in its mode of action.* No
cross-resistance is seen between SQ109 and the other drugs for TB.* It interacts
synergistically with isoniazid and rifampicin, even with rifampin-resistant strains.*’ In a
mouse model of established M. tuberculosis infection, substitution of SQ-109 for
ethambutol in the standard regimen improved 15.5% activity of mycobacterial killing.**
TB is now found in every corner of the globe and is threatening gains made in TB
control. However, it has been nearly 40 years since the introduction of a novel compound

(rifampicin) for the treatment of tuberculosis. In the past decade, ten compounds have



progressed into the clinical development pipeline, including six new compounds
specifically developed for tuberculosis. Despite this progress, the global drug pipeline for
tuberculosis is still insufficient to address the needs of treatment. There are three reasons
given for needing new tuberculosis drugs:

(1) to improve current treatment by shortening the total duration of treatment or by
providing for more widely spaced intermittent treatment,

(2) to improve the treatment of MDR-TB, and

(3) to provide for more effective treatment of latent tuberculosis infection.*’

1.3 TB-active natural products isolated from microbes sourced from unique

environments

The impact of natural products on human beings has been enormous, and their study
continues to influence research in the fields of chemistry, biology, and ecology. While
advances in synthetic and combinatorial chemistry have given rise to notable successes in
the development of new drugs, the perceived value of natural products has not recessed
when it comes to treating infectious diseases. In this part, we review the important role of
natural products isolated from unique environment and their activity against TB, and the
current status of these natural products as new TB drug leads.

A literature review of the TB-active natural products sourced from the unique
environments was conducted. Based on the known knowledge of the literature at the start
of the research project, in total 60 compounds were identified from marine microbes and
66 compounds were identified from endophytes by 2014. The chemical properties and
biological activities of these potential compounds are discussed below.

1.3.1 Marine environment

Oceans cover 70% of the Earth’s surface, and depending on their location, temperature,
salinity, a great diversity of beings inhabits them, forming a much more extensive
phylogenetic diversity than in the terrestrial environment.”® The association of a great
genetic diversity of marine organisms and a great ecological diversity, ranging from
accessible beaches to extreme ocean depths make oceans a unique and rich source for
active compounds for the pharmaceutical industry.”’ The physical factors that influence
the marine microbes are a) salinity and pH, b) low water potential, ¢) high concentrations

of salts, such as sodium ions, d) low temperature, e) oligotrophic nutrient conditions and
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f) high hydrostatic pressure, the last three parameters being unique to the deep-sea
environment.” In the last 40 years, various active compounds with unique structural and
chemical characteristics have been discovered from sponges, ascidians and marine
microorganism, which have started the “blue biotechnology” concept for use of these
organisms and derivatives to develop new drugs.”

1.3.2 Anti-TB natural products from marine microbes

A literature search targeting natural products isolated from marine microbes that have
reported anti-mycobacterium activity resulted in 60 molecules. The structures and
biological activities of 18 of the active compounds, which were the most active and some
of which exhibited rare and novel structures, are discussed below. All of the 60 marine
microbial compounds with reported anti-TB activity will be discussed in chapter II.

Abyssomicins are polycyclic polyketides that possesses unprecedent complex structures
and impressive biological profiles. Abyssomicins B (23), C (24) and D (25) were first
isolated as secondary metabolites of the gram-positive actinomycetete Verrucosispora
AB-18-032 collected from the bottom (depth 289 m) of the Japanease Sea.”* A
subsequent 2007 reinvestigation of AB-18-032 led to three additional co-metabolites in
the form of abyssomicins G (26), H (27), and atrop-abyssomicin C (28).> In 2012, three

new members of this rare class, abyssomicin J (29), K (30) and L (31) were identified
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from a marine-derived actinomycetete, Verrucosispora sp. (MS100128) collected from



the South China Sea (deep-sea -2733 m).”® Among all the abyssomicins compounds,
abyssomicins J and abyssomicin C showed most significant anti-TB activity, with MIC
2.26 uM and 2.16 uM, respectively.’® The mechanism of the M. tuberculosis inhibition of
these compounds is not fully understood, but abyssomicin C was hypothesized to act as

an inhibitor of p-aminobenzoic acid (pABA) biosynthesis.”’

Detailed analytical studies
into abyssomicin Michael addition chemistry demonstrated that abyssomicin J (29) can
act as a prodrug, thus responding to oxidative activation to selectively deliver the anti-TB
antibiotic atrop-abyssomicin C (28).”°

Three aminolipopeptides named trichoderins A (32), Al (33) and B (34) were isolated
from a culture of marine sponge-derived fungus Trichoderma sp. 05F148.°® The three
compounds showed potent anti-mycobacterial activity against M. smegmatis, M. bovis
BCG and M. tuberculosis H37Rv under both aerobic conditions and dormancy-inducing
hypoxic conditions, with MIC values in the range of 0.1-1.75 uM.”® These results
indicated that trichoderins were effective against Mycobacterium sp. in both actively
growing and dormant states. Structure-activity relationship analysis suggested that the
AHMOD (2-amino-6-hydroxy-4-methyl-8-oxo- decanoic acid) moiety is important for
anti-mycobacterial activity of trichoderins.”® The transformant of M. smegmatis, which
over-expressed a part of genes that coded mycobacterial ATP synthase, was found to
exhibit a resistance to trichoderin A. In addition, trichoderin A reduced ATP contents in
M. bovis BCQG, indicating that the anti-mycobacterial activity of trichoderins comes from

the inhibition of ATP synthesis.”
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Peniphenones B (35) and C (36), possessing an unusual benzannulated 6,6-spiroketal,

Trichoderin B (34): R,

have been isolated from a mangrove fungus Penicillium dipodomyicola HN4-3A
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collected from the South China Sea.”® Peniphenones exhibited strong inhibitory activity
against MptpB with ICsy values of 0.16 + 0.02 and 1.37 £ 0.05 uM, respectively.”” The
promising inhibitory activities together with their unique structures indicate that they
could represent a new type of leads for the development of new drugs tackling TB
infections.

Brunsvicamides B (37) and C (38) were isolated from a sponge-associated
cyanobacterium Tychonema sp. in 2006.°' The compounds are characterized by six amino
acids, five of which form a 19-membered ring structure, closed by an amide bond
between the carboxylic group of the C-terminal Phe and the ¢-amino group of the N-
terminal D-Lys. Brunvicamides were inactive (ICso > 100uM) toward five protein
phosphatases, including CDC25a, VHR, PTP1b, SHP2, and MptpA. The Mycobacterium
tuberculosis enzyme MptpB was, however, potently inhibited by brunsvicamide B (ICsg
7.3 uM) and brunsvicamide C (ICso 8.0 xM).®" The fact that the peptides do not interact
with other phosphatases illustrates the high selectivity toward the mycobacterium-derived

enzyme.

HO 8'

Brunsvicamide C (38)
Two  dimeric  naphtho-y-pyrones, 8’-O-demethylnigerone (39) and 8’-O-

O-demethylnigerone (39) 8'-O-demethylisonigerone (40)

demethylisonigerone (40), were isolated from the EtOAc extract of the fungal strain WZ-
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551 of Aspergillus carbonarius.®* The compounds demonstrated antimycobacterial
activities against M. tuberculosis H37Rv, with MIC values of 43.0 and 21.5 uM,
respectively. The SAR studies strongly indicated that the presence of conjugated double
bonds in the pyrone rings were crucial for activity.”

It can be concluded that marine microbes have the ability to produce secondary
metabolites unlike those found in any terrestrial species. In summary of anti-TB natural
products from the marine environment, 16 of 60 compounds were found to have activity
of 10 uM or greater, suggesting marine microbes could become a promising source for
anti-TB drug exploration. Research into marine microbes in particular is hampered by the
level of knowledge concerning the basic biology and culture techniques for marine-
derived organisms, and many more application of methods designed for the isolation,
culture and chemical investigation of these organisms are needed.®

1.3.3 Endophyte environment

Endophytes are microorganisms (mostly fungi and bacteria) that live in the inter-cellular
spaces of plant tissues without causing apparent diseases.”* Some endophytic microbes
have been shown to protect plants from herbivores or to be responsible for the synthesis
of novel and useful small molecules that may be involved in a host-endophyte
relationship.”® As a direct result of the role that these secondary metabolites may play in
nature, they may ultimately be shown to have applicability in medicine. In fact, a
comprehensive study has indicated that 51% of biologically active substances isolated
from endophytic fungi were previously unknown, compared to only 38% of novel small
molecules from soil microflora.’® Overall, the rationale for studying endophytic microbes
as potential sources of new medicine is related to the fact that this is a relatively
unexplored area of biochemical diversity.®” Furthermore, the search is driven by the fact
that the contribution of the endophyte to the plant may be to provide protection to it by
virtue of antimicrobial compounds that it produces.”® Some of these compounds may be
of medicinal interest, since they possess antifungal, antibacterial, antimalarial, and a host
of other biological activities. Finally, of major concern to the medical community is the
latent toxicity of any prospective drug to the higher organisms such as animal and human
tissues. Since the plant is also a eukaryotic system, in which the endophyte exists, the

antibiotics made by the endophyte may have reduced cell toxicity; otherwise, death of the
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host tissue may occur.”” Thus, the plant itself has naturally served as a selection system
for microbes having bioactive molecules with reduced toxicity toward higher organisms.
1.3.4 Anti-TB natural products from endophytes

Up to 2014, 66 natural products identified from endophytes have been found to exhibit
TB growth inhibition activity and 14 of the most effective compounds are discussed in
detail in the following section, with the entire set analyzed for physico-chemial properties

in the following chapter.

Gliotoxin (41) methylthio-gliotoxin (42)

Gliotoxin (41), a sulfur-containing diketopiperazine produced by several species of
molds, has a number of interesting chemical and biological properties. Purified gliotoxin
was found to inhibit growth of human and bovine tubercle bacilli when incorporated in
various liquid culture media in concentrations of 0.012 to 0.06 ug/mL.”’ Recently, the
chemical investigation of the endophytic Penicillium sp. BCC16054 led to the isolation
and purification of its methylthio-analog (42).”" Biological assays showed that gliotoxin
and methylthio-glitoxin exhibited very strong antitubercular activities with MIC values of

0.382 ng/mL (1.17 nM) and 48.8 ng/ mL (0.14 ,uM) respectively.’’

f

i*ﬂcw

Pullularin A (43): R;=H, R,=CH;3, R; =
Pullularin B (44): R,= CH;, R,= CHs, R3 OH
Pullularin C (45): R=H, R,=H, R;=0H
Pullularin D (46): R,=H, R,= CH;3, R; =H

Pullularins are cyclohexadepsipeptides that possesses an unusual O-prenyl-L- tyrosine
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residue and a diverse range of bioactivities, such as anti-malarial, anti-cancer and anti-
HSV (Herpes simplex virus).”* In the search for new types of anti-TB agents, four new
pullularins A—D (43-46) were isolated from the endophytic fungus Pullularia sp. BCC
8613. Pullularins A—C showed moderate antitubercular activity, with MIC 25 ug/mL, 50

ug/mL and 100 ug/mL, respectively.”
OH O OH

OH O OH Phomoxanthone B (48): R; = COCH;, R, =COO CHj
Phomoxanthone A (47) deacetyl-phomoxanthone B (49): R; = H, R, = CH,OH

The genus Phomopsis has been known to be a rich source of bioactive secondary
metabolites of diverse structures.”” Two novel xanthone dimers, phomoxanthones A (47)
and B (48), were isolated from the endophytic fungus Phomopsis sp. BCC1323.”* They
exhibited significant activity against tuberculosis (H37Rv strain), with MIC 0.5 pg/mL
and 6.25 ug/mL, respectively.’* Chemical investigation of another endophytic fungus
Phomopsis sp. PSU-DI15 led to isolation of another new member of this unique class,
deacetyl-phomoxanthone B (49).” However, the data suggests that this new compound

might display much weaker antimycobacterial activity than phomoxanthones B.”

Phomapyrrolidone A (50): R, = H,R,= H
Phomapyrrolidone B (51): R, = H,R,= H Phomapyrrolidone C (52)

Three alkaloids, phomapyrrolidones A—C (50-52), bearing a cyclopenta[b]fluorene ring

system, were isolated from the mycelium extract of the endophytic fungal strain Phoma

16



sp. NRRL 46751, inhabiting Saurauia scaberrinae.”® Phomapyrrolidones B and C have
been found to exhibit potent activity against replicating M. tuberculosis H37Rv at the
concentrations of 5.9 ug/mL and 5.2 ug/mL, while phomapyrrolidone A showed a much
weaker M. tuberculosis inhibition ability at 20.1 ug/mL.” Furthermore, all the three
compounds displayed mild activity against nonreplicating H37Rv at MIC values of 41.1
ug/mL, 13.4 ug/mL and 15.4 ug/mL, respectively.”®

Two new azaphilone derivatives, namely biscogniazaphilones A (53) and B(54), were
isolated from the endophytic fungus Biscogniauxia formosana BCRC 33718, derived
from the bark of medicinal plant Cinnamomum species.”” Results of the
antimycobacterial activities indicated that biscogniazaphilones A and B exhibited potent
antimycobacterial activities against M. tuberculosis strain H37Rv in vitro, showing MIC
values of <5.12 and <2.52 ug/mL, respectively, compared to the clinical drug, ethambutol
(MIC 6.25 ug/ mL).”” Biscogniazaphilone B, with one y-lactone group between C-6a/C-9,
was 2-fold stronger compared to biscogniazaphilone A, indicating that the presence of the
y -lactone group of the azaphilone analogues possibly plays an important role in their

antimycobacterial activity.”’

Biscogniazaphilones A (53) Biscogniazaphilones B (54)

Endophytes are a relatively poorly investigated source of bioactive and chemically novel
compounds. This is witnessed by the discovery of a wide range of anti-TB natural
products as mentioned in this chapter. In total, 14 of 66 compounds were found to have
activity of 10 uM or greater and some of them had unique mode of action of M.
tuberculosis inhibition. The high chemical diversity and TB activity make natural
products isolated from endophytes become potential TB drug candidates.

Finding a cure for tuberculosis is one of the greatest actual challenges for pharmacology
and medicine. There is an extensive research effort aimed at obtaining sufficient
compounds of natural origin. As has been demonstrated in this chapter, natural products

derived from marine microbes and endophytes have the potential to be sources and leads
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of TB drugs. In conclusion, literature review focused on the anti-mycobacterium natural
products sourced from extreme environments identified 60 compounds from marine
microbes and 66 compounds from endophytes. In this chapter, we outlined several
extreme active compounds from these two environments and discussed their chemical
and biological characteristics.

In responding to the challenge of TB drug discovery and with the consideration of the
potential of active metabolites from marine microbes and endophytes, this thesis aims to:
(1) conduct a physico-chemial analysis of anti-TB natural products from marine microbes
and endophytes; (2) run a in vitro anti-BCG screen of marine microbial extracts and
endophytes extracts; (3) isolate and identify anti-TB natural products from the hits of the
screening assay; (4) use one strain many compounds strategy and NMR fingerprint
technology to identify unique anti-TB metabolites that are only produced under specific

conditions. A brief overview of the general experimental procedures is outlined below.

1.4 Important strategies of identifying active microbial natural products in
drug discovery

1.4.1 One strain many compounds (OSMAC) strategy

While many organisms produce secondary metabolites, the actinomycetetes, in particular
the bacterial genus Streptomyces, are an especially rich source.”® The view in the past was
that the screening conducted previously had yielded most of the chemical diversity that
exists in nature and so finding new metabolites might be difficult.” However, the
sequencing of streptomycete genomes demonstrated that every streptomycete genome has
the genetic capacity to generate 20 — 40 distinct secondary metabolites, far more than had
been predicted previously.*”® The difficulty is that many of these gene clusters are
expressed at low levels or only expressed under very specific conditions during growth in
the laboratory. This has led to efforts aimed at activating these genes and identifying
previously unreported molecules.® ™

OSMAC (one strain - many compounds) is a strategy that was developed in the early
2000s by Zeeck and co-workers to maximize the productivity of a single microbe through
turning on silent or cryptic biosynthetic genes by varying accessible cultivation
parameters, such as media composition, pH, temperature, oxygen supply, quality and

quantity of light, bioreactor platform, or the addition of precursors or enzyme inhibitors.**

18



Some examples of active microbial natural products with the use of OSMAC strategy are
documented in Table 1.1.

Table 1.1 Examples of active microbial natural products identified through the application of the

OSMAC strategy

Compound OSMAC Biological
Structure o Sources Year
name strategy activity
) ) ) Streptomyces g5
Jadomycin B Heat shock Antibacteria 1992
venezuelae
Addition of ) ) %6
Piperidamycin o Antibacteria Streptomyces sp. 2009
antibiotics
o Addition of ) Streptomyces %7
Pimaricin ) Antifungal 2004
inducers natalensis
) Addition of ) Phomospis -
Chaetoglobosins S Cytotoxic 2005
inhibitors asparagi
Pestalone Co-culture  Antibacteria  Pestalotia sp.  2001%
3-Anhydro-6- .
Media ) ) 90
hydroxy- o Antibacteria Bipolaris oryzae 2013
variation
ophiobolin A

Analysis of metabolites in each fraction is key to targeting the unique compounds only
produced by the microbes under specific OSMAC conditions. NMR has a unique place
not only in structure elucidation, and characterization of molecules but is now also
considered as a major tool in metabolomics studies. Moreover, NMR has also been
widely used in combination with different multivariate data analyses methods to do
metabolic profiling of various samples.”’

1.4.2 NGS in drug discovery

Next-generation sequencing (NGS) is a high-throughput methodology that enables rapid
sequencing of the base pairs in DNA or RNA samples. It supports a broad range of

applications, including gene expression profiling, chromosome counting, detection of
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epigenetic changes, and molecular analysis.”” These next generation sequencing-related
methods has been used to deal with complex biological problems, for example, the identi
cation of all sequence changes in drug resistant Mycobacteria tuberculosis.” In addition,
NGS technology also creates a tremendous impact in medical science by sequencing of a
person’s genome sequence of an individual human and the initiation of the personal
Human Genome Project.”

1.4.3 MS and NMR fingerprinting in drug discovery

Mass spectrometry has been involved into all phases of drug discovery. MS data can give
molecular weight, fragmentation and molecular formula that are essential to assign the
molecular structure of an unknown compound. Furthermore, the advances in the
ionization techniques available for MS combined with other developments, such as the
introduction of triple-quadrupole, time-of-flight, and high-mass-resolution instruments
(e.g. fourier transform ion cyclotron resonance), have enabled a serial of MS-based tools
to address complex problems within biology.” For example, native MS has become a
fast, simple, highly sensitive and automatable technique with well-established utility for
fragment-based drug discovery (FBDD).”® Native MS is able to directly detect weak
ligand binding to proteins, to determine stoichiometry, relative or absolute binding
affinities and specificities.”” Native MS can also be used to target ligand-binding sites, to
elucidate mechanisms of cooperativity and to study the thermodynamics of binding.”® *
While mass spectrometry is more sensitive, it does not intrinsically provide enough
structural information about the class of the small molecules of the crude extracts or
fractions. Metabolite fingerprinting by NMR is a fast, convenient, and effective tool for
discriminating between groups of related samples and it could identify the most important
regions of the spectrum for further analysis. NMR fingerprinting and multivariate
analysis of '"H NMR spectra could be used to compare the overall metabolic composition
of microbial extracts, and to assess the impact of culture conditions on the microbial
metabolome. These profiles may also be used to compare groups of samples, and
significant differences in metabolites provide the basis for novel natural products of the
groups.

1.4.4 Data analysis

Analysis of the large amount of data generated using each of different techniques, such as
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MS or NMR, and the often subtle differences between samples require the use of
statistical programs. Chemometric analysis is therefore a very important feature of
modern analytical approaches for the characterization of complex matrices. The most
popular chemometric analysis model principal component analysis (PCA) was chosen as
suitable analysis tool in this project for the task of comparing different OSMAC
conditions and experiments.

Principal component analysis (PCA) is the most popular multivariate statistical technique
and it is used by almost all scientific fields. Normally, PCA analyzes a data table
representing observations described by several dependent variables, which are, in general
inter-correlated.'® Its goal is to reduce a data table to its most important components by
removing correlated characteristics and in order to achieve this goal, PCA computes new
variables called principal components which are obtained as linear combinations of the

original variables.

The first principal component is required to have the largest
possible variance and therefore this component will explain the largest part of the inertia

of the data table. The second component is computed under the constraint of being

2

orthogonal to the first component and to have the largest possible inertia. '°
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Figure 1.4 Principal component analysis. A. Plot of a random gaussian distribution. The first principal
component was directed with blue arrow, and the second principal component was directed with
magenta arrow. B. Plot of the random gaussian distribution with two principal components.

The first step to find the components of a principal component analysis is centering the
variables then plotting them against each other. Secondly, find the main direction (or the
first component) of the points such that we have the minimum of the sum of the squared

distances from the points to the component. Add a second component orthogonal to the
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first such that the sum of the squared distances is minimum. Lastly, when the components
have been found, rotate the figure in order to position the first component horizontally

(and the second component vertically).'"

A simple example is given in Figure 1.4.

In the following chapter, we will examine the physico-chemial properties of the TB-
active natural products and drugs. With the latest increase in tuberculosis research, our
purpose is to facilitate discussion on the issue that compounds from marine microbes and
endophytes as being one of the most potential sources for further drugs and therapeutic
use in the treatment of TB. Also, we will give a robust method for TB activity prediction
of any inconclusive compounds from marine microbes.

Research projects are presented and discussed within chapters 3 to 7 (Figure 1.5). First of
all, a cell-based anti-TB screening of microbial crude extracts and pure compounds were
examined (chapter 3). One of the hits found from chapter 3 was scaled-up and six
compounds, including 4 new compounds were identified by the use of bioassay-guided
isolation (chapter 4). To overcome the shortcomings of bioassay-guided isolation, a NMR
fingerprint-guided isolation was conducted on 50 small-scaled microbial crude extracts
(chapter 5). With the consideration of new structure as well as anti-TB activity, 32
OSMAC conditions were applied on 13 actinomycetes (chapter 6) and based on NMR
fingerprints and data analysis results, target compounds in outlier fractions were isolated

and evaluated (chapter 7).

Chapter I1I Chapter I1I

Anti-TB screening of microbial crude extracts.

Chapter IV Chapter IV

Bioassay-guided isolation of anti-TB natural products.

NMR fingerprint-guided isolation of anti-TB natural products.

Chapter VI Chapter VI

NMR-OSMAC fingerprinting strategy on 13 actinomycetes

Chapter VII Chapter VII

Targeted isolation of unique natural products indicated by data analysis results.

Figure 1.5 A general overview of chapter 3 to chapter 7.
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Chapter II Physico-chemical analysis of TB-active NPs sourced

from marine microbes and endophytes
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Abstract: The development of new antibiotics effective against all strains of
tuberculosis (TB) is needed. To evaluate the potential of marine microbe-
derived and endophyte natural products as anti-TB leads, we analyzed and
compared the physico-chemial properties of 39 current TB drugs and
candidates against 60 confirmed marine microbial and 66 endophyte-
derived TB-active natural products. We showed that anti-TB natural
products sourced from marine microbes and endophytes have a large
overlap with TB drug-like space. A model to predict potential anti-TB drugs

is proposed.
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2.1 Introduction

TB has several barriers to drugs, such as delivery to lung, granuloma, penetration of the
unusual cell wall of M. tuberculosis (mycolic acid). Modern drug discovery concentrates
on understanding of the relationship between physico-chemial properties and potency.
The primary objective of the following analysis is to evaluate whether natural products
from marine microbes or endophytes could be potential leads of TB drugs. Moreover, is
there something else could we learn from the physico-chemial properties?

2.1.1 Rule of five (Ro5) and physico-chemial properties

The drug-likeness of every compound is associated with its acceptable aqueous solubility
and intestinal permeability. By calculating the physico-chemial properties, it’s possible to
predict the oral bioavailability of each candidate. Ro5 considers orally active compounds
and defines four simple physico-chemial parameter ranges (MW= 500, log P <5, H-bond
donors < 5, H- bond acceptors < 10) associated with 90% of orally active drugs that have
achieved Phase II clinical status (Figure 2.1).'°* If a compound fails the Ro5 there is a
high probability that oral activity problems will be encountered. However, passing the

Ro5 is no guarantee that a compound is drug-like.'”

TPSA is an additional descriptor that
has been shown to correlate with passive molecular transport through membranes, and
therefore allows prediction of transport properties of drugs. It was shown that PSA < 140
A and number of rotatable bonds < 10 is an efficient and selective criterion for a drug-like

106
molecule.

~

Figure 2.1 Illustration of physico-chemial properties associated with an active drug.

2.1.2 Overview of Chem-GPS

orally active

In the pharmaceutical industry for development of new leads, internet technology offers

an exceptional framework to develop public scientific applications. The internet has
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Table 2.1 35 ChemGPS-NP descriptors

Number Abbreviation Description

1 MW molecular weight

2 Sv sum of atomic van der Waals volumes (scaled on C atom)
3 Se sum of atomic Sanderson electro- negativities (scaled on C atom)
4 Sp sum of atomic polarizabilites (scaled on C atom)

5 Mv mean atomic van der Waals volume (scaled on C atom)

6 Me mean atomic Sanderson electro- negativity (scaled on C atom)
7 nAT number of atoms

8 nSK number of non-hydrogen atoms

9 nBT number of bonds

10 nBO number of non-hydrogen bonds

11 nBM number of multiple bonds

12 ARR aromatic ratio

13 nCIC number of rings

14 RBN number of rotatable bonds

15 RBF rotatable bond fraction

16 nDB number of double bonds

17 nAB number of aromatic bonds

18 nC number of carbon atoms

19 nN number of nitrogen atoms
20 nO number of oxygen atoms
21 nX number of halogens
22 nBnz number of benzene-like rings
23 nCar number of aromatic carbon atoms (sp2)
24 n_amid number of amides
25 nROH number of aliphatic hydroxy groups
26 nArOH number of aromatic hydroxy groups
27 nHDon number of donor atoms for hydrogen bonds (N and O)
28 nHAcc number of acceptor atoms for hydrogen bonds (N, O, and F)
29 Ui unsaturation index

30 Hy hydrophilic factor

31 AMR Ghose-Crippen molar refractivity

32 TPSA(NO) topological polar surface area using N and O

33 TPSA(Tot)  topological polar surface area using N, O, S, and P

34 ALOGP Ghose-Crippen octanol-water partition coefficient

35 LAI Lipinski alert index (drug-like index)

become a central source for information, tools, and services to support medicinal

chemists and drug discovery researchers and, over the last years, a growing number of
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web-based tools for data analysis in chemistry have been made available.'””'®® One such
tool is ChemGPS-NP, which is a principal component analysis (PCA)-based global
chemical positioning system tuned for exploration of biologically relevant chemical
space, i.e. those areas of chemical space most likely to include biologically active
compounds.'”

In ChemGPS-NP, the selected main rules include aspects of size, shape, lipophilicity,
polarity, polarizability, flexibility, rigidity and hydrogen bond capacity.''’ The ChemGPS-
NP space map coordinates are t-scores from PCA using a carefully selected subset of 35
descriptors (Table 2.1) that evaluate the above-mentioned rules on a total set of 1779

. 111
chosen satellite and core structures.

The 35 descriptors were then explained by 8
respective principal components that could be mapped onto a consistent eight-
dimensional map. The four most significant PCs explain 77% of the variance and can be
interpreted as follows: PC1 represents size, shape and polarizability, PC2 corresponds to
aromatic- and conjugation-related properties, PC3 describes lipophilicity, polarity and H-
bond capacity, and PC4 expresses flexibility and rigidity.'> Any compound with a known
chemical structure can be positioned onto this map using interpolation in terms of PCA
score prediction. From the results, the properties of the compounds can be compared and
easily interpreted together with trends and clusters.

2.1.3 Datasets in this study

In the present study five datasets of structures were used as a basis to compare physico-
chemical and structural features. These included the following (Figure 2.2):

(1) 39 approved TB drugs and candidates,

(2) 60 TB-active natural products sourced from marine microbial strains identified in the
literature review,

(3) 66 TB-active endophytes identified in the literature review,

(4) 157 natural products, including 48 TB-active and 109 TB-inactive compounds,
isolated from Prof. Lixin Zhang’s lab in IMCAS,

(5) 336 TB-inconclusive natural products from marine microbes identified from

literature.
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Dataset 1

Dataset 2

Dataset 3

Dataset 4

Dataset 5

Figure 2.2 Information of 5 datasets in this chapter. N: natural products; S: synthetic compounds;

Compound sources are presented in different colors, blue: various sources; green: marine microbes;

39 (N &S)

60 (N)

66 (N)

157 (N)

336 (N)

red: endophytes.

All the compounds, imported as SMILES files from Chemdraw, were positioned in

chemical space according to their physico-chemial properties predicted by ChemGPS-NP

(Figure 2.3).
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MOLID PS1 PS2 PS3 PS4 PS5 PS6 PS7 PS8
1] 7.262413 | -1.754814 | 0.829657 | 0.918931 | 0.629834 | -0.204547 | 1.205626 | 0.471628
12] 4.824121 | -3.230294 | -6.418192 | -0.16105 | 0.501881 | -0.108844 | -0.742215 | 1.422347
[3] -4.57961 | -0.753093 | -2.854074 | -0.152807 | 0.252077 | 0.688756 | -0.404429 | -0.610392

Eight-dimensional data

Figure 2.3 Schematic diagrams summarizing the process of ChemGPS analysis of the compounds.
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2.2 Physico-chemial properties of TB drugs and microbial compounds

Herein, we calculated the MW, log P, HBA, HBD, tPSA and number of rotatable bonds of
39 TB drugs, 66 TB-active NPs from endophytes, 60 TB-active NPs and 336 TB-untested
NPs isolated from marine microbes by importing their SMILES files into the program
Instant JChem [Instant JChem 3.0.4, 2009 ChemAxon Ltd. (http://www.chemaxon.com)].
The calculated data for the 60 mycobacteria-active natural products and 66 TB-active
NPs from endophytes are shown in Table 2.2 and 2.3 and the percentages of the 4 data
sets compliant with Lipinski’s rule of five are depicted in Figure 2.4.

It was found that around 77% of TB drugs comply with all of the Lipinski’s parameters or
have just one violation (Figure 2.4). An even higher proportion (89%) of active NPs from
endophytes has complied with the Ro5. However, the marine microbial mycobacteria-
active natural products data set only had 53% of compounds that were compliant. Unlike
mycobacteria-active natural products, 83% of the compounds in the TB-untested dataset

exhibited full compliance or just one violation with Ro5.

Table 2.2 Physico-chemial properties of 60 M. th-active natural products from marine microbes.

Hbond H bond SA Rotatable No. Activity

Cpd no. Name MW  LogP

acceptors donors bonds violations  (uM)
1 Pitipeptolides A 808.02  5.07 7 3 180.52 10 2 247.9
2 Pitipeptolides B 810.03  5.57 7 3 180.52 11 2 247.2
3 Massetolide A 1,140.41 1.54 15 13 386.19 28 3 4.39
4 Viscosin 1,126.38 1.1 15 13 386.19 27 3 8.89
5 Cyclomarin A 1,043.30 3.37 11 7 253.27 15 3 191.9
6 Sufactin 894.15 4.01 10 8 267.3 15 2 224
7 Sansanmycin 866.98 -5.08 13 10 290.85 18 3 11.55
8 Sansanmycin B 33244 -1.94 8 5 124.02 6 0 24.1
9 Sansanmycin C 33244 -1.94 8 5 124.02 6 0 60.2
10 Caprazamycin B 1,146.28 -0.47 21 7 360.71 33 3 2.73
11 Brunsvicamides B 859.07 4.49 8 8 230.93 13 2 7.3
12 Brunsvicamides C 891.06  3.69 10 8 261.31 15 2 8
13 Trichoderin A 1,163.58 4.29 13 10 313.88 38 3 0.1
14 Trichoderin A1l 1,145.56  5.52 12 9 293.65 37 4 1.75
15 Trichoderin B 1,149.55 3.85 13 10 313.88 37 3 0.11
16 Beauvercin 783.95  7.27 6 0 139.83 9 2 5.1
17 Avermectin Bla 873.08 5.85 13 3 170.06 8 3 18.3
18 Valinomycin 1,111.32 592 12 6 3324 9 4 0.9
19 Pitiprolamide 905.13  4.65 8 2 192.04 7 1 221.2
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Table 2.3 Physico-chemial properties of 66 mycobacteria-active natural products from endophytes.

Hbond H bond Rotatable No. Activity
TPSA

Cpd no. Name MW  LogP
acceptors donors bonds violations  («M)
1 Asperterpenoid A 386.58  4.55 3 2 57.53 3 0 2.2
2 biscogniazaphilones A 386.53  4.76 4 1 63.60 11 0 13.26
3 biscogniazaphilones B 412.53  5.16 4 0 69.67 10 1 6.12
4 methyldopamine 34338 2.64 5 3 88.02 7 0 36.4
5 trimethoxyflavone 32832 2.84 6 1 74.22 4 0 76.2
6  4-methoxycinnamaldehyde 162.19  1.82 2 0 26.30 3 0 259.9
7 enedioxycinnamate 22224 237 3 0 44.76 4 0 262.2
8 cinnamic acid 178.19  1.98 3 1 46.53 3 0 280.9
9 Javanicin 290.27 2.27 6 2 100.90 3 0 86.2
10 3-O-methylfusarubin ~ 336.30  1.32 8 3 122.52 2 0 148.8
11 diastereomer 29229 1.18 6 2 93.06 3 0 85.6
12 methyl ether 32433  1.03 7 3 105.45 2 0 1543
13 Phomoenamide 284.36  0.09 4 4 98.66 7 0 22
14 Pullularin A 775.94  3.03 8 3 174.89 10 1 32.26
15 Pullularin B 789.97  3.55 8 3 174.89 11 1 126.7
16 Pullularin C 761.92  2.59 8 3 174.89 9 1 65.7
17 Phomoxanthones A 722.65 393 12 4 238.72 9 2 0.69
18 Phomoxanthones B 722.65 393 12 4 238.72 9 2 8.65
19 Agonodepside A 382.46  7.25 4 3 86.99 5 1 75
20 Chaetomanone 588.52 324 10 3 190.80 3 1 216.6
21 echinulin 461.65 5.74 2 3 73.99 8 1 169.9
22 2-hydroxymethyl 126.16  0.40 2 1 37.30 1 0 1587.3
23 asterric acid 34831  3.53 6 3 122.52 6 0 574.7
24 dinitrophenylhydrazone = 308.29  3.24 7 2 130.90 5 0 649.4
25 3-nitropropionic acid 119.08 -0.26 4 1 80.44 3 0 33
26 (+)-abscisic acid 264.32  2.09 4 2 74.60 3 0 757.6
27 diaportheone A 21821 1.44 4 2 66.76 0 0 100.9
28 diaportheone B 220.22 145 4 2 66.76 0 0 3.5
29 4-Deoxybostrycin 32030 1.05 7 4 124.29 1 0 46.9
30 Nigrosporin 304.30  0.71 6 3 104.06 1 0 65.8
31 Fusaric Acid 179.22 1.14 3 1 50.19 4 0 111.7
32 Piperine 28534 2.78 3 0 38.77 3 0 6.1
33 hydronaphthalenone 1~ 324.33  0.09 7 5 127.45 1 0 77.2
34 hydronaphthalenone 2~ 340.33  -0.83 8 6 147.68 1 1 36.8
35 desoxybostrycin 308.29  0.40 7 4 116.45 1 0 162.3
36 (+)-aS-alterporriol C 618.55 1.87 13 7 228.35 2 3 8.7
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The molecular weights histogram of the 4 different datasets shows that the majority of

compounds are distributed between 300 Da and 400 Da. About 80% of TB drugs are

distributed between molecular weights of 100-500 Da, but only 10% of these are nature-

derived drugs (Figure 2.5A). 83% of TB-active NPs from endophytes had molecular

weight less than 500 Da. However, only 53% of mycobacteria-active natural products

from marine microbes fall into this range. Among the higher molecular weight
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compounds, clusters were observed around 800 Da and 1000 Da, exemplified by
pitipeptolides A and trichoderin A with Mw of 808.02 and 1163.58 Da, respectively.
However, of the 336 TB-untested natural products from marine microbes, 248

compounds (74%) had molecular weights less than 500 Da.

Figure 2.4 Pie chart presentation of the percentage of compounds obeying Ro5. TB drugs (left), TB-
active natural products from endophytes (middle left), TB-active natural products from marine
microbes (middle right) and untested natural products from marine microbes (right) following or
violating Lipinski’s rule of five. Non-compliant (more than one violation) is shown in white and
compliant (less than two violations) in blue, red, green and orange, respectively.

The distribution of the calculated log P (Figure 2.5B) showed different patterns among
the three datasets. The majority of TB drugs were distributed between log P of -2 to 5 and
showed a bimodal distribution with peaks in the range of -1 to 1 and 3 to 5. Very
similarly, TB-active endophyte NPs also showed a bimodal pattern with log P values
from 1-2 and 5-6. The histogram of log P of mycobacteria-active natural products from
marine microbes followed a trimodal distribution and showed peaks at 0, 2 and 5. In
contrast, in our previous analysis, the calculated log P values of 949 mycobacteria-active
natural products showed a normal distribution with the maximum at 3.' In order to
reach the target, a molecule should have a relatively low polarity (high log P value) to
pass through the cell wall of mycobacteria, which mainly consists of mycolic acids.''* A
significant proportion of mycobacteria-active natural products (83%) have a log P
between -1 and 5, indicating the high possibility of those mycobacteria-active compounds

to cross the lipid barrier in mycobacteria.

The distribution of the calculated HBD (Figure 2.5C) and HBA (Figure 2.5D) showed a
wide range of variability. The majority of TB drugs showed a normal distribution for
HBD with a maximum at 1 and a bimodal distribution for HBA with maxima at 4 and 7.
Mycobacteria-active natural products from marine microbes present a different
distribution pattern, showing multiple peaks along the abscissa. Only a relative small

percentage of TB drugs (18%) had HBD higher than 5 and HBA higher than 10, while
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more than 30% of mycobacteria-active natural products from marine microbes were
found to violate these cutoff numbers. Impressively, almost all of the TB-active NPs from
endophytes complied HBD (97%) and HBA (95%) limits.

The distributions of the four datasets were similar within the range of tPSA < 140 A,
showing maximum values at 75, 75, 85 and 85 for TB drugs, active endophytes NPs,
active marine microbial natural products, and TB-untested, respectively (Figure 2.5E).
However, the proportions of compounds with a tPSA value larger than 140 A showed
large differences. Approximately the similar proportions of active endophytes compounds
(12.12%), untested compounds (19.64%) and TB drugs (17.94%) had a tPSA value larger
than 140 A, while more than a half of 60 mycobacteria-active natural products (53.33%)
had values greater than 140 A. While tPSA is a descriptor that has been shown to
correlate well with passive molecular transport through membranes and, therefore, allows
prediction of transport properties of drugs,'"” pulmonary drugs tend to have higher tPSA

because pulmonary permeability is less sensitive to polar hydrogen-bonding
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Figure 2.5 Analysis of physico-chemical properties of the compounds. TB drugs (blue), mycobacteria-
active natural products from endophytes (red), mycobacteria-active natural products from marine
microbes (olive) and TB-untested natural products from marine microbes (magenta). A. molecular
weight, B. log P, C. HBD, D. HBA. E. topological surface area, F. rotatable bonds.

Most of the compounds in the four datasets showed less than 5 rotatable bonds (Figure

2.5F). None of 39 TB drugs violated this parameter, whereas 13.98% of untested

compounds 12.12% of active endophytes NPs and 30% of mycobacteria-active marine
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microbial compounds had greater than 10 rotatable bonds. Greater than 10 rotatable
bonds correlates with decreased rat oral bioavailability, although the rotatable bond count

. . . 11
does not correlate with in vivo clearance rate.'!’

“OH
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OH Trichoderin B: R=H

Peniphenone B Peniphenone C
Figure 2.6 Examples of mycobacteria-active natural products isolated from marine microbes.

Interestingly, some active natural products with 3 or even 4 violations showed high anti-
TB activity in in vitro experiments. For example, two aminolipopeptides, trichoderins A
and B (Figure 2.6), isolated from a culture of marine sponge-derived fungus Trichoderma
sp. 05FI48, both show 3 violations, Mw (1163.58 and 1149.55), HBA (313.88 and
313.88) and HBD (13 and 13).”® These two compounds showed potent anti-mycobacterial
activity against M. smegmatis (0.1 ug/mL and 0.63 ug/mL), M. bovis BCG (0.02 ug/mL
and 0.02 ug/mL) and M. tuberculosis H37Rv (0.12 ug/mL and 0.13 ug/mL) under both
aerobic conditions and dormancy-inducing hypoxic conditions, with MIC value of 0.1
nM.>’ In addition, trichoderin A reduced ATP content in M. bovis BCG, indicating that the
anti-mycobacterial activity of trichoderins comes from the inhibition of ATP synthesis.
TMC 207, the only TB drug with ATP inhibitor activity, also had 2 violations, Mw
(555.51) and log P (7.13). On the other hand, the analysis identified several potential
mycobacteria-active compounds fully compliant to Ro5 as well as significant anti-TB
activity. Peniphenones A and B (Figure 2.5), possessing an unusual benzannulated 6,6-

spiroketal, isolated from a mangrove fungus Penicillium dipodomyicola HN4-3A,
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exhibited strong inhibitory activity against MptpB with ICsy values of 0.16 + 0.02 and
1.37 + 0.05 uM, respectively.”’ The promising inhibitory activities together with their
druggable physico-chemial properties indicate that they could represent a new type of

lead compound.

2.3 Comparative study of TB-active natural products

2.3.1 TB-active NPs from marine microbes versus TB-active NPs from
endophyte

It was demonstrated that marine secondary metabolites can differ fundamentally from
their terrestrial counterparts, with more complex chemical structures and different
functions.''® Indeed, this seems to be a reasonable assumption in light of several profound
differences between these two environments, i.e. the availability of elements (in
particular bromine, chlorine and iodine) in the sea.'"” While the ChemGPS-NP analysis
allows a more thorough analysis by the discovery of that a large portion of marine vs
endophyte-sourced compounds show a similar occupation pattern in the chemical space
(Figure 2.7). This demonstrates that natural products are, at least partially, similar on land
and in the sea. This result is not unexpected since there are biosynthetic pathways i.e.
terpenoids, acetogenins, aromatic compounds and in some cases also alkaloids, in marine
and terrestrial organisms that are responsible for the production of secondary

metabolites. '’

These facts may also have contributed to the large overlap in the
prediction score plots of the present study. Surprisingly, marine and endophyte-sourced
natural products also show similar lipophilicity (Figure 2.7).

Contrary to expectations that marine, compared with endophyte-sourced compounds
might be more lipophilic to be effective as chemical defense in the aquatic environment
(hydrophilic substances are rapidly dissolved)."*! However, in the PC1 prediction plot
(Figure 2.7A) comparing size, clear differences between the marine and endophytes-
sourced NPs were detected. Although there was a large portion with an overlap in the
smaller size part of the plot, marine substances were more strongly distributed in the large
molecular weight part of the plot. This finding demonstrates impressively that marine; in
contrast to endophytes substances tend to possess higher molecular weights. Beside the

increased molecular weight, the plot also revealed less aromatic structures in marine

compounds, which is in agreement with suggestions by Grabowski and Schneider who
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stated that marine natural products contain chiral centers and have less aromatic atoms on

122
average.

*  NPs from marine microbes
5 * NPs from endophytes

PC5

Figure 2.7 Score plot of TB-active natural products from marine microbes and endophytes. A. PC1
(molecular size) versus PC2 (molecular aromaticity) versus PC3 (molecular lipophilicity) and B. PC4

(molecular flexibility) versus PC5 (represents mainly the number of halogens, nitrogens).
Furthermore, the prediction plot of PC4/PC5 (Figure 2.7B), demonstrates that, despite
an overlap in the central part of the plot, marine compounds stretch out in the upper right
corner (large PC4 and PC5 values), while many endophyte compounds are situated in the
lower left region (relative small PC4 and PCS5 values). This finding clearly indicates that
the marine-sourced microbial NPs are more flexible than the endophyte-sourced
compounds. This is also evident from the examination of the structures since less
aromatic structures contribute to the flexibility of a molecule. This result is also of
particular interest, since the main loadings for PC5 include the number of halogens,
nitrogens and amides, and the mean atomic Sanderson electronegativities. In other words,
marine versus endophyte-sourced compounds contain more halogens, nitrogens and
amides.

Typical TB-active marine-sourced molecules are complex, rich in halogens and nitrogens,
and contain structures such as long, flexible, aliphatic side chains and flexible polyether
structures. TB-active compounds from endophytes, on the other hand, are generally
characterized by higher rigidity and less incorporation of halogens and nitrogens in
comparison with marine compounds. Moreover, representative endophyte compounds
contain larger conjugated systems, including aromatic rings, which enhance the rigidity

of the molecules.
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2.3.2 TB drugs and candidates versus natural products (marine microbes and

endophyte set combined)

Thirty-nine TB drugs and candidates were easily divided into two groups according to
their biological origin: 11 nature-derived compounds and 28 synthetic compounds.
Interestingly, these two groups showed significant differences after the ChemGPS
analysis (Figure 2.8A). Nature-derived TB drugs occupy a very broad range of
physicochemical space while most of the synthetic TB drugs distributed in the PC2
positive direction area (high aromaticity). Furthermore, the nature-derived drugs and
candidates were divided into three sub-groups in the PC1/PC2/PC3 plot. The first
subgroup consists of the injectable drugs, kanamycin, amikacin, streptomycin,
capreomycin and viomycin, which showed high molecular weight, the least aromaticity
and the lowest lipophilicity. The second subgroup is representative of low molecular
weight but high aromaticity, including cycloserine, p-aminosalicyclic acid, pyrazinamide
and isoniazid. The last two rifamycin compounds, rifapentine and rifampicin, belong to

the third subgroup, possessing the highest molecular weight and high lipophilicity.

Figure 2.8 Score plot of TB-active natural products and TB drugs. A PC1 (molecular size) versus PC2
(molecular aromaticity) versus PC3 (molecular lipophilicity) for sets of 28 synthetic TB drugs and
candidates (red) and 11 nature-derived TB drugs and candidates (blue) and B PC1 (molecular size)

versus PC2 (molecular aromaticity) versus PC3 (molecular lipophilicity) for sets of 39 TB drugs and

candidates (blue) and 66 natural products from endophytes (red) and 60 natural products from marine
microbes (green).

When applying the TB-active natural products from marine microbes and endophytes to
this TB drugs and candidates model, they are largely overlapping, at least in the first three

dimensions (Figure 2.8B), strongly arguing that natural products have the potential to
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serve as an important source for TB drugs. However, the compounds on the right hand,
which have higher molecular size, relative low aromaticity and rather non-polar, do not
coincide with any of the known drugs and candidates, indicating that these regions have
yet to be investigated in TB drug discovery. These compounds include massetolide,
viscosin and trichoderins (32-34). Based on the well-known argument in medicinal
chemistry that compounds with similar structures and properties often have similar
biological mechanism, this information indicates a possible new mode of action for the
M. tuberculosis inhibition.

2.3.3 Regions of the chemical space

In the above section, natural products from marine microbes and endophytes were found
to cover unique spaces that lack representation in TB medicinal chemistry compounds,
indicating these two sources have the potential to be investigated for anti-TB drugs. Thus,
the TB-active natural products from these two special environments were subsequently
analyzed by dividing them into different regions in chemical space. Each of the regions
was analyzed in terms of occupancy with regard to both chemical properties and
biological activities of the compounds.

The whole chemical space of each dataset has been divided into 27 different regions
according to the values of the first three most significant PCs (explaining 71% of the
variance). The scores specification of each region is listed in Figure 2.9. Some regions
had low density for the simple reason that their location implies an impossible
combination of properties; i.e. there are limits for individual properties, and a compound
cannot simultaneously be small and highly lipophilic and have several H-bond donors
and acceptors.

The basic interpretation of the 27 regions of ChemGPS-NP can be as follows: the size of
compounds increases in the positive direction of PC1 (i.e. small molecules: regions 1, 4,
7, 10, 13, 16, 19, 22 and 25; medium size molecules: regions 2, 5, 8§, 11, 14, 17, 20, 23
and 26; large molecules: regions 3, 6, 9, 12, 15, 18, 21, 24 and 27); compounds are
increasingly aromatic in the positive direction of PC2 (i.e. less aromatic molecules:
regions 1-9; medium aromatic molecules: regions 10-18; more aromatic molecules:
regions 19-27); lipophilic compounds are situated in the positive direction of PC3 while

predominantly polar compounds are located in the negative PC3 direction (i.e. polar
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molecules: regions 1, 2, 3, 10, 11, 12, 19, 20 and 21; medium-polar molecules: regions 4,

5, 6, 13, 14, 15, 22, 23 and 24; non-polar molecules: regions 7, 8, 9, 16, 17, 18, 25, 26

and 27).
. «\ Region| Region
reg®™ | €g
o\ U 3
Q '

Marine microbial NPs Endophytel NPs
PC1 PC2 PC3 PC1 PC2 PC3
B - 5~22 3~14 HE 5-1 2~0 3~-1
2~8 2~1 -1~1 -1~3 0~2 1~1
Bl s-u4 1~3 1~3 Il 3-~7 2~4 1~3

Figure 2.9 The scores specification of each region. PC1: the outer circle, PC2: the middle circle, PC3:

the inner circle.

2.3.4 TB-active natural products isolated from marine microbes

All of the marine TB-active microbial natural products were compared with the
corresponding TB drugs in the same region. Structures of active NPs examples and drugs
were presented in Figure 2.10.

Region 13, representative of low molecular weight, moderate polarity and aromaticity,
holds the most active natural products (12) and TB drugs (9) that belong to two different
classes distinguished by the mechanisms of DNA inhibition and protein synthesis
inhibition (Figure 2.11). The 27 regions can be classified into three classes according to

the proportion of TB drugs and mycobacteria-active natural products in each region.
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Figure 2.10 Score specifiction of the marine microbes regions with typical structure examples. TB

drugs and candidates are in blue and active marine microbial NPs are in green, PC1, PC2 and PC3 are

shown on the top of each region.
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Figure 2.10 (Continued)

Firstly, the injectable and nature-derived TB drugs comprised of streptomycin,

kanamycin, amikacin, capreomycin and viomycin clustered together in region 2 and no

representative mycobacteria-active natural

products

occupied this region of

physicochemical space. It is important to note that all of these drugs are protein synthesis

0



inhibitors. Another region that lacked representation of mycobacteria-active natural
products from marine microbes is region 19, which contains five cell wall inhibitors

(isoniazid, pyrazinamide, thioacetazone, ethionamide and prothionamide) and
aminosalicylic acid. The low density of natural products in these regions indicates a

promising field for new natural products with similar mode of mechanism with current
drugs. Secondly, there were eight regions that had only mycobacteria-active natural
products, region 9 in particular, the second biggest region with nine natural products of
which four exhibited anti-M. tuberculosis MIC < 1 uM. These active natural products
have unique properties in chemical space, as well as excellent biological activities.
Finally, seven regions contained TB drugs, as well as mycobacteria-active natural
products, and according to the theory that compounds with similar activity profile and
chemical properties often show a similar mode of action, it is possible to predict the
putative mode of action of these natural products. For example, region 10 contained TB
drugs with small sizes and cell wall inhibition activities, as well as eight marine microbe-

derived mycobacteria-active natural products (Figure 2.12).

PC3

$"l3kb.’..e....NwA
PC3

Figure 2.11 Score plot of mycobacteria-active natural products from marine microbes and TB drugs
and candidates in regions. A. Total numbers of compounds in each region is indicated by sizes of pie
charts, percentages of TB-active NPs from marine microbes and TB drugs in each region are showed
in white and black, respectively. B. Anti-TB activity of 60 marine microbial NPs, color coded
according to the legend (blue lowest and red highest activity). PC1 (molecular size) versus PC2

(molecular aromaticity) versus PC3 (molecular lipophilicity).
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Figure 2.12 Structures of eight TB-active marine microbial natural products in region 10.
These natural products may be potential mycobacteria cell wall inhibitors. Similarly,
natural products in region 22 and 26 could be predicted as promising cell wall inhibitors
and ATP synthesis inhibitors, respectively. Moreover, there were twelve mycobacteria-
active natural products and nine anti-TB drugs in region 13, including six DNA inhibitors
and three protein inhibitors. Based on the same hypothesis, the mode of mechanisms of
these compounds would be predicted as inhibitors of DNA or proteins of mycobacteria.
This hypothesis was strongly supported by the fact that nine compounds in region 13 with
known mode of mechanisms are all protein inhibitors, consistent with our prediction.

2.3.5 TB-active natural products isolated from endophytes

The second set of compounds was also extracted from the literature and has been reported
to exhibit anti-TB activity. Compared with marine compounds, TB-active compounds
from endophytes are relatively smaller and more aromatic. Then the compounds were
analyzed by different regions according to their different values of PC1, PC2 and PC3
and Figure 2.13 showed some examples in each region.

Regions 1, 4 and 7 contained compounds with a combination of smaller size in the
negative direction of PC1 and less aromatic features in the negative direction of PC2, but
with the largely different lipophilic properties. Regions 19, 20 and 21 include compounds
that are rather aromatic and polar, on the contrary, compounds in regions 7, 8 and 9 are
characterized by higher polarity with decreased aromatic rings. Figure 2.14B showed the
4D plot of the 66 compounds by adding their anti-TB activity into consideration.

Similar with that of marine microbes, there are several regions that contained only clinic

drugs but no TB-active NPs produced by endophytes, such as region 3 and region 25,
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Figure 2.13 Score specifiction of the endophytes regions with typical structure examples. TB drugs
and candidates are in blue and active marine microbial NPs are in red, PC1, PC2 and PC3 are shown

on the top of each region.
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Figure 2.14 Score plot of mycobacteria-active natural products from endophytes and TB drugs and

candidates in regions. A. Total numbers of compounds in each region is indicated by sizes of pie
charts, percentages of TB-active NPs from endophytes and TB drugs in each region are showed in
white and black, respectively. B. Anti-TB activity of 66 endophytes NPs, color coded according to the
legend (blue lowest and red highest activity). PC1 (molecular size) versus PC2 (molecular romaticity)
versus PC3 (molecular lipophilicity).
both with extreme PC values (Figure 2.14). Comparing with TB-active marine NPs and

TB drugs, most of endophyte compounds are more “moderate” in ChemGPS space. Also,

the endophytes NPs in region 9 and 10 could be predicted as possible RNA synthesis and
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cell wall inhibitors, respectively, based on the mode of mechanisms of TB drugs in the
same region. Particularly, the three most active compounds, with MIC values of 1.2 nM,
0.06 uM and 0.14 uM, respectively, were found to be quite small and polar. Two of them
were located in region 1, which also contained three TB drugs with cell wall inhibition
ability. Besides region 1, two compounds in region 13 that are non-polar and have no
aromatic rings also exhibited significant activity. The least active regions in endophyte
compounds were region 7 and region 10, which contained small and polar molecules that
similar to region 1 but with increasing aromaticity.

2.4 Natural products near neighbors of approved drugs

Calculation of Euclidean distances based on ChemGPS scores was found to be a useful
tool to interpret results and for finding interesting NP inspired leads for drug discovery.''’
Euclidean distances (EDs) of TB approved drugs and TB-active natural products were
calculated over eight dimensions. The EDs were calculated between points P = (pl,
p2, ..., pn) and Q= (ql, g2, ..., gn) in the Euclidean n-dimensional space, as defined by

the following expression:

J,-0)* +p, -6,)" +.+p, -6,)" =, | > (7=,

40
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2 {
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cumulative number of TB drugs
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Euclidean distance

Figure 2.15 Distribution of ED to the nearest NP neighbor for the TB drugs and candidates. The

cumulative number of drugs is plotted against the ED to the closest NP neighbor.

47



Thereby all NPs were assigned with 39 EDs, one ED to each drug. The NP/drug pairs
were subsequently sorted in order of increasing EDs. In Figure 2.15, the 39 drugs are
plotted against the ED to their closest NP neighbor. Interestingly, all drugs have a NP
neighbor closer than ED = 8, and 43.6% of the drugs have a NP neighbor closer than ED
= 2. This forms a strong argument that NPs from marine microbes and endophytes have
the potential to serve as an important source of TB drugs. The structures of the top 10

shortest EDs of TB-active NPs/drugs were given in Figure 2.16.
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Figure 2.16 Structures of top10 shortest EDs of TB-active NPs/drugs pairs. Natural products from
endophytes are in red, natural products from marine microbes are in green and TB drugs and

candidates are in blue and EDs are given in black numbers.

Some natural products show short EDs with more than one drug neighbor (Figure 2.17).
2,4-dinitrophenylhydrazone, produced by the endophytic fungus mitosporic
Dothideomycete sp. LRUB20,'” is the nearest NP neighbor of four drugs, namely
terizidone (ED = 0.78), thioacetazone (ED=2.00), DNB1 (ED = 2.10) and AZD5847 (ED
= 2.43). Besides 2,4-dinitrophenylhydrazone, asterric acid is also a close neighbor of
AZD5847 (ED = 2.70) and DNB1 (ED = 2.27). DNBI also had another close NP
neighbor N-trans-feruloy-3-O-methyldopamine, isolated from the endophytic fungus
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Figure 2.17 Structures of TB-active NPs/drugs pairs. Natural products from endophytes are in red and
TB drugs and candidates are in blue and EDs are given in black numbers. A. 2,4-dinitrophenyl-
hydrazone and its drug neighbors, B. fusaric acid and 4-methoxy-trans-cinnamic acid and their drug
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neighbors.
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Biscogniauxia formosana and exhibiting anti-mycobacterial activity against
Mycobacterium tuberculosis strain H37Rv, with MIC value of 12.5 ug/mL.”” Also,
thioacetazone had two close NP neighbors: phenopyrrozin and p-hydroxyphenopyrrozin
that showed very similar structures. Structures of these drugs and their close NP
neighbors are given in Figure 2.17A.

Another example of an interesting drug/NP pair captured by this method is fusaric acid,

** which has an ED of 0.84 to prothionamide

isolated from the endophyte Fusarium sp.,'
and 1.26 to ethionamide. Also, compound 4-methoxy-trans-cinnamic acid from
Biscogniauxia formosana’’ showed short EDs to those two drugs, 1.14 and 1.28
respectively. The structures are depicted in Figure 2.17B.

The novel anti-TB natural products from endophyte heraclemycin A, C and D showed
close relationship with OPC67683 and BM212, with ED value between 2.5-3.0.
Interestingly, OPC67683 and BM212 were found to be effective cell wall inhibitors,
which could suggest a possible mode of action of the heraclemycins. Structures of these
drugs and their close NP neighbors are given in Figure 2.17C.

The cell wall inhibitor TB drug candidate AU1235 has two active NP neighbors: (+)-
glaberide I derived from endophyte Annulohypoxylon ilanense with anti-TB activity of 52
ug/mL (ED = 1.98);'* piperine isolated from Periconia sp. with anti-TB activity of 1.74
ug/mL (ED = 1.57)."*° Piperine is also a close neighbor of two protein synthesis
inhibiting drug candidates linezolid (ED = 1.34) and sutezolid (ED = 1.27). Structures of
these drugs and their close NP neighbors are given in Figure 2.17D.

Nanomycin SA and aA, isolated from a marine derived Streptomycetes sp., have been
reported to inhibit mycoplasma, fungi and Gram-positive bacteria, showing inhibitory
activity against M. tuberculosis H37Rv with an MIC value of 8.0 ug/mL."*” Nanomycins
showed a close relationship with nine anti-TB drugs, including one cell wall inhibitor,
five DNA inhibitors and two protein synthesis inhibitors, with ED value < 2 (Figure
2.18). We suggest that the natural products with short EDs to known drugs should be paid
particular attention in developing new anti-TB drugs candidates because of their high

similarity with known drugs in physico-chemial space.
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Figure 2.18 Structures of nanaomycin aA and nanaomycin PA and their close drug neighbors. Anti-TB
drugs with protein synthesis inhibitor activity are in orange, DNA inhibitors are in red and cell wall
inhibitor is in magenta. EDs between drugs and nanaomycin aA and nanaomycin A are given in blue

and cyan numbers, respectively.

2.5 Natural products from an in-house library of TB-active compounds

The fourth dataset consists of 157 molecules, which came from the natural products
library (contains more than 1440 compounds) of Prof. Lixin Zhang’s lab. These
compounds were tested in a HTS BCG assay, evaluating 48 active and 109 inactive
compounds. They were identified from different organisms, including marine microbes,
endophytes, land strains and plants, where they are represented as green, red, blue and
orange spheres, respectively (Figure 2.19). Because of their varied structures, the
compounds from marine strains span a comparably large sector of the chemical property
space, in particular along PC1 and PC2. The plant compounds are mapped further out in
the negative direction of PC1 and PC2, indicating smaller size and higher polarizability.
Interestingly, in this study, compounds from endophytes clustered together with the
compounds from plants. This confirms a long-standing suggestion that the endophyte
compounds show a “chemical similarity” to the plant compounds by a complex system of

communication. The natural products from land strains show similar properties with the
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marine compounds in term of PC2 and PC3 but are relative small (negative PC1).

Figure 2.19 Score plot of natural products from an in-house library. A. PC1 (molecular size) versus
PC2 (molecular aromaticity) versus PC3 (molecular lipophilicity) for sets of 5 natural products from
endophytes (red), 7 natural products from land strains (blue), 30 natural products from marine strains

(green) and 6 natural products from plants (orange) and B. PC1 (molecular size) versus PC2
(molecular aromaticity) versus PC3 (molecular lipophilicity) for sets of 48 TB-active natural products
(sphere) and 109 TB-inactive natural products (star), 6 unique TB-active compounds from marine

microbes are circled.

. Ry
Actinomycin X,g: R=OH Lobophorin A: R;=NH,, R,=OH
Actinomycin X,: R=0 Lobophorin B: R{=NO,, R,=OH
Actinomycin D: R=H Lobophorin G: R;=NH,, R,=OAc

Figure 2.20 Structures of six TB-active compounds from Zhang’s lab with extremely different PCs.
In general, the physico-chemial properties of TB-inactive and TB-active compounds
tested in this bioassay are largely overlapping, i.e. compounds from endophytes cluster
together with each other in Figure 2.19B. However, there are still some significant
differences between the active and inactive ones. The inactive compounds apparently
occupy a much larger area along PC3 than the active compounds, indicating that

appropriate degree of polarity may be essential for the anti-TB activity. Furthermore, six
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active compounds from the marine dataset (circled in Figure 2.19B) showed extremely
different PCs values with any of the inactive compounds. This compound group is set
aside by a much higher prediction score in PC1 and lower values in PC2, primarily
depending on size and aromatic parameters. In addition to the aberrant physico-chemial
properties demonstrated for this compound group, it is also concluded from the bioassay
data that it is one of the most active compound group within the active compounds

identified. Structures of these compounds are presented in Figure 2.20.

2.6 Prediction of the anti-TB activity among marine compounds

Q O 9 o Compound library

o 9 o M.tb-relevant chemical space
O Q Near neighbors (EDs < 2)

)

Prioritized compounds

Figure 2.21 Main factors to design diverse combinatorial libraries or to select diverse compounds to

conduct anti-M.tb screening collection.

The above information can be used to develop a strategy to select compounds when
conducting anti-TB screening (Figure 2.21). First, mapping of candidate compounds into
the TB-relevant chemical space defined by TB drugs and TB-active natural products
allows for a quick and efficient filter for potential TB-activity. The location of
compounds in this model can also be used to predict potential mode of action (MoA).
Second, compounds with EDs < 2 to known TB drugs provides a second filter. Screening
of the prioritized compounds in chemical space may directly lead to the identification of
biologically relevant structures for TB drug discovery.

Data set 5 (Figure 2.2) was analyzed using the model. 327 of 336 compounds were found
to fall into the 27-region chemical space (Figure 2.22). Similar to TB-active natural

products, region 13 contained the most untested compounds (90). Surprisingly, three
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regions 4, 11 and 24, which have no represented TB drugs nor TB-active compounds,
occupied with 5, 1 and 2 untested compounds, respectively. These compounds may show

unique structure properties.

Percentage (%)

Figure 2.22 Histogram of the percentage of untested NPs from marine microbes in each regions.
Compounds not falling into the 27 regions were plotted in black, compounds in regions 4, 11 and 24

without represented TB drugs and TB-active NPs were plotted in gray.
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Figure 2.23 Structures of top 20 shortest EDs of untested natural products/drugs pairs. Untested
natural products from marine microbes are in red and TB drugs and candidates are in blue and EDs are

given in black numbers.

Filtering these compounds using EDs calculation to identify near neighbors with known

TB dugs produced 82 prioritized structures with ED < 2 to at least one drug. Structures of
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the top 20 nearest EDs of untested natural products/drugs are given in Figure 2.23.
Untested compounds showing short EDs with more than one drug neighbor may be worth
screening.

2.7 Conclusion

Tuberculosis threatens people’s lives around the world and the appearance of drug
resistance cases has increased the need to identify novel anti-TB drugs. With the aim to
demonstrate the enormous chemical diversity of nature, especially that of the marine
microbes and endophytes, we used Instant J Chem and the chemical space navigation tool
ChemGPS-NP to compare sets of marine microbe-derived compounds, endophyte
compounds and TB drugs with respect to physico-chemial properties and their occupation
of the chemical space.

We analyzed the physico-chemial properties with respect to the Ro5 and tPSA parameters
of 39 TB drugs and candidates, 60 mycobacteria-active natural products, and 336
untested natural products. While Ro5 gives some information about cell permeability, the
complex etiology of the disease technology involving, oral bioavailability, lung-alveolar
macrophages, and mycobacterial cell permeability, means these predictions are not yet
sophisticated enough to be taken with any degree of certainty. Analysis showed a wide
area of acceptable physico-chemial properties with log P -1 to +5, probably due to the
need to address oral bioavailability in conjunction with penetration through the unique
cell wall of M.th. Further analysis by ChemGPS-NP defined 27 regions within TB active
space. Based on the theory that compounds with similar activity profile and chemical
properties often show similar mode of action, location of a new compound with a TB
drug may indicate a potential active compound. Moreover, EDs to known TB drugs may
be a better predictive tool. We concluded that if a compound has a ED of <5 to any of the

current TB drugs, then the compound has a much higher chance of itself being active.
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Chapter III Whole cell-based screening of natural products

and microbial extracts for anti-TB activity

Abstract: This chapter presents a strategy for using Mycobacteria bovis
BCG as model to detect anti-TB activities in pure natural products and
natural products extracts. Antimicrobial screening of a small collection of
140 natural products resulted in the identification of promising anti-
infectious drug leads. Additionally, a total of 2562 microbial crude extracts
were generated from 654 actinomycetes and then screened against BCG.

Furthermore, 415 positive hits have been evaluated by HPLC.
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3.1 Introduction

Diversifying the microbial sources of natural compounds is of primary concern in library
development. Microorganisms of both terrestrial and marine origin have proven to be
excellent sources of novel natural products, and recent advances in microbial genomics
(genome sequencing, microbial ecology and metagenomics) have unequivocally
demonstrated that the biosynthetic potential of natural products in bacteria is much higher
than previously appreciated.'”® It was reported that the bacterial species of
Micromonosporineae, Pseudonocardineae, Streptomycineae and Streptosporangineae are
the most frequents sources of novel secondary metabolites.'” Moreover, species
inhabiting unique environments, such as marine microbes and endophytes, have been
proposed to be promising resources of novel compounds.'*’

IMCAS natural product library (NPL) is a collection of over 35,000 samples from 12,000
microorganisms, including over 4,000 actinomycetes isolated from the sediment from the
South China Sea down below 4,000 m and more than 14,000 marine crude extracts for
screening against infectious diseases.”' Value adding to the biota samples was achieved
via systematic alteration of the culture media. In this project, 2562 crude extracts were
generated from 654 actinomycetes, including 329 land strains, 200 endophytes and 125

marine microbes collected from various extreme environments of China grown under

different media (Figure 3.1).
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Figure 3.1 Sampling locations of 329 land strains, 200 endophytes and 125 marine microbes.
A serious shortcoming of enzyme-based screening assays is that while natural products,

such as fosmidomycin, may show good inhibition on pure enzymes, they showed weak
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inhibitory effect on the growth of M. tuberculosis due to their inability to penetrate
through the membrane."* To screen the large numbers of crude extracts, fractions and
compounds for growth inhibition, simple screening techniques are needed. A whole cell-
based screening assay was developed to screen the effect of microbial crude extracts,
fractions as well as pure compounds on the growth of Mycobacterium bovis ATCC35743
(BCG) (a slow-growing non-virulent strain closely related to M. tuberculosis H37Rv in
133

terms of drug susceptibility profile and genetic composition).

3.2 Methodology

3.2.1 Whole cell-based screening assay

The BCG strain was transformed with green fluorescent protein (GFP) constitutive
expression plasmid pUV3583c with direct readout of fluorescence as a measure of
bacterial growth. BCG was grown at 37 °C to mid log phase in Middle brook 7H9 broth
(Becton Dickinson) supplemented with 10% OADC enrichment (Becton Dickinson) 0.05%
tween-80 and 0.2% glycerol, which was then adjusted to ODgp= 0.025 with culture
medium as bacterial suspension. Aliquots (80 uL) of the bacterial suspension were added
to each well of the 96-well plates (clear flat-bottom), followed by adding compounds or
extracts (2 uL suspended in DMSO), which were serially diluted twofold. Isoniazid
served as positive control and DMSO as negative control. The plates were incubated at
37 °C for 3 days, and GFP fluorescence was measured with Multi-label Plate Reader
using the bottom read mode, with excitation at 485 nm and emission at 535 nm. MIC was
defined as the minimum concentration of drug that inhibits more than 90% of bacterial

growth reflected by fluorescence value (Figure 3.2).
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Figure 3.2 SOP of whole cell-based anti-BCG screening.
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3.2.2 Construction of diversified natural products library from microbes

Natural product library was constructed based on the protocol, which includes cultivation,

extraction, activity screening and HPLC analysis (Figure 3.3). All of the land strains and

marine strains were cultured in 3 different media and all of the endophytes were cultured

in 6 media (Table 3.1). With the purpose of selecting potential strains with diverse

chemical constituents and strong biological activities, HPLC analysis and anti-microbial

screening were conducted for 2562 generated crude extracts.

96 deep well plate
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Throw supernatant by centrifugation

Figure 3.3 SOP for construction of the microbial natural products library.

Table 3.1 Different fermentation media used in microbial crude extracts library

Media 329 land strains 125 marine strains 200 endophytes

AM?2
NM2
MPG
MO001
MI12
M21

\/

XoOoX 2l 2

X

\/

2 2 2 =2 2

3.2.3 HPLC evaluation of active crude extracts

Around 20 mg of each samples was dissolved in 500 uL methanol and 20 xL was injected
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to reversed phase HPLC. HPLC separations were performed on a Zorbax SB-C,g column
(4.6 mm x 150 mm) using conditions that consisted of a linear gradient from 95% H,O /5%
MeCN to 100% MeCN in 20 min at a flow rate of 1 mL/min; held at MeCN for a further
5.0 min; then a linear gradient back to 95% H,0/5% MeCN in 0.1 min, then held at 95%

H,0/5% MeCN for 4.9 min. The total run time for each extract injection was 30 min.

3.3 Result

3.3.1 Screening of pure compounds

Apart from crude extracts, 140 natural products from colleagues and collaborators were
also evaluated for their activities against infectious bacteria, including M. bovis BCG,
Staphylococcus aureus (SA), methicillin resistant Staphylococcus aureus (MRSA),
Bacillus subtilis (BS) and Pseudomonas aeruginosa (PA). The compounds comprise
about 10 different classes of small molecules that reflect a substantial chemical diversity
even in a relatively small collection. A pie chart, showing the distribution of the 140
compounds is shown in Figure 3.4. A majority of the compound samples are terpenoids
(diterpenoids and sesquiterpenoids), constituting 55% of compound samples. This is
followed by polypeptides (10%), steroids (7.86%), alkaloids (7.14%), phenylpropanoids
(5.71%), lignans (3.57%), quinones (3.57%), bisnaphthalenes (2.14%), flavonoids
(1.43%), other kinds of compounds (1.6%), tetracyclics (1.43%) and polyamides
(0.71%).
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s 3.57\ | %0.71 Stermd's
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5.71

7.14 )‘\\

“Phenylpropanoids
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Figure 3.4 Distributions of 140 natural products by compound type.

Among 140 screening compounds, large proportions of tested compounds showed anti-
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Figure 3.6 Structures of 4 example compounds.
BCG (42.14%), anti-SA (36.43%) and anti-MRSA (40.71%) activities, while only
13.57% of compounds had anti- BS activity (Figure 3.5A). However, none of them
showed inhibition effects on Gram-negative pathogen Pseudomonas aeruginosa. Within
this small collection of compounds, 3% of them displayed extremely strong anti-BCG
activity with MIC values of 0.78 ug/mL or even lower. The most potent compounds
exhibited activity against SA and MRSA with MIC values of 0.78 ug/mL. Among 12
compounds types, terpenoids contained the largest number of active compounds, while a
relatively small part of them exhibited low MICs against tested models regarding to the
high percentage it occupied in the whole test collection (Figure 3.5B). The most active

anti-BCG compounds are found to be all polyketides isolated from a marine
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actinomycetete, suggesting promising prospects of this particular compound type and
organism source. Structures of 4 example compounds in the antimicrobial screening
assays were shown in Figure 3.6.

3.3.2 Screening of microbial extracts

With the aim of identifying new anti-TB active microbial natural products, 2562 crude
extracts generated from 654 actinomycetes were screened against M. bovis BCG using
the above whole cell-based model. Activity result of these crude extracts was evaluated

and showed in heatmap (Figure 3.7).
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Figure 3.7 Heatmap of the anti-BCG screening on crude extracts. 2562 samples were prepared from

654 strains isolated from land strains (blue blanks), endophytes (red blanks) and marine microbes
(green blanks), color coded according to the legend (blue lowest and red highest activity).
In total, 415 out of 2562 (16.2%) crude extracts showed positive results in anti-BCG
screening assay (Figure 3.8). Around one third of the active extracts (33.73%) were
effective on killing more than 90% BCG bacillus at their original concentration (100
ng/mL). With the increase of dilution factors, less extracts were able to play effective role

in anti-BCG screening, only 5.3% and 3.86% of active microbial extracts with dilution
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factors of 32 and 64. Almost 7% of active extracts were still active when they were
diluted by 128 times, showing great potential for further chemical investigation. The high
percentage of actives at 128-fold dilution may due to several strains showing strong anti-
BCG activity while cultured under different media. For example, 6 crude extracts derived

from the same endophyte ES120079 all exhibited activity with the dilution factor of 128.
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Figure 3.8 Pie chart of anti-BCG activities of 415 active crude extracts.
Percentages of active extracts from land strains, endophytes and marine strains were
8.1%, 23.9% and 12.8%, respectively. Overall, comparing with land strains, endophytes
and marine actinomycetes were more likely to produce active metabolites. Almost half of
active land strain extracts were only active against BCG at the used highest concentration
and in total, only around 2.5% of them showed activity with dilution factors of 64 (1.25%)
or 128 (1.25%) (Figure 3.9A). Even through a relatively large proportion of endophyte
extracts exhibited anti-BCG activities, only around 20% of them showed activity with
dilution factors larger than 8. Some reports proposed that within the evolutionary time,
endophytes have adapted to their unique environments by genetic variation, including

uptake of some plant DNA into their own genomes.** '*°

Endophytes in this project were
collected from various Traditional Chinese Medicine plants. This could have led to the
ability of endophytes to biosynthesize phytochemicals that are characteristic of the
respective host plants. It could also explain the high positive rates of endophyte extracts
in anti-BCG screening assay and due to the moderate nature of TCMs in treating diseases,
a relative small amount of endophytes extracts showed strong activity. Contrary to
endophytes, approximate 15% of active marine microbial extracts displayed anti-BCG
activity with dilution factors of 128, the second largest proportions among all active

marine samples indicating the outstanding characteristics of marine actinomycetes as

source for TB drug discovery.
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Figure 3.9 Histograms of the percentage of anti-BCG activities of 2562 microbial crude extracts. A.
Biological sources: land strains (blue), endophytes (red) and marine strains (olive). B. Different
media: AM2 (orange), NM2 (olive), MPG (yellow), M001 (magenta), M12 (blue) and M21 (red).

The characteristics of 6 culture media in anti-BCG metabolites production by 654
actinomycetes are shown in Figure 3.9B. Media M9, M001 and AM2 exhibited the most
potential on inducing synthesis of active natural products with hit rates of 30.5 % (200
endophytes samples in total), 26.5 % (200 endophytes samples in total) and 19.7% (654
samples in total), respectively. Among all active samples, top 3 media with dilution
factors larger than 8 were MPG, M21 and M12, with proportions of 31.7%, 21.3% and
21.1%, respectively. In our previous research, M21 was also reported as the most

productive medium among 10 fermentation media.""’
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Figure 3.10 HPLC spectra of three active anti-BCG microbial crude extracts.

The 415 active microbial crude extracts were subsequently analyzed by HPLC. By
considering the number of peaks as well the area of the peaks present in the

chromatogram, promising samples were selected for further investigation (Figure 3.10).
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3.4 Conclusion

In this study, we have described and implemented a cell-based HTS platform for
discovering small molecules as well as crude extracts showing growth inhibition to M.
bovis BCG. Using the validated assay, a small library consisted of 140 compounds was
screened and 3% were identified as potential candidates that are capable of inhibiting
BCG growth at very low concentrations (less than 0.78 ug/mL). With the aim to identify
potent anti-TB natural products from actinomycetes, a microbial extract library was also
generated from 654 strains and 2562 crude extracts were evaluated for their activity.
Around 400 hits were identified from the library, which was the basis for the TB-focus
work. Given consideration of anti-TB activity as well as chemical diversity, 51 microbial
crude extracts derived from 37 actinomycetes were selected for further investigation,
which include an endophyte (Chapter 4), 50 microbial crude extracts from endophytes,

desert strains and marine strains (Chapter 5, 6 and 7).
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Abstract: As part of a search for antitubercular substances from natural sources,
we screened a library of endophytic microbes (50 strains and 300 crude extracts
in total) isolated from traditional Chinese medicines (TCMs) for growth inhibitory
activity against Bacillus Calmette-Guérin (BCG). The crude extract of
Streptomyces sp. strain Y3111, which was associated with the stems of Heracleum
souliei, showed good anti-BCG activity with an MIC value of 6.25 ug/mL.
Bioassay-guided isolation led to four new pluramycin-type compounds,
heraclemycins A-D (55 — 58). Their structures were determined by different
spectroscopic techniques including HRESIMS, 1D NMR, and 2D NMR. This is the
first report of pluramycin analogues produced by TCM endophytic microbes as
well as the first example of BCG-selective pluramycins. Heraclemycin C (57)
showed selective antitubercular activity against BCG with a MIC value of 6.25

ug/mL and a potential new mode of action.
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4.1 Introduction

Natural products derived from microbes have been an important source of TB
therapeutics. In order to minimize rediscovery of known compounds and access new and
novel molecular scaffolds for drug discovery, rare and previously undiscovered microbial
taxa sourced from extreme environments and specialized niches can be investigated.
Plant endophytes represent one such source. Plants have developed highly diverse
mechanisms to cope with their environment, and it is remarkable that all plants on earth
harbor endophytes.®® Many of them are capable of synthesizing bioactive compounds that
can be used by the plant for defense against pathogenic fungi and bacteria. Endophytes
represent a large variety of microbial adaptations that have developed in special and
sequestered environments, and their diversity and specialized habitat make them an
exciting field to search for new medicines.'*®

Thus, with the aim of identifying new anti-TB natural products from endophytes, a
collection of 300 crude extracts from 50 endophytic microbes isolated from TCMs in
Sichuan Province (Figure 4.1) was screened for growth inhibitory activity against
Mycobacterium bovis BCG (chapter 3). 65 out of 300 (21.7%) crude extracts were
identified as hits showing anti-BCG activity at the concentration of 100 ug/mL or lower

(Figure 4.2).

A

Figure 4.1 Sampling information of 50 endophytes. A. The location of Sichuan Province in China; B.

The sampling locations of studies endophytic microbes from TCMs on Sichuan plateau, a. Yajiageng,

Kangding County, b Laoyulin, Kangding county, ¢ Zheduo Mountain, Kangding County, d Bajiaolou,
Yajiang County, and e Longdeng, Daofu County.
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Figure 4.2 Result of the anti-BCG screening on 300 crude extracts from 50 endophytes.

Chemical evaluation for the top 5% (15) active crude extracts was conducted by
comparison of the HPLC spectra (Figure 4.3). The crude extract derived from an
endophyte Y3111 in medium MO001 (MIC value of 6.25 pug/mL) displaying the most
various chemical diversity under HPLC analysis, thus, was selected for large scale

fermentation and identification of the constituents.
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Figure 4.3 HPLC spectra of 15 endophyte crude extracts with the strongest anti-BCG activity.
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4.2 Chemical investigation of the secondary metabolites from endophyte

Y3111

The strain Y3111, which was isolated from the stems of TCM Heracleum hemsleyanum,

was identified as a member of Streptomyces according to its 16s rRNA gene sequence

(Figure 4.4).

(Streptomyces parvus NBRC 33887 (AB184756)
Streptomyces badius NRRL B-2567" (AY999783)
Streptomyces pluricolorescens NBRC 12808 (AB184162)
[Streptomyces rubiginosohelvolus NBRC 129127 (AB184240)

100 Streptomyces sindenensis NBRC 33997 (AB184759)

Streptomyces globisporus subsp. Globisporus NBRC 12867 (AB184203)

Streptomyces sp. Y3111 (JQ724543)
5 | Streptomyces punuceus NBRC 128117 (AB184163)
53 | (Streptomyces microflavus NBRC 130627 (AB184284)

82 \Streptomyces fulvorobeus NBRC 15897" (AB184711)

treptomyces griseorubigiy NBRC 130477 (AB184276)
treptosporangium album DSM 430237 (X89934)

P
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Figure 4.4 16s rRNA gene sequence and neighbor-joining phylogenetic tree of strain Y3111 made by
MEGA.

Preliminary analysis of the combined crude extract of Y3111 by HPLC exhibited the
presence of several major peaks having a similar UV absorbance profile at 206, 239, 263
and 417 nm (Figure 4.5). The UV absorption maxima at 417 nm suggested the presence
of a highly conjugated system. Bioactivity-guided fractionation of the extract led to the
isolation of the new compounds (55-58) along with 2 known compounds (59-60).

mAU 3

P P Puis
Figure 4.5 UV absorption spectrum of compounds produced by Y3111,
Heraclemycin A (55) was isolated as a yellow powder. The molecular formula was
deduced as C,4H,00s from its HRESIMS (m/z 389.1421 [M + H]", calcd. for 389.1389),
which possessed 15 degrees of unsaturation. The UV spectrum of heraclemycin A (55)
showed maximum absorbance at Amax (log €) 198.0 (5.6), 201.0 (5.6), 206.0 (5.6), 239.0

(5.4), 263.0 (5.1), and 417.0 (4.6) nm in MeOH. The 'H and 'C NMR spectra in
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Figure 4.6 Structures of isolated pluramycins (55- 60).
combination with 2D NMR data (COSY, HSQC, and HMBC) (Table 4.1) in CDCl;

revealed the presence of three carbonyl groups (dc 187.4, 182.1, and 179.4) conjugated
with double bonds, three spin—spin coupling aromatic protons in an ABX system [dn/dc
7.80 (d, J=7 .8 Hz)/11 9.4, 7. 66 (t, J = 7.8 Hz)/136.4, and 7.34 (d, J = 7.8 Hz)/125.4],
three methyl groups [dn/dc 1.60 (d, J = 6.7 Hz)/13.0, 1.44 (d, /=6 .9 Hz)/17 .8, and 3.00
(s)/24 .3], four olefinic carbons, including two isolated olefins [dn/dc 5.41 (dt, J = 10.8,
8.8Hz)/126.8, 5.54 (dq, J = 10.8, 6.7 Hz)/126.7], and an a,f-unsaturated ketone carbon
[0n/dc 6.23 (s)/111.4 and d¢c 172.6]. One sharp hydrogen resonance at oy 12.92 lacked
correlation in the HSQC spectrum of heraclemycin A (55) (Table 4.1) and was therefore
determined to be a hydroxyl group substituted at the aromatic carbon (d¢c 162.7) based on
the HMBC correlations of the OH group (du 12.92) to carbons at dc 162.7, 125.4 and
117.0. A Dictionary of Natural Products database search using information from
combined UV and 1D NMR data indicated the likelihood of a pluramycin skeleton.
Heraclemycin A (55) exhibited great similarity with the p-indomycinone (59), a
pluramycin in class of antibiotics sourced from a deep-sea actinomycetete Streptomyces
sp.,” except that the oxygenated carbon in S-indomycinone was replaced by a methine
carbon C-15 [dn/dc 2.85 (m)/39.1]. This indicated that heraclemycin A (55) was a new
member of the pluramycins and its structure was established as shown in Figure 4.6. All
of the signals were assigned unambiguously based on 2D NMR experiments (Table 4.1).
The cis C-18, C-19 double bond could be determined by the coupling constant between

71



H-18 and H-19 (J=10.8 Hz).
Table 4.1 'H (600 MHz) and *C (150 MHz) NMR data of 55-58 in CDCl,

55 57 58
Position
Jc, mult Jy, mult (J in Hz) d¢, mult Oy, mult (J in Hz) Jc, mult Ju, mult (J in Hz) Jc, mult Jy, mult (J in Hz)
1 156.8, C 156.9, C 159.8, C 159.7,C
2 126.6, C 126.7, C 1364, C 1264, C
3 149.8, C 149.8, C 1464, C 146.5,C
4 125.6, CH 8.02s 125.6, CH 8.05s 122.4,CH 7.70 s 122.4, CH 7.70's
4a 136.1,C 136.1,C 133.2,C 133.5,C
5 182.1,C 182.2,C 181.7,C 181.6,C
Sa 1324, C 1324, C 133.6,C 133.6,C
6 119.4, CH 7.80d (7.8) 119.4, CH 7.81d(7.8) 120.4, CH 7.85d(7.8) 120.4, CH 7.84d(7.2)
7 136.4,CH 7.66t(7.8) 136.4,CH 7.67t(7.8) 137.5,CH 7.70t (7.8) 137.5, CH 7.70 t (7.8)
8 125.4,CH 7.34d (7.8) 125.4,CH 7.36d (7.8) 125.0, CH 7.32d(8.4) 125.0, CH 7.32d(7.8)
9 162.7,C 162.7,C 162.7,C 162.7,C
9a 117.0,C 117.0,C 116.0, C 115.5,C
10 1874, C 1874, C 186.3, C 186.8, C
10a 119.9, C 120.0, C 114.2,C 114.2,C
11 24.3, CH; 3.00s 24.4, CH; 3.02s 20.7, CH; 2.38s 20.7, CH; 2.38s
12 1794, C 179.5,C 209.1,C 206.4, C
13 111.4,CH 6.23 s 111.3,CH 6.25s 47.0, CH 3.17m 47.2,CH 323 m
14 172.6, C 173.3,C 15.4, CH; 1.19d (7.2) 15.3, CH; 1.20d (7.2)
15a 39.1, CH 2.85m 39.1, CH 279 m 31.8, CH, 1.81dt(9.7,7.4) 29.2, CH, 2.52m
15b 2.34m
16 17.8, CH; 1.44d (6.9) 18.5, CH; 1.43 d (6.6) 22.9, CH, 1.30-1.36 m 127.5, CH 5.40 dt (17.6,6.6)
17a 31.7, CH, 2.72 dq (14.5,7.3) 34.2, CH, 1.96 m 29.5, CH, 1.30-1.36 m 126.4, CH 5.55dq (17.6, 6.6)
17b 2.50 dq (14.5,7.3) 1.70 m
18 126.8, CH 5.41dt(10.8, 8.8) 29.6, CH, 1.31-1.37 m 14.1, CH; 0.90t (6.6) 24.9, CH; 1.62 d (6.6)
19 126.7, CH 5.54dq (10.8, 6.7) 22.7, CH, 1.31-1.37 m - -
20 13.0, CH; 1.60 d (6.7) 14.1, CH; 0.90t(7.2) - -
1-OH -- -- 12.34 s 12.37 s
9-OH 12.92s 1293 s 12.00 s 11.99 s
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Heraclemycin B (56) was isolated as a yellow powder, and its molecular formula was
found to be Cy4H2,0s, which possessed 14 degrees of unsaturation, on the basis of its
HRESIMS (m/z 391.1529 [M + H]", calcd. for 391.1545). The UV spectrum of
heraclemycin B (56) showed maximal absorbance at A, (log €) 199.0 (5.3), 206.0 (5.3),
239.0 (5.1), 267.0 (4.8), and 416.0 (4.3) nm in MeOH. Comparison of '"H NMR and "°C
NMR of heraclemycin B (56) revealed a high similarity to those of heraclemycin A (55),
except the absence of the double bond at C-18 and C-19 in heraclemycin B (56). As that
of heraclemycin A (55), the '"H NMR and C NMR spectra of heraclemycin B (56)
showed a characteristic set of signals of the pluramycin class compounds, including:
three protons of 1,2,3-trisubstituted benzene ring H-6, H-7, and H-8 [du/dc 7.81 (d, J =
7.8 Hz)/119.4, 7.67 (t, J = 7.8 Hz)/136.4, 7.36 (d, J = 7.8 Hz)/125.4], one aromatic proton
H-4 [ou/dc 8.05 (s)/125.6], one olefinic H-13 [du/dc 6.25 (s)/111.32], a hydrogen-bonded
phenol proton (dy 12.93), and three methyl groups CHs-11, CH3-16, and CH3-20 [dn/oc
3.02 (s)/24.4,1.43 (d, J= 6.6 Hz)/18.5, and 0.90 (t, /= 7.2 Hz)/14.1]. Based on the above
evidence together with the 2D data of heraclemycin B (56) (Table 4.1), the structure of
heraclemycin B (56) could be determined (Figure 4.6).

Heraclemycin C (57) was obtained as a yellow powder. The molecular formula was
determined by HRESIMS as C»H,0s (m/z 367.1568 [M + H]", calcd. for 367.1501),
requiring 12 degrees of unsaturation. The 'H NMR spectrum of heraclemycin C (57)
contained resonances for two phenolic hydroxyl hydrogen [dy 12.00 and 12.34].
Comparison of the 'H and “C NMR spectra of heraclemycin C (57) with those of
heraclemycin B (56) revealed that both shared a similar anthraquinone skeleton, and the
significant differences indicated the reduction of the y-pyrone moiety, culminating in the
absence of the ethenyl group in the 'H and >C NMR spectrum and the presence of an
unconjugated carbonyl functionality [dc 209.1]. The location of the hydroxyl group [du
12.34] at C-1 was corroborated by the HMBC correlation form 1-OH to C-2 [d¢ 136.4],
C-10a [oc 114.2] and C-1 [oc 159.8]. All the signals of heraclemycin C (57) were
assigned unambiguously based on 2D NMR experiments (Table 4.1) and its structure was
determined as shown in Figure 4.6.

Heraclemycin D (58) was obtained as a yellow powder and the HRESIMS data suggested
the molecular formula C,,H,00s (m/z 365.1440 [M + H]", caled. for 365.1344). In the 'H

73



NMR spectrum signals of heraclemycin D (58) were very similar to those of
heraclemycin C (57) except for the presence of double bond at C-16 and C-17 in 4 [du/dc
5.40 (dt, J=17.6, 6.6 Hz)/127.5, 5.55 (dq, J = 17.6, 6.6 Hz)/126.4]. The trans C-18, C-19
double bond could be determined by the J value (17.6 Hz) between H-16 and H-17. Thus,
the structure of heraclemycin D (58) could be determined and all the NMR signals were
assigned unambiguously based on 2D NMR experiments (Table 4.1).

All of the isolated compounds were evaluated for their biological activities against M.
bovis BCG, S. aureus, MRSA, Bacillus subtilis, and Pseudomonas aeruginosa from 100
ng/mL and MICs were calculated to uM (Table 4.2). Heraclemycin C (57) and
heraclemycin D (58) showed significant activity against BCG with the MIC values of 17
and 62 uM, respectively. Heraclemycin A (55) showed weak activity with an MIC value
of 258 uM, whereas heraclemycin B (56), f-indomycinone (59) and saptomycin A (60)
were inactive against BCG. These results indicated that the ring-closed pyrone resulted in
loss of activity, and the ring-opened form was moderately active. On the other hand,
compounds heraclemycin A (55) and D (58) exhibited anti-Gram positive bacteria
activity including anti-BS, anti-SA, and anti-MRSA. However, compounds heraclemycin
B (56), C (57), p-indomycinone (59) and saptomycin A (60) were unable to inhibit these
bacteria up to 100 ug/mL, suggesting that hexenyl side chain at C-13 or C-15 is important
for these microbe inhibitory activities.

Table 4.2 Antimicrobial activities of compounds

Minimum Inhibitory Concentration (M)

Organism (Strain)
55 56 57 58 59 60 Control

Bacillus Calmette-Guérin (Pasteur
1173P2, BCG)
Staphylococcus aureus (ATCC 6538) 129 128 NA 62 NA NA 07"

258 NA 17 62 NA NA 0379

Methicillin-resistant S. aureus (Clinical b
129 128 NA 62 NA NA 07"
strain of Chaoyang hospital)

Bacillus subtilis (ATCC 6633) 258 NA NA 124 NA NA 035"
Pseudomonas aeruginosa (PAO1) NA* NA NA NA NA NA 3l

[a]

isoniazid ™™ vancomycin ' ciprofloxacin * NA: not active

Time-kill experiments of the new pluramycin-type compounds against BCG were

performed. Time-kill analyses were performed according to CLSI method M26-A.20

74



(1999). Antimicrobials were considered bactericidal at the lowest concentration that
reduced the original inoculum by >3 log;p RFU/mL (99.9 %) at each of the time periods

and bacteriostatic if the inoculum was reduced by 0 to 3 log;o RFU/mL."*

As shown in
Figure 4.7, maximum killing for heraclemycin C was observed at concentrations of 8x
the MIC, with a 1.2-log drop in the numbers of RFU/mL occurring by 108 h after the
addition of the compound, consistent with a bacteriostatic effect (Figure 4.7C). Just
slightly less than 1.2-log drop in RFU/mL was also observed for heraclemycin D at 2x
and 4x the MIC (Figure 4.7D). However, even in the presence of 100 ug/mL

heraclemycin A and B, there were no obvious differences between compounds treatment

and control, suggesting an inactive effect on mycobacteria (Figure 4.7A, B).
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Figure 4.7 Killing activities of compounds 55— 58 against M. bovis BCG. Compounds were added to
cultures at time zero. A. heraclemycin A (55), B. heraclemycin B (56), C. heraclemycin C (57), D.
heraclemycin D (58).

4.3 Conclusion

In our present investigation, we identified the first example of pluramycin analogues

produced by TCM endophytic microbes and the first BCG-selective pluramycin which
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indicates a potentially unique mode of action. Previously reported pluramycin antibiotics
containing the 4H-anthra [1,2-b] pyran-4,7,12-trione nucleus to which amino sugars such
as angolosamine and vancosamine are typically attached by C -glycosidic linkage at C-6
and C-8 were found to have versatile and strong antimicrobial and anticancer activities.">
Compared to other natural sources, endophytes are a poorly investigated group of
microorganisms that represent an abundant and dependable source of bioactive and
chemically novel compounds with potential for exploitation in a wide variety of medical,
agricultural, and industrial arenas.'*” Our investigations confirm that screening of
endophytes offers a valuable approach towards the discovery of new anti-TB natural
products. In addition, our study extends knowledge of the secondary metabolism of an
endophyte associated with TCM H. souliei (Y3111). Bioassay-guided fractionation
yieded the structurally diverse heraclemycins A-D, and in particular heraclemycin C,
which showed strong anti-BCG activity with a MIC value of 6.25 ug/mL.

In numerous cases, the bioactivity-guided purification of individual constituents results in
a considerable work taking several days even several weeks or months is still necessary
to isolate and elucidate individual metabolite structures from crude natural extracts. This
procedure has been developed to focus only on the fractions or metabolites with a defined
biological activity. However, often such approaches are applied to finally rediscover
already known compounds or even end with the loss of activity. The potential new and
active natural products present at minor or trace levels can easily be overlooked.

In view of these observations, a more specific, rapid and sensitive approach to chemical

characterization is needed.
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Chapter V NMR fingerprinting-guided investigation of

microbial crude extracts from unique environments

Abstract: This chapter presents an investigation for using a strategy of NMR
fingerprinting instead of bioactivity to guide the identification of natural
products from small-scaled microbial extracts. Lead-like enhanced fractions
were generated from 50 microbial crude extracts. Then 550 fractions were
screened against BCG and 142 of them were active. NMR-guided isolation

and purification gave 25 natural products, including 11 potentially active

compounds.
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5.1 Introduction

Microorganisms collected from marine, plants and desert appear to have adapted to their
extreme environments, thus gaining their diverse metabolic and genetic capabilities. With
more and more chemically interesting and biologically significant metabolites isolated
from these microorganisms, it has been shown as a rich source of novel compounds with
various biological activities. Among the microorganisms, the actinomycetetes group
continues to be a prolific source of bioactive compounds. In particular, although the
exploitation of marine actinomycetetes as a source for the discovery of novel secondary
metabolites is still at an early stage, the discovery rate of novel secondary metabolites
from marine actinomycetetes has recently surpassed that of their terrestrial
counterparts.'*'"'** As previously mentioned, a cell-based screening assay was used to
identify inhibitors in an aerobic, logarithmic growth screen of Mycobacterium bovis BCG
from a natural product library. In the course of the screening program for anti-BCG
agents from the NPL, small-scale extracts of a batch of actinomycetetes strains isolated
from the South China Sea, Traditional Chinese Medicines and the Taklimakam desert
were tested. A subset of the screening hits, namely 45 strains resulting in 64 crude

extracts were selected for further investigation.

45 64 crude 704 161 active NMR 24 NPs 11 active Chemical
actinomyces extracts fractions fractions | fingerprint NPs analysis

- » . » . -

Extraction
Fractionation

A 4
v

Isolation

Analysis
Figure 5.1 An overview of the natural product discovery program.
The traditional process of discovering new bioactive natural products via bioassay-guided
isolation is generally long and laborious, and known natural products are frequently
rediscovered. Therefore, the main purpose of this work is to establish a strategy for rapid
identification of natural products by a combination of HPLC fractionation and '"H NMR
fingerprint technique. In this chapter, we describe the method development and by

applying the method, chemical and biological properties of the selected crude extracts
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were investigated. The overall outline of the natural product discovery program is shown

in Figure 5.1.
5.2 Lead-like enhanced (LLE) gradient optimization

The lead-like enhanced (LLE) gradient was developed to collect the fractions that are
most likely to contain compounds with drug-like properties.'** However, according to our
research, active compounds derived from marine microbes or endophytes can be rather
non-polar, which are not collected by the traditional LLE gradient that collects fractions
from 2 to 7 minutes. Shift the start of fraction collection may result in missing out the
compounds with mid polarity. Therefore, to increase the probability of quality hits of
marine microbes and endophytes, we did a LLE gradient optimization experiment.

As shown in Figure 5.2, two new gradients (gradient 2 and 3) with longer methanol-
eluting times than the original gradient were developed. In order to find the best HPLC
conditions for finding TB drug-like molecules, four crude extracts, which produced non-

polar compounds, were selected to validate the 3 gradients.
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Figure 5.2 HPLC conditions of gradient 1-3. Solvent A: 0.1% TFA in methanol, solvent B: 0.1% TFA
in water; flow rate: 4 mL/min from 0-3 min and 7-11 min, 3 mL/min from 3-7 min.
Four test samples (5 mg) were dissolved in 500 L. DMSO. Then the DMSO solution
(100 uL) of each extract was fractionated by C;g analytical HPLC with gradients 1-3. The
HPLC traces are shown in Figure 5.3. Despite the fact that some of the non-polar
constituents of the test samples were included in the collected fractions using gradient 2,
gradient 3 showed more impressive improvement in the inclusion of non-polar molecules.

According to the result of this LLE gradient optimization, gradient 3 was selected as the
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new gradient for generating LLE fractions.
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Figure 5.3 The HPLC traces of the four test samples fractionated by gradients 1-3.

5.3 Fraction library screening and 'H NMR fingerprints of selected extracts

and fractions

The 64 crude EtOAc extracts from 45 TB-active actinomycetes, including 4 endophytes,

16 desert strains and 30 marine strains, were dissolved in DMSO at the concentration of
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10 pug/uL. The fraction library was constructed using reverse-phase solvent conditions
(MeOH/H,0/0.1% TFA) on a C;s Phenomenex Onyx monolithic HPLC column. Eleven
fractions were collected per extract between 2 and 7 min of the run. The fractionation
process also separated the complex crude extracts into fractions containing a small
number of compounds to facilitate the rapid identification of active molecules. In total,
the fraction library was composed of 704 fractions from 64 extracts. The 704 lead-like
enhanced fractions were subsequently screened and 161 hits (22.87%, single dose)

showed the activity (Figure 5.4).
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Figure 5.4 Overview of the anti-BCG screening on LLE fractions. There are 704 fractions prepared

from 64 crude extracts, blanks filled with red color represents the BCG activity. 8 selected crude
extracts are in blue blanks.

The 161 active fractions belonged to 42 different active samples while 3 of the active
extracts lost their activities after fractionation. Further analysis showed that the fractions

were distributed across fraction 3 to fraction 11, with 72.7% originating from the
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relatively non-polar fractions 9-11, confirming the importance of gradient optimization.
5.4 Isolation and identification of natural products from selected extracts

Based on confirmed activity by screening assay testing on BCG and amount of material
available, 21 out of 161 prioritized fractions, representing 7 strains (fractions 9 and 10 of
ES120055 AM2, fractions 7, 8§ and 10 of ES120127 AM?2, fractions 3 and 4 of
ES130159 MOO01, fractions 6, 10 and 11 of LS120167 AM2, fractions 8, 9 and 10 of
MS110105_MPG, fractions 5 to 8 of MA110109 MPG and fractions 7 to 10 from
MS110154 MPG), were initially chosen for NMR fingerprint evaluation and small-
scaled isolation work (Figure 5.4). The standard VnmrJ 3.2 Proton pulse sequence was
run with the following parameters: pw =45°, pl =0 us,d2=0s,dl =1s,at=1.7 s, sw =
9615Hz, nt = 128 scans.

5.4.1 Small-scale isolation of MS110154 MPG

Marine actinomycete MS110154 was isolated from a sediment sample collected from the
South China Sea. It was identified as a Streptomyces sp. based on cultural, physiological,

morphological characteristics and 16s rRNA gene analysis (Figure 5.5).

g9 IStreptomyces badius NRRL B-2567T(AY999783)
46 Streptomyces setonii NBRC 13085T(AB184300)
Streptomyces puniceus NRRL ISP-5058T(JOAD01000551)
Streptomyces bacillaris NBRC 134877(AB184439)

Streptomyces sp. MS110154
6 b—Streptomyces albolongus NBRC 13465T(AB184425)

Streptomyces glauciniger FXJ14T(AY314782)

0.005

Figure 5.5 Neighbor-joining phylogenetic tree from the 16S rDNA sequences of MS110154 and
related species constructed by MEGA.
Despite the fact that fraction 7 showed weak signals in NMR fingerprint, fractions 8§, 9
and 10 of MS110154 MPG presented interesting proton signals in aromatic region and
sugar region as well, especially fraction 9 (Figure 5.6).
NMR-guided small-scale isolation led to the identification of one new compound (61) as

well as two known compounds chrysomycins A (62) and B (63) (Figure 5.7).
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Figure 5.7 Structures and observed COSY and key HMBC correlations of 61 — 63.
The HPLC chromatogram (Figure 5.8) displayed two major peaks, all with similar UV
spectra (Amax 245, 270, 308 and 385nm), indicating that both compounds belong to the
same chemical class. The LC-MS chromatograms displayed masses m/z 509 and 497 [M
+ H]" for peaks appearing at tx 8.89 and 8.61 min, respectively. The 'H NMR
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experiments for two compounds in DMSO-ds were then conducted and a benzo-naphtha-
pyran skeleton was found in both compounds. The information related to the proton
NMR and UV profiles of the two compounds was then used for the search in the DNP for
rapid dereplication. This search returned two classes of antibiotics gilvocarcins and
chrysomycins. Filtered by applying the mass range, compound 62 was identified as
chrysomycin A and 63 was identified as chrysomycin B. The structures were also
confirmed by comparison of their NMR with literature values and the correlations in 2D

NMR (Table 5.1).

6.004 Chrysomycin Bf f;
5.004 \ | ﬂ Chrysomycin A
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Figure 5.8 HPLC chromatogram of MS110154 MPG and isolated compounds.

Compound 61 was obtained as yellow powder with the molecular formula of CysH30010
from the LC-MS peak at m/z 527 [M+H]". Its UV spectrum showed characteristic peaks
of chrysomycin-type polyketide chromophore at Amax 245.0, 269.9, 307.7 and 384.9 nm.
The 'H NMR spectrum showed 30 proton signals including five aromatic protons at dy
6.95 ~ 8.50, two methoxy groups, three C-methyl groups and five oxygenated methine
protons at 5y 3.13 ~ 6.02 ppm (Table 5.2). The >C NMR spectrum displayed 28 carbon
signals that were classified by HSQC and HMBC spectra as two methoxy carbons, three
methyl carbons, five olefinic methine carbons, five oxygenated methane carbons, 11 fully
substituted olefinic carbons, 4 of which are oxygenated, and one conjugated ester

carbonyl carbon.
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Table 5.1 'H and °C (600 MHz) NMR data of 62 and 63 in DMSO-d;

62 63
Position d¢, mult Ou, mult (J in Hz) COSY HMBC Jc, mult Oy, mult (J in Hz) COSY HMBC
1 1533 C 1534C
2 112.5CH 6.96 d (8.4) 3 4,12a 1122 CH 6.94d (8.4) 3 4,12a
3 129.5 CH 7.83 d (8.4) 2 1,4al 129.6 CH 7.82d(8.7) 2 1,4al
4 128.7C 1283 C
4a 125.7C 1254 C
4b 142.8 C 1423 C
6 160.2 C 159.9C
6a 117.6 C 1222C
7 119.4 CH 7.99d(1.3) 6, 6a, 9, 10a 121.6 CH 7.78 d (1.4) 6, 6a, 9, 10a, 1"
8 139.1C 140.8 C
9 1152 CH 7.74 d (1.3) 7,10, 10a, 1" 119.5CH 7.50d (1.6) 7,8, 10, 10a, 1"
10 1579 C 1573 C
10a 1234 C 1223 C
10b 1134C 113.6C
11 101.8 CH 8.48 s 4b, 10b, 12,12a  102.2 CH 8.48 s 4b, 10b, 12, 12a
12 152.1C 152.1C
12a 1149 C 115.1C
I 75.1 CH 6.01d(9.3) 2 3,2 74.8 CH 6.01d(9.6) 2 3,2
2' 72.9 CH 3.66t(8.4) hh I 73.0 CH 3.67t(8.9) hh I
OH OH
3 742 C 743 C
4 76.3 CH 3.13d(7.5) 4'-OH 2',6' 76.4 CH 3.13d(7.6) 4'-OH 2',6'
s' 70.8 CH 4.50 dd (6.0, 7.3) 6' 71.0 CH 4.50dd (6.3,7.1) 6'
6' 24.1 CH; 1.24s 2.4 24.2 CH; 1.24s 2.4
7 17.3 CH; 1.00 d (6.3) 5! 4,5 17.2 CH; 1.00d (6.5) 5' 4.5
1" 1354 CH 6.92dd (11.5,17.6) 2"a, 2"b 7,8,9,2" 21.5 CH; 2.50s 7,8,9
2" 21.5 CH, 6.13d(17.3) 1",2"b 8, 1"
5.49d(11.6) 1",2"a 8, 1"
1-OH 9.80s 1,2,12a 9.80s 1,2, 12a
2'-OH 411m 2 4.13d(8.3) 2'
3'-OH 4.16s 2.4 4.16's 2,4
4'-OH 4.54d(8.2) 4 4.53d(7.7) 4
10-OCH; 57.1 CH; 4.16s 10 56.8 CH; 4.13s 10
12-OCH; 56.6 CH; 4.11s 12 56.8 CH; 4.12s 12
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Table 5.2 'H and "*C (600 MHz) NMR data of 61 in DMSO-d

Position dc, mult ou, mult (J in Hz) COSY HMBC ROESY
1 153.7C
2 112.4 CH 6.95d (8.3) 3 4, 12a 3
3 129.7 CH 7.82d(7.9) 2 l,4al' 2,2
4 1284 C
4a 1254 C
4b 142.7C
6 160.4 C
6a 1224 C
7 115.6 CH 7.61d(1.7) 6, 6a,9, 10a, 1" 1", 2", 10-OCHj;
8 1502C
9 118.1 CH 7.96 d (1.3) 7,8, 10, 10a, 1" 2"

10 1574 C

10a 1222C

10b 1133C

11 102.0 CH 8.50s 4b, 10a, 10D, 12, 12a 12-OCH;

12 1523 C

12a 115.7C

' 74.9 CH 6.02d (9.3) 2' 3 2',5', 3'-OH

2' 73.1 CH 3.66t(8.1) ', 2'-OH ' 3,17, 3'-OH, 4'-OH

3 73.4C

4 76.3 CH 3.13d(7.8) 4'-OH 2.4 5',6', 7', 3'-OH, 4'-OH

s' 71.4 CH 4.50 dd (6.8, 4.3) 6' 1,4',6'

6' 24.3 CH; 1.24s 2' 2',4',3'-OH, 4'-OH

7 17.5 CH; 1.00 d (6.3) s' 4,5 4,5, 4-OH

" 68.0 CH 4.921(6.0) 1"-OH, 2" 7,9,2"

2" 26.0 CH; 1.42d (6.4) " 8, 1" 7,9, 1"
1-OH 9.80s 1,2,12a 12-OCH;
2'-OH 4.13m 2'
3'-OH 4.16s 2.4 1,2,4,7
4'-OH 4.54d(9.1) 4 2,6, 7,2"
1"-OH 5.48 d (4.9) 1"

10-OCH; 57.0 CH; 4.13s 10 7
12-OCH; 57.0 CH; 4.12s 12 11, 1-OH
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These NMR data were very similar to those of chrysomycin A further indicating the
nature of chrysomycin-type polyketide glycoside of 61. Compared with those of
chrysomycin A, the NMR differences of 61 was captured in the replacement of -CH=CH,
signals by —CH(OH)CHj signals that was further supported by 'H-'"H COSY correlations
between H3-2" (dy 1.42) with H-1" (0 4.92) and H-1" with OH-1" (ox 5.48).
Furthermore, obvious downfield shifts for C-8, H-7 and H-9 and upfield shifts for C-7
were observed between 61 and chrysomycin A. These observations suggested that
compound 61 is the hydrated derivative of chrysomycin A at the C-8 side chain, which
was further supported by the key HMBC correlations from H-7 (du 7.61, d, J=1.3 Hz) to
C-6 (6c 160.4), C-6a (oc 122.4), C-9 (oc 115.6) and C-1" (d¢ 68.0), from H-9 (on 7.96, d,
J=1.7 Hz) to C-8 (é¢c 150.2), C-10 (6¢c 157.4), C-10a (éc 122.2) and C-1", and from H3-2"
to C-8 (Table 5.2).

To investigate the biological effects of the compounds, we tested the anti-BCG, anti-SA,
anti-MRSA, anti-BS and anti-PA activities (Table 5.3). Of the 3 compounds, 2 known
compounds displayed potency to different extents against the growth inhibition of Gram-
positive bacteria. Chrysomycins A (62) was more active with MIC of 6 uM for BCG, SA
and MRSA and <1.5 uM for BS. However, compound 61 did not show significant effect
on any of the bacteria at the tested concentration, indicating that the size of side chain
attached in C-8 is crucial for activity.

Table 5.3 Antimicrobial activities of compounds 61 — 63

Minimum Inhibitory Concentration (M)

Organism (Strain)
61 62 63 Control

Bacillus Calmette-Guérin (Pasteur
1173P2, BCG)

Staphylococcus aureus (ATCC 6538) NA 6 50 0.7

NA* 6 25 0.37%

Methicillin-resistant S. aureus

[b]
(Clinical strain of Chaoyang hospital) NA 6 >0 0.7
Bacillus subtilis (ATCC 6633) NA 1.5 25 0.35
Pseudomonas aeruginosa (PAO1) NA NA NA 3l

[ isonizid ™ vancomycin '/ ciprofloxacin * NA: not active
Almost all the NMR signals in active fractions of MS110154 can be found in the

responding compounds, except for a few weak signals in fraction 8 (Figure 5.9).
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Figure 5.9 Comparison of NMR fingerprint between active fractions and compounds of

MS110154 MPG
5.4.2 Small-scale isolation of LS120167 AM?2
LS120167 was isolated from a desert sample collected from Taklimakan Desert and was

identified as a Streptomyces sp. based on 16s rRNA phylogenetic analysis (Figure 5.10).

63 |Streptomyces sp. LS120167
60 | ‘Streptomyces enissocaesilis NRRL B-16365T(DQ026641)
treptomyces geysiriensis NBRC 154137 (AB184661)

8L iStreptomyces ghanaensis KCTC 9882T (AY999851)

Streptomyces mutabilis NBRC 128007 (AB184156)

I:Streptomyces violaceorubidus LMG 20319T (AJ781374)
98 Streptomyces tendae ATCC 198127 (D63873)

Streptomyces glauciniger FXJ14T(AY314782)

0.005

Figure 5.10 Neighbor-joining phylogenetic tree from the 16S rDNA sequences of LS120167 and
related species constructed by MEGA.
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BCG-based activity test of the 11 fractions of LS120167 AM2 revealed that fractions 6,
10 and 11 showed positive results. Fraction 6 didn’t display much information in its
proton spectrum except for several methyl groups, however, fingerprint of fraction 10 and
11 showed different structure pattern with fraction 6, such as methyl and unsaturated

protons, indicating some interesting molecules were produced by this strain (Figure 5.11).

300 LS 1 20 1 67_AM2 996 Extraction at 254 nm

) 996 Extraction at 280 nm

200 996 Extraction at 320 nm

5 996 Extraction at 350 nm
< 996 Extraction at 380 nm

1.00-

0.00

7.00 8.00 9.00 10.00 11.00

Figure 5.11 HPLC trace and NMR fingerprint of LS120167 AM2.
Two active components were isolated from fraction 10 and 11. Borrelidin (64) was
isolated as a yellow solid (Figure 5.12). The molecular weight of the compound was
ascertained by LC-MS analysis and the molecular ion peak was found at 489.5. >°C NMR
confirmed the presence of twenty-eight carbons and 'H NMR about the presence of forty-
three protons (Table 5.4). A carboxyl group with chemical shift of 171.9 ppm was also
determined from >C NMR spectrum. Furthermore, four methyl carbons were found in
the range o values of 14-20 ppm in >C NMR, while their corresponding protons were
found in & values of 0.8-1.1 ppm in 'H NMR. Similarly, the conjugated diene was
identified by the presence of signals in Jdc 127-145 ppm in C NMR and their
corresponding protons in ¢ values of 6.3-7.0 ppm in 'H NMR. The NMR data was

145 The absolute

compared with reported data of borrelidin and found to be similar.
configuration of 64 was determined by comparing the [a] p value in ethanol with

literature.'*
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Table 5.4 'H and °C (600 MHz) NMR data of 64 in CD;0D

Position Jc, mult oy, mult (J in Hz) COSY HMBC
1 171.9,C
2 36.7, CH, 2.25dd (15.0, 10.3) 2,3 1,15
2.40 dd (16.0, 10.3) 2,3 1,2
3 71.6, CH 3.94d(9.7) 2,23 1,2,5,24
4 35.7, CH 1.83 m 3,5,24 2
5 43.2, CH, 1.22m 4,6 3,4,6,7,24,25
0.99t(12.2) 4,6 3,4,5,6,7,24,25
6 27.2,CH 1.83 m 5,7,25 8
7 26.3, CH, 1.59-1.71 m 6,8 4,8
8 48.0, CH 0.99t(12.2) 7,9, 26 6,8
9 37.7, CH, 1.22m 8,9,10 7,8,10,11, 26,27
0.72 t(12.0) 8,9,10 7,8, 10, 26, 27
10 34.6, CH 1.83 m 9,11,27 11,12
11 71.5, CH 4.20d (9.5) 10 9,10, 12, 13,27, 28
12 116.1,C
13 144.0, CH 6.92d(11.2) 14 11, 12, 14, 15, 28
14 127.6, CH 6.61 dd (14.5, 12) 13,15 12,13, 16
15 138.7, CH 6.33 ddd (13.2, 9.6, 3.7) 14, 16 13,16, 17
16 35.3, CH; 2.50-2.63 m 15,17 14,15, 18
17 76.0, CH 5.00d (5.0) 16, 18 1,15, 19,22
18 46.1, CH 2.69 p (8.9) 17,19, 22 16, 19,22, 23
19 29.1, CH, 2.0l m 18, 19', 20 18,20, 21, 22
1.43m 18, 19,20 18, 20, 21
20 24.8, CH, 1.83 m 19, 21, 21" 18, 19,21, 22
21 31.1, CH, 2.0l m 20, 21', 22 18, 19, 20, 22, 23
1.83 m 20, 21, 22 18, 19, 20, 22, 23
22 48.6, CH 2.46q(7.4) 18,21, 21" 18,20, 21, 23
23 178.8,C
24 17.4, CH; 0.87d (6.3) 4 4,5
25 19.6, CH; 0.87d (6.3) 6 5,6
26 17.6, CH; 0.87d (6.3) 8 9
27 14.1, CH; 1.05d(5.4) 10 9,10
28 118.5,C
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Figure 5.12 Structures and observed COSY and key HMBC correlations of borrelidin (64)

Kudzusaponin SA2 (65) was isolated as a colorless powder. Dereplication of this
compound proved to be challenging and structure elucidation work had to be undertaken.
Its molecular weight was determined from the data of HRESIMS (m/z 945.5055,
[M+H]"). C NMR showed the presence of 47 carbons and '"H NMR about the presence
of 76 protons (Table 5.6). They comprised of an olefinic proton at dy 5.20 (t, J=3.5 Hz,
H-12), seven singlets (each 3H) were characteristic of the ursene skeleton. Moreover,
proton chemical shifts between 3 and 5 ppm were found to be typical signals of sugars.
Then a dereplication work was done by searching in DNP and 22 compounds were found
(Table 5.5), which had the same molecular weight and possessed a triterpene skeleton as
well as several sugar substitutes. After comparing the numbers of methyl and methylene,
which were determined by HSQC NMR (seven methyl and eleven methylene, Table 5.5)
between 65 and each compound in Table 5.14, only three compounds were left, namely
lupinoside PA2 (NO. 14), kudzusaponin SA2 (NO. 15) and impatienoside B (NO. 16).
HMBC correlations from H-22 (¢ 3.33) to C-1""" (0 107.4); from H-3 (6 3.42) to C-1' (0
103.5); from H-2' (0 3.60) to C-1" (6 103.5) established the connection of terterpene
skeleton and three sugar units and then the structure of 65 was determined as
kudzusaponin SA2 (Figure 5.13). The absolute configuration of 65 was confirmed by

compared the [a] p value in methanol with literature.'*’
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Table 5.5 Information of 22 compounds from DNP

NO Chemical name Molgcular Molecular Structure
weight formula

1 Cimifoetiside V 944.4981 C47H76019 ROo

U ™ chou
2 Carnosifloside V 944.5345 C4sHgoO15 [ Sxou
3 Carnosifloside VI 944.5345 CasHg0O15 T A
4 Scandenoside R6 944.5345 CasHsoO1s @J ot LT

5 Scandenoside R7 944.5345 C4sHgoO15 7? *:L

6 Quinquenoside L1 944.5345 CasHgoO1s L g n

7 Gymnemaside I 944.5345 CasHiOrs @fﬁ -

8 ODB66-T 944.4981 C47H76019 RS

9 BFY75-H 944.5345 CusHgoO15
10 Iexoside I 944.4981 C47H76010
SPe s
11 PKN24-V 944.4981 C47H76010 LI
“°'IIHI 3o
o
“°‘f° L/\wk/%iiz:
12 Subproside II 944.4981 Ca7H76019 ::,r;gg\tj -
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Figure 5.13 Structures and observed COSY and key HMBC correlations of kudzusaponin (65).
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Table 5.6 'H and *C (600 MHz) NMR data of 65 in CD;0D

Position oc, mult oy, mult (J in Hz) COSY HMBC
1 38.3, CH, 1.62m 12,2 5
1.03 m 1,2,2
2 25.6, CH, 2.11m 1,1,2,3
1.81 m 1,1,2,3 10
3 90.5, CH 342d(3.4) 2,2 23, 24, Gle-1
4 43.2,C
5 55.9,CH 0.95m 6, 6' 4,6,7,10,23, 25
6 18.0, CH, 1.63m 56,7, 7 5,8,10
1.38m 5,6,7,7 5
7 32.4,CH, 1.56 m 6,6,7 8
1.34m 6,6',7 8
8 39.7,C
9 47.5,CH 1.59d (8.3) 11 1,10, 11, 25,26
10 36.0,C
11 23.5,CH, 1.89m 9,12 9
12 122.1,CH 5.20t(3.0) 11 9,13, 14, 18
13 143.6, C
14 413,C
15 25.9, CH, 1.88m 15', 16, 16' 13
1.00 m 15, 16, 16' 13
16 27.1, CH, 1.88m 15,15', 16 18
1.02 m 15,15, 16 18
17 38.6,C
18 43.8,CH 2.17dd (3.5, 13.8) 19, 19' 12,13
19 46.5, CH, 191m 18, 19' 18, 20, 29, 30
1.4l m 18, 19 18, 20, 29, 30
20 35.7,C
21 75.4,CH 3.52m 22 29, 30
22 91.9,CH 333d@3.2) 21 21, Ara-1
23 62.9, CH, 4.12d (11.5) 23" 3,5
3.22d(11.5) 23 3,4
24 21.6, CH; 1.22s 3,4,5,23
25 14.8, CH; 0.89s 1.5,9,10
26 15.9, CH; 0.98 s 7,8,9,14
27 25.5, CH; 1.17s 8,13, 14, 15,
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28 21.7, CHj 0.99 s 16,17, 18,22
29 19.7, CH3 1.02s 20,21, 30
30 29.9, CH; 0.93s 19, 20, 21, 29
Gle-1 103.5, CH 4.48d(7.2) Gle-2 3
Gle-2 79.4, CH 3.60 m Gle-1, Gle-2 Glc-3, Gal-1
Gle-3 77.0, CH 3.61lm Glc-2, Gle-3 Glc-2
Glec-4 75.2,CH 3.59m Glc-3, Gle-5 Glc-6
Gle-5 71.8,CH 348 m Glc-4
Glc-6 174.4,C
Gal-1 103.3, CH 4.69d (7.9) Gal-2 Gle-2
Gal-2 72.0,CH 3.54m Gal-1, Gal-3 Gal-1, Gal-3
Gal-3 73.7,CH 343m Gal-2, Gal-4 Gal-2
Gal-4 69.8, CH 3.76 m Gal-3, Gal-2, Gal-3
Gal-5 75.4,CH 3.52m Gal-6, Gal-6'
Gal-6 61.3, CH, 3.79.dd (6.7, 11.8) Gal-5, Gal-6' Gal-4, Gal-6
3.68 dd (4.8, 11.9) Gal-5, Gal-6 Gal-4, Gal-6
Ara-1 107.4, CH 4.24d (7.0) Ara-2 22, Ara-3
Ara-2 72.4,CH 3.6l m Ara-1, Ara-3 Ara-1, Ara-3
Ara-3 73.9, CH 3.48 m Ara-2, Ara-4 Ara-1, Ara-4
Ara-4 68.7, CH 3.73m Ara-3, Ara-5, Ara-5' Ara-2
Ara-5 66.2, CH, 3.84 dd (2.6, 12.6) Ara-4, Ara-5' Ara-3, Ara-4
348 m Ara-4, Ara-5 Ara-3, Ara-4

In the serial dilution experiment, the MICs of borrelidin (64) and kudzusaponin SA2 (65)
against BCG were determined to be <1.5 and 106 uM. When compared with the positive
control isoniazid, 64 exhibited almost equal MIC on BCG, indicating that this compound
could be an alternative drug candidate for treating tuberculosis. Furthermore, the effects
of 64 on Staphylococcus aureus (SA) and Bacillus subtilis (BS) were also tested. The
inhibitory activities were observed at 204 and 51 uM, respectively.

When comparing proton NMR spectra of active fractions and pure compounds, almost all
of the signals have been aligned with those in the spectra of compounds 64 and 65,
except for signals larger than 7 ppm (Figure 5.14). From their coupling types, signals
larger than 7 don’t belong to analogs of either compound, indicating another class of

metabolites may be produced by LS120167.
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Figure 5.14 Comparison of NMR fingerprint between active fractions and compound of

LS120167 AM?2.
5.4.3 Small-scale isolation of ES130159 MO001
Endophyte ES130159 was isolated from TCM Cicuta virosa, which was collected from

Sichuan Province, China. It was identified as Streptomyce based on the morphology and

16S ribosomal DNA (rDNA) phylogenetic analysis (Figure 5.15).

63 | Streptomyces violaceusniger NBRC 13459T(AB184420)

Streptomyces javensis NBRC 100777T(AB249940)
Streptomyces albiflaviniger NRRL B-1356T(AJ391812)
Streptomyces endus NRRL 2339T(AY999911)

%81 Streptomyces demainii NRRL B-1478T(DQ334782)

| Streptomyces sp. ES130159
100 IStreptomyces cacaoi subsp. cacaoi NBRC 12748T(AB184115)

Streptomyces glauciniger FXJ14T (AY314782)

0.005

Figure 5.15 Neighbor-joining phylogenetic tree from the 16S rDNA sequences of ES130159 and
related species constructed by MEGA.
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Fraction 3 and 4 were found to be active in anti-BCG screening. 'H NMR fingerprint of
the active fractions revealed coupled NMR signals in the unsaturated region as well as

several methyl and methylene groups (Figure 5.16).

0.207 ESI30159 MOO [ 996 Extraction at 254 nm

1 - 996 Extraction at 280 nm

0.157 996 Extraction at 320 nm

] 996 Extraction at 350 nm
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0.00- — =
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Figure 5.16 HPLC trace and NMR fingerprint of ES130159 MO001.
Compound 66 (Figure 5.17) was obtained as a white powder and its molecular weight
was determined to be 295 based on LC-MS. The NMR data displayed signals for 2
aromatic protons (dg 8.22; dc 150.7; ou 8.38; dc 140.0), a sugar moiety with 4 methines
(0m 5.92; oc 88.2; 0n 4.58; oc 74.0; o 4.15; d¢c 71.0; on 3.96; ¢ 86.2), one methylene (on
3.59, 3.68; dc 62.2), three hydroxyl groups (du 5.46; 5.20; 5.37), and two methyl groups
(0u 3.17; 6¢c 49.1; on 3.18; oc 49.1). The positions of two methyls and sugar moiety were
determined by HMBC correlations from H-8, H-9 to C-7 and H-5 to C1’ (Table 5.7).
Absolute configuration of compound 66 was determined by comparison the [a] p value in

methanol with literature.'*®

5 4 \\\
4 OH OH
6N4\N" A)
9 \ 6a)——33 2' OH \__\‘
N— \ ( N
g / N_z// 3 ~—r HMBC

1

Figure 5.17 Structures and observed COSY and key HMBC correlations of 66.
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Table 5.7 'H and "°C (600 MHz) NMR data of 66 in DMSO-d,

Position oc, mult Jy, mult (J in Hz) COSY HMBC
2 150.7 CH 822s 3a,7
3a 150.0 C
5 140.0 CH 8.38s 3a, 6a, 1'
6a 1553 C
8 119.5C
7 120.6 C
8 49.1 CH; 3.17s 7
9 49.1 CH; 3.18s 7
I 88.2 CH 5.92d(6.0) 2! 34
2' 74.0 CH 4.58 dd (5.76,10.93)  1',3'3'-OH 4
3 71.0 CH 4.15dd (4.53,8.42) 2,4,3-OH 1,5
4 86.2 CH 3.96 dd (3.40, 6.79) 3.5 4
5! 62.2 CH, 3.59m 4', 5'-OH 3

3.68m 3
2'-OH 5.46 d (5.18)
3'-OH 5.20d (4.74)
5'-OH 5.37 dd (4.79,7.01)

67 was obtained as a white powder and its molecular weight 283 determined by LC-MS.
'H NMR revealed two exchangeable protons at dy 7.74 and 10.85 ppm, four correlated
aromatic protons at oy 7.57 (d, J=7.94 Hz), 7.33 (td, J= 0.83, 8.07 Hz), 7.06 (dt, J=1.10,
7.52 Hz) and 6.97 (dt, J=1.00, 7.42), suggesting a 1,6-disubstituted phenyl ring moiety,
two down-field methine at oy 4.31 (t, J=5.45 Hz) and 7.07 (dt, J=1.00, 8.38) and four
methelenes at dy 1.62 ~ 3.28 ppm (Table 5.8). 13C NMR data showed the existence of
two carbonyl carbons at dc 165.9 and 169.4 ppm. Full assignments of the NMR data of
67 were achieved by means of 2D NMR experiments, and the key COSY and HMBC
correlations are shown in Figure 5.18. HMBC correlations from methylene protons at
3.38 and 3.26 ppm to the carbonyl carbon at ¢ 165.9 ppm indicated the connection of C-
15 and C-16 via nitrogen. The location of the other carbonyl at 169.4 ppm was confirmed
by HMBC correlations from H-10, H-12 and H-13'. Comparison with published data

confirmed the structure of compound 67 as a known compound brevianamide F.'*’
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Table 5.8 'H and °C (600 MHz) NMR data of 67 in DMSO-d,

Position oc, mult oy, mult (J in Hz) COSY HMBC
1 10.85 s 2,3,3a,7a
2 124.3 CH 7.18 d (2.40) 3,3a,7a,8
3 109.8 C
3a 127.8 C
4 119.1 CH 7.57 d (7.94) 5 3,5, 3a, 6a
5 118.7 CH 6.97 dt (1.00, 7.42) 4,6 3a,6,7
6 121.3 CH 7.06 dt (1.10, 7.52) 5,7 2,4,7a
7 111.7 CH 7.33 td (0.83, 8.07) 6 3a,5
Ta 136.4 C
8 26.3 CH, 324m 8,9 2,3,3a,9,16
3.08 dd (5.92, 15.72) 8,9 2,3,3a,9,16
9 55.6 CH 4.311t(5.45) 8,8 3,16
10 7.74 s 8,9,11,12, 16
11 169.4 C
12 58.9 CH 4.07 dt (1.00, 8.38) 13, 13" 11,13
13 28.1 CH, 1.98 m 12,13, 14, 14' 15
1.39m 12,13, 14, 14 11,12, 14, 15
14 22.3 CH, 1.70 m 13, 13'1’51,4" 15, 13,15
1.62 m 13,13, 14, 15, 15 12
15 45.1 CH, 3.38m 14, 14',15' 12,13, 14
326 m 14, 14,15 13, 14
16 1659 C

\\) HN
— COSY

~—» HMBC

Figure 5.18 Structures and observed COSY and key HMBC correlations of 67.

Compound 68, obtained as yellow powder, was assigned the molecular weight as 279 by

LC-MS and with the consideration of NMR data, its molecular formula was determined
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as C1¢HoNO,4. The 'H NMR spectrum revealed five aromatic protons, including one
aromatic singlet (dg 7.24; oc 112.1) and four coupled aromatic protons (on 8.53; d¢ 128.3;
ou 7.57; oc 126.6; oy 7.48; dc 126.9; on 8.78; dc 128.1), two exchangeable singlets of a
H-bonded phenolic hydroxyl (dg 12.09), and an amidocarbonyl proton at (dg 9.29), and a
methylenedioxy group (du 6.47; dc 101.8). Five aromatic protons of the spectrum closely
resembled those of other 7,8,9,10,11-unsubstituted dioxoaporphine (Table 5.9). The
singlet at 6 8.53 was ascribed to H-7 while H-8, H-9, H-10 and H-11 appeared as an
ABCX coupling system. In agreement with the spectra of other C- 11-unsubstituted
aporphines, dehydro- and oxoaporphines, the most downfield doublet (o 8.78) was
characteristic of H-11, the protons (dg 7.48, 7.57) were assigned to H-10, 9, and another
proton (dg 8.53) was due to H-8. These data indicated that 68 was a trisubstituted
aristolactam derivative. Thus, the structure of 68 was determined to be a known natural
product pressalanine A (Figure 5.19).

Compound 69, obtained as yellow powder, was determined the molecular weight as 307
by LC-MS and with the consideration of NMR data, its molecular formula was
determined as C;7H9NOs (Figure 5.19). The NMR spectra of 69 showed very similar
pattern with those of 68, indicating that 69 was a also a trisubstituted dioxoaporphine
derivative. By comparing of the NMR data with 68 and the literature'°, the structure of

69 was determined to be a known compound pressalanine B. The presence of the

additional carbonyl group was also confirmed by HMBC correlations from H-7 (dy 9.36)
to C-5 (dc 176.8) and C-6 (Jc 157.0) (Table 5.9).
OH O

Figure 5.19 Structures and observed COSY and key HMBC correlations of pressalanine A (68) and B
(69)
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Table 5.9 'H and °C (600 MHz) NMR data of 68 and 69 in DMSO-d;

68 69
Position Jc, mult Oy, mult (J in Hz) COSY HMBC Position Jc, mult Oy, mult (J in Hz) COSY HMBC
2 101.8 CH, 6.47 s 3a, 3b 2 1((:)11_126 6.42's 3a, 3b
3a 132.7C 3a 133.1C
3b 149.2C 3b 151.6C
4 170.7C 4 173.1C
4a 113.8C 4a 102.5C
4b 125.0C 4b 1209 C
5 169.6 C 5 176.8 C
6 9.29s 4a, 4b, 5 6 157.0C
6a 136.3C 7 9.36s 4b,5,6,8
7 112.1 CH 7.24's 4b, 6a, 11a 7a 131.8C
7a 1355C 8 112.1 CH 7.22s 4b, 7a, 12a
8 128.3 CH 8.53 dd (1.64, 8.12) 9 7,9,10,11a 8a 1335C
9 126.6 CH 7.57t(8.14) 8, 10 7a, 8, 10, 11 9 1283 CH  8.28 dd (1.49, 8.04) 9 8 1102,a11,
10 126.9 CH 7.48 t (7.96) 9,11 8,11, 11a 10 126.7 CH 7.70 t (8.24) 8, 10 8a,9, 12
11 128.1 CH 8.78 dd (1.51,7.77) 10 7a, 11a, 11b 11 126.6 CH 7.551(7.86) 9,11 9,12, 12a
1la 127.0C 12 1284 CH  8.30dd (1.49, 7.84) 10 8a, 12a, 12b
11b 116.9C 12a 127.5C
4-OH 12.09 s 3a,4a 12b 1173 C
4-OH 12.10s 3a, 4a

Compound 70 was obtained as white powder. The molecular weight was determined as

210 based on LC-MS result and its molecular formula was identified as C;,H;303; with
the consideration of NMR data (Table 5.10). The "H-NMR spectrum of 70 displayed two
methyl groups (dg 1.38; dc 16.1; o 0.87; dc 18.9), one olefinic signal (dy 5.86; d¢c 124.0),
and two oxygenated CH (dg 4.19; oc 74.5; ou 4.59; oc 71.7). In the HMBC spectrum,
correlations of H-6 with C-5, C-7, C-8, C-10 and C-11, and of H-9) with C-1, C-5 and C-

7, confirmed the presence of an a,b,a’,b’-unsaturated ketone moiety. Correlations of the
H-atom of a OH group (Ju 4.10) with C-6, C-7 and C-8 confirmed the location of OH at
C-7, correlations of another OH group (dg 4.00) with C-1, C-2 and C-10 indicated
confirmed the location of OH at C-1. The above discussed analysis of the 1D- and 2D-
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NMR data further identified the structure of compound 70 (Figure 5.20). Absolute
configuration of compound 70 was determined by comparison the [a] p value in methanol

with literature. !

OH =— COSY
~—» HMBC

Figure 5.20 Structures and observed COSY and key HMBC correlations of compound 70.
Table 5.10 'H and "*C (600 MHz) NMR data of 70 in DMSO-d;

Position oc, mult oy, mult (J in Hz) COSY HMBC
1 74.5 CH 4.19t(8.14) 2, 1-OH 3,5,9
2 35.2 CH, 2.12 m 1,2,3,3' 4,10
1.90 m 1,2,3,3 3,4,10
3 25.5 CH; 1.87 m 2,23, 4 1,5,12
1.36 m 2,23, 4 1,12
4 43.4 CH 1.78 m 3,3,12 2,10, 12
45.1C
6 43.2 CH2 2.13m 6',7 5,7,8,10,11
1.93 m 6,7 5,7,8,10,11
7 71.7 CH 4.59dd (14.1,5.4) 6, 6', 7-OH 5,6,9
194.8 C
9 124.0 CH 5.86s 1,5,7
10 169.8 C
11 16.1 CH; 1.38s 4,5,6,10
12 18.9 CH3 0.87 d (6.24) 4 3,4,5
1-OH 4.00d (5.16) 1 1,2,10
7-OH 4.10d (5.21) 7 6,7,8

Compound 71 was isolated as white powder. The molecular weight was determined as
161 based on LC-MS result and molecular formula was assigned as CoH;NO, with the
combinational analysis of NMR data (Figure 5.21). The 1D NMR spectra of 71 showed
resonances for five aromatic protons (dg 7.99; dc 131.7; oy 7.46; oc 112.3; ou 7.18; oc
122.3; on 7.15; dc 121.8; o 8.00; oc 120.7) and two exchangeable protons (dy 11.91;
11.80). Together with the analysis of 2D NMR, compound 71 contained a typical
benzopyrrole skeleton. The location of carboxyl group was determined by HMBC

102



correlations from H-3 to C-8 and 8-OH to C-2 (Table 5.11).

1 3 o X o
6 ) — COSY
7Ny OH gy NN_OH  _ fusc

Figure 5.21 Structures and observed COSY and key HMBC correlations of 71.
Table 5.11 'H and °C (600 MHz) NMR data of 71 in DMSO-d

Position Jc, mult oy, mult (Jin Hz) COSY HMBC

1 11.91 brs

2 126.2 C 119s

3 131.7 CH 7.99d (2.91) 4,3a,7a, 8

3a 130.7 C

4 112.3 CH 7.46 dt (0.92, 7.84) 5 3,6,7a
122.3 CH 7.181d (1.38,7.08) 4,6 3a,7
121.8 CH 7.15td (1.11,7.06) 5,7 4,7a
120.7 CH 8.00d (7.70) 5 3a,5

7a 132.0C

8 160.3 C

8-OH 11.8 2

Compound 72 was obtained as white powder. Its molecular weight was determined as
176 based on LC-MS data and molecular formula was assigned as CoHsN,O, with the
analysis of NMR data (figure 5.22). The 1D NMR spectra of 72 showed signals for three
aromatic protons (oy 7.90; dc 127.2; ou 7.48; oc 135.5; ou 7.92; oc 124.6) one methyl
group (du 2.72; dc 19.2) and two exchangeable protons (dg 7.91; 8.34). Together with the
analysis of 2D NMR, compound 72 displayed a typical quinazoline skeleton. The
substitute positions of methyl group and two hydroxyl groups were determined by
HMBC correlations from H-9 to C-5, C-6 and C-4a, and 2-OH to C-2, and 4-OH to C-3
and C-4a (Table 5.12).

°  OH H
6 54a p 3 ( \Y'/O‘/
\)N\ N CoSY
2 “~ -
"NFNT COH 72 N/)\OH ~—~ HMBC

Figure 5.22 Structures and observed COSY and key HMBC correlations of 72.
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Table 5.12 'H and "*C (600 MHz) NMR data of 72 in DMSO-d;

Position Oc, mult oy, mult (J in Hz) COSY HMBC
2 187.2
4 177.1
4a 110.1
5 126.5
6 127.2 7.90 dd (1.01, 8.05) 7 4z, 8,9
7 135.5 7.48t(7.77) 6,8 5, 8a
8 124.6 7.92 dd (1.07,7.71) 7 4a, 6, 8a
8a 151.0
9 19.2 2.72s 4a,5,6
2-OH 7.91 brs 2
4-OH 8.34 brs 4,4a

Seven compounds isolated from ES130159 were assayed against various microbial

pathogens (Table 5.13). Only compounds 67, 68 and 69 exhibited weak anti-BCG and

anti-SA activities. Compounds 67 and 68 also displayed weak anti-MRSA activities with
MICs of 28.3 and 27.9 uM, respectively.

Table 5.13 Antimicrobial activities of compounds

Organism (Strain)

MIC (uM)
BCG SA MRSA BS PA

66 NA NA NA NA NA

67 14.15 283 28.3 NA NA

68 27.9 27.9 27.9 NA NA

69 30.7 30.7 NA NA NA

70 NA NA NA NA NA

71 NA NA NA NA NA

72 NA NA NA NA NA
Control 0.37% 0.7"! 0.7 0.35! 3lel

[a]

isoniazid ™ vancomycin

[ ciprofloxacin * NA: not active

By comparison of NRM fingerprint of between active fractions and identified

compounds, almost all signals in active fractions were isolated (Figure 5.23).
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Figure 5.23 Comparison of NMR fingerprint between active fractions and compound of

ES130159_MO0OI.
5.4.4 Small-scale isolation of MS110105_MPG

Marine actinomycete MS110105 was isolated from a sediment sample collected from the
South China Sea. This isolate was identified as a Streptomyces sp. based on cultural,

physiological, morphological characteristics and 16s rRNA gene analysis (Figure 5.24).

Streptomyces yogyakartensis NBRC 1007797 (AB249942)
641 Streptomyces javensis NBRC 1007777 (AB249940)
97 | Streptomyces violaceusniger NBRC 13459" (AB184420)
Streptomyces sp. MS110105
61 ! Streptomyces albiflaviniger NRRL B-1356" (AJ391812)

Streptomyces demainii NRRL B-1478T(DQ334782)

Streptomyces sporocinereus NBRC 100766 (AB249933)

Streptomyces endus NRRL 2339T (AY999911)

Streptomyces hygroscopicus subsp. Hygroscopicus NRRL 2387" (AB231803)

-Kutzneria albida B-24060" (EF543522)

A
0.01

Figure 5.24 Neighbor-joining phylogenetic tree from the 16S rDNA sequences of MS110105 and
related species constructed by MEGA.

While fraction 8 and 9 of MS110105_MPG didn’t show enough information in the small-
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scale "H NMR fingerprint because of the relatively low yield, fraction 10 on the other

hand, contained signals in both the aliphatic and the aromatic regions (Figure 5.25).

2501 MS110105_MPG

2.007
996 Extraction at 254 nm

1.50- — 996 Extraction at 280 nm
3 996 Extraction at 320 nm
996 Extraction at 350 nm
1.004 i \// 996 Extraction at 380 nm
0.507 l \
N N\
- - A= s S
0.00+ = T o -
T T T T T T T T
K K K K 6.00 7.00 8.00 9.00 10.00 11.00
min
M8110105_Fraction § ‘ MS110105_Fraction 9 ‘ | ‘ '| “ |
|
1 m
N | \‘ \\ |
| |
[ | L
| | \
! ‘ il ] | ‘ \
,‘ | 1‘ ‘v| "“ | M“J. \
| | X i, " I u.«‘/'.” \ ! \\_
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Figure 5.25 HPLC trace and NMR fingerprint of MS110105_MPG.
HPLC fractionation of the active fractions gave pure elaiophylin (73) and elaiophylin G
(74) (Figure 5.26).

Figure 5.26 Structures of elaiophylin (73) and elaiophylin G (74).

Elaiophylin (73) was obtained as colorless powder that gave a (M +H) " peak at m/z 1025
in the LC-MS appropriate for a molecular formula of Cs4HgsO,s. It gave only half the
proton and carbon signals respectively in the 'H and *C-NMR spectra in CDCl; solution
(Table 5.14), revealing the presence of symmetry in its molecular structure. Detailed
analyses of the 'H and “C-NMR spectra and 2D-NMR (COSY, HSQC, HMBC)
techniques led us consider 73 to be elaiophylin, a C2-symmetric macrodiolide with a 16-
membered dilactone ring. Eventually, comparing with the NMR data of 73 and
elaiophylin reported before confirmed that 73 is elaiophylin.
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Table 5.14 'H and ">C (600 MHz) NMR data of 73 and 74 in CDCl;

73 74
Position
oc, mult oy, mult (J in Hz) dc, mult oy, mult (J in Hz)
L1 169.9 C 170.0 C
2,2 121.1 CH 5.69d (15.5) 121.0 CH 5.70 d (16.0)
3,3 145.1 CH 6.98 dd (15.5, 11.0) 145.0 CH 6.99 dd (15.8, 11.5)
4,4' 132.0 CH 6.12dd (15.1, 11.2) 132.0 CH 6.13dd (15.1, 11.5)
5,5 144.4 CH 5.63 dd (15.1, 10.2) 1443 CH 5.64 dd (15.0, 10.0)
6,6 40.9 CH 2.54m 40.8 CH 2.55m
7,7 77.8 CH 475m 77.9 CH 4.74 m
8,8 36.0 CH 1.96 m 35.9 CH 1.96 m
9,9 70.7 CH 4.11m 70.6 CH 4.11m
10, 10' 41.8 CH 1.7l m 41.6,41.5 CH 1.72m
11,11 99.1C 99.1,99.0C
12,12 39.0 CH, 2.37dd (4.5,11.2) 38.8,38.5 CH, 2.39dd (4.5,11.2)
1.03m 1.03m
13,13 70.5 CH 396 m 70.0, 73.3 CH 3.97,3.66 m
14, 14' 48.6 CH 1.18 m 48.3,43.5 CH 1.21,1.29m
15,15 66.7 CH 3.90m 66.5,69.3 CH 392,371 m
16, 16' 19.2 CH; 1.10d (6.4) 19.4,19.1 CH; 1.10,1.11d (6.4)
17,17 15.0 CH; 1.04 d (6.7) 14.9 CH; 1.04d (7.1)
18, 18' 8.8 CH; 0.81d(7.1) 8.8 CH; 0.82d(7.1)
19, 19' 7.1 CH; 1.00d (7.4) 7.1 CH; 1.01 d (7.0)
20 19.5 CH, 1.6l m 24.9 CH, 1.63m
1.44 m 1.42m
20’ 19.5 CH, 1.6l m 13.4 CH; 0.92d (6.5)
1.44 m -- --
21 9.3 CH; 0.86t(7.6) 9.0 CH; 0.85t(6.5)
21 9.3 CH; 0.86t(7.6) -- --
22,22 93.4 CH 5.05m 93.1,929CH 5.06 m
23,23' 33.7 CH, 1.90 m 33.5,33.4 CH, 1.80 m
24,24 66 CH 397m 65.9,65.8 CH 4.00 m
25,25 71.8 CH 3.6lm 71.4 CH 3.62m
26, 26' 66.2 CH 3.99m 66.0 CH 4.00 m
27,27 16.9 CH; 1.24d (6.7) 16.8, 16.7 CH; 1.25d (6.5)

Elaiophylin G (74) gave the UV absorptions closely similar to those of 73 and its
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molecular formula, Cs3HgsO13, is CH, less than 73 (Cs4HggO,5), showing that 74 is a
macrodiolide belonging to the same class. The '"H-NMR spectrum of 73 in CDCl;
solution showed signal patterns (both chemical shifts and splitting patterns) closely
resembled those of 1, but it was characterized by the methyl signals (dx 0.92, d, J=6.5Hz,
H-20', ¢ 13.41, C-20") in 74 instead of the ethyl signals (dy 0.86, t, J/=7.6 Hz, H-21, ¢
9.30, C-21; og 1.61,m and 1.44, m, H-20, dc 19.53, C-20) in 73 and by the appearance of
other signals as pairs having closely similar chemical shifts with the same splitting
patterns. Each pair of 'H signals appeared seemingly complex because of overlapping of
split signals. Careful analyses of the "H NMR spectra by the combined use of 2D NMR
experiments enabled us to dereplicate the structure of 74 and finally to identify as
elaiophylin G.

The macrodiolide metabolites, elaiophylin (73) and elaiophylin G (74), were assayed
toward various target organisms (Table 5.15). Both compounds showed antibacterial
activity toward Gram- positive pathogens, including BCG, SA, MRSA and BS, but were
inactive toward Gram- negative PA. Particularly, elaiophylin (73) showed significant
antibacterial activities against the tested Gram- positive pathogens with the MIC values
ranging from 0.8 to 1.5 uM. In contrast, elaiophylin G (74) was also found to have weak
antibacterial activities (MIC 49 and 98 uM). The differences between the bacterial
inhibitions of two compounds are possibly due to the different symmetrical parts in each
structure, which resulted in different 3D structures.

Table 5.15 Antimicrobial activities of compounds

Minimum Inhibitory Concentration (uM)

Organism (Strain)
73 74 Control

Bacillus Calmette-Guérin (Pasteur
1173P2, BCG)

Staphylococcus aureus (ATCC 6538) <0.8 98 0.7

1.5 49 0.371

Methicillin-resistant S. aureus

[b]
(Clinical strain of Chaoyang hospital) 13 o8 0.7
Bacillus subtilis (ATCC 6633) 1.5 49 0.35"
Pseudomonas aeruginosa (PAO1) NA* NA 3l

[ isoniazid ™ vancomycin ! ciprofloxacin * NA: not active
By comparison of the fingerprint of active fractions and identified compounds, several
signals in aromatic area, which do not belong to the same class of compound 73 and 74,

were detected in fractions 9 and 10 (Figure 5.27). This may indicate a new class of
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compounds from MS110105 in future investigation.

MS110105_Fraction 1

MS110105_Fraction9

MS110105_ Fraction 8

UL

Compound 73

Compound 74 MMN

L

9.5 9.0 85 8.0 7.5 70 65 6.0 5.5

-

L
i

Figure 5.27 Comparison of NMR fingerprint between active fractions and compounds of

MS110105_MPG.
5.4.5 Small-scale isolation of MS110109_MPG

Another marine actinomycete MS110109 was also isolated from a sediment sample

50 45 40 35 30 2.
f1 (ppm)

collected from the South China Sea. It was identified as a Streptomyces sp. based on
cultural, physiological, morphological characteristics and 16s rRNA gene analysis

(Figure 5.28).

3rStreptomyces fulvissimus DSM 40593T(CP005080)

2 [Streptomyces cinereorectus NBRC 15395T(AB184646)
47 [Streptomyces fulvissimus DSM 40593(CP005080)
[Streptomyces sp. MS110109

Streptomyces griseus subsp. griseus KCTC 9080T(M76388)
Streptomyces anulatus NRRL B-2000T(DQ026637)

w

Kutzneria albida NRRL B-24060" (EF543522)

0.005

Figure 5.28 Neighbor-joining phylogenetic tree from the 16S rDNA sequences of MS110109 and
related species constructed by MEGA.

The "H NMR fingerprint of fraction 7 of MS110109 MPG didn’t show any significant
signals, however, fractions 5, 6 and 8 displayed signals in the aromatic region and also
some methyl signals, suggesting the presence of some small molecules in this extract

(Figure 5.29).
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Figure 5.29 HPLC trace and NMR fingerprint of MS110109 MPG.

The active fractions were further separated by reversed-phase preparative HPLC using
MeOH-H,0 as mobile phase to yield three known compounds actiphenol (75), nong-kang
101G (76) and cycloheximide (77) (Figure 5.30).

H
0] NI __O (0]
16
15
= COSY
75: R=H 76 77 ~~r HMBC
76: R=OH

Figure 5.30 Structures and observed COSY and key HMBC correlations of actiphenol (75), nong-kang
101G (76) and cycloheximide (77).

The molecular formula of actiphenol (75) was determined to be C;sH;7NOy4 on the basis

of LC-MS measurement. The '"H NMR (DMSO-ds) spectrum showed seventeen signals
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due to two methyl, three methylene, three methine, one NH and one OH protons. The °C
NMR (DMSO-ds) spectrum exhibited fifteen signals consisting of two methyl, three
methylene, one methine, six aromatic, and three carbonyl carbons. The correlation
between protons and carbons was elucidated from the COSY spectra as shown in Table
5.9. The HMBC experiment showed the presence of an aromatic ring and a glutarimide
ring (Figure 5.30). The proton signals of 2- and 4-CHj3 substituted to the aromatic ring
were assigned by HMBC experiment (Table 5.16).

Nong-kang 101G (76), a colorless powder, had a molecular formula C,;sH;7NOs, as
suggested from the LC-MS, indicating eight degrees of unsaturation. The 'H and "°C
NMR spectra of 76 showed high analogy to those of actiphenol (75), except that 76 had a
signal of an O-bearing methane C-atom at oc 70.7 (C-7) instead of a CH, signal. This
suggested that 76 and 75 differ structurally only in the presence of an OH substituent in
76, which was located at C7 based on the HMBC (Table 5.16).

Cycloheximide (77) was obtained as a white powder. LC-MS analysis revealed a
molecular ion peak a m/z 282 for [M+H]" corresponding with the molecular formula
C1sHyNOs and five degrees of unsaturation. Analysis of 'H and °C NMR data for
77, along with 2D NMR data, indicated the presence of a similar glutarimidyl moiety
with 75 and 76, including two carbonyl carbons (dc 173.7, C-2 and C-6), two methylene
groups (oc 37.2, C-3 and C-5; oy 2.56, 2H, and 2.26, 2H, H,-3 and H,-5), and one
methine (dc 27.4, C-4; o 2.22, H-4). Three out of five degrees of unsaturation being
accounted for inferred that 77 contained an additional ring besides the glutarimide one.
The COSY data of 77 exhibited a partial structure dimethyl-cyclohexanone, which was
attached to the glutarimide moiety through C-7 and C-8. The NMR data is shown in Table
5.16.

Among all the compounds isolated, only nong-kang 101G (76) showed weak anti-BCG
activity with MIC 343 uM.

In order to find out whether all of the constituents in the active fractions have been
isolated, the NMR fingerprint between the 3 compounds and 4 active fractions were
compared (Figure 5.31). Almost all the signals in active fractions can be also found in
pure compounds, however, a few aromatic protons only existed in fraction 5 and 6,

indicating the existence of additional analogs.
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Table 5.16 'H and ">C (600 MHz) NMR data of 75 — 77 in DMSO-d;

75 76 77
Position d¢, mult Ou, mult (Jin Hz) COSY HMBC Oc, mult Oy, mult (J in Hz) COSY HMBC Oc, mult Jy, mult (J in Hz) COSY HMBC
1 10.71s 10.78 s 10.58 s
2 1731 C 1724C 173.7¢C
3 4738CH,  2.58dd (3.1, 16.7) 3.4 2,4,5,7 402CH,  3.45dd(5.4,17.5) 3,4 2,4,5,7 372 CH, 2.56 dd (4.5, 16.3) 3.4 26,4,5,7
2.37dd (104, 16.7) 3,4 2,4,5,7 3.02dd 9.6, 17.5) 3,4 2,4,5,7 226 dd (6.2, 16.2) 3,4 26,4,5,7
4 26.4 CH 2.62m 35, 35, 7 26,7 343 CH 2.59m 35, 35, 7 26,7 27.4CH 222m 345,35, 7 26,17
5 4738CH,  2.58dd (3.1, 16.7) 4,5 2,3,4,7 402CH,  3.45dd(5.4,17.5) 4,5 2,3,4,7 372 CH, 2.56 dd (4.5, 16.3) 4,5 2,3,4,7
2.37dd (104, 16.7) 4,5 2,3,4,7 3.02dd 9.6, 17.5) 4,5 2,3,4,7 226 dd (6.2, 16.2) 4,5 2,3,4,7
6 173,1 C 1724C 173.7¢C
7 42.8CH 3.16d(6.6) 4 3/5,4,8 70.7CH  403dd(52,104)  47-OH 3/5,4,8 40.5CH 129 m 4,8 3/5,4,8
8 205.7C 1970 C 653 CH 382m 7,9 4
9 118.7¢C 1216C 50.9 CH 243m 8, 14, 14 8,10
10 158.1C 1574C 213.9C
1 1264C 1259C 402 CH 2.60m 12,12,15 10,12, 15
12 138.7 CH 7285 10, 14, 15, 16 138.7 CH 7285 10, 14, 15, 16 4.7 CH, 178 m 1,12,13 10, 11,13, 16
147 m 1L,12,13 10,11,13, 16
13 127.8C 130.8 C 26.9 CH 2.06m 12ii,’2'i614’
14 128.4 CH 7585 8,10,12, 14 128.4 CH 758 35.4 CH, 194m 9.13,14 &9 112 13,
8,10,12, 14 1.61'm 9.13,14 &% 112 13,
15 15.5 CHs 2145 10,11, 12 15.5 CH, 2145 10,11, 12 14.9 CH, 0.84d (5.8) 1 10,11, 12
16 203 CH, 2245 12,13, 14 203 CH, 2245 12,13, 14 18.6 CH; 1,174 (6.6) 13 12,13, 14
7.0H 5.74d(5.7) 7
8-OH 434m 8
10-OH 12205 9,10, 11 12205 9,10, 11
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Figure 5.31 Comparison of NMR fingerprint between active fractions and compounds of

MS110109_MPG.
5.4.6 Small-scale isolation of ES120055 AM?2
The endophyte strain ES120055 was isolated from one Chinese Traditional Medicine
Saxifragaceae Astilbe sample collected from Yunnan Province, China. The identification
of ES120055 was performed based on the morphology and 16S ribosomal DNA (rDNA)
phylogenetic analysis (Figure 5.32).

75 |Streptomyces sporoverrucosus NBRC 15458T(AB184684)
Streptomyces colombiensis NRRL B-1990T (DQ026646)

80| 'Streptomyces_lavendulae subsp. lavendulae NRRL B-2774T (JOEW01000098)
treptomyces sp. ES120055

Streptomyces nojiriensis LMG 20094T (AJ781355)

\_Ftreptomyces cirratus NRRL B-3250T (AY999794)

®Streptomyces vinaceus NBRC 134257 (AB184394)

Streptomyces glauciniger FXJ14T(AY314782)

0.002

Figure 5.32 Neighbor-joining phylogenetic tree from the 16S rDNA sequences of ES120055 and
related species constructed by MEGA.
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Figure 5.33 HPLC trace and NMR fingerprint of ES120055 AM2.
Cell-based screening on 11 fractions of ES120055 AM?2 suggested only fraction 9 and 10

were active against BCG. "H NMR spectrum of 2 active fractions showed several coupled
NMR signals in the aromatic region and exchangeable signals between 10-12 ppm
(Figure 5.33).

Purification of active fraction 9 has identified two isoflavone natural products 78 and 79
(Figure 5.34), namely talosins B and daidzein 7-rhamnoside. The molecular weight of 78
was determined to be 562 on the basis of a LC-MS result and its molecular formula
confirmed to be Cp7H300;5 in combination with the 'H and *C NMR data. The 'H and
BC NMR spectral data (Table 5.17) of 78, together with the COSY, HSQC, and HMBC
spectral data, revealed the presence of a 1,4- disubstituted benzene ring (du 7.52; dc 130.2
and Jy 7.10; oc 116.6), three isolated olefinic methines (oy 8.50; doc 154.7; ou 6.51; oc
99.9; du 6.76; oc 95.1), two anomeric signals (du 5.44; dc 98.6; ou 5.58; oc 98.7), eight
oxygenated methanes (dy 3.85; dc 70.5; ou 3.43; dc 70.6 Jou 3.66; d¢c 70.9; on 3.49; oc
70.0), one singlet hydroxyl signal (dy 12.89), six doublet hydroxyl protons (dy 4.93, 4.81,
5.16, 4.75, 4.88, 5.06) one carbonyl carbon (dc 179.9), and seven sp2 fully subtituted
carbons (dc 121.9, 105.8, 161.1, 161.0, 156.8, 123.8, 155.7). These data suggested that 78

was composed of an isoflavone and two sugar moieties. In the HMBC spectrum, the
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olefinic proton at dg 8.50 (H-2) was coupled to the carbonyl carbon at dc 179.9 (C-4) and
three sp2 fully substituted carbons at dc 156.8 (C-8a), 121.9 (C-3), and 123.8 (C-1"). The
olefinic proton at dy 6.76 (H-8) was coupled to three sp2 fully substituted carbons at d¢
156.8 (C-8a), 105.8 (C-4a), and 99.9 (C-6). Also, coupling was observed between the
proton at oy 7.50 (H-2') of the 1,4- disubstituted benzene ring and the carbon at C-3. The
structure of the sugar was determined using COSY and HMBC experiments. In the
HMBC spectrum, the anomeric proton at dy 5.44 (H-1"/H-1"") was coupled to the
oxygenated methine carbons at d¢c 70.6 (C-3"/C-3"") and d¢ 70.0 (C-5"/C-5""). In addition,
couplings were observed from the methyl of H-6" (H-6"") to the carbons at C-4" (C-4"")
and C-5" (C-5""). These spectral data showed the presence of two rhamnose-type
structures. The linking position of the sugar moieties was determined using the HMBC
data, which showed the cross peaks between H-1"(H-1"") and C-7 and C-4'. Thus, the

structure of 78 was determined as a known compound talosins B (Figure 5.34).

= COSY
~—» HMBC

HO///,,

HO™
OH

Figure 5.34 Structures and observed COSY and key HMBC correlations of 78, 79 and 80.
The molecular weight of 79 was determined to be 400 on the basis of a LC-MS result and

its molecular formula as confirmed to be C,;H,00g in combination with the '"H and BC

NMR data. The 'H and °C NMR data of 79 were very similar to those of 78. The major
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Table 5.17 'H (600 MHz) and ">C (600 MHz) NMR data of 78 — 80 in DMSO-d;

78 79 80
Position COSY HMBC
Jc, mult Ou, mult (J in Hz) Jc, mult Jy, mult (J in Hz) dc, mult Ju, mult (J in Hz)
2 12411_'17 8.50s 1543 CH 8.38s 153.2CH 8.40s 3,4,8a, '
3 1219C 1229C 123.5C
4 179.9C 180.5C 1753 C
4a 105.8C 106.3 C 1143 C
5 161.1C 127.6 CH 8.07 d (8.95) 1429 C
6 99.9 CH 6.51d (2.05) 115.7CH 7'”;32()2‘41’ 114.5CH 5.96d (3.20) 4a,5,7,8,9
7 161.0C 161.4C 163.5C
8 95.1 CH 6.76 d (2.23) 104.0 CH 7.26d (2.41) 98.14 CH 6.64d (2.39) 4a, 6, 8a
8a 156.8 C 157.1C 158.5C
9 22.9 CH; 1.74 s 4a, 5,6
' 123.8C 1209 C 124.8 C
2'/6' %(I)_'I() 7.52 d (8.66) 131.1 CH 7.41d(8.67) 130.1 CH 7.15d (8.77) 3,5 3 1"5%:’6,3" 4,
35 1é?_'16 7.10d (8.91) 1152 CH 6.82 d (8.65) 1142 CH 6.81d(7.38) 2'6' L 25',” 36"’ 4,
4 155.7C 157.6 C 159.8 C
7 55.8 CH; 3.70s 4
" 98.6 CH 5.44d (1.54) 98.8 CH 5.62d(1.87) 2" 7,2" 3" 5"
2" 70.5 CH 3.85m 69.8 CH 3.67m ln’é}_’lzn- 1", 3", 4"
3" 70.6 CH 3.43m 65.0 CH 2.88m 2”’:;_’13”_ 1", 5"
4" 70.9 CH 3.66 m 71.9 CH 3.44m 3”’(5);_’14”- 2", 5", 6"
5" 70.0 CH 3.49m 68.4 CH 4.10 m 4" 6" 1, 3" 6"
6" 18.4 CH 1.12d(6.71) 16.4 CH 1.12d(6.3) 5" 4", 5"
5-OH 12.89 s 4a, 6
2"-OH 4.93d(5.72) 4.93d(5.51) 2" 1", 3"
3"-OH 4.81d(5.81) 4.82d(6.15) 3" 2", 4"
4"-OH 5.16d (4.32) 5.17 d (4.03) 4" 3" 5"
" 98.7 CH 5.58d (1.54) 2" 4, 3" 5"
2" 70.5 CH 3.85m ! ’(3)1_’12 ) 4"
3" 70.6 CH 3.43m 2 24)"1'_’13”'- 1, 4", 5"
4" 70.9 CH 3.66 m 3" (5)"1'_’1 4 2", 6"
s 70.0 CH 3.49m 4", 6" 3" e
6" 18.4 CH 1.12 d (6.44) 5m 4m 5m
2"-OH 4.75d(5.72) 3" 3"
3"-OH 4.88 d (6.27) 4" M, 4"
4"-OH 5.06 d (4.46) 5m 3m 5w

differences between them in the 'H and ?C NMR spectra with regards to the HSQC data

116



were that one hydroxyl signal, one anomeric methine, four oxygenated methines, and one
methyl signal were not observed in 79 (Table 5.17). These spectral data suggested that 79
is substituted by only one rhamnose at the C-7 hydroxyl group. In the COSY spectrum,
the aromatic proton at oy 8.07 (H-5) was correlated with another aromatic proton at oy
7.17 (H-6), suggesting the hydroxyl group (5-OH) in 78 was replaced by a proton in 79.
Thus, compound 79 was determined as a known compound daidzein 7-rhamnoside
(Figure 5.34).

The molecular weight of 80 was determined to be 282 on the basis of a LC-MS result and
its molecular formula as confirmed to be C;7H;404 in combination with the 'H and >C
NMR data. By comparison of NMR data with the above compounds, signals of sugar
moieties were not found in 80, additionally, one singlet methyl group (dy 1.74; dc 22.9)
and one methoxy group (du 3.70; dc 55.8) were observed (Table 5.17). Positions of the
additional groups were confirmed by HMBC correlations from the methyl to carbons at
oc 114.3 (C-4a), oc 142.9 (C- 5) and oc 114.5 (C-6), and from the methoxy group to
carbon at d¢c 159.8 (C-4"). Structure of 80 is shown in Figure 5.34.

The absolute configuration of 78 and 79 were determined by comparing the [a]p values in
methanol with literature."> '>?

Chemical investigation of active fraction 10 was also conducted and one isoflavone

compound and one small alkaloid have been isolated (Figure 5.35).

N
Y
)
£ — cosy
81 H - HMBC

Figure 5.35 Structures and observed COSY and key HMBC correlations of 81.
Compound 81 was obtained as a yellow solid. The LC-MS spectrum showed a molecular
ion [M+H]" at m/z 146, suggesting the molecular formula CoH;NO. The 'H NMR
spectrum (Table 5.18) exhibited one series of aromatic signals and one exchangable
proton. Analysis of the COSY spectrum indicated that signals at ¢ 8.08, 7.50, 7.24 and
7.20 formed a spin system that could be assigned to H-4, H-5, H-6 and H-7 of ring-A.
Three singlets can be assigned to an indole proton (du 8.26), one indole NH group (du
12.09) and a methine group (g 9.92) that appears in the >C NMR spectrum at unusually
high field (d¢ 185.5), suggesting a formyl group. The structure was also confirmed by 2D
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NMR (Table 5.18).
Table 5.18 'H (600 MHz) and "°C (600 MHz) NMR data of 81 in DMSO-d,

Position oc, mult oy, mult (Jin Hz) COSY HMBC

1 12.09 s 2

2 138.9 CH 826s 1 3,3a,7a
118.6 C

3a 1245 C

4 121.2CH  8.08dt(7.8,1.0) 5 6, 7a

1226 CH  7.20td (7.4, 1.0) 4,6 3a,7
1239CH  7.24td (7.6, 1.3) 5,7 4,7a

112.8 CH 7.50 dt (8.6, 1.0) 6 3a,5
Ta 137.5C
8 185.5 CH 9.92s 3,3a

Compounds 78 - 81 were found to be inactive against all the pathogens in our lab,
including BCG, SA, MRSA, BS and SA.

Figure 5.36 showed the differences in NMR fingerprint of active fractions and identified
compounds of ES120055. Almost every signal in fraction 9 was explained by compound
78 and 79, however, it is clear that a couple of aromatic signals around 7 ppm and two
doublets at 5.5 and 4.2 ppm in fraction 10 have not yet been isolated because of their low

yield.

ES120055 Fraction9

A . ‘ll Janl. L WL
L el
L

Compound 79

ES120055_Fraction 10
{ TETy

e

Compound 80'---~

1
1
1
!
]

Compound 81 \

' 12I.5 I 11I.5 ' llJI.S I 9:5 I 8:5 I 7:5 I 6:5 ' 5:5 I 4:5 ' 3:5 I 2:5 I 1:5 ' 01
f1 (ppm)
Figure 5.36 Comparison of NMR fingerprint between active fraction and compound of

ES120055_AM2.
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5.4.7 Small-scale isolation of ES120127 AM?2

An endophyte ES120127 was isolated from TCM Cirsium shansiense, which was
collected from Yunnan Province, China. It was identified as a Streptomyces sp. based on

the morphology and 16S ribosomal DNA (rDNA) phylogenetic analysis (Figure 5.37).

24— Streptomyces sp. ES120127

5| SStreptomyces cavourensis NBRC 13026T(AB184264)

'Streptomyces albolongus NBRC 13465 (AB184425)
Streptomyces araujoniae ASBV-17 (EU792889)

Streptomyces lunaelactis MM109T (KM207217)
Streptomyces spiroverticillatus NBRC 128217 (AB249921)

—Streptomyces candidus NRRL ISP-5141T (DQ026663)

Streptomyces glauciniger FXJ14T(AY314782)
0.005

Figure 5.37 Neighbor-joining phylogenetic tree from the 16S rDNA sequences of ES120127 and
related species constructed by MEGA.

Fractions 7, 8 and 10 were shown to be active against BCG in the screening assay. From
'H NMR fingerprint of the active fractions, several aromatic protons and methyl groups
and exchangeable protons could be found in fraction 7, 8 and 10, respectively (Figure

5.38).

ES120127_AM2 996 Extracon at 254 rm
996 Extraction at 280 nm
996 Extraction at 320 nm
200 996 Extraction at 350 nm
996 Extraction at 380 nm

3.00

— — r T = T T —
1.00 2.00 3.00 4.00 5.00 0 7.00 8.00 9.00 10.00 11.00

|
\
A ,M,‘N‘H,wl.,.uﬂ,\.AV,‘,LJ.*-»J'J.J.( JWUJJ*LNMJLU‘,J,“M‘w‘"»wk\g

Figure 5.38 HPLC trace and NMR fingerprint of ES120127 AM?2.
After small-scaled isolation, we identified two known isoflavones from fraction 7 (82)
and 8 (83) (Figure 5.39) and a known depsipepide (84), which is L-O-Lac-L-Val-D-O-
Hiv-D-Val from fraction 10 (Figure 5.40).
Compounds 82 and 83 were obtained as yellow powders and their molecular weights

were determined as 254 and 270 by LC-MS and their molecular formulas established as
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C1sH1004 and CisH,¢Os with the analysis of 'H and C NMR data (Table 5.19). A
comparison of the NMR data of 82, 83 with those of 80 revealed that their NMR data

were quite similar with the exception for the existence of a hydroxyl group in 82 and 83

instead of a methoxy group at C-4' in 80. Additionally, the methyl group at C-5 in

compound 80 was replaced by a proton in 82 or a hydroxyl group in 83, respectively. The
additional hydroxyl in 83 was identified at C-5 via HMBC correlations from 5-OH (dn
12.96) to C-4a (¢ 110.4), C-5 (¢ 162.3) and C-6 (Jc 99.5) (Figure 5.39).

OH

R O

Hg.am)

82: R=H

83: R=0OH

s

OH

= COSY
~—» HMBC

Figure 5.39 Structures and observed COSY and key HMBC correlations of 82 and 83.
Table 5.19 'H (600 MHz) and "°C (600 MHz) NMR data of 82 and 83 in DMSO-d;

82 83
Position COSY HMBC
oc, mult oy, mult (J in Hz) dc, mult  Jy, mult (Jin Hz)
2 153.2 CH 8.29s 154.5 CH 8.32s 3,4,8a, 1
3 1239C 122.8 C
4 1752C 180.5C
4a 117.1C 1104 C
5 127.7C 7.97 d (8.42) 1623 C 6 7, 8a
6 1156 CH 6.94dd (1.96,8.70) 99.5 CH 6.24 d (1.51) 5 4a,7, 8
7 163.0C 164.9 C
8 102.6 CH 6.87d(1.91) 94.2 CH 6.39d (1.24) 4a, 6,7, 8a
8a 157.9C 158.1C
I 123.0C 122.6 C
2'/6' 130.5 CH 7.39d (7.70) 130.7 CH 7.39d (8.34) 35 3,2,3,4.5,6
35 116.6 CH 6.81 d (8.66) 115.4 CH 6.83 d (8.62) 2'6' 1,2,3,4,5,6¢
4 157.6 C 1579C
5-OH 12.96 s 4a, 5,6
7-OH 9.51s 9.58s 6

Compound 84 was isolated as yellow solid and the molecular weights were determined as
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388 by LC-MS. The '"H NMR (600 MHz, in benzene-ds, Table 5.20) spectrum of 84
exhibited 30 proton signals in total and there were three series of iso-propyl groups at dy
2.65 (m, H-3), 65 1.09 (d, J = 6.5 Hz, H-4), 6 0.86 (d, J = 6.6 Hz, H-5); 05 2.50 (m, H-
8), 01 0.92 (d, J= 6.9 Hz, H-9), 657 1.02 (d, J = 6.8 Hz, H-10); 65 2.57 (m, H-13), 7 1.14
(d, J=6.6 Hz, H-14), 61 0.85 (d, J = 6.6 Hz, H-15), one ethyl group at d5 1.57 (d, J = 6.8
Hz, H-18) and 6 4.06 (q, J = 6.8 Hz, H-17) and three downfield-shifted methines at oy

4.27 (dd, J = 10.7, 7.7 Hz, H-2), oy 4.42 (d, J = 3.3 Hz, H-7) and Jy 4.13 (dd, J = 10.6,
6.4 Hz, H-12). The °C NMR spectrum of 84 (600 MHz, in Benzene-ds, Table 5.3)
showed 18 carbon signals, including four ester or amide carbonyl (d¢ 170.3, 171.0, 171.8
and 172.7), four sps hydrolyzed carbons (d¢ 59.7, 78.7, 60.8 and 70.4), and seven methyel
groups (d¢ 19.4, 19.7, 19.0, 16.7, 19.8, 19.4 and 17.3). The above NMR data were highly
indicative of a peptide-like compound containing four amino acid residues. A
combination of 'H-">C HSQC and "H-"H COSY correlations (Figure 5.40 and Table 5.20)
from H-2/H-3/H4, H-3/H-4, H-3/H-5, H-7/H-8/H-9, H-8/H-10, H-12/H-13/H-14, H-
13/H-15, and H-17/H-18 suggested that 84 contained two valines (Val), one hydroxyl-
isovaleric acid (Hiv) and one lactic acid (Lac). The presence of two valines was further
supported by the correlations between the two NH signals and protons at 5 4.27 (dd, J =
10.7, 7.7 Hz, H-2) and Jy 4.13 (dd, J = 10.6, 6.4 Hz, H-12). Sequencing the amino acid
residues in 84 was accomplished by an HMBC experiment. HMBC correlations from H-
18 to C-16 and C-17; from H-12 to C-16 and C-11; from H-7 to C-11 and C-6, and from
H-2 to C-6 and C-1 established the connection of the four amino acid units. The absolute
configuration of 84 was determined by comparing their specific rotation values in

methanol with the literature.'>*

9

10
18 O rf O O O
H | H ) (H | H
17 Lo YN e EN
HO" H“(N ”\\‘nko?;(N 2 1N0H  HO' % | ko‘ KUY oH cosy
O 13 O 3 4 O O
14 5 84

P ~—» HMBC

Figure 5.40 Structures and observed COSY and key HMBC correlations of 84.
Compound 84 showed significant in vitro inhibitory activity against BCG with an MIC
value of 8 uM. This is the first report of anti-TB activity for this known compound.

Compounds 82 and 83 did not show any positive activities.
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Table 5.20 'H (600 MHz) and "°C (600 MHz) NMR data of 84 in benzene-d;

Position oc, mult oy, mult (J in Hz) COSY HMBC
1 170.3,C
2 59.7,CH 4.27dd (10.7,7.7) 3,2-NH 1,3,6
3 28.2, CH 2.65m 2,4,5 4,5
4 29.4, CH; 1.09 d (6.5) 3 3,5
5 19.7, CH; 0.86 d (6.6) 3 3,4
6 171.0,C
7 78.7, CH 5.42d(3.3) 8 6,10, 11
8 30.5,CH 2.50 m 7,9,10
9 19.0, CH; 0.92d (6.9) 8 9,10
10 16.7, CH; 1.02 d (6.8) 8 8,9
11 171.8,C
12 60.8,CH 4.13dd(10.6,6.4) 13,12-NH 11,13, 14, 15, 16
13 28.3, CH 2.57Tm 12, 14,15 14, 15
14 19.8, CH; 1.14 d (6.6) 13 13,15
15 19.4, CH; 0.85d (6.6) 13 13, 14
16 172.7,C
17 70.4, CH 4.06 q (6.8) 18 16, 18
18 17.3, CHy 1.57 d (6.8) 17 16, 17
NH-12 8.34 d (6.6) 12 16
NH-2 8.41d(7.9) 2 6

ES120127 Fraction7

JILM

Compound 82
N
ES120127 Fraction 8 | \
1
1 1
| Y | |
Compound 83 Szzzzz==== z
] | .
ES120127 Fraction 10 WUK
Compound 84 ‘ l "
I 12I.5 I 11I.5 I 10I.5 I 9:5 8:5 I 7:5 I 6:5 5:5 I 4:5 3:5 I 2:5 I 1:5 I 0:5

Figure 5.41 Comparison of NMR fingerprint between active fractions and compound of

f1 (ppm)

ES120127_AM2.

Based on the comparison between active fractions and isolated compounds, the majority
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of protons in fractions belong to isolated compounds (Figure 5.41). A series of
unidentified signals between 0.5-2.5 ppm in fraction 7 and 8 are probably from fatty acids,
which represented the activity of fractions 7 and 8.

5.4.8 Small-scale isolation of other fractions

Apart from the above fractions, rapid chemical evaluation of active fractions derived
from 20 crude extracts was also conducted. Figure 5.42 showed HPLC traces of two

examples. Besides media constituents, no metabolite was identified from the studied

fractions.
2,00 )
LS120112 AM?2 Media constituents 996 Extraction at 254 nm
- 996 Extraction at 280 nm
1.50] 996 Extraction at 320 nm
996 Extraction at 210 nm
2 1.007 996 Extraction at 380 nm
0507 |
4 |
i
0.00 A e AP da N A N e L WNC ) N - - - ———

i - - T T T T T T
5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00 55.00 60.00

** MS110141_MPG

Time (min) Flow (mL/min) Methanol (%) Water (%)

3.00 0.01 0 10 90
1 9 10 90
| 10 9 10 90
2 2007 50 9 100 0
60 9 100 0
1.00 61 0 100 0
0.00 o B
5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00 55.00 60.00

Figure 5.42 HPLC traces of 3 example active fractions. HPLC gradient was shown in the table.

5.5 Biological analysis of identified compounds

In this small-scaled investigation of active compounds from actinomycetes derived from
unique environments project, 24 compounds sourced from 7 extracts were identified. All
of the isolated compounds have been evaluated for their biological activities against M.
bovis BCG, S. aureus, methicillin-resistant S. aureus (MRSA), Bacillus subtilis, and
Pseudomonas aeruginosa (Table 5.21). Eleven natural products showed anti-BCG
activities with MIC range from 1.5 to 343 uM. The most potent compound was
compound 73, which displayed promising activities against four Gram-positive bacteria

with MIC values from less than 0.8 to 1.5 M.
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Table 5.21 Antimicrobial activities of compounds 61 — 84

Organism (Strain)

MIC (M) BCG SA MRSA BS PA
61 6 6 6 <15 NA
62 25 50 50 25 NA
63 NA* NA NA NA NA
64 1.5 204 NA 51 NA
65 106 NA NA NA NA
66 NA NA NA NA NA
67 14.15 28.3 28.3 NA NA
68 27.9 27.9 27.9 NA NA
69 30.7 30.7 NA NA NA
70 NA NA NA NA NA
71 NA NA NA NA NA
72 NA NA NA NA NA
73 1.5 <0.8 1.5 1.5 NA
74 49 98 98 49 NA
75 NA NA NA NA NA
76 343 NA NA NA NA
77 NA NA NA NA NA
78 NA NA NA NA NA
79 NA NA NA NA NA
80 NA NA NA NA NA
81 NA NA NA NA NA
82 NA NA NA NA NA
83 NA NA NA NA NA
84 8 NA NA NA NA

Control 0.37% 0.7 0.7 0.35"! 3lel

[a]

isoniazid "™ vancomycin

[c

I'ciprofloxacin * NA: not active

BCG: Bacillus Calmette-Guérin (Pasteur 1173P2, BCG); SA: Staphylococcus aureus (ATCC 6538);

MRSA: Methicillin-resistant S. aureus (Clinical strain of Chaoyang hospital); BS: Bacillus subtilis

(ATCC 6633); PA: Pseudomonas aeruginosa (PAO1)

5.6 Conclusion

In conclusion, this work provided a successful strategy by a combination of HPLC
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fractionation and '"H NMR technique to rapidly recognize the known components and
discover new natural products from microbial extracts. In total, 24 natural products were
identified, including 11 active compounds and 1 new compound. Thus the developed
strategy proved to be a very practical method to identify known and new metabolites
from complex natural product extracts. In addition, it will also be useful in complex
metabolomic analysis, especially in the fields of identification and characterization of the
fingerprints and search for new components from complex natural resources.

However, as mentioned in the previous sections, several metabolites in the active
fractions haven’t been isolated due to their low yield. Or even no metabolite was
identified from a number of active fractions because of the poor chemical diversity of
those fractions or the low yielding of the natural products in those strains. Thus, methods
to activate silent biosynthetic pathways are of major interest. The key issue for this
approach should focus on the ways to induce or enhance the expression of cryptic or
poorly expressed pathways to provide material for structure elucidation and biological

testing.
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Chapter VI NMR-OSMAC fingerprinting of 13 actinomycetes

from unique environments

Abstract: The growing number of sequenced microbial genomes has
revealed a remarkably large number of natural product biosynthetic clusters
for which the products are still unknown. The aim of the present work was to
apply a strategy to elicit new natural products by cultivating
microorganisms in different fermentation conditions. The metabolomic
analysis of 4160 fractions generated from 13 actinomycetes under 32
different culture conditions was carried out by '"H NMR spectroscopy and
multivariate analysis techniques. The principal component analysis (PCA) of
the "H NMR spectra showed a clear discrimination between those samples
by PCI and PC2. The fractions with unique metabolites that are only
produced under the specific conditions could also be outlined by PCA
analysis. This method allows an efficient differentiation among a large
dataset without any pre-purification steps. This work demonstrates the great
potential of NMR spectroscopy in combination with metabolomic data
analysis for the screening of large set of fractions. Based on the result, 37
outliers were identified as prioritized fractions and 6 of them were selected

for further investigation.
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6.1 Introduction

As a sequence of silent biosynthesis genes, the traditional methods to discover microbial
natural products, which usually involve the collection and cultivation of strains,
extraction, bioassay-guided isolation and structure elucidation, is often unsatisfactory. It
is believed that many silent biosynthesis genes are only activated under specific
conditions.'” Several sequencing projects of different microorganisms have also
confirmed that microbes have the potential to produce a lot more compounds from a

156-158

single strain than previously known. To gain access to this untapped reservoir of

potentially bioactive structures, the biosynthesis of these putative metabolites needs to be
induced. Even small changes in the culture medium may not only impact the quantity of a

certain compound but also the general metabolic profile of an organism (Figure 6.1)."”

O Cues
CRe)ye)
vAg l vAg vAg
<:Q|> <1DOQ|> <IDOQ|>

Culture conditions _ N
Stress factors

————3 Metabolites

Assembly line

Figure 6.1 Influence of culture conditions, external (chemical) cues, and stress on natural product
biosynthesis. (Modified from Scherlach K, et. al., 2009) '*

In order to increase the number of secondary metabolites available from one microbial
source, Zeeck and co-workers have investigated the systematic alteration of easily
accessible cultivation parameters (for example, media composition, aeration, culture
vessel, addition of enzyme inhibitors) on the production of secondary metabolites.** As a
result, the OSMAC (One Strain - Many Compounds) approach was developed as a way
of revealing nature's chemical diversity and to increase the number and yield of natural
products from a single microbe.

6.2 Strategies

Historically, the increasing difficulty to find new chemical entities via high-throughput
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screening has led to a decline in antibiotic research, while infectious diseases associated
with multidrug resistance are spreading rapidly.'® In this chapter, the chances of finding
novel antimicrobials are increased, with focus on genetic, chemical, and biological
methods to elicit the expression of biosynthetic gene clusters by the following aspects

(Figure 6.2).

Desert strains . .
Endophytes Marine strains

a OSMAC strategies

o Extraction

2) ' HPLC fractionation

0 NMR fingerprint

e Data analysis

Unique metabolites

Figure 6.2. The flowchart of leads identification from unique actinomycetes based on OSMAC
strategies.

First of all, with more and more chemically interesting and biologically significant
metabolites isolated from microorganisms sourced from extreme environments due to the
unique habitat, it has been shown that these microorganisms are rich sources of novel
compounds with various biological activities.'*'"- '%*

Second, instead of using single cultivation condition, we applied OSMAC strategies with
different cultivation parameters (for example, media composition, aeration, culture
vessel, addition of enzyme inhibitors) to increase the number of secondary metabolites
available from one microbial source.

Third, with the purpose to achieve lead-like enhanced extracts and to collect as much

metabolites as we can, we explored readily available solid as well as liquid extraction

methods.
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Fourth, the method to generate lead-like enhanced (LLE) extracts and fractions allowed
us to retain the lead- and drug-like constituents by selecting favorable physicochemical

properties such as log P < 5.'%

As a result, fractions with low chemical complexity but
high drug-like properties were collected.

Fifth, while the above technique examines the diversity of the drug-like natural product
metabolome, it does not provide any information about the class of the small molecules
in the fraction library. Herein, we detail a metabolic fingerprint procedure, based on the
'"H NMR spectroscopic analysis of the LLE fraction library, and demonstrate the
effectiveness of the NMR-guided approach towards revealing the unique components of
the drug-like natural product metabolome.

Last, unlike common dereplication methods that have to use every signal tested by
chromatographic and spectroscopic methods to do database searching, we mainly focused
on the outlier signals indicated by PCA results of OSMAC fractions. This is not only

about saving time, but also directly targeting those unique compounds that are only

produced under specific culture conditions.

6.2.1 Thirteen actinomycetes from unique environments

100|Actinomadura sp. MS120045

Actinomadura geliboluensis A8036T(HQ157187)

Actinomadura formosensis JCM T474T(AF002263)

Actinomadura meyerae A2887(AY273787)

Actinomadura chokoriensis 3-45-a/11T(AB331730)

Actinomadura sediminis YIM M 10931T(JF272484)
Actinomadura apis IM17-1T(AB557596)

7 Actinomadura cremea JCM 3308T(AF134067)

Streptomyces glauciniger FXJ14T(AY314782)

70

7

—
0.01

Figure 6.3 Neighbor-joining phylogenetic tree from the 16S rDNA sequences of MS120045 and
related species constructed by MEGA.

In this project, 13 actinomycetes from Chapter 5 were selected for further investigation,
including 2 endophytes, 2 desert strains and 9 marine strains. Most of the strains belong
to Streptomyces genus, only a marine strain MS120045 was identified as Actinomadura
sp. according to 16s rRNA analysis (Figure 6.3). The 13 strains can also be divided into 2

groups according to the production of secondary metabolites under standard culture

129



condition (medium: AM2, culture period: 7 days). Five of them were found to produce at
least one natural product under standard culture condition, however, besides medium
compounds, no additional compounds or compounds with extremely low yield were
found from the other eight marine strains (Table 6.1).

Table 6.1 Information of 13 selected actinomycetes

Strains Produce NPs under standard condition
ES120055 Yes
ES120127 Yes
LS120167 Yes
LS120194 No
MS110104 No
MS110105 Yes
MS110109 Yes
MS110115 No
MS110142 No
MS110149 No
MS110158 No
MS110167 No
MS120045 No

6.2.2 OSMAC strategies

The OSMAC approach has resulted from the observation that very small changes in the
cultivation conditions can completely shift the metabolic profile of many
microorganisms.'® Classically, systematic variations of culture media have been used to
activate the production of additional secondary metabolites from microbes.*® There is
considerable evidence that some stress responses can also be used to trigger the
expression of secondary metabolic genes: two that have been applied widely are heat
shock and ethanol shock.'® It was reported both stresses act through damage to the cell
envelope and by driving the accumulation of misfolded or unfolded proteins.'*® '®’
Moreover, varying additional cultivation parameters such as pH, oxygen supply, the
addition of the enzyme inhibitors and inducers or the selection of drug-resistant bacteria
mutants was also found to be effective in maximizing the diversity of microbial natural
86-88, 168, 169

products.

In this project, we applied 4 kinds of OSMAC conditions on 13 actinomycetes (Figure
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6.4), which are variation of media constitutions (10 factors), different culture periods (2
factors), the use of stress conditions (10 factors) and the addition of inducer molecules (2

factors).

Strategy 2
Strategy 1 =
systematic culture
vam;ltlon of periods
media
constitution 9

13 actinomyces

Strategy 3

Strategy 4
the use of the use of
inducers stress
responses
3

Figure 6.4 Four types of OSMAC strategies on 13 actinomycetes.
6.2.2.1 Culture media

In the present study, the metabolite profiles of the selected strains were investigated when
cultured on different media. Media was selected under the consideration of their
biological origin and produced secondary metabolites. To investigate if the strains
squander the nutrients provided or require oligotrophic conditions to produce additional
secondary metabolites, a rich-nutrient medium (medium R-1) and an oligotrophic
medium (medium O-1) were selected. Several media used in the literature were also
intentionally selected to induce the production of specific types of natural products,
including terpene-induction media (media T-1, T-2, T-3, T-4 and T-5), alkaloid-induction
media (media A-1 and A-2), polyketide-induction media (media PKS-1 and PKS-2), and
borrelidin-induction medium (medium B-1). At last, a few widely used media for
actinomycetes collected from different regions, including a medium for endophytes
(medium E-1), 3 media for desert strains (media D-1, D-2 and D-3) and 5 media for
marine strains (media M-1, M-2, M-3, M-4 and M-5) were selected. As a result, each
strain was cultured in 10 different media (Table 6.2).

6.2.2.2 Culture periods

Two culture periods (7 days and 14 days) to each strain under different culture media
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were conducted to investigate the effects of culture periods on the production of
secondary metabolites.

Table 6.2 Ten different media for each strain

Strains Medium 1 Medium 2 Medium 3 Medium 4 Medium 5 Medium 6 Medium 7 Medium 8 Medium 9 Medium 10
ES120055 R-1 O-1 T-1 T-2 A-1 A-2 PKS-1 PKS-2 E-1 D-1
ES120127 R-1 O-1 T-1 T-2 A-1 A-2 PKS-1 PKS-2 E-1 B-1
LS120167 R-1 O-1 T-1 T-2 T-3 T-4 T-5 B-1 D-2 D-3
LS120194 R-1 O-1 T-1 T-2 A-1 A-2 PKS-1 PKS-2 D-1 D-2
MS110104 R-1 O-1 T-1 A-1 PKS-1 M-1 M-2 M-3 M-4 M-5
MS110105 R-1 O-1 T-1 A-1 PKS-1 M-1 M-2 M-3 M-4 M-5
MS110109 R-1 O-1 T-1 A-1 PKS-1 M-1 M-2 M-3 M-4 M-5
MS110115 R-1 O-1 T-1 T-2 A-1 A-2 PKS-1 PKS-2 M-1 M-2
MS110142 R-1 O-1 T-1 T-2 A-1 A-2 PKS-1 PKS-2 M-1 M-2
MS110149 R-1 O-1 T-1 T-2 A-1 A-2 PKS-1 PKS-2 M-1 M-2
MS110158 R-1 O-1 T-1 T-2 A-1 A-2 PKS-1 PKS-2 M-1 M-2
MS110167 R-1 O-1 T-1 T-2 A-1 A-2 PKS-1 PKS-2 M-1 M-2
MS120045 R-1 O-1 T-1 T-2 A-1 A-2 PKS-1 PKS-2 M-1 M-2

6.2.2.3 Stress conditions

Table 6.3 Information of 9 stress-inducing conditions and the normal condition

Strains Temperature pH Ethanol
Stress-inducing condition 1 35C 7.5 0
Stress-inducing condition 2 42 C 7.5 0
Stress-inducing condition 3 42 °C for 1 hour 7.5 0
Stress-inducing condition 4 28 C 3.5 0
Stress-inducing condition 5 28C 5.5 0
Stress-inducing condition 6 28C 9.5 0
Stress-inducing condition 7 28 C 7.5 1 mM
Stress-inducing condition 8 28 C 7.5 10 mM
Stress-inducing condition 9 28 C 7.5 100 mM

Normal condition 28 C 7.5 0

In addition to variation of culture conditions, the influence of various stress conditions on
secondary metabolite biosynthesis has been enormous. The organisms were grown under
normal and stress-inducing conditions for the generation of standard and perturbed
metabolite profiles. Heat shock or raising the cultivation temperature has been shown as

170, 171

an effective way to produce bioactive natural products. It was reported that short-
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time heat shock resulted in even higher natural products formation.'”

Another widely
used parameter in stress-inducing conditions is the addition of different amount of
ethanol into the culture medium. Microbial natural product biosynthesis can also be
triggered by acidic pH shock.'” Totally, 9 stress-inducing conditions were selected from
the most well known stress conditions used to induce novel compounds (Table 6.3).
6.2.2.4 Inducing molecules

The expression of many secondary metabolite pathway genes can be controlled by
regulators. For example, primary metabolites' ', enzyme inhibitors'”®, pathway-specific

regulators'’® and naturally produced chemical probes'”’

. Quorum-sensing (QS) inducers
were reported to have the potential to induce the production of natural products from
Streptomyces sp.."” Thus, in our project, we also selected two QS inducer molecules as

chemical probes to regulate metabolites production by 13 actinomycetes (Figure 6.5).
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L-Homoserine lactone hydrochloride  N-Carbobenzoxy-L-homoserine lactone

Figure 6.5 Structures of 2 selected QS inducer molecules.

6.2.3 Extraction
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Figure 6.6 SOP for applying OSMAC strategies on 13 strains.
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With the application of OSMAC strategies, each strain generated 32 broths (Figure 6.6).
The two broths from duplicate flasks under that same conditions were combined and
centrifuged to yield a supernatant and a mycelial cake of each condition. With the
puropose of obtaining the most secondary metabolites produced by each strain under
different conditions, multiple extraction methods were evaluated.

As reported previously, solid-phase extraction (SPE) with adsorbent DVB-NVP (HLB)
was developed as an effective method to obtain crude extracts that contain components

144

with log P < 5."" However, only a very limited amount of metabolites were extracted

from a supernatant sample with this protocol (Figure 6.7).

1l v

Supernatant_ HLB_Water phase_D,0 M W
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Supernatant_D,0
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Figure 6.7 'H NMR spectra of supernatant crude extracts after HLB extraction.
One possible reason for the low recovery was considered to be the poor solubility of the
supernatant samples since they had been directly dried from fermentation broths. To
improve the solubility of samples, a liquid-phase extraction process before conducting
HLB extraction was used. Supernatant sample was dissolved in 7.5 mL water and
extracted three times with 7.5 mL n-butanol. A further HLB extraction was then applied
and NMR spectra of crude extracts eluted from each step were shown in Figure 6.8.
Nearly no differences were observed between two extraction processes, therefore,

extraction of supernatant samples with n-butanol only was selected as the extraction
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method in this project.

Supernatant_Butanol HLB_DMSO-d,
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Figure 6.8 'H NMR spectra of supernatant crude extracts after n-butanol and HLB extraction.

The extraction effects of solid and liquid extraction methods on biomass samples were
evaluated. The biomass samples were extracted with acetone (3 x 50 mL) and an
additional n-butanol or HLB extraction process was then conducted (Figure 6.9). By
comparison of the proton spectra of crude extracts derived from different extraction
processes, no additional signals were collected from extraction with n-butanol or HLB.

Extraction solvent of biomass samples was thus determined to be acetone.

Biomass_Acetone_Butanol_DMSO-d,
I M
Biomass_Acetone HLB_DMSO-d, MM)\)// NJ
Y — A W
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[ §

11.0 10.510.0 9.5 9.0 85 80 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0
f1 (ppm)

ror T

Figure 6.9 'H NMR spectra of biomass crude extracts after acetone, n-butanol and HLB extraction.
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6.2.4 HPLC fractionation

LLE fractionation was accomplished according to the LLE protocol as followed. A small
amount (10 mg) of dried samples were suspended in DMSO (300 uL). The extract (100
uL) was then fractionated by HPLC using a C;s Phenomenex Onyx monolithic HPLC
analytical column (100 x 4.6 mm) with solvent conditions described in chapter 5. This
fractionation provides a second log P filter allowing any remaining high log P
components to be excluded. Also, to reduce the number of fractions and decrease the
labour intensity in the following process, instead of 11 fractions, all the extracts were
collected for 5 fractions every minute from 2 to 7 minutes. NMR spectra of 5 fractions
from an example supernatant sample are shown in Figure 6.10. Comparing to crude

extract, fractions contained only the mixtures of a small number of drug-like molecules.
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Figure 6.10 "H NMR spectra of supernatant crude extract and fractions.
6.2.5 NMR fingerprinting
Each LLE fraction was dissolved in 250 uL of deuterated DMSO and placed in a 5 mm
NMR tube. The 'H NMR experiments were performed on a Bruker (Rheinstetten,
Germany) Ascend 800 MHz NMR. For each sample, the following parameters were
applied, pw =30°, pl =9.250 us, d2=0s,dl =1, at=2.04 s, sw =20.03 ppm, nt = 128
scans.. For quantitative analysis, peak integral was used.

6.2.6 Anti-TB cell-based assay
4160 LLE fractions derived from 13 actinomycetes under 32 OSMAC conditions by
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HPLC fractionation of supernatant and biomass were evaluated for anti-BCG activity
with a cell-based assay outlined in chapter 3.

6.2.7 Data analysis

The interesting regions of the NMR spectra for the analysis of the LLE fractions are from
0 to 15 ppm. The spectra were phase- and baseline- corrected manually by software
Topspin. The 'H NMR spectra were automatically reduced to ASCII files using AMIX
(v.3.7, Bruker Biospin). Spectral intensities were scaled to the biggest peak (dg = 2.50
ppm) and reduced to integrated regions of equal width (0.02 ppm) corresponding to the
region of 0.0 to 15.00. The region of 2.4 to 3.5 was excluded from the analysis because of
residual signals of DMSO-d5 and HOD. The data set consisted of a 4160 X 696 matrix, in
which rows represented the samples (4160 LLE fractions), and columns represented the
696 buckets of the '"H NMR spectrum. Thus, each fraction was represented in the 696-
dimensional space made of the 696 variables. Before analyzing the dataset, whether it can
truly represent the NMR spectra needs to be confirmed. A digitalized spectrum with the
data of all 696 buckets from one example fraction was constructed (Figure 6.11). Two
spectra were perfectly matched, suggesting the high reliability of the bucket table

generating process.

Figure 6.11 Comparison of 1H NMR spectrum with digitalized spectrum. A. 'H NMR spectrum of an

example fraction B. Digitalized spectrum of the example fraction with data in bucket table.
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The whole spectrum was divided into 4 regions (0 - 2.4 ppm, 3.5 - 6 ppm, 6 - 10 ppm and
10 - 15 ppm) and analyzed separately to capture as many outliers as possible and
decrease the disturbance by differences in intensities between saturated and unsaturated
areas (Figure 6.12).

After a bucket table was calculated, PCA was applied by the same software AMIX.
Because the variables (NMR chemical shifts) in this project are comparable, “No scaling”
for the scaling of columns in the bucket table were selected. It preserves natural
differences in intensities and it highlights dominant effects. To get rid of those columns
in the bucket table that contain almost constant and small values would not produce a
large variance and would not have a major influence on the PCA, the minimum variance
level was set as 5%, which means variables that produce less than 5% variance of the
maximum variance are removed from the PCA calculation. Confidence level was set as

95% to give score plot and loading plot.

| . LMLU L

F.O 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0.
f1 (ppm)

Region 4 Region 3 Region 2 Region 1

Figure 6.12 'H NMR spectra of an example fraction with different regions.

6.3 Results
6.3.1 Anti-TB HTS assay

Anti-TB activity of the library including 4160 fractions was evaluated in terms of BCG
inhibition. In this study, all fractions were screened with an initial concentration of 50

ng/mL. Figure 6.13 represents the result of the preliminary screening test in heat map.
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Figure 6.13 Heat map of the anti-BCG screening on 4160 LLE fractions. Each sample was presented in black blank.
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The results of the anti-TB assay show that 1271 out of the 4160 (30.55%) fractions tested
possessed biological activity < 50 pg/mL. As compared to the positive and negative
standards, 0.31% of the active fractions are very potent and inhibit the growth of BCG at
0.78 ug/mL (Figure 6.14). A further 1.49% and 6.29% of the active fractions were still
active at concentractions of 1.56 and 3.125 ug/mL. In total, 8.09 % of the active samples
can be regarded as potent BCG inhibitors with MIC values < 3.125 ug/mL.

6.20 1.49 0.31

8.26 %50 pg/mL

425 pg/mL
12.5 pg/mL
%6.25 ng/mL
©3.125 pg/mL
1.56 pg/mL
90.78 pg/mL

Figure 6.14 Pie chart of anti-BCG activities of 1271 active LLE fractions.

Within 2600 fractions generated from 520 crude extracts under different culture media
and periods, 646 (24.84%) showed anti-BCG activity (Figure 6.15A). Comparing to
fractions of biomass extracts, supernatant fractions exhibited a significantly higher hit
rate. Regarding culture periods: longer culture period seems to produce more active
fractions. Within 1560 fractions derived from 312 crude extracts of 13 strains under 12
stress conditions, 36.47% of fractions were active in anti-BCG screening, of which one

third are contributed by pH shock fractions (Figure 6.15B).
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Figure 6.15 Pie chart of anti-BCG actives of 1271 active LLE fractions.

6.3.2 Data analysis

6.3.2.1 NMR intensity analysis
The effect of 32 OSMAC conditions on secondary metabolites production by 13

actinomycetes was studied. Total NMR intensity of each sample was calculated based on
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its bucket table generated from the NMR fingerprint (Figure 6.16). In general, higher
intensities were found in stress conditions compared to that of media variation conditions
while longer cultivation time resulted in relatively higher NMR intensities, in other words,
higher secondary metabolites yields. The highest NMR intensities were found in media 1,

4 and 6, which are all rich-nutrient media, in contrary; the oligotrophic medium (medium
2) gave the lowest NMR intensity among all conditions, suggesting essential effects of

nutritional status on the selected actinomycetes.
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Figure 6.16 Distribution of total NMR intensities among 32 OSMAC conditions as an indicator of
metabolite production.
Temperature is an important environmental factor for cell growth and product formation
in the fermentation process.'”® When temperature increased from 28 °C (standard) to
35 °C, there was a slightly enhancement of secondary metabolites production (1.53%
higher than standard). However, higher fermentation temperature (42 °C) caused the
decrease effect of secondary metabolites production (13.23% lower than standard), which
may be because of the inhibition of cell growth under high temperature. The decrease
effect of 42 °C on secondary metabolites production was a little bit reversed by reducing
the culture temperature back to 28 °C after 1 hour (7.84% lower than standard). It has
been reported that high temperature stress could induce reactive oxygen species (ROS) in
Taxus yunnanensis.'”” ROS induction could enhance the production of many

180, 181

metabolites. When pH decreasing from 7.5 (standard) to 5.5, great enhancement

changes in metabolites production was observed (7.58% higher than standard). But more
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acidic (3.5) or basic (9.5) pH shocks only resulted in lower productions, which could be
due to the limited cell growth under those extreme conditions. Different addition
concentrations of ethanol brought a change to the antibiotic production. Comparing to 1
mM and 100 mM ethanol, addition of 10 mM ethanol to strain cultures enhanced the
metabolites production most (7.81% higher than standard). The effect of ethanol on
metabolites biosynthesis may be due to its activity on changing the membrane structure,
affecting steady-state growth and regulating related genes and carbon metabolism.'*
Both of two inducers lead to shifts on metabolites production, especially inducer 2 with a
10.47% higher NMR intensity than standard.

The effects of 32 OSMAC conditions on 13 selected actinomycetes were shown in Figure
6.17. The strain with the most significant changes in metabolites production is marine
strain MS110149, with lowest NMR intensity in medium 2 (2.88 x 10%) and high NMR
intensities in medium 4 (9.28 x 10'%), 35°C (7.95 x 10'%), pH 5.5 (9.10 x 10'°) as well as
inducer 2 (6.03 x 10'°). Comparing to media variation, stress conditions induced more
changes to endophyte ES120055, marine strain MS110105 and MS110115, with peaks at
ES120055 pH 5.5 (6.69 x 10'%), ES120055 inducer 2 (5.28 x 10'%), MS110105 42 °C
(6.49 x 10'%), MS110105 pH 5.5 (7.13 x 10'%), MS110105 pH 9.5 (8.54 x 10'),
MS110105 EtOH 10 mM (8.48 x 10'%), MS110105 EtOH 100 mM (8.34 x 10'%),
MS110105 inducer 1 (7.87 x 10'), MS110105 inducer 2 (7.34 x 10",
MS110115 35 °C (7.46 x 10'%), MS110115 pH 5.5 (6.90 x 10'%), MS110115_EtOH 1
mM (8.90 x 10'%) and MS110115 EtOH 10 mM (8.05 x 10'%), respectively. Land strain
LS120194 showed great variations in NMR intensities under different media conditions,
especially media 3 (3.45 x 10'%) and 4 (4.49 x 10'%). Strains showed enhanced NMR
intensities by the effects of both media conditions and stress conditions, such as marine
strain MS110104, with intensity values of 4.66 x 10", 5.30 x 10'* and 6.70 x 10" for
media 6, 10 and inducer 2, respectively.

The effects of 32 OSMAC conditions on the production of metabolites with structure
characteristics in different NMR chemical shift regions were also examined (Figure 6.18).
Consistent with expectations, NMR intensities decreased with the increasing of chemical
shifts in each condition. The distribution patterns of each chemical shift region are almost

the same with each other and are also very similar to those in Figure 6.16, where
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Figure 6.17 Distribution of total NMR intensities of 13 actinomycetes under 32 OSMAC conditions as an indicator of metabolite production.
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chemical shifts in the whole spectra (0-15 ppm) were calculated. However, medium
6_14d (cultured in medium6 for 14 days) condition seems to produce more aromatic
structures (6-10 ppm) comparing to its effect in producing structures with chemical shifts
from 0-2.4 ppm and 3.5-6 ppm. Similar action was found in pH shock 3.5 (cultured at pH
3.5) condition, with NMR intensities 2.42 x 10", 2.07 x 10'!, 4.83 x 10'° and 8.45 x 10’

for different chemical regions 0-2.4 ppm, 3.5-6 ppm, 6-10 ppm and 10-15 ppm,
respectively.
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Figure 6.18 Distribution of total NMR intensities of different chemical shift regions as an indicator of

metabolite production.
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Figure 6.19 Distribution of total NMR intensities of different HPLC fractions as an indicator of

metabolite production.
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The effects of OSMAC conditions on biosynthesis of metabolites in different HPLC
fractions by 13 actinomycetes were also investigated (Figure 6.19). In general, fraction 3
and 4 contained the most metabolites based on NMR intensities, and moreover, fraction 3
showed higher intensities than fraction 4 in most of the conditions, such as medium 3, 4,
5 and 6. However, higher intensities were found in fraction 4 rather than fraction 3 in
condition 35 °C (cultured at 35 °C), 10 mM (cultured with the addition of 10 mM ethanol)
and 100 mM (cultured with the addition of 100 mM ethanol).

6.3.2.2 Principal component analysis

PCA is an unsupervised method performed without using knowledge of sample class, and
thus reduces the dimensionality of the data input while in a 2- or 3D map. By producing
new linear combinations of the original variates, it plots data in order to indicate
relationships between samples in a multidimensional space. It enables the easy
comparison of microbe metabolic profiles. To analyze the data set obtained from 4160

fractions, the covariance method was applied. The main principal components (PC) to

A B
PC2 1
Total region (0-15 ppm) PC2 40
Total region (0-15 ppm) EEPPS
0.6
o) 0.4

Figure 6.20 PCA results of 4160 fractions. A. Score plot of PC1 and PC2, fractions from endophytes,
land strains and marine strains were shown in red, orange and green, respectively. B. Loading plot of
PC1 and PC2, bucket values were shown as numbers below each circle.

differentiate the fractions are PC1 and PC2. In applying PCA to all the data, the fractions
from different origins showed different cluster patterns (Figure 6.20A). Fractions from
endophytes and land strains were clearly distinguished by PC1 and PC2, whereas
fractions from marine strains were scattered over a much wider area. Therefore, it can be

concluded that the metabolomic profiles of marine strains were considerably larger than
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between endophytes and land strains under different OSMAC conditions. In the loading
plot, it was found that PC1 and PC2 were mainly affected by high field signals such as
from the signals at 1.23, 0.97, 0.81 and 0.83 (Figure 6.20B).

The buckets evaluated in this study were not completely analyzed because the PC values
are dominantly affected by the strong signals in high field. The buckets with relatively
low intensity in down fields are not sufficient to differentiate. For further metabolic
analysis to obtain clear differentiation, the '"H NMR spectra of the fractions were assessed
for PCA in different chemical shifts regions (Figure 6.21).

No large differences were observed between the PCA results of the fractions in total
region (0-15 ppm) (Figure 6.20 A and B) and region 1 (0-2.4 ppm) (Figure 6.21A and B),
and almost all the spots in the score plot of region 4 (10-15 ppm) gathered in the same
area (Figure 6.21G and H). Therefore the focus was placed on the results obtained from
the other regions. As seen in Figure 6.21C and D (3.5-6 ppm), three fractions located in
the third quadrant were found not to cluster with any of the others, suggesting the
possibility of existence of unique metabolites. Visual inspection of the corresponding 'H
NMR spectra was carried out. However, only the fraction from the endophyte
(ES120055 pH 5.5 Supernatant fr.3) displayed various signals in saturated as well as
aromatic regions (Figure 6.22). Not many interesting signals could be found in the other
two outliers from marine strains, especially MS110149 Standard Supernatant fr.3. The
NMR signals responsible for distinguishing them from the others are the huge peaks
located around 4 ppm, which may be produced during the sample preparation process.
This study has highlighted the importance of visual inspection of the '"H NMR data after
PCA, as not all outliers identified by PCA could be relied on to have unique metabolites
signals.

The data set of aromatic region (6 — 10 ppm) examined by PCA analysis revealed five
distinct outliers as shown in Figure 6.21 E and F. MS110158 Medium5 14d
_Supernatant fr.2 was well separated from the other outliers and it was highlighted
because of the strong coupled signals at 7.27 and 7.31 ppm. Visual inspection of the other
outliers in the second quadrant revealed different NMR signals at 7.79, 7.73, 7.71, 9.59
and 9.61 ppm (Figure 6.23).
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Figure 6.21 Score plots and loading plots of PC1 and PC2 of 4160 fractions. Fractions from

endophytes, land strains and marine strains in score plots were shown in red, orange and green,

respectively. Bucket values in loading plots were shown as numbers below each circle. A. Score plot

of region 1 (0 - 2.4 ppm). B. Loading plot of region 1 (0 - 2.4 ppm). C. Score plot of region 2 (3.5 -6

ppm). D. Loading plot of region 1 (3.5 - 6 ppm). E. Score plot of region 3 (6 - 10 ppm). F. Loading

plot of region 3 (6 - 10 ppm). G. Score plot of region 4 (10 - 15 ppm). H. Loading plot of region 1 (10

- 15 ppm).
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Figure 6.22 "H NMR spectra of 3 outliers indicated by PCA results of region 2.

Only a few outliers were identified when analyzing 4160 fractions all together and only
one of them (ES120055 pH 5.5 Supernatant fr.3) showed promising characteristics in
NMR spectrum. It was, hence, of interest whether more outliers with unique NMR
signals could be resolved by PCA. This was investigated by re-subjecting the data sets
generated from each strain separately to PCA analysis.

As with the previous evaluation, 13 data sets consist of 320 fractions from each strain
were reanalyzed separately using the same software and parameters. The PCA generated
score plots enabled distinction to be made among different OSMAC conditions in each
strain. The metabolites responsible for distinguishing between the conditions are
indicated in the loading plots. In score plots, 10 culture media conditions and 12 stress
conditions were distinguished by different symbol shapes; samples from supernatant and
biomass were shown in hollow and solid symbols, respectively; and fractions of different
culture periods were differentiated with different fraction number forms: 1 - 5 (7 days)
and 1" — 5’ (14 days). Anti-BCG activity of each fraction was displayed in different color
(Figure 6.24).
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Figure 6.23 "H NMR spectra of 5 outliers indicated by PCA results of region 3.
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Figure 6.24 Legend information of score plot.
Outliers appeared in the first two principal components that cumulatively account for
79.30 % to 98.41 % of variation in each score plot were displayed in Table 6.4. In total,
156 outliers were identified from 52 score plots (13 actinomycetes x 4 regions) and 42 of
them appeared more than once in different NMR spectral parts. The outliers were divided
into 3 types according the visual inspection of their raw spectra. Type I outliers were
highlighted mainly because of some huge signals generated in their spectra during the
sample preparation or evaluation processes. As shown in Figure 6.25, the fraction 5 of
MS110104 Medium6 7d Biomass is totally separated from the other fractions by

component 2 in the score plot. By examining the loading plot and the respective NMR
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spectra (Figure 6.26), it is clear that the fraction is found to have a strong signal at 1.22

ppm but with no additional peaks comparing to the standard fraction.
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Figure 6.25 PCA results of 320 fractions from MS110104. Anti-BCG activity was shown in different

colors coded according to the legend in Figure 6.24 (blue lowest and red highest activity). A. Score

plot of region 1 (0 - 2.4 ppm). Fraction numbers were shown below B. Loading plot of region 1 (0 -
2.4 ppm). Bucket values in loading plots were shown as numbers below each circle.
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Figure 6.26 'H NMR spectra of the outlier of MS110104 indicated by PCA result of region 1. Bottom:
MS110104 Medium6_7d_Biomass_fr.5, top: the corresponding standard fraction.

PCA were conducted based on bucket tables, which were intensities calculated from the

selected NMR signals. Thus, PCA detects outliers according to the differences on
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Table 6.4 Outliers identified from PCA results of 13 actinomycetes

Strains Region 1 (0-2.4 ppm) Region 2 (3.5-6 ppm) Region 3 (6-10 ppm) Region 4 (10-15 ppm)
M9 14d S 3,5.5_S 3,M10_7d_S_ 2,100
ES120055 5.5_S 3, Inducer2_S 4,3.5 S 3 M9 14d S 3,M1_7d B 3
mM B 4
M1 14d B 3,M9 14d_S_3,10mM B 3,
ES120127 Standard B_5, 100 mM_B_5 35 B 3,MI 14d B 3,42 B 5
M9 7d B 3,M8 14d_S 3
M6_7d B 3,M8_14d B 3,M7_14d_S 3,
M4 _14d B 5,M1_14d B_5, Standard B_5,
LS120167 100mM_S 1 M1 _14d S 3,
M1 _14d_S 4 - -
M8 14d S 3,M8 7d_S 2
ImM B 5,10mM B 5,95 B 5,9.5 B 4,
- - - - M4 14d S 3,10mM S 3, lmM_S 3, M4 14d S 3,M6_7d_S 2,M3 7d S 2,
LS120194 100mM_B_5, ImM B 4, 10mM_B 4, M4 14d S 3
100mM_S 3,42 S 3 M6_14d S 3,M3_14d S 3
10mM S 3, ImM_S 3
Inducer2 S 3,M6_7d_B_5,M10_14d_S 3,
MI10 7d B 3,42 28 S 3,M3_14d S 3, [nducer2 S 3,M2_14d_ B _2,M2 14d_B 4,
MS110104 42 B 4,35 B 3,M6_14d B 3 Inducer2_S 2, Inducer2_S_1, Inducerl S 3
M9 14d_S 3,M9 7d B_3, Inducerl S 3, 42 S 3
M4 14d S 3
Ml 14d S 3,M10_14d S 3,M10 7d S 2, Ml 14d S 3,M10_14d_S 3, R
MS110105 M9_7d_B_4, Inducerl B 4, R Inducer! B 4 M10 7d S 2,M3_14d_S 3,M10 14d S 4,
M10_14d S 4, Inducer2 B_4,M9_14d B 4 M9 7d B 3
M9 14d S 3,M1_14d_S 3,M5_14d_S 3,
MS110109 M9 14d S 3,M3_7d_S _5,M10_14d B_4 Inducer2_S_3,5.5_S 3,M9 14d_S 3 M9 14d S 3,M9 7d S 2,M1 _7d_S 2
M4 14d_S 3,M9 7d S 2,M1 7d S 2
M1 7d B 4,M1_14d B 4,M1 _7d B 5, 55 B 3,55 S 3,Ml 14d B 3, M7_14d_S 3,M10 14d_S 3,5.5_S 3,
MS110115 M7 14d S 3,M4_14d_B_4
M1 _14d B 5 M1 _14d_S 3,M6_14d S 3, M7 14d S 3 10mM_S 3, Inducerl S 3
M7 14d_S 3,42 S _3,100mM S 3,
MS110142 Mg 14d S 3, 1mM_B_5 3.5 B 3, M8 14d S 3,M6_14d B 1

M8 14d S 3

100mM_S_3,M7 14d S 3
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Table 6.4 (Continued)

Strains Region 1 (0-2.4 ppm) Region 2 (3.5-6 ppm) Region 3 (6-10 ppm) Region 4 (10-15 ppm)
558 2, ,35S 3,42 S 5,
42 28 S 3,55 S 3, M4 14d S 3,
T 55 1, ,9.5.S 3,
ImM_S 3,9.5 S 3, Inducerl S 3,
- - o 55 S 2, ,35 S 3,42 S 5, Inducer2 B 3, Inducer2 S 3,
MS110149 , Inducer2 B 3, M4 14d S 3
o 558 1, ,M6 7d S 3 Inducerl S 3, ,
Inducer2 S 3, s
o M4 14d S 3, IlmM_S 3,
M4 7d S 3,35 S 3,M4 14d B 3
T e ,M4 7d S 3
M5 14d S 2,M6_14d_S 1,
42 B 5,Ml _14d B 5,M5 14d B 5,
T - T M6 14d S 2,42 S 3,35 S 3,
MS110158 Inducer2 B 5, M6 _14d B 5, 35 S 2, M5 14d S 2 T T - M5 14d S 2
- i M7_14d_S_2, M9 14d_S 2,
95 B 5
- M10_14d S_1

M9 14d B 5,M4 7d_S 3,
MS110167 - M9 14d B 5,M1 7d_S 3,5.5S 3| M4 7d_ S 3,M1_7d_S_3,3.5.S 3 M9 7d B_5,M4 7d_S 3
Ml 7d S 3,558 3

M8 14d B 5, Standard B 5,
- - M1 14d S 3,M6_14d_S 3, M1 14d S 3,M6_14d_S 3,
MS120045 10mM_B 4, M9 14d B 5, B M1 14d S 3,M6 _14d S 3
- - T ImM B 4 M7 7d S 3,M9 14d S 3
M9 14d S 4, M8 14d S 4 -

Same fractions are shown in same color.

152




intensities, including samples containing the same metabolites with the others but in a
higher quantity (type 2 outliers), or samples containing new generated metabolites from
the others (type 3 outliers). An example of outlier that displayed the effect of increasing
the metabolites production was shown in Figure 6.27. The metabolites production in
endophyte ES120127 was enhanced by culturing in medium 9 for 14 days comparing to
the standard condition and same medium for 7 days (Figure 6.28).
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Figure 6.27 PCA results of 320 fractions from ES120127. Anti-BCG activity was shown in different
colors coded according to the legend in Figure 6.24 (blue lowest and red highest activity). A. Score
plot of region 3 (6 - 10 ppm). Fraction numbers were shown below each symbol. B. Loading plot of

region 3 (6 - 10 ppm). Bucket values in loading plots were shown as numbers below each circle.
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Figure 6.28 'H NMR spectra of the outlier of ES120127 indicated by PCA result of region 3. Bottom:
ES120127 Medium9 14d_Supernatant fr.3, middle: ES120127 Medium9 7d_ Supernatant fr.3, top:

the corresponding standard fraction.
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Apart from culture media variation, the addition of ethanol in standard medium was
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Figure 6.29 PCA results of 320 fractions from MS110149. Anti-BCG activity was shown in different
colors coded according to the legend in Figure 6.24 (blue lowest and red highest activity). A. Score
plot of region 1 (0 — 2.4 ppm). Fraction numbers were shown below each symbol. B. Loading plot of

region 1 (0 — 2.4 ppm). Bucket values in loading plots were shown as numbers below each circle.
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Figure 6.30 1H NMR spectra of the outliers of MS110149 indicated by PCA result of region 1. From

bottomto top: MS110149 _EtOH 1 mM_Supernatant_fr.3, MS110149 EtOH 10 mM_Supernatant fr.3,
MS110149_EtOH 100 mM_Supernatant fr.3 and the corresponding standard fraction.

found to be beneficial to accumulation of metabolites. The third fractions of supernatant

samples with the addition of different concentrations were all identified as outliers in

score plot of MS110149 dataset (Figure 6.29). The NMR spectra in Figure 6.30 showed
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there was no significant difference in signal intensities with 1 mM and 10 mM ethanol
added. When ethanol level was reached to 100 mM, metabolites production was
significantly enhanced. The effect of ethanol on metabolites biosynthesis was also
confirmed by a series of studies and the mechanism was reported as multiple responses of
intracellular signals, gene transcription and enzyme activity levels.*> "> 1%

The third type outliers were identified because of the different metabolites produced
under specific OSMAC conditions and are thus the prioritized fractions in this project,
especially those outliers identified from more than one NMR region (Figure 6.31). 11
outliers from marine strain MS110109 with their sample codes were shown in Figure
6.31 and 3 of them appeared in more than one score plot. After visual comparison with
standard fractions, 6 fractions were determined to contain the “prioritized” outliers with
different NMR signals (Figure 6.32), including the three fractions presumed to contain

the same outlier.
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Figure 6.31 Score plots of 320 fractions from MS110109. Fraction numbers were shown below each
symbol. Anti-BCG activity was shown in different colors coded according to the legend in Figure 6.24
(blue lowest and red highest activity). A. Score plot of region 1 (0 — 2.4 ppm). B. Score plot of region

2 (3.5 — 6 ppm). C. Score plot of region 3 (6 — 10 ppm). D. Score plot of region 4 (10 — 15 ppm).
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Figure 6.32 'H NMR spectra of the outliers of MS110109 and the corresponding standard fraction.
Visual inspection and comparisons of 156 outliers with their standard fraction in Table
6.4 confirmed the differences indicated by the corresponding loading plot. However, as
mentioned before, some of the outliers containing strong signals from sample preparation
process or the same signals with that in standard fractions were not selected as prioritized
outliers in this project. As a result, 37 fractions with newly generated NMR signals under
specific OSMAC conditions were prioritized for future investigation (Table 6.5). Among
all the prioritized outliers, fractions derived from media variations (62.16%) gave more
than that from stress conditions (37.84%) (Figure 6.33). Overall, cultivation for a longer
time (14 days) provided more promising outliers than the standard culture period (7 days),
containing 43.2% and 18.9 % of outliers, respectively. Within the 10 selected media,
medium 1 (10.8 %) and 10 (10.8 %) were the most effective media in inducing unique
metabolite production, whereas, none of the prioritized fractions were generated from
medium 2, 5 or 8. Apart from media variation, stress shocks, including heat shock, pH
shock and ethanol shock, as well as the addition of small inducer molecules also led to

the production of unique metabolites. PH shock, especially acidic conditions (pH 3.5 and
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5.5) provided 9 prioritized outliers, which are 64.3 % of the outliers induced by all stress

conditions. The second effective strategy among stress conditions was found to be the use

of inducers, with 1 outlier induced by inducer 1 and 2 outliers induced by inducer 2,

followed by the high temperature shock condition (42 “C), with 2 outliers.

Table 6.5 Prioritized outliers identified from PCA results of 13 actinomycetes

. Media variation ..
Strains Stress conditions
7 days 14 days
ES120055 M10 7d S 2 M9 14d_S 3 35S 3,
ES120127 35 B3
LS120167 M1_14d_S_3,
M3 _14d_S 3, M4 _14d_S 3, P
LS120194 M6_14d_S 3 42 S 3
42 B_4, ,
MS110104 , Inducre2_S_3
M1_14d_S 3, ,
MS110105 M10 7d S 2 M10_14d S 3
Ml 7d S 2,M3 7d S 5, .
MS110109 M9 7d S 2 M9 _14d_S_3 55 S 3,
MSI110115 M4 14d B 4 55 B 3,
MS110142 M7 14d_S 3
MS110149 M6 _7d_S 3
MS110158
MS110167 35S 3,558 3
MS120045 M7 7d S 3 M1 14d S 3, M6 14d S 3

50
25
12.5
6.25
3.125
1.56
0.78

Anti-BCG activity was shown in different colors coded according to the legend (blue lowest and

red highest activity)
15
B 7 days
N 14 days
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Figure 6.33 The distribution of 37 prioritized outliers.

The comparison of 37 outliers was explored by re-subjecting their NMR fingerprint data

to PCA analysis. The resulting score plots of PC1 versus PC2 flagged up a few distinct
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outliers in different NMR chemical shift regions (Figure 6.34). Under comprehensive
consideration of PCA results and their anti-BCG activity, especially those active fractions
with improved activity comparing to the corresponding standard fractions, 6 fractions
derived from 5 strains were finally selected as the most potent fractions for further
chemical investigation, including 3 fractions from pH 5.5 (ES120055 5.5 S fr.3,
MS110115 555 S 3 and MSI110167 5.5 S 3), 1 fraction from medium3
(LS120194 Medium3 14d S 3), 1 fraction from the addition of inducer 2
(MS110104 Inducer2 S 3) and 1 fraction from the high culture temperature condition

(MS110104 42 B_4).
A B
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Figure 6.34 Score plots of 37 outliers fractions. Anti-BCG activity was shown in different colors
coded according to the legend in Figure 6.24 (blue lowest and red highest activity). A. Score plot of
region 1 (0 — 2.4 ppm). B. Score plot of region 2 (3.5 — 6 ppm). C. Score plot of region 3 (6 — 10 ppm).
D. Score plot of region 4 (10 — 15 ppm).

6.4 Conclusion
In an attempt to uncover the biosynthetic potential of 13 unique environments-derived
actinomycetes, the effects of 32 OSMAC conditions, involving media variation and stress

conditions, were investigated. A platform with the combination of HPLC fractionation
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and NMR fingerprinting generated a huge data set of 4160 fractions. A whole cell-based
screening has excluded 70% non-active samples and resulted in 1271 active candidate
fractions (Figure 6.35). When discriminant analysis was applied on 'H NMR spectra of
active fractions, PCA produced a set of synthetic variables that clearly separated samples
with newly generated metabolites grown under specific conditions with the others. It is a
quick screen to expose outliers, although additional visual inspection of the original raw
data (‘"H NMR spectra) is required. As a result, 37 prioritized outliers were highlighted by
PCA and 6 of them with high anti-BCG activity and unique NMR signals were

considered as the most promising fractions for further investigation.

1271 active
fractions
screening k

4160 fractions

PC2 .6_

ES120055_ [ etitens 0.4
5583 Sea

(MICgcg =
12.5 pg/mL)

nducer
283
(MICp=0.78 |
pg/mL) G

Most promising
fractions

900

T
0 0.2

37 prioritized fractions

Figure 6.35 Process of highlighting promising fractions for further investigation.
Comparing to media variation, the use of stress conditions appeared to have stronger
effects on triggering the silent biosynthetic genes of studied actinomycetes. Among the
applied stress types, pH shock and the addition of inducer molecules displayed the
biggest potential, whereas ethanol shock played a significant role in increasing the

metabolites production rather than activating the expression of silent genes.
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Chapter VII Target identification of anti-TB compounds from

Hit fractions

Abstract: The three most active outliers identified in Chapter 6 were scaled
up and 20 compounds were isolated, including one novel compound and 3
synthetic compounds that are reported for the first time as naturally
occurring metabolites. Their structures were determined by means of
HRESIMS and NMR data. Anti-microbial activity evaluation of 11 identified
compounds to date resulted in 8 anti-BCG active compounds, with the most
potent MIC value of 5 ug/mL. This is the first report that investigates the
anti-BCG properties of the isolated compounds.
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7.1 Introduction

Actinomycetes are a crucial source of novel natural products, but discovering more
potential compounds that are biosynthesized by the so-called cryptic gene clusters
represents a continuing challenge for natural product research. During the exploration of
structure diversity by activating the cryptic pathway, the OSMAC approach has been
proven to be convenient in maximizing the secondary metabolites of a single strain by
varying the composition of media, changing condition of cultivation, adding precursors
or enzyme inhibitors or co-cultivation.** In our study, 13 actinomycetes have been shown
as the promising producers of anti-TB natural products (chapters 3 and 5). Guided by the
OSMAC approach, 32 different conditions were attempted and the NMR profiles of the
fractions were evaluated by PCA. As a result, 6 fractions of 5 actinomycetes with strong
anti-BCG activity as well as novel NMR signals were selected as the most potential
fractions containing unique and active compounds for further investigation (chapter 6).
Scaled up fermentation and chemical exploration of three fractions with the strongest
activity was performed, namely MS110104 Inducer2 Supernatant fr.3, MS110167
pH5.5 Supernatant fr.3 and LS120194 Medium3 14d Supernatnat fr.3. Details of the
isolation, structure elucidation, and bioactivity screening of isolated compounds are
reported in this chapter.

7.2 Large-scale isolation of anti-TB compounds from MS110104 Inducer2
_Supernatant fr.3

Marine actinomycete MS110104 was isolated from a sediment sample collected from the
South China Sea. This isolate was identified as a Streptomyces sp. based on cultural,
physiological, morphological characteristics and 16s rRNA gene analysis (Figure S1).

In our search for bioactive secondary metabolites from unique environments-derived
actinomycetes, MS110104 was found to be active against BCG (Chapter 3). With the aim
to activate the expression of the silent biosynthetic gene clusters in this strain, a so-called
OSMAC approach was carried out to find active compounds (Chapter 6). A total of 32
fermentation conditions were applied to MS110104 and further fractionation of the crude
extracts generated 320 fractions. A cell-based anti-BCG screening of the fractions
resulted in 153 active hits (47.8%) (Figure S2). Fraction 3 from the supernatant extract
with the addition of the inducer 2 (MS110104 Inducer2 Supernatant fr.3) is one of the
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most active fractions.

Then the multivariate statistical analysis was conducted on the data set consisting of
NMR fingerprint data of 320 fractions. The potential fraction MS110104 Inducer2
Supernatant _fr.3 was highlighted as the outlier comparing to other fractions within
chemical shifts from 0- 2.4 ppm and 3.5 -6 ppm regions (Figure S3). Visual inspection of
the corresponding '"H NMR spectra clearly showed a series of newly generated NMR
signals only existed in MS110104 Inducer2 Supernatant fr.3 (Figure 7.1).

Thus, MS110104 was scaled up (4 L) under the condition of additional inducer molecule
2 and the n-butanol extract was injected to the analytical C-18 column under the same
gradient as described in Chapter 5 to generate the target fraction 3. With the use of
Sephadex LH-20 column and semi-preparative HPLC, 5 compounds (85 — 89) were

obtained from this target fraction.

MS110104_Inducer2_Supernatant_fr.3
W
. " A M

MS110104_Standard_Supernatant_fr.

oy WY

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 2.0 1.5 1.0 0.5
f1 (ppm)

Figure 7.1 'H NMR spectra of the outlier MS110104 Inducer2 Supernatant fr.3 indicated by PCA

result of regions 1 and 2 and the corresponding standard fraction.

Compound 85 was isolated as a white powder. HRESIMS of 85 afforded an [M-H] ion at
m/z 621.4002 (calculated for 621.4008), consistent with a molecular formula of C3sHsgOo.
The "H NMR spectrum showed 58 proton signals including five olefinic protons at dy
6.53 (s), 5.83 (d, J=8.0 Hz), 5.71 (d, J= 11.4 Hz), 6.53 (dd, J= 15.7, 10.8 Hz) and 5.15
(dd, J= 14.4, 8.4) ppm, two methoxy protons at dy 3.54 (s) and 3.16 (s), nine methyl
protons at oy 0.72 ~ 1.79 and six oxygenated methine protons at oy 3.17 ~ 5.13 ppm
(Table 7.1). The °C NMR spectrum displayed 35 carbon signals that were classified by
HSQC and HMBC spectra as two methoxy carbons at dc 59.8 and 55.6 ppm, nine methyl
carbons at dc 7.4 ~ 23.1 ppm, five olefinic methine carbons at dc 132.3, 144.6, 124.3,
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132.6 and 126.0 ppm, seven oxygenated methine carbons at dc 69.1~ 99.1 ppm, three
fully substituted olefinic carbons (one oxygenated) and one conjugated ester carboxyl
carbon at dc 164.9 ppm. Inspection of the 1D and 2D NMR obtained from 85 revealed a
16-membered macrolide (Table 7.1). The structure of the 16-membered macrolide was
assigned on the basis of COSY spectrum and 'H — °C correlations in HMBC spectrum.
The HMBC correlation of the proton at oy 5.13 (H-15) with the carbon at ¢ 164.9 (C-1),
the proton at dy 6.53 (H-3) with the carbons at dc 164.9 (C-1), 141.3 (C-2), the proton at
ou 5.83 (H-5) with the carbons at dc 132.3 (C-3) and 14.1 (C-26) and the proton at oy
5.71 (H-11) with the carbons at oc 41.7 (C-12) and 19.7 (C-29) indicated the linkage
between C-1 and C-15 via oxygen, C-1 and C-3 via the fully substituted olefinic C-2, C-3
and C-5 via the fully substituted olefinic C-4 and C-9 and C-11 via the fully substituted
olefinic C-10, which determined a 16-member lactone ring. The protons of two methoxy
groups at oy 3.54 and 3.16 ppm were connected with the carbons at dc 141.3 (C-2) and
83.4 (C-14), respectively, based on their HMBC correlations. According to the
correlations between the protons at dy 3.32 (H-23), 5.33 (19-OH), 0.88 (H-31) and the
carbon at dc 99.1 ppm (Table 7.1), the pyranose fragment was formed and attached to C-
18. Thus, the structure of 85 was dereplicated as the known compound bafilomycin Al
(Figure 7.2). The NMR data and optical rotation observed for 85 is consistent with those

of bafilomycin A1, indicating that 85 could have the same absolute configuration.'™*

— COSY
~ HMBC

85: Ry=H, R,=H Og,
86: R1=CH3, R2=H
87: R1=CH3, R2=CH3

Figure 7.2 Structures and observed COSY and key HMBC correlations of 85 to 87.
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Table 7.1 'H and *C (800 MHz) NMR data of 85 to 87 in DMSO-dj

85 86 87
Position COSY HMBC
dc, mult Oy, mult (J in Hz) Jc, mult Oy, mult (J in Hz) Jc, mult Oy, mult (J in Hz)
1 164.9 C 166.7C 166.4 C
2 1413 C 141.8C 141.6 C
3 132.3 CH 6.53 s 1332 CH 6.55s 132.6 CH 6.55s 1,2,5,26
4 131.1C 1334C 1332C
5 144.6 CH 5.83d(8) 141.0 CH 5.83d(9.0) 142.1 CH 5.81d(9.0) 6 3,6,7,26
6 37.7CH 242m 37.2CH 244 m 37.6 CH 244 m 5,7,27 4,5,27
7 78.9 CH 3.17m 80.0 CH 320m 80.4 CH 3.16 m 6, 8, 7-OH 5,28
8 43.0 CH 1.6dd (1.6,7.2) 41.8 CH 1.65m 42.6 CH 1.7l m 7,9,28 28
9 41.7 CH, 1.88 m 40.6 CH, 1.88m 40.5 CH, 1.87m 8,9 10,11, 29
2.04dd (11.2,13.6) 2.10m 2.12m 8,9 10, 11,29
10 1432C 143.7C 143.7C
11 124.3 CH 5.71d(11.4) 125.5CH 5.76 d (10.5) 128.1 CH 5.8d(11.0) 12 9,12,13,29
12 132.6 CH  6.53dd (15.7, 10.8) 132.0CH 6.64 dd (15.0, 11.0) 132.0 CH 6.63 dd (15.2, 10.6) 11,13 11, 14
13 126.0 CH 5.15dd (14.4, 8.4) 126.5 CH 5.21dd (15.0,9.5) 129.5 CH 5.23dd (15.0,9.4) 12, 14 11,14, 15
14 83.4 CH 3.97dd (7.2, 8) 83.0 CH 3.87dd (8.5, 8) 83.0 CH 3.81dd (8.2, 8) 13,15 12, 131’5141-?CH3’
15 75.8 CH 5.13dd (1.6, 6.4) 76.2 CH 5.05d(9.0) 76.7 CH 5.05dd (8.5,1.7) 16 1, 14, 16, 17, 30
16 39.0 CH 1.86 m 38.8 CH 1.87m 38.3CH 191 m 15,17, 30 17,30
17 70.4 CH 3.99m 70.9 CH 4.03m 72.0 CH 4.00 m 16, gi_’l 17- 15, 16, 31
18 39.9CH 1.72m 41.3 CH 1.78 m 40.6 CH 1.77m 17,19, 31 16,20
19 99.1C 98.4C 103.5C
20 43.3 CH, 2.0 dd (4.8, 12.0) 43.3 CH, 2.19m 44.5 CH, 2.08 m 19, 20", 21 19,21, 22
1.07 td (1.6, 12.0) 1.14m 1.17m 19, 20, 21 21,22
21 69.1 CH 336 m 80.2 CH 2.94m 77.8 CH 295m 20, éZI_,IZI- 19,23, 32
22 412CH 1.14m 359CH 1.48 m 36.2CH 1.48 m 21,23,32 20,21,23
23 76.1 CH 332m 71.3 CH 3.57m 71.1 CH 3.57m 22,24 19,21, 24, 25, 32
24 28.0 CH 1.82td (2.4,7.2) 28.1 CH 1.90 m 29.0 CH 1.92m 23,25,33 25,32
25 14.9 CH; 0.72d(7.2) 14.0 CH; 0.80d (6.7) 14.2 CH; 0.80d (6.7) 24 23,24
26 14.1 CH; 1.89s 14.1 CH; 2.00s 14.1 CH; 2.00s 3,4,5
27 18.4 CH; 0.96d(7.2) 17.4 CH; 0.98 d (7.0) 17.4 CH; 0.96d(7.2) 6 6
28 23.1 CH; 0.89 d (6.5) 22.5 CH; 0.95d (6.5) 22.1 CH; 0.94 d (6.5) 8 7
29 19.7 CH; 1.79 s 20.2 CH; 191s 20.7 CH; 1.93s 11
30 11.0 CH; 0.78d ((7.2) 12.3 CH; 0.87 d ((6.8) 12.2 CH; 0.88d ((6.8) 16 15,16, 17
31 7.4 CH; 0.88d(3.2) 7.3 CH; 1.00d(7.2) 7.4 CH; 0.98d(7.2) 18 17,18, 19
32 21.5 CH; 0.87 d (6.4) 22.5 CH; 0.84 d (7.5) 22.5 CH; 0.84 d(7.4) 22 21,23
33 12.8 CH; 0.83 d (6.4) 14.3 CH; 0.83d(7.5) 14.2 CH; 0.83d(7.4) 24 23,24,25
2-OCH; 59.8 CH; 3.54s 60.2 CH; 3.56s 60.8 CH; 3.54s 2
14-OCH;  55.6 CH; 3.16s 55.8 CH; 325s 55.8 CH; 322s 14
19-OCH; 49.6 CH; 332s 19
21-OCH; 57.4 CH; 330s 57.8 CH; 330s 21
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7-OH
17-OH
19-OH
21-OH

491d(5.6) 491d(5.6) 4.90 d (5.8) 7

4.52d(5.6) 4.54d(6.2) 4.51d(5.6) 17
533d(1.6) 535d(1.6)
4.46 d (5.6) 24

6,7
16, 18
19, 20
21,22

86 gave a [M - H] ion at m/z at 635.4161 (calculated for 631.4165) in the negative ion of
HRESIMS, consistent with a molecular formula of Cs3sHeoOo, differing from the
molecular weight of bafilomycin A1l (85) simply by the addition of CH,. Comparison of
the 1D and 2D NMR data obtained for 86 (Table 7.1) with that we collected for
bafilomycin Al (85) showed that 86 was closely related to 85. A HMBC correlation
observed between a methyl ether resonance at dy 3.30 ppm and a carbon resonance at dc
80.2, assigned to C-21 in 86 by COSY and HSQC data, confirmed that the C-21 OH
present in bafilomycin Al (86) had been replaced by a methoxy in 86. By comparison
with the reported data, 86 was identified as bafilomycin G. '*

87 gave a [M - H] ion at m/z at 649.4317 (calculated for 649.4321) in the negative ion of
HRESIMS, consistent with a molecular formula of Cj;7He,O9, differing from the
molecular formula of bafilomycin G (86) simply by the addition of CH,. The 1D and 2D
NMR data obtained for 87 (Table 1) were nearly identical to the data obtained for
bafilomycin G (86), indicating that the compounds were closely related. The major
difference in the NMR data for 86 and 87 was that the OH-19 proton at oy 5.35 in 86 was
replaced by a methyl singlet (19-OCHs: d¢c 49.6; du 3.32), suggesting that 87 was the
methyl ketal of bafilomycin G (87). A correlation observed between the methyl
resonance at Jy 3.32 and the C-19 ketal carbon (dc 103.5) in the HMBC spectrum
obtained for 87 confirmed this assignment. By comparison with the reported data, 87 was
dereplicated as known compounds bafilomycin H.'®

88 gave a [M - H] ion at m/z at 603.3996 (calculated for 609.3902) in the negative ion of
HRESIMS, consistent with a molecular formula of C;sHs¢Og, which differed from the
molecular formula of bafilomycin A1 (85) by the loss of H,O. Comparison of the 1D and
2D NMR data obtained for 88 (Table 7.2) with that of 85 to 87 (Table 7.1) showed that
these compounds were closely related. In particular, the NMR data showed that the C-1
to C-15 macrocyclic rings were identical. Similarly, the NMR data confirmed that the

substituents at C-22 (methyl), and C-24 (2 methyl groups) were also the same. However,
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Table 7.2 'H and "°C (800 MHz) NMR data of 88 in DMSO-d,

Position oc, mult oy, mult (J in Hz) COSY HMBC
1 167.3 C
2 1414 C
3 132.2 CH 6.53s 1,2,5,26
4 1313 C
5 143.1 CH 5.84d(9.3) 6 3
6 36.9 CH 242 m 5,7,27 27
7 80.4 CH 3.17dd (2.3, 6.8) 6, 8, 7-OH 9
8 43.3 CH 1.65 m 7,9,28 28
9 41.5 CH, 1.89 m 8 11,29
2.05m
10 143.8 C
11 125.4 CH 5.73d (10.4) 12 12,29
12 132.7 CH 6.54 dd (15.1, 10.4) 11,13 11, 14
13 126.5 CH 5.17m 12, 14 11, 14,15
14 82.8 CH 398 m 13, 15 12, 13, };‘_OCH3’
15 75.9 CH 5.11m 16 14
16 38.8 CH 2.07m 15,17, 30 31
17 72.1 CH 3.96 m 16, 18, 17-OH 15, 19, 30, 31
18 46.9 CH 2.99 m 17, 31 16, 20
19 202.6 C
20 127.4 CH 6.20 d (15.67) 21 18, 22
21 147.7 CH 6.80 dd (8.75, 15.67) 20,22 19, 23, 32
22 38.5CH 2.53 m 21,23,32 20, 24
23 83.7 CH 3.19m 22,24,23-OH 21, 25,32,33
24 31.4CH 1.90 m 23,25,33 22,25,33
25 17.8 CHy 0.80d (6.7) 24 23,24, 33
26 14.1 CH;y 2.00s 3,5
27 18.4 CH;y 0.94d (7.0) 6 6
28 23.5 CHy 0.89 d (6.5) 8 7
29 20.2 CH; 1.79 s 11
30 12.3 CH;y 0.96 d ((6.8) 16 15, 16, 17
31 9.5 CH;4 1.16 d (7.0) 18 17,18, 19
32 15.6 CH;y 1.11d (7.0) 22 21,23
33 14.3 CH;y 0.91d(7.5) 24 23,24,25
2-OCH; 60.2 CH; 3.55s 2
14-OCH; 55.8 CH; 3.15s 14
7-OH 4.89 d (6.56) 7 6,8
17-OH 3.77 d (6.63) 17 16, 18
23-OH 3.23d (6.63) 23 22,24
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unlike in 85, the methine proton resonance at oy 2.53 (H-22) in 88 showed a COSY
correlation to a olefinic methine resonance at oy 6.80 (H-21) and HMBC correlations to
olefinic carbon resonances at oc 127.4 (C-20) and 31.4 (C-24), indicating the presence of
an alkene. Comparing to 85, the H-23 methine resonance at dy 3.19 in the '"H NMR
spectrum of 88 showed an additional COSY correlation to a hydroxy resonance at oy 3.23
(23-OH), suggesting the pyranose ring was open in 88. °C spectrum of 88 displayed a
downfield carbonyl signal at dc 202.6 ppm (C-19) and the HMBC correlations from
protons at oy 3.96 (H-17), 6.80 (H-21) and 1.16 (H-31) to this carbonyl confirmed the
linkage between C-20 and C-19 (Table 7.2). Comparison with reported data confirmed 88

186

as bafilomycin D (Figure 7.3).

= COSY
~ HMBC

Figure 7.3 Structures and observed COSY and key HMBC correlations of 88.
Antimicrobial assays of 85 — 88 against four Gram-positive bacteria and one Gram-
negative bacterium were carried out using the method mentioned in Chapter 3 (Table 7.3).
All of these bafilomycins showed the same level of activity against SA with MIC value
of 100 ug/mL (62.2, 63.6, 65.0 and 60.4 uM, respectively). Compared to compounds 85
to 87, 88 showed weaker anti-BCG activity with doubled MIC value of 40 ug/mL (24.16
uM), suggesting the presence of the pyranose moiety may play an essential role in the
inhibition process.

To date, 19 bafilomycins have been isolated according to the Dictionary of Natural

Products. These macrolides exhibit a variety of biological activities, including

187-190 190 190, 191 192

. . . . 186 . .
antitumor, antibacterial,'®* antifungal, antiparasitic and

immunosuppressant activities.'”> It is worth mentioning that, among the bafilomycins

identified in this work, there is no report in the literature about activity against M. bovis

167



BCG. In particular, bafilomycin A1 was found to be an extremely potent and specific

inhibitor of the vacuolar ATPases.'”*

The unique mode of mechanism drew considerable
interest to the bafilomycins, especially in anti-TB drug discovery, which only has one
candidate compound TMC 207 with the mechanism of ATPase inhibition.

Table 7.3 Antimicrobial activities of compounds 85 — 88

MIC Organism (Strain)

(uM) BCG SA MRSA BS PA
85 12.44 62.2 NA* NA NA
86 12.72 63.6 NA NA NA
87 13 65 NA NA NA
88 24.16 60.4 NA NA NA

Control 0.371 0.7 o 70! 0.35™ 3lel

@l isoniazid ©° Vancomycm 01proﬂoxac1n * NA: not active
The comparison of NMR spectra between target fraction and isolated compounds is
shown in Figure 7.4. All of the signals from this fraction could be explained by the pure

compounds.

MS1101 04Inducer2supew MWW‘

o LA
' W)

T e
T e

70 65 60 55 50 45 40 35 30 25 20 15 10 05
f1 (ppm)

Figure 7.4 Comparison of NMR fingerprint between target fraction and compounds of MS110104.
7.3 Large-scale isolation of anti-TB compounds from MS110167 pHS5.5

_Supernatant fr.3

Marine actinomycete MS110167 was isolated from a sediment sample collected from the

South China Sea. This isolate was identified as a Streptomyces sp. based on cultural,
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physiological, morphological characteristics and 16s rRNA gene analysis (Figure S4).

MS110167 was shown to have anti-BCG activity in a cell-based screening assay (chapter
3). The application of the OSMAC approach to this strain using 32 different culture
conditions resulted in 320 fractions, 92 of which (28.75%) displayed activity against
BCG in a cell-based screening assay (Chapter 6). The third fraction of supernatant extract
generated from MS110167 under the medium pH at 5.5 (MS110167 pH5.5
_Supernatant _fr.3) is the most active fraction with MIC values of 0.78 ug/mL (Figure S5).
A comparison between 320 fractions generated from different fermentation conditions
was carried out with the use of PCA strategy. The most active fraction
MS110167 pH5.5 Supernatant fr.3 was identified as the one of the distinct outliers
comparing to other fractions within chemical shifts from 0- 2.4 ppm and 3.5 -6 ppm
regions (Figure S6). Visual inspection of the corresponding 'H NMR spectra clearly
depicted a dramatic shift in the profile of the secondary metabolites obtained compare to

those obtained under the initial condition (Figure 7.5).

MS110167_pHS.5_Supernatant_fr.3

- ERNE

MS110167_Standard_Supernatant_fr.3

- MWJ@WML

90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.
f1 (ppm)

Figure 7.5 'H NMR spectra of the outlier MS110167 pHS5.5 Supernatant fr.3 indicated by PCA result

of regions 1 and 2 and the corresponding standard fraction.
In order to obtain enough quantities of the newly produced compounds and characterize
them, a 4 L large scale of MS110167 under the condition of pH 5.5 was conducted. The
investigation resulted in the isolation of seven natural products (89 — 95).

89 was isolated as a colorless powder from the target fraction by Sephadex LH-20
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followed by semi-preparative HPLC. Compound 89 showed UV absorption maximum at
320 nm, suggesting the presence of a conjugated system. The molecular weight of 89 was
determined by HRESIMS with a [M+H] " ion at m/z 513.2935 (calculated for 513.2959),
suggesting a molecular formula of CyHsN,Os. The "H NMR spectrum displayed 40
proton signals including four olefinic protons at oy 5.71 (dd, J= 2.0, 11.2 Hz), 5.91 (td,
J=2.0, 11.0 Hz), 6.58 (dd, J=10.0, 15.0 Hz) and 6.86 (d, J= 16.2 Hz) ppm, two methyl
protons at oy 0.86 (t, J=7.2) and 1.06 (d, J=6.5 Hz), six methylene groups at Jdy 0.87 ~
3.53 ppm, two oxygenated methine protons at dy 3.34 and 3.81 ppm and 4 exchangeable
protons at oy 8.90 (s), 7.96 (t, J= 6.0 Hz), 4.47 (s) and 5.10 (s) ppm (Table 7.4). The "*C
NMR spectrum displayed signals for 29 carbons that were classified by HSQC and
HMBC spectra as four olefinic methine carbons at oc 124.6, 139.5, 150.5 and 121.6 ppm,
two methyl carbons at dc 13.3 and 19.0 ppm, six methylene carbons at oc 26.4 ~ 42.4
ppm, two oxygenated methine carbons at dc 75.2 and 70.5 ppm, one fully substituted
olefinic carbon at d¢c 103.0 and four down-field carbonyl carbons at ¢ 165.7, 172.6, 176.3
and 193.5 ppm (Table 7.4). Two 'H-'H coupling networks were apparent in the COSY
correlations, and the larger network on the lipophilic subunit was hence identified to have
the 5,5,6- tricyclic skeleton containing an oxygenated methine carbon at Joc 75.2 ppm.
The other 'H-"H coupling network was identified as -CH-CH-CH,-CH,- according to
their correlations in COSY spectrum. The amide proton at dy 7.96 ppm, one of the
protons at the terminal methylene of the second COSY coupling system (3.26 ppm) and
the olefinic protons at dy 5.71 and 5.91 ppm show a HMBC correlation to the same amide
carbonyl carbon at dc 165.7 ppm, thus establishing the connectivity between the two units
via the linkage of the amide carbonyl group. The other pair of olefinic protons also
showed a HMBC correlation to a carbonyl carbon at dc 172.6 ppm as well as to a carbon
at 6c 103.0 ppm which in turn correlated to the amide proton at dy 8.90 ppm, proving the
connectivity between the carbonyl carbon (172.6 ppm) and the fully substituted olefinic
carbon (103.0 ppm). The HMBC correlations from the amide proton at g 8.90 ppm to
carbon at dc 193.5 and from the terminal methine proton of the second COSY coupling
system (3.86 ppm) to the carbonyl carbon at dc 176.3 confirmed the structure of the
tetramic acid moiety. Additionally, with the comparison with the reported data, 89 was

assigned as dihydromaltophilin (Figure 7.6)."”> The coupling constants of the two pair
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olefinic protons are typical for a Z-configuration in the case of 5.71 (H-2) and 5.91 ppm
(H-3) with a J value of 11.0 Hz and an E-configuration for 6.58 (H-17) and 6.86 ppm (H-
18) with a J value of 15.0 Hz.

89:R;=H, R,=OH,R;=OH 2 O 0
90: Ry=H, R,=OH, Ry=H
91: R4=CH3, R,=OH, Ry=H
92: Ry=H, R,=0, Rz=OH
93: Ry=H, R,=0, Rg=H

Figure 7.6 Structures and observed COSY and key HMBC correlations of 89 — 93.
90 was obtained as colorless powder. Initial HRESIMS analyses gave a [M+H]" ion at
m/z 497.3014 (calculated for 497.3010), indicating the molecular formula of C,9H4oN,Os,
differing from the molecular formula of dihydromaltophilin (89) by the loss of oxygen.
The 'H and "°C NMR signals indicated structure of 90 was very similar to that of 89. The
only observed difference between 89 and 90 was at the C-25 position, and the oxygenated
methine in 89 was replaced by a methylene in 90, indicating the loss of a hydroxyl group
at C-25 (Table 7.4). Therefore, 90 was dereplicated to be a known compound 3-deOH-
HSAF (Figure 7.6)."
91 was obtained as colorless powder and its molecular weight was determined by
HRESIMS with a [M+H]" ion at m/z 511.3172 (calculated for 511.3166), consistent with
the molecular formula of C3)H4,N,Os, which was differing from the molecular weight of
3-deOH-HSAF (90) simply by the addition of CH,. The 1D and 2D NMR data obtained
for 91 (Table 1) were nearly identical to the data obtained for 90, except that the methine
proton (H-6) at dy 1.67 ppm in 90 was replaced by a methyl singlet (32-CHj: d¢ 16.0 ppm;
ou 1.04 ppm). A correlation observed between the methyl resonance at oy 1.04 ppm and
the carbons at dc 28.2 (C-4), 48.3 (C-5) and 37.6 ppm (C-6) in the HMBC spectrum
obtained for 91 confirmed this assignment (Table 7.4). By comparison with the reported
data, 91 was dereplicated as known compound ikarugamycin (Figure 7.6).""
92 was obtained as colorless powder and its molecular weight was determined by

HRESIMS with a [M+H]" ion at m/z 511.2809 (calculated for 511.2803), differing from
the molecular weight of dihydromaltophilin (89) simply by the addition of an unsaturated
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Table 7.4 'H and *C (800 MHz) NMR data of 89 — 93 in DMSO-d,

89 90 91 92 93
Position COSY HMBC
Oc, mult Oy, mult (J in Hz) Jc, mult Oy, mult (J in Hz) ¢, mult Jy, mult (J in Hz) dc, mult Jy, mult (J in Hz) dc, mult Ju, mult (J in Hz)
1 165.7C 168.7C 165.1C 167.0 C 165.1 C
2 1246CH  5.71dd(2.0,11.2) 124.6CH 5.78dd(2.2,11.0) 1254CH 5.74dd (2.2, 11.6) 125.5 CH 5.75dd (2.0, 11.0) 123.9 CH 5.71dd (2.0, 11.2) 3 1,4
3 1395CH  591td(2.0,11.0) 140.0CH 5.941td(2.2,11.2) 137.9 CH 5.96 td (2.0, 10.8) 138.6 CH 5.89td (2.0, 11.4) 137.9 CH 5.921td (2.2,11.2) 2,4,4 1
4 28.5 CH, 3.53m 29.5 CH, 3.44m 28.2 CH, 333m 28.5 CH, 3.50m 27.3 CH, 3.62m 3,4,5 2
1.90dd (2.1, 17.0) 1.90dd (2.1, 17.0) 1.94m 1.90 m 1.98 m 3,4,5 2
5 44.1 CH 1.28 m 45.4 CH 1.30m 48.3 CH 1.35m 443 CH 1.24m 42.8 CH 1.29m 4,4',6,16 4,6,7,13,15
6 48.1 CH 1.64m 48.3 CH 1.67m 37.6C 49.0 CH 1.63m 50.7 CH 1.68 m 5,7,13 4,7,13
7 37.9 CH, 1.97m 38.7 CH, 2.0l m 49.5 CH, 1.5l m 37.8 CH, 2.00 m 38.0 CH, 2.05m 6,7,8 6,9
0.87m 0.90 m 1.26 m 0.90 m 0.85m 6,7,8 6,9
8 43.3 CH 243 m 43.3 CH 243 m 37.1CH 1.49m 43.1CH 246 m 43.1CH 233m 7,9,12
9 40.7 CH, 2.02m 41.7 CH, 2.07m 39.1 CH, 2.12m 40.4 CH, 1.95m 39.4 CH, 2.03m 8,910 7,12,29
0.81m 0.85m 0.88 m 0.80 m 0.82m 8,9,10 7,12,29
10 54.1 CH 1.33m 55.4CH 1.30m 54.5CH 1.39m 53.8 CH 1.27m 529 CH 1.35m 9,11,29 9,29, 30, 31
11 46.8 CH 1.27m 47.1 CH 1.30m 47.1 CH 1.26 m 474 CH 1.24m 46.4 CH 1.17m 10,12, 31 9,13,31
12 58.7CH 1.76 m 59.0 CH 1.75m 58.9CH 1.77 m 50.9 CH 241 m 50.0 CH 220m 8, 11,13 7,8,9,13, 14
13 59.6 CH I.1m 60.2 CH 1.19m 60.0 CH 128 m 63.9CH 2.10m 62.6 CH 235m 6,12, 14 6,7,12,15
14 75.2CH 3.34m 75.2CH 3.34m 74.0 CH 2.36m 207.6 C 207.0C 13,15, 14-OH 6,12,13, 15
15 42.4 CH, 1.75m 43.3 CH, 1.80 m 43.6 CH, 1.72m 47.2 CH, 225m 45.2 CH, 227m 14, 15', 16
1.26 m 1.3m 1.27m 2.06 m 2.10m 14,15, 16
16 46.3 CH 2.05m 46.7 CH 2.10m 46.5 CH 2.11m 474 CH 223m 474 CH 227m 5,15,15',17 4,6,15
17 150.5 CH 6'581(15(1.0()10'0’ 148.9 CH 6'521(15(1.4(;)'60’ 1495CH  6.68dd (9.6, 15.0) 150.4 CH 6'671(?2()10'4’ 147.3 CH 6'651(152()10'4’ 16, 18 15,19
18 121.6 CH 6.86d (16.2) 1222 CH 6.91d (16.0) 122.1 CH 6.90d (16.2) 121.9 CH 6.84 d (16.4) 1214 CH 6.94d (16.0) 17 16, 19, 20
19 172.6 C 172.0C 174.0C 1729 C 1715C
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8.90s
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25
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25,27
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13,15
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degree. The major difference in the NMR data for 89 and 92 was that the hydroxyl-
attached methine (14-CH: J¢ 75.2 ppm; Jou 3.34 ppm) in 89 was replaced by a non-
conjugated carbonyl group at dc 207.6 ppm. HMBC correlations from protons at 1.63 (H-
6), 2.41 (H-12) and 2.23 ppm (H-16) to the carbonyl carbon further confirmed the
assignments (Table 7.4). With the supporting of published data, 92 was identified as
compound xanthobaccin A (Figure 7.6)."

93 was obtained as colorless powder. HRESIMS data with a [M+H]" ion at 495.2859
(calculated for 495.2853), indicating that 93 had a molecular formula of Cy9H33N,Os,
differing from that of xanthobaccin A (92) by the loss of oxygen. The 'H and °C NMR
data in combination with 2D correlations suggested 93 is structurally similar to 92, except
for the absence of a hydroxyl group at C-25 in 93 (Table 7.4). The structure of 93 was
also confirmed by the COSY correlations between H-23, H-25 and H-26 as well as
HMBC correlations from H-22 and H-27 to C-25 (Table 7.4). By comparison to the
published data, 93 was dereplicated as xanthobaccin B (Figure 7.6)."”

Apart from 5 polycyclic tetramate macrolactams (89 — 93), two triterpene glycosides
were also identified from the same target fraction (Figure 7.7). 94 was obtained as a
white powder and its molecular formula was determined as CisH730;5 according to
HRESIMS result ([M+Na]" 965.5086, calculated for 965.5080). The 'H NMR displayed
78 protons, including an olefinic proton at oy 5.17 (t, J=3.2 Hz), 8 methyl groups from
0.76 to 1.11 ppm (7 singlet and one doublet), 11 methylenes from 0.94 to 3.93 ppm and
three down-field oxygenated methine protons at dy 4.30 (d, J=8.0), 4.78 (d, J=7.2) and
4.96 ppm (d, J=7.6). °C NMR showed the presence of a carboxyl carbon signal at ¢
172.3 ppm. A database search was conducted by using the above information and a
known compound soyasaponin I was found to show high similarity with 94.*°° The key
HMBC correlations from proton H-3 to Glc-C1, Glc-H2 to Gal-C1 and Gal-H2 to Rha-
C1 further confirmed the structure and the connectivity between triterpene skeleton and
the sugar moiety (Table 7.5). Thus, 94 was determined to be soyasaponin .

95 was isolated as a white powder and its molecular formula was determined as
C49Hg0O15 by HRESIMS result ([M+Na]" 979.5245, calculated for 979.5237), differing
from the molecular weight of soyasaponin I (94) simply by the addition of CH,. The 'H
and °C NMR spectra of 95 were in good agreement with those of 94, except for the
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presence of an additional methoxyl group in 94 (d¢c 52.1 ppm; Jon 3.18 ppm). The HMBC

correlation from the methoxyl proton to carbon at dc 170.3 ppm (Glc-C6) confirmed the

structure of 95 as the methyl ester of 9

201
4.

HO
HO
HO
OH
=— COSY
HO  OH ~ HMBC
Figure 7.7 Structures and observed COSY and key HMBC correlations of 94 and 95.
Table 7.5 'H and *C (800 MHz) NMR data of 94 and 95 in DMSO-d;
94 95
Position COSY HMBC
oc, mult Oy, mult (J in Hz) oc, mult oy, mult (J in Hz)
1 38.6 CH, 1.62m 39.2 CH, 1.6 m 1,2,2' 3,5,25
1.04 m 1.04 m 12,2 3,5,25
2 26.4 CH, 2.13m 26.6 CH, 2.12m 1,1,2,3 1,4
1.84 m 1.83m 1,1,2,3 1,4
3 91.2 CH 327m 90.9 CH 325m 2,2 1,23, 24, Glc-1
4 439 C 44.5C
5 56.1 CH 0.98 m 56.0 CH 0.97 m 6,6 1,3,7,9,23,24,25
6 18.5 CH, 1.65m 17.7 CH, 1.66 m 55,77 4,8, 10
1.40 m 141 m 556,77 4,8, 10
7 33.2 CH, 1.54m 33.1 CH, 1.55m 6,6,7 5,9, 14,26
1.29m 129 m 6,67 5, 14,26
8 399C 40.0 C
9 47.8 CH 1.55m 47.9 CH 1.54m 11 1,5,7,12, 14, 25, 26
10 36.4C 36.5C
11 24.0 CH, 1.79 m 24.1 CH, 1.77 m 9,12 8, 10, 13
12 122.1 CH 5.17t(3.2) 122.9 CH 5.15m 11 9,13, 14,18
13 144.8 C 144.8 C
14 423C 424C
15 26.0 CH, 1.67 m 26.7 CH, 1.66 m 15', 16, 16' 8,13,17,27
0.95m 0.96 m 15, 16, 16' 8,13,17,27
16 28.7 CH, 1.66 m 28.6 CH, 1.67m 15,15, 16' 14,17, 18, 28
0.94 m 0.94 m 15,15, 16 14, 18, 28
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17 379C 38.0C

18 45.3 CH 2.00 m 45.3 CH 2.02m 19, 19 12, 14, 16, 20, 22, 28
19 46.7 CH, 1.93 m 46.8 CH, 1.94 m 18, 19' 13,17, 21, 29, 30
1.44 m 1.46 m 18, 19 13,17, 21, 29, 30
20 30.8C 309C
21 42.2 CH, 1.30 m 42.4 CH, 1.28 m 21,22 17,19, 29, 30
1.22m 1.22m 21,22 19, 29, 30
22 75.5 CH 3.56 m 75.6 CH 3.56 m 21,21 16, 18,20
23 23.0 CHy 1.15s 23.0 CHy 1.15s 3,4,5,24
24 63.6 CH, 3.93d(10.4) 63.6 CH, 3.93d(10.4) 24! 3,5,23
3.09t(11.2) 3.09t(11.2) 24 3,5,23
25 15.8 CH;y 0.81s 15.8 CH;y 0.81s 1,5,9,10
26 17.0 CH;y 0.89 s 17.0 CHy 0.89 s 7,8,9,14
27 25.7 CH; 1.07 s 25.7 CHy 1.07 s 8,13, 14,15
28 21.1 CHy 0.76 s 21.7 CHy 0.76 s 16,17, 18,22
29 19.2 CH;y 0.86 s 19.6 CH; 0.86 s 19, 20, 21, 30
30 28.6 CHj 0.98 s 28.2 CHjy 0.98 s 19, 20, 21, 29
Gle-1 105.4 CH 4.30d (8.0) 105.4 CH 4.30d (8.0) Glc-2 3, Gle-3, Gle-5
Glc-2 78.3 CH 3.66 m 78.7 CH 3.67m Gle-1, Gle-3 Glc-4, Gal-1
Glc-3 76.6 CH 3.56 m 76.7 CH 3.56 m Glc-2, Gle-4 Gle-1, Gle-5
Glc-4 73.7 CH 324 m 73.4 CH 322m Glc-3, Gle-5 Glc-2, Gle-6
Glc-5 77.6 CH 348 m 77.4 CH 351 m Glc-4 Gle-1, Gle-3, Glec-6
Glc-6 1723 C 170.3 C
Gle-7 52.1 CH; 3.18s Glc-6, Gle-7
Gal-1 101.7 CH 4.78 d (7.2) 101.7 CH 4.77d(7.2) Gal-2 Glc-2, Gal-2, Gal-5
Gal-2 77.7 CH 3.50 m 76.6 CH 348 m Gal-1, Gal-3 Gal-4, Rha-1
Gal-3 76.4 CH 3.55m 76.5 CH 3.55m Gal-2, Gal-4 Gal-1, Gal-5
Gal-4 71.1 CH 324 m 71.2 CH 321m Gal-3, Gal-5 Gal-2, Gal-6
Gal-5 76.5 CH 3.52m 77.0 CH 351 m Gal-4, Gal-6, Gal-6' Gal-1, Gal-5
Gal-6 61.5 CH, 3.79 m 61.8 CH, 3.77m Gal-5, Gal-6' Gal-4, Gal-5
3.65m 3.67m Gal-5, Gal-6 Gal-4
Rha-1 102.3 CH 4.96 d (7.6) 102.2 CH 4.95d(7.4) Rha-2 Gal-2, Rha-3, Rha-5
Rha-2 72.3 CH 3.60 m 72.4 CH 3.6l m Rha-1, Rha-3 Rha-4
Rha-3 72.7 CH 345m 72.8 CH 345m Rha-2, Rha-4 Rha-1, Rha-3
Rha-4 74.3 CH 3.74 m 74.4 CH 3.75m Rha-3, Rha-5 Rha-2, Rha-6
Rha-5 69.3 CH 3.90 dd (6.4, 6) 69.4 CH 3.91dd (6.4, 6.2) Rha-4, Rha-6 Rha-1, Rha-4
Rha-6 18.9 CH;y 1.11d(6.4) 18.7 CH;y 1.11d(6.4) Rha-5 Rha-4, Rha-5

Compounds 89 — 95 were evaluated for the growth inhibitory activity against microbial

pathogens (Table 7.6). As shown in Table 7.6, only compounds 89 — 92 exhibited anti-

BCG activity, whereas the other compounds were inactive. Among all the polycyclic
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tetramate macrolactams, dihydromaltophilin (89) exhibited the strongest activity, with a
MIC value of 2.56 uM and the replacement of 14-OH with a carbonyl group resulted in
decreased activity of xanthobaccin A (92), suggesting the 14-OH is critical for anti-BCG
activity. On the other hand, the absence of 25-OH also led to the decrease of anti-BCG
activity in compounds 90 and 91. The loss of anti-BCG in compound 93 up to
concentration of 80 ug/mL further confirmed the essential role of two hydroxyl groups on
BCG growth inhibition. None of the isolated compounds gave positive results on the

other tested models.

Table 7.6 Antimicrobial activities of compounds 89 — 95

Organism (Strain)

MIC (uM)
BCG SA MRSA  BS PA

89 2.56 NA NA NA NA

90 9.92 NA NA NA NA

91 10.2 NA NA NA NA

92 20.4 NA NA NA NA

93 NA NA NA NA NA

94 NA NA NA NA NA

95 NA NA NA NA NA
Control 0.371 0.7 0.7 0.35" 3lcl

[a] [

isoniazid ™ vancomycin ! ciprofloxacin * NA: not active

MS110167_pH5.5_supernatant_fr.3

—_L

N

Compound 95 s M
| st

ol

Compound 94

Compound 93

Compound 92
N ha

Compound 91

L
L | |
U Ul
|

Compound 89 l

11.0 10.5 10.0 9.5 9.0 85 80 75 7.0 65 60 55 50 45 40 35 3.0 25 20 15 1.0 05
f1 (ppm)

Figure 7.8 Comparison of NMR fingerprint between target fraction and compounds of MS110167.

Many polycyclic tetramate macrolactam (PTM) type compounds also displayed anti-
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. 195-199, 202-204
fungal activity ’

, especially for compound 89, which has been widely studied
as a biocontrol agent for fungal infestations of agricultural crops.””” This is the first report
of anti-microbial activity of PTM compounds, providing a new path for the practical
application of PTMs in drug discovery.

Comparison of NMR spectra between pure compounds and target fraction confirmed all
the target signals were identified (Figure 7.8).

7.4 Large-scale isolation of anti-TB compounds from LS120194 Medium3
_14d _Supernatant fr.3

Desert actinomycete LS120194 was isolated from a desert sample collected from
Taklimakan Desert and was identified as a Streptomyces sp. based on 16s rRNA
phylogenetic analysis (Figure S7).

During our exploration for bioactive compounds from unique environments-derived
actinomycetes, the desert strain LS120194 was found to be active against BCG (chapter
3). Guided by the OSMAC approach, 320 fractions were further generated from this
strain under 32 different culture conditions. Anti-BCG screening resulted in 95 fractions
(29.09%) showing activity against BCG with MIC values less than 50 ug/mL in a cell-
based screening assay (Chapter 6). The third fraction of supernatant extract generated
from LS120194 cultured in the medium 3 for 14 days (LS120194 Medium3 14d
_Supernatant fr.3) is one of the most active fractions with MIC values of 1.56 ug/mL
(Figure S8).

A comparison between 320 fractions was conducted with the use of PCA. Multiple
fractions derived from different conditions were highlighted as outliers, some of which
were highlighted as outliers in more than one chemical region, such as the most active
fraction LS120194 Medium3 14d Supernatant fr.3 (Figure S9). Visual inspection of the
corresponding 'H NMR spectra clearly displayed the metabolic profile changed
significantly in the fraction of LS120194 Medium3 14d Supernatant fr.3 compare to
those obtained under the initial condition (Figure 7.9).

With the aim of identifying metabolites produced under the specific condition indicated
by PCA, a large scaled fermentation (4 L) of LS120194 cultured in medium 3 for 14 days
was carried out. Further chemical investigation of the target fraction 3 afforded 9

compounds (96 — 104).
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Figure 7.9 'H NMR spectra of the outlier LS120194 Medium3 14d_Supernatant fr.3 indicated by
PCA result of regions 2, 3 and 4 and the corresponding standard fraction.

Compound 96 was obtained as a white amorphous powder. The "H NMR spectrum of the
96 showed signals for one methyl group at dy 1.73 (3H, d, J=1.18 Hz), three olefinic
protons at oy 7.85 (1H, d, J=8.24 Hz), 5.64 (1H, dd, J=2.25, 8.05 Hz) and 7.25 (1H, dq,
J=5.77, 1.16 Hz), two oxygenated methine groups at oy 4.23 (1H, m) and 3.78 (1H, m),
three down-field exchangeable singlets at g 10.58, 11.00 and 11.29, and one signal at oy
6.16 (1H, dd, J=6.08, 7.55) corresponding to a secondary carbon attached to two oxygen
or one oxygen and one nitrogen. In addition, the analysis of the >*C NMR spectrum on
the basis of the HSQC and HMBC correlations clearly showed the occurrence of one
fully substituted olefinic carbon (dc 108.2), three olefinic methine (o¢ 141.0, 102.4 and
138.3), three secondary oxygenated carbons (dc 71.1, 84.7 and 88.2), one primary
oxygenated carbon (d¢c 62.0), and four down-field fully substituted carbons at oc 151.8,
151.8, 163.4 and 165.3 ppm. Two fragments were established from the analysis of the
COSY and HMBC correlations (Figure 7.10). The structure of sugar moiety in fragment
A was deduced from the analysis of the COSY correlations between protons at Jy 6.16,
2.10, 4.23, 3.78 and 3.58 ppm (H-6 — H-10). The long-range correlations from the proton
signal at oy 7.85 (H-3) to the carbon resonances at oc 151.1 (C-2), 163.4 (C-5) and 84.7
(C-6) and from NH proton at oy 11.29 (H-1) to dc 102.4 (C-4) and 163.4 (C-5) revealed
the connectivity of the pyrimidinedione and sugar rings of fragment A. Similarly, the

HMBC spectrum indicated correlations between the proton signals at oy 7.25 (H-15) and
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the carbon resonances at dc 151.8 (C-11), 165.3 (C-13), 108.2 (C-14), and 12.0 (CH3-17),
from NH proton at dy 11.00 (N-12) to carbons at dc 165.3 (C-13) and 108.2 (C-14), and
from another NH proton at dy 10.58 (N-16) to 108.2 (C-14) establishing the structure of
fragment B. No additional HMBC correlations were observed either from the two NH
protons to carbons (C-8 or C-10) of fragment A or from H-8 or H-10 to carbons of
fracgment B. In particular, the carbon chemical shift of C-11 occurs at 151.8 ppm. All 14
carbons displayed in ’C spectrum are accounted for in the two fragments. Fragments

could be joined between the diol (fragment A) and a carbonyl (C-11 in fragment B).

50 17
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Fragment A Fragment B

Figure 7.10 Structures and observed COSY and key HMBC correlations of two fragments from 96.
Table 7.7 'H and "°C (800 MHz) NMR data of 96 in DMSO-d,

Position  Jc, mult Oy, mult (J in Hz) COSY HMBC
1 11.29's 4,5,6
2 151.1C
3 141.0 CH 7.85d (8.24) 4 2,4,5,6
4 102.4 CH 5.64 dd (2.25, 8.05) 3 3,5
5 1634 C
6 84.7 CH 6.16 dd (6.08, 7.55) 7,7 2,3,8
7 40.1 CH, 2.10 m 6,7,8 6,8,9

2.07 m 6,7,8 6,8,9

8 71.1 CH 423 m 7,7,9 6,10
9 88.2 CH 3.78 m 8, 10, 10’ 6,7,8
10 62.0 CH, 3.58 dd (3.86, 11.83) 9, 10' 8,9

3.54dd (3.91, 11.88) 9,10 8,9
11 151.8C
12 11.00 s 13, 14
13 1653 C
14 108.2C
15 138.3 CH 7.25dq (1.16,5.77) 16, 17 11,13, 14, 17
16 10.58 s 15 14
17 12.0 CH;y 1.73 d (1.18) 15 13, 14, 15
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This conclusion was supported by COSY and HMBC correlations. All this evidence
allowed to deduce that 96 was characterized by the generation of another six-membered
ring between fragment A and B, and the occurrence of ketal functions on C-11. The
structure of 96 was further confirmed by HRESIMS analysis. The HRESIMS spectrum of
96 acquired in positive mode gave the highest ion peak at m/z 251.0644 ([M+Na]’,
calculated for 251.0638) and was in accordance with the molecular formula CoH;,N,Os,

corresponding to fragment A with two hydroxyl groups at C-9 and C-10 (Figure 7.11).

Intens6 +MS, 0.1-0.9min #5-54
x10°7

/l(J)\ 251.0644 O
HN™ “NH HN%
1.54 oY OJ\N o
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0] /\ CoH,,N0;

127.0512)49,0329
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Figure 7.11 HRESIMS spectrum obtained from 96.
The HRESIMS analysis also gave two intense peaks at m/z 127.0512 ([M+H]',
calculated for 127.0502) and 149.0329 ([M+Na]’, calculated for 149.0321), consistence
with molecular formula of CsHsN,O, which is corresponding to fragment B with a
carbonyl at C-11. Therefore, the structure of 96 was deduced as shown in Figure 7.12.
However, correlations between NH-12, NH-16 and H-8, H-10 were not observed in 1D

and 2D ROESY spectra, the stereochemistry of C-11 was not determined.
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Figure 7.12 Structures and observed COSY and key HMBC correlations of 96.
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97 was isolated as white powder. Its molecular formula was established as Cio H;2N4Os
by HRESIMS (m/z 269.0886 [M+H]", calculated for 269.0880). Interpretation of the 'H
NMR data of 97 revealed the presence of two olefinic protons at dy 8.33 (s) and 8.07 (s)
ppm, six oxygenated methine protons at oy 5.87 (d, J=5.8 Hz), 4.49 (t, J=3.56 Hz), 4.13
(t, J=3.86 Hz) and 3.94 (dd, J=3.86, 7.44 Hz), 3.66 (dt, J=3.49, 11.86 Hz) and 3.56 ppm
(dt, J=4.66, 12.07 Hz) and three hydroxyl groups at dy 5.51, 5.23 and 5.12 ppm,
suggesting the existence of a sugar moiety (Table 7.8). The ?C NMR spectrum displayed
10 carbons, including 4 olefinic carbons at d¢c 139.2, 146.5, 148.7 and 124.9 ppm, one up-
field carbonyl at dc 157.2 ppm and five oxygenated carbons belonging to the sugar part at
0c87.9, 74.5, 70.7, 86.1 and 61.8 ppm. Extensive analysis of 2D NMR spectra suggested
97 consisted of a purine base and one ribose moiety. The assignment of the purine base
was confirmed by the HMBC correlations from H-2 (8.07 ppm) to C-3 (148.7 ppm) and
C-5 (157.2 ppm), along with correlations from H-6 (8.33 ppm) to C-3 (148.7 ppm) and
C-4 (124.9 ppm). The HMBC spectrum showed correlations from H-1' (5.87 ppm) to C-3
(148.7 ppm) and C-6 (139.2 ppm), indicating that the sugar component is connected to
the middle N between C-3 and C-6. Thus, the structure of compound 97 was dereplicated

as shown in Figure 7.13.
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HO OH HO OH R, OH R2 OH ~—» HMBC
97 98: R1=H, R2=OCH3
99: R1=CH3, R2=H
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Figure 7.13 Structures and observed COSY and key HMBC correlations of 97 — 99.
98 was obtained as white powder. Its molecular formula was determined as C;oH;4N>O¢
by HRESIMS (m/z 259.0835 [M+H]", calculated for 259.0825). 1D and 2D NMR data of
98 was highly similar with that of 97, except for the less of two olefinic carbons and one
additional carbonyl at dc 151.6 ppm and the appearance of one additional methoxyl group
in 98 (Table 7.8). The position of the carbonyl and methoxyl groups was confirmed by
HMBC correlations from H-3 (8.07 ppm) to C-2 (121.0 ppm) and H-6' (3.36 ppm) to C-2'

(82.7 ppm). Therefore, structure of 98 was determined as shown in Figure 7.13.
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Table 7.8 'H and °C (800 MHz) NMR data of 97 and 99 in DMSO-d;

Positio 97 98 99
COSY HMBC
n Jc, mult Oy, mult (J in Hz) Jc, mult Oy, mult (J in Hz) Jc, mult Oy, mult (J in Hz)
1 11.37s 11.35s 11.27s
2 146.5 CH 8.07s 151.0C 1509 C 3,5
3 148.7C 140.4 CH 7.94d (5.17) 136.6 CH 7.70d (1.29) 4 2,4,5,6,1'
4 1249C 101.9CH 5.66d (7.98) 109.8 C 3 3,5
5 1572C 163.6 C 164.2C
6 139.2 8.33s 12.8 CH; 1.78 d (1.13) 3,4,5
CH
I 87.9 CH 5.87d(5.8) 86.0 CH 5.86d(5.17) 84.2 CH 6.17 dd (5.98, 7.61) 2' 3,6,2'
2! 74.5 CH 4.491(5.52) 82.7 CH 3.79t (5.06) 40.1 CH, 2.09 m 1,3, 2-OH 1,46
2.06 m 1,4',6'
3 70.7 CH 4.13t(3.86) 68.3 CH 4.12 dd (4.96, 10.47) 70.9 CH 4.24m 2', 4", 3'-OH I
4' 86.1 CH 3.94 dd (3.86, 7.44) 85.1 CH 3.86 dd (3.22, 6.75) 87.7 CH 3.76 dd (3.79, 6.84) 3,5, 5" 3
5! 61.8CH, 3.66dt(3.49.11.86) 60.5CH, 3.64m 61.8 CH, 3.60 m 4"8';15'- 3.4
3.56 dt (4.66, 12.07) 3.57dd 3.55m 4,5', 5'-OH 3.4
6' 57.6 CH; 3.36s 2'
2'-OH 551s 2'
3'-OH 523s 5.16s 5.23d4.31) 3 2,3, 4"
5'-OH 512 5.14d 5.02t(5.19) 5' 4.5

Compound 99 was obtained as a white solid. The molecular formula was determined to
be C1oH4N,05 from the HRESIMS (m/z 265.0792 [M+Na], calculated for 265.0795).
'H and °C NMR data obtained for 99 showed high similarity to the data obtained for
compound 98 (Table 7.8). The major difference in the NMR data for 98 and 99 was that
the H-4 proton at dy 5.66 ppm in 98 was replaced by a methyl group (dy 1.78, d, J=1.13
Hz) and the absence of the methoxy group attached to C2' in 99. Key HMBC correlation
from methyl protons to C-3 (d¢ 136.6), C-4 (¢ 109.8) and C-5 (¢ 157.2) confirmed the
structure of 99 (Figure 7.13).

Compound 100 was obtained as a white solid. The positive ion [M+H]" at m/z 281.1134
(calculated for 281.1132) in the HRESIMS suggested the molecular formula of 100 as
C13H1¢N,Os. 'H NMR revealed 4 aromatic protons at dy 7.18, 7.61, 8.00 and 8.56 ppm, 2
methine at dy 4.39 and 5.18 ppm, two methyl groups at dy 1.36 and 1.45 ppm and 2
exchangable protons with the same chemical shifts at 5y 11.94 ppm (Table 7.9). The °C
NMR spectra displayed 13 resonances including three carbonyl groups at dc 170.8, 174.8
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and 169.5 ppm, six aromatic carbons (four methines and two fully substituted) at ¢ 117.0

~ 140.6 ppm, two methines at dc 66.2 and 70.7 ppm, and two methyls at dc 20.6 and 18.6

ppm. The combined use of COSY and HSQC experiments clearly suggested the presence

of a dipeptide composed by two alanine residues linked to the 1,6-symmetrical

disubstituted phenyl ring moiety. The downfield shifted of the first alanine a-proton (H-9)

at og 4.39 ppm suggested that the aromatic moiety was attached to the free amino group

of the alanine. This was confirmed by the long range C—H correlation observed in the

HMBC spectrum between the carbonyl carbon C-7 at dc 170.8 ppm of the aromatic

moiety and the H-9 proton of the arginine residue. Further long range C—H correlations
observed in the HMBC from H-10 (1.36, d, J= 6.5 Hz) to C-9 (66.2) and C-11 (174.1),
from H-14 (1.45, d, J= 6.5 Hz) to C-13 (70.7) and C-15 (169.5) allowed the identification

of the three fragments (Figure 7.14).
Table 7.9 'H and °C (800 MHz) NMR data of 100 — 102 in DMSO-d

100 101 102
Position COSY HMBC
oc, mult oy, mult (J in Hz) oc, mult Oy, mult (J in Hz) oc, mult oy, mult (J in Hz)

1 131.5 CH 8.00dd (1.1, 8.0) 131.7 CH 8.01d(7.8) 126.2 CH 8.09 dd (1.5, 8.0) 2 3,5,7
2 123.4 CH 7.18td (1.2, 8.4) 122.8 CH 7.12t(7.5) 126.3 CH 7.49 td (0.9, 7.5) 1,3 1,4
3 134.6 CH 7.611td (1.7, 8.0) 133.6 CH 7.52t(7.7) 134.7 CH 7.80 td (1.5, 7.6) 2,4 1,4,5
4 120.0 CH 8.56 dd (1.1, 8.5) 119.7 CH 8.67 d (8.6) 127.0 CH 7.59 d (8.0) 3 2,5,6
5 140.6 C 140.8 C 1494 C
6 117.0C 118.7C 121.1C
7 170.8 C 169.7C 1622 C
8 11.94s 12.32s 12.20s
9 66.2 CH 4.39 q (6.8) 68.4 CH 4.14 q (6.7) 154.7 C 10 7,10, 11
10 20.6 CH; 1.36 d (6.5) 21.4 CH; 1.33d(7.2) 21.9 CH; 2.39s 9 9,12
11 174.1C 174.8 C
12 11.94s
13 70.7 CH 518 q(7.1) 14 11,14, 15
14 18.0 CH; 1.45 d (6.6) 13 13,15
15 169.5C

O O
—J—D) R
T S
A

~—» HMBC

Figure 7.14 Structures and observed COSY and key HMBC correlations of 100.
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Compound 100 was a synthetic peptide for anti-inflammatory research. It improved the
activity and selectivity of nonsteroidal anti-inflammatory drugs (NSAID) by the
formation of hydrogels via conjugation.”*® This is the first report of this compound as a
natural product.

Compound 101 was obtained as a white solid. The HRESIMS showed a [M + Na]" peak
at m/z 232.0579 (calculated for 232.0580), consistent with the molecular formula of
C10H11NO4. The 1D and 2D NMR data obtained for 101 (Table 7.9) was nearly identical
to the data obtained for 100. The main difference between them is the absence of one NH,
one methine (C-13), one methyl (C-14) and one carbonyl (C-15) group in 101. The key
HMBC correlations from H-1 (8.01, d, J=7.8 Hz) to C-5 (140.8 ppm) and C-7 (169.7
ppm), H-9 (4.14, q, J=6.7 Hz) to C-7 (169.7 ppm) and C-11 (174.8 ppm) confirmed the

structure of 100 as shown in Figure 7.24.
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Figure 7.15 Structures and observed COSY and key HMBC correlations of 101.

102 was isolated as white powder. Its molecular formula was determined as CoHgN,O
based on HRESIMS result (m/z 161.0715 [M+H]", calculated for 161.0709). Similar with
100 and 101, the presence of one 1, 2-di-substituted benzene moiety in 102 was evident
from analysis of the 1D and 2D NMR data (Table 7.9). The assignments of the
pyrimidine moiety were further confirmed by the HMBC correlations from H-1 (8.09, dd,
J=1.5, 8.0 Hz) to C-5 (149.4 ppm) and C-7 (162.2 ppm) and from H-10 (2.39 s) to C-9
(154.7 ppm). Thus, the structure of 102 was dereplicated as shown in Figure 7.16.

O O
1 6 8 S
2 7>NH NH
s N N/)g\ N/)\\_ — COSY
4 10 102 ~» HMBC

Figure 7.16 Structures and observed COSY and key HMBC correlations of 102.

Compound 103 was obtained as yellow powder. The molecular formula was determined
as C13H14N,0, by HRESIMS (m/z 263.1028, [M+H]", calculated for 263.1026). Thirteen
carbon signals were observed in the ?’C NMR spectrum and identified by HSQC (Table
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7.10) as two aromatic methine carbons at dc 112.8 and 108.0 ppm, three sp3 methylenes
at 0c26.1, 23.6 and 47.1 ppm, one methine at dc 56.8 ppm, one methoxy at dc 36.2 ppm,
and six fully substituted carbons, including two carbonyls at dc 164.8 and 170.9 ppm,
presumed to belong to amides based on their chemical shifts. The '"H NMR spectrum
showed an exchangeable proton signal at oy 10.20 ppm and two aromatic proton singlets
at oy 6.56 and 7.23 ppm, indicating the presence of a 1,2,4,5-tetrasubstituted aromatic
ring. In the aliphatic region, a methoxy singlet at oy 3.78 ppm and a methine doublet of
doublets at oy 4.04 were observed. The latter signal showed couplings in the COSY
spectrum with two multiplets at oy 2.48 and 1.94 assigned to the methylene protons at C-
1. Further couplings were seen between the C-2 methylene protons at dy 1.88 and 1.79
and the C-1 methylene proton signals and C-3 methylene protons at dy 3.53 and 3.44 ppm.
The HMBC experiments revealed correlations from the methoxy protons and the two
aromatic protons (H-6 and H-9) to C-7 (dc 145.0). The H-6 proton exhibited further
couplings with C-9a (d¢c 130.9), C-5a (d¢ 117.8), and C-5 (dc 164.8), and H-9 showed
additional correlations with C-5a. Together, these data and the chemical shifts of C-9 and
C-9a allowed the placement of one nitrogen atom at C-9a. Key correlations were seen
between H-11a and C-11 (d¢ 170.9), C-2 (¢ 23.6), and C-5. These observations and the
chemical shift of H-11a support the placement of the second nitrogen atom between C-
11a and the C-5 carbonyl and complete the core structure to be pyrrolobenzodiazepine.
The protons on C-1 also correlated with C-11 and C-2. On the basis of the above data, the

structure was constructed for 103 as shown in Figure 7.17.
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Figure 7.17 Structures and observed COSY and key HMBC correlations of 103 and 104.
Compound 104 was obtained as yellow powder. Its molecular formula was determined to
be C13H14N,Os5 according to HRESIMS result (m/z [M+H]" 279.0979, calculated for
279.0975). A close similarity in "H and °C NMR spectra of 104 to 103 suggested that the
skeletons of the compounds are similar (Table 7.10). The methylene C-2 of 103 was
replaced by a oxygenated methine carbon at dc 68.0 ppm (dy 4.27) and one additional
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hydroxyl signal was observed in 104 at oy 4.16 ppm. The hydroxyl group was assigned
by the COSY correlation with H-2 and HMBC correlations to C-1 (34.3) and C-3 (54.9).
Thus, the structure of 104 was identified as shown in Figure 7.17.

Table 7.10 'H and "*C (800 MHz) NMR data of 103 and 104 in DMSO-d;

103 104
Position COSY HMBC
oc, mult Oy, mult (J in Hz) dc, mult Oy, mult (J in Hz)
1 26.1 CH, 248 m 34.3 CH, 2.53m 1,2,2, 11a 2,3, 11
1.94 m 2.16 m 1,2,2' 11a 2,11, 11a
2 23.6 CH, 1.88m 68.0 CH 427 m 1,1,2,3 2,11a
1.79 m 1,1,2,3 1,3
3 47.1 CH, 3.53m 549 CH, 3.76dd (5.25,11.90) 2,2 I,11a
344 m 3.22 dd (3.66, 11.96) 2,2 2
5 164.8 C 165.7C
Sa 117.8 C 117.1C
6 112.8 CH 723 s 113.0 CH 7.23s 5,5a,7,8,9
7 145.0 C 1449 C
8 150.3 C 150.7C
9 108.0 CH 6.56 s 108.2 CH 6.58 s 5,5a,7,8,9
9a 1309 C 1314C
10 10.20 s 10.22's 5a,9,9a, 11, 11a
11 1709 C 171.1C
1la 56.8CH  4.04dd (1.96,7.85) 56.3 CH 4.08 dd (4.16, 8.80) L1 1,2,3,5,11
7-OCH;  56.2 CHj; 3.78s 56.1 CH; 3.78 s 7
2-OH 4.16 m 2 1,2,3

Compound 103 and 104 were synthesized as potent anti-tumor compounds in cancer drug

207. 208 This is the first report of these two pyrrolobenzodiazepine (PBD)

discovery.
compounds as natural products. The mechanism of action of this type of compounds was
reported to form a covalent aminal bond with N2-amino group of guanine via interaction

with the minor groove of DNA.**

The unique mechanism is particular attractive for TB
drug discovery as only four approved TB drugs exhibited DNA related mechanisms. It
may provide an option to overcome the burden caused by MDR-TB.

The NMR fingerprint of the target fraction (LS120194 Medium3 14d_Supernatant fr.3)
and pure compounds (96 - 104) were compared in Figure 7.18. All the target signals were

identified in pure compounds.
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Figure 7.18 Comparison of NMR fingerprint between target fraction and compounds of LS120194.

7.5 Conclusion

Strains MS110104, MS110167 and LS120194 were investigated as part of the OSMAC
project, which was designed to trigger the expression of silent genes and thus increase the
numbers of secondary metabolites from one single strain through the variation of multiple
culture conditions (chapter 6). The three strains were found to exhibit strong anti-TB
activities and unique NMR signals under specific culture conditions. Large-scale
fermentation and chemical investigation of the 3 target fractions resulted in the
identification of 20 compounds, including 1 novel compound and 3 synthetic compounds
that were isolated as natural products for the fist time.

Among the 11 compounds that have been evaluated for anti-bacteria activities, 8 of them
showed anti-BCG activity with MIC values from 5 to 40 ug/mL (Table 7.11). The distinct
structure—activity correlations were elucidated for compounds 89 — 93 based on these
results. Both 14-OH and 25-OH groups were beneficial to enhance anti-BCG activity of
the PTM compounds. The absence of the two groups decreased the activity to various

degrees.
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Table 7.11 Antimicrobial activities of compounds 85 — 95

Organism (Strain)

MIC (uM)
BCG SA MRSA BS PA

85 12.44 62.2 NA NA NA
86 12.72 63.6 NA NA NA
87 13 65 NA NA NA
88 24.16 60.4 NA NA NA
89 2.56 NA NA NA NA
90 9.92 NA NA NA NA
91 10.2 NA NA NA NA
92 20.4 NA NA NA NA
93 NA NA NA NA NA
94 NA NA NA NA NA
95 NA NA NA NA NA
Control 0.37% 0.7 0.7 0.35" 3kl

This study has also led to the identification of two types of compounds that displayed
unique mechanisms of action. Bafilomycins (85 — 88) were reported as potent inhibitors
of ATPase, which is essential to mycobacteria and most importantly, apart from one drug
candidate TMC207, there’s no current anti-TB with the similar target. The second type of
compound is pyrrolobenzodiazepines (103 and 104), which have been reported to target
DNA. These compounds may represent useful scaffolds for future development as

antituberculars to treat drug-sensitive as well as drug-resistant TB.
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Chapter VIII Conclusion

Tuberculosis (TB) has several barriers to drugs, such as delivery to the lung, penetration
of the granuloma, and permeation of the unusual cell wall of M. tuberculosis, which
mainly consists of mycolic acid. Compounds must possess certain physicochemical
properties to allow cell penetration and thus arrive at the target. Herein, we analyzed the
four Lipinski’s properties MW, log P, HBA and HBD as well as tPSA and numbers of
rotation bonds of 50 secondary metabolites isolated from 4 endophytes, 2 desert strains
and 5 marine strains (Table 8.1).

Table 8.1 Physicochemical profiling of the 50 isolated natural products

Mol H bond H bond Rotatable  Number of Anti-BCG

Compounds Weight LogP acceptors  donors TPSA bonds violations M) Source
55 388.42 5.54 5 1 80.67 3 1 258 Endophytes
56 390.44 59 5 1 80.67 4 1 NA Endophytes
57 366.41 6.91 5 2 91.67 5 1 17 Endophytes
58 364.4 6.55 5 2 91.67 4 1 62 Endophytes
59 404.42 438 6 2 100.9 3 0 NA Endophytes
60 404.42 435 6 2 100.9 3 0 NA Endophytes
61 526.54 1.52 9 5 155.14 4 1 NA Marine strains
62 508.52 2.6 8 4 134.91 4 1 6 Marine strains
63 510.54 2.82 8 4 134.91 4 1 25 Marine strains
64 489.65 4.66 6 3 127.85 2 0 1.5 Desert strains
65 945.11  -0.39 19 12 315.21 9 3 106 Desert strains
66 295.3 -1.15 8 3 116.76 3 0 NA Endophytes
67 283.33 0.95 2 2 65.2 2 0 14.15 Endophytes
68 279.25 2.39 4 2 67.79 0 0 27.9 Endophytes
69 307.26 2.9 5 2 84.86 0 0 30.7 Endophytes
70 210.27 0.93 3 2 57.53 0 0 NA Endophytes
71 161.16 1.65 2 2 53.09 1 0 NA Endophytes
72 176.18 2.6 4 2 66.24 0 0 NA Endophytes
73 1,025.28 6.4 16 8 269.82 14 4 1.5 Marine strains
74 1,011.25 595 16 8 269.82 13 4 49 Marine strains
75 275.3 1.99 4 2 83.47 3 0 NA Marine strains
76 291.3 1.2 5 3 103.7 3 0 343 Marine strains
77 281.35 0.9 4 2 83.47 3 0 NA Marine strains
78 562.52 0.63 13 7 204.83 5 3 NA Endophytes
79 416.38 1.86 9 5 145.91 3 0 NA Endophytes
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80
81
82
83
84
85
86
87
88
89
920
91
92
93
94
95
96
97
98
29
100
101
102
103
104

298.29
145.16
254.24
270.24
388.46
622.84
636.87
650.89
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Figure 8.1 Pie chart presentation of the percentage of 50 isolated compounds obeying or violating

Lipinski’s rule of five.

The results indicated that 80% of the isolated natural products obeyed Lipinski’s rule-of-

five with less than one violation (Figure 8.1), in terms of MW < 500 Da (68%), log P <5
(80%), HBA < 10 (88%), HBD <5 (90%) number of rotation bonds < 10 (90%) and tPSA

< 140 A (84%). The existence of a sugar moiety in the molecules provided more O-
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containing functionalities and hydroxyl groups, which might account for the violations of
HBA and HBD values, as well as molecular weights. This is consistent with the result
compared to other source, of secondary metabolites sourced from marine environments
(chapter 2).

Anti-BCG activities of isolated compounds are displayed in Table 8.1. The six most
active compounds 64 (1.5 uM), 73 (1.5 uM), 89 (2.56 M) and 90 (6 uM), 62 (8 uM), and
84 (9.92 uM) with MIC values less than 10 uM were identified from a desert strain
LS120167, a marine actinomycete MS110109, a marine actinomycete MS110167, a
marine actinomycete MS110154 and an endophyte ES120127, suggesting the potential of
producing anti-TB natural products from microbes derived from the three unique sources.
Except for compound 73 violating all the six rules in Table 8.1, compounds 64, 84 and 90
perfectly obeyed Ro5 as well as rules of tPSA and rotatable bonds, indicating their high
potential for further investigation to be drug candidates. Compounds 89 and 62 only

violated the molecular weight rule with 512 and 508 Da, respectively.

,~._. Rifampentine -
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Figure 8.2 Distribution of 39 anti-TB drugs and 50 isolated natural products in ChemGPS-NP
chemical space. 39 anti-TB drugs, 20 natural products isolated from endophytes, 11 natural products
isolated from desert strains and 19 natural products isolated from marine strains were shown in blue,
red, orange and green. PC1 representing molecular size, PC2 representing aromatic and conjugation

related properties; PC3 representing lipophilicity, polarity, and H-bond capacity.

ChemGPS-NP was also used to compare the distribution of the 50 isolated compounds

and 39 anti-TB drugs in physicochemical space (Figure 8.2). Around 70% of the 50
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isolated natural products are positioned within similar drug-like chemical space as the
anti-TB compounds with relative medium molecular size (PC1), high aromaticity
(positive direction of PC2) and various polarity (PC3), which means that these
compounds share similarities in the described parameters. Two types of large molecules,
triterpenes 65, 73, and 74, and macrodiolides 94 and 95 occupied at the extremely
positive direction of PC1 and bafilomycins identified from marine strain MS110104
clustered with microbe derived TB drugs rifampicin and rifampetine. Particularly,
compounds (64, 84, 89, 90, 91 and 92) showing strong anti-BCG activities with MIC
values from 1.5 to 20 4M and complete compliance to Ro5 clustered together, indicating
the potential relationship between anti-TB activity and physico-chemical properties of
microbial natural products.

The 50 isolated compounds were also evaluated within the 27-region chemical space
defined in chapter 2 (Figure 8.3). The regions containing most compounds were found to
be regions 5 (7 compounds), 10 (8 compounds) and 23 (9 compounds). The most active
compounds were located in regions 5 (64, 84, 89 and 90), 9 (73) and 23 (62). In
particular, region 5 with 4 active compounds only holds one current anti-TB drug

meropenem, which is a cell wall synthesis inhibitor.

10 -

Numbers of compounds
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Regions
Figure 8.3 Histogram of the percentage of 50 isolated NPs in each region.
Filtering these compounds using ED calculation to identify near neighbors with 39
known TB dugs produced 18 (36%) prioritized structures with ED < 2 to at least one drug

(Figure 8.4). The shortest distances were found between compounds 98 and 99 to anti-TB
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drugs clavulanic acid, namely 0.87 and 0.98. New compound 96 showed short EDs with
more than one drug neighbor (Figure 8.4), suggesting its high similarity with active drug
in physico-chemical space. Besides 96, anti-TB activities of compounds 97-104 have not
been determined yet. Thus, the prediction model developed in chapter 2 was applied to
these compounds. Except for compound 97, all the other untested compounds showed a
short distance to at least one anti-TB drug with EDs < 2, indicating the high chances for
these compounds to be active against TB.
anti-TB drugs

20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 390
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Figure 8.4 EDs between 50 isolated NPs and 39 TB drugs and candidates.
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In conclusion, the investigation concentrated on microbial natural products that had
significant activities on TB was investigated by 3 types of methods in this thesis, namely
bioassay-guided isolation (chapter 4), NMR fingerprinting-guided isolation (chapter 5)
and NMR fingerprinting conjugated with OSMAC strategy and PCA - guided isolation
(chapter 6 and 7). The first method resulted in the identification of 6 compounds,
including 4 new compounds from an endophyte Y3111. Three compounds exhibited
moderate anti-BCG activity. Applying the second method on 21 active fractions,
representing 8 strains, led to the identification of 24 natural products, including one new
compound. Four compounds displayed strong anti-TB activity with MIC values of 1.5,
1.5, 6 and 8 uM, suggesting the reliability for obtaining active constituents under the
direction of NMR fingerprinting. The low yield of many secondary metabolites in
actinomycetes led to failure in identifying more active but minor compounds. Therefore,
the third method was developed to induce or enhance the expression levels of secondary
metabolite biosynthesis gene clusters by screening the metabolomic profiles of 13 strains
under different culture media or stress conditions. Rigorous evaluation with PCA of the
NMR fingerprint dataset consisting of 4160 fractions identified 37 outlier fractions with
unique NMR information. Detailed investigation of 3 of the most active fractions resulted
in the isolation of 20 compounds, including one new compound with a rare skeleton and
8 out of 11 evaluated compounds exhibited strong anti-BCG activities from 2.56 to 24.16
UM. The discovery of a new structure and active compounds proved that the combined
NMR-OSMAC fingerprinting can be employed as a beneficial strategy for the selection

of ideal candidates for further investigation on tuberculosis.
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Experimental section

General Experimental Procedures. Optical rotations were recorded on a JASCO P-
1020 polarimeter (10 cm cell). UV spectra were obtained on a Cary 50
spectrophotometer. NMR spectra were recorded in DMSO-ds (dg 2.50 and dc 39.5),
CD;0OD (01 3.35, 4.78 and oc¢ 49.3), C¢Ds (0n 7.26 and ¢ 128.0) or CDCl; (dn 7.24 and
oc 77.0) at 30 °C on a Varian INOVA 600 MHz spectrometer equipped with a triple-
resonance cold probe or at 25 °C on a Bruker Avance HDX 800 MHz spectrometer
equipped with a TCI cryoprobe. The low-resolution LC-MS was recorded on a Waters
LCMS system equipped with a Luna C;g column (3 um, 100 A, 50 x 4.6 mm), a PDA
detector, and a ZQ ESI mass spectrometer. High-resolution mass spectra (HRESIMS)
were recorded on a Bruker Daltonics SolariX 12 T Fourier transform mass spectrometer.
Resin HP-20 (Diaion, Japan) and ODS-A (YMC, Japan) were used for purification. The
HPLC system included a Waters 600 pump fitted with a 996 photodiode array detector
and Gilson FC204 fraction collector. A Thermo Electron Betasil C;s column (5 gm, 21.2
x 150 mm) and a Phenomenex Luna C;g column (5 gm, 10 x 250 mm) were used for
semi-preparative HPLC. All solvents used for extraction, chromatography, [a]p, UV, and
MS were Lab-Scan HPLC grade, and the H,O was Millipore Milli-Q PF filtered.
Bacterial material. The endophytic strain Y3111 was isolated from stems of the TCM H.
souliei collected in Zheduo Mountain of Kangding, Southwest of China (N30°03’,
E101°49’, 4006 m). Endophytes ES120055 and ES120127 were isolated from the TCM
Saxifragaceae Astilbe and Cirsium shansiense samples collected from Yunnan Province,
and ES130159 were isolated from TCM Cicuta virosa, which was collected from Sichuan
Province, China. Two desert strains LS120167 and LS120194 were collected from
Taklimakan Desert. All the marine actinomycetes were isolated from sediment samples
collected from the South China Sea.

Fermentation. Small scaled fermentation was conducted by culturing the strains on ISP2
agar plates at 28 °C for 7 days. A 250 mL Erlenmeyer flask pre-culture of each strain,
containing 40 mL of ISP2 liquid medium, was inoculated with pieces of well-grown agar
cultures of the strain at 28 °C (220 rpm) for 48 h. The pre-culture was used to inoculate in
a 250 mL Erlenmeyer flask (each with 5 mL of pre-culture and 40 mL ISP2 medium) and
incubated at 28 °C (220 rpm) for 3 days to obtain seed cultures for fermentation. Each of
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the seed cultures was aseptically transferred to 250 mL Erlenmeyer flasks containing 40
mL of different fermentation media and was harvested for 7 days incubation at 28 °C 220
rpm; 1mL of each seed culture was also stored in 50% glycerin and water at -80°C. The
broth of each strain was then transferred to a 50 mL tube and incubated at 28 °C 220 rpm
for another 2 hours with the addition of 5 g HP20 resin. Each broth was centrifuged to
yield supernatant and a mycelial cake with resin. The mycelial cake with resin was dried
in a freeze dryer and then extracted three times with 5 mL of methanol. Crude extractions
were transferred into 96 deep well plates, dried under nitrogen and stored at -20 “C.

Large scale of Y3111, MS110104, MS110167 and LS120194 were performed by
cultivation of the strains on ISP2 agar plates at 28 °C for 7 days. A 250 mL Erlenmeyer
flask pre-culture of strains, containing 50 mL of fermentation medium, was inoculated
and incubated with pieces of well-grown agar cultures of the strain at 28 °C (220 rpm) for
48 h. The pre-culture was used to inoculate ten 250 mL Erlenmeyer flasks (each with 5
mL of pre-culture and 100 mL fermentation medium) and incubated at 28 °C (220 rpm)
for 3 days to obtain seed cultures for large- scaled fermentation. Each of the seed cultures
was aseptically transferred to 80 250 mL Erlenmeyer flasks containing 40 mL of M001
medium and was harvested after 7 days (14 days for LS120194) incubation at 28 °C 220
rpm. The broth was centrifuged to yield supernatant and biomass extracts.

Media. ISP-2 (1 L): 4 g yeast extract, 10 g malt extract, 4 g dextrose, 20 g agar, pH 7.2
AM?2 (1 L): soluble starch 5 g, glucose 20 g, soybean meal 10 g, peptone 2 g, yeast
extract 2 g, NaCl 4 g, K,HPO,4 0.5 g, MgS0O4-7H,0 0.5 g, CaCO3 2 g, pH 7.8

NM2 (1L): glucose 1 g, lactose 10 g, glycerol 20 mL, soy peptone 5 g, NHsNO;3 1.5g,
yeast extract 1 g, trace element 0.2 mL/L, pH 6.0

MPG (1 L): glucose 10 g, millet powder 20 g, soybean meal 20 g, Mops 20 g, pH 7.0
MOO1 (1L): starch 20 g, peptone 4 g, yeast extract 8 g, CaCO3 1 g; pH 7.2 was adjusted
prior to sterilization.

M12 (1 L): peptone 5 g, yeast extract 1 g, sodium citrate 0.2 g, NaCl 19.45 g, MnCl, 5.9
g, MgSO, 3.24 g, CaCl, 1.8 g, KCI 0.55 g, NaHCO; 0.5 g, KBr 0.08 g, SrCl, 0.034 g,
H;BO; 0.022 g, Na,Si03-9H,0 0.004 g, NaF 0.002 g, NH4sNO; 0.0016 g, Na,PO4 0.008
g, pH 7.2

M21 (1 L): glucose 5g, lactose 40g, soybean meal 30g, peptone 5g, KoHPO4 0.5g,
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MgS0O,4 0.5g, KC10.3g, PH 7.0

R-1 (1 L): 20.0 g of D -mannitol, 20.0 g of D -glucose, 5 g of yeast extract, 10.0 g of
peptone, 0.5 g of KH,PO4, 0.3 g of MgSOs, 1 g of corn syrup

O-1 (1 L): 3 g of sucrose, 0.3 g of NaNOs, 0.1 g of K;HPOy4, 0.05 g of KCI, and 0.001 g
of FeSOy4, 0.4 g MgCl,

T-1 (1 L): 4.0 g yeast extract, 10.0 g malt extract and 10.0 g glucose (pH 7.0).

T-2 (1 L): glucose 60 g, yeast extract 2 g, (NH4),SO4 2 g, MgSO4-7H,0 0.1 g, K;HPO4
0.5 g, NaCl 2 g, FeSO4-7H,0 0.05 g, ZnSO4-7H,0 0.05 g, MnSO4-4H,0 0.05 g, CaCOs
5¢g,pH7.0

T-3 (1 L): 10 g starch, 4 g yeast extract, 2 g peptone, 1 g CaCOs, 40 mg Fex(SO4);-4H,0,
100 mg KBr

T-4 (1 L): 24 g soluble starch, 30 g meat extract, 5g tryptose, 5 g yeast extract, 1 g
glucose and 2 g calcium carbonate, pH 7.4

T-5 (1 L): 15 g soluble starch, 5 g soybean meal, 15 g peptone, 15 g glycerol, 2 g CaCOs,
pH 7.4

A-1 (1 L): 10 g soluble starch, 10 g yeast extract, 0.5 g KH,POy4, 3 g corn syrup, 20 g
glucose, 5g MgS0,4-7H,0, 3 g beef extract, 2 g CaCO3, pH 7.0

A-2 (1 L): 10 g starch, 10 g glucose, 10 mL glycerol, 5 g Polypepton, 2 g yeast extract, 1
g NaCl, 3.2 g CaCOs3, and 1.0 mL of corn steep liquor, pH 7.4

PKS-1 (1 L): soluble starch 20.0 g; glucose 10.0 g; peptone 5.0 g; yeast extract 5.0 g;
NaCl 4.0 g; K,HPO4 0.5 g; MgS0O4-7H,0, 0.5 g; CaCO32.0 g

PKS-2 (1 L): soybean powder 20 g, mannitol 20 g

M-1 (1 L): 10 g glucose, 10 g maltose and 3 g yeast extract, 0.15 g CaCl,, 0.2 g MgCl,,
30 g soybean cake meal, pH 7.2

M-2 (1 L): 24 g starch, 1 g glucose, 3 g peptone, 3 g meat extract, 5 g yeast extract, 4 g
CaCQO:s, trace metals 5 mL, pH 7.0

M-3 (1L): potatoes (sliced washed unpeeled) 200g; dextrose 20g

M-4 (1 L): 20g starch, 8.7g glycerol, 10g soybean meal, 0.01 g ZnSO4-7H,0, 0.005¢g
CuSO4-5H,0, 0.01g FeSO4:7H,0

M-5 (1 L): 5 g Soybean flour, 15 g soluble starch, 15 g glycerin, 15 g peptone, 2 g
CaCOs,pH 7.4
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E-1 (1 L): 10 g glucose, 40 g dextrin, 25 g Bactosoytone, 1 g yeast extract, 3 g CaCOs,
pH 7.0

D-1 (1 L): glucose 6 g; yeast extract 4 g; pH 7.0

D-2 (1 L): 2 g KH,PO4, 1.5 g NH4Cl, 0.5 g MgSO4-7H,0, 0.5 g NaCl, 10 g glycerol, 0.4
g myoinositol, 5 g monosodium L -glutamate onohydrate, 0.084 g NaF, 0.025 g
FeSO4-7H,0, 0.01 g ZnSO4 7H,0, 0.01 g CoCl,-6H,0, 0.25 g CaCOs, 0.001 g p-
aminobenzoic acid, pH 7.0

D-3 (1 L): oatmeal 20.0 g; trace salts solution 1.0 ml; pH 7.3

B-1 (1 L): 10 g glucose, 40 g soluble amylum, 5 g yeast extract, 25 g soybean powder, 5
g peptone, 2 g CaCOs, 8 g MgSO4-7H,0, 6 g FeSO4-7H,0, 2 g ZnSO4 7H,0, 2 g
MnSO4-H;0, 0.5 g CoCl,-6H,0, 2 g Na,Mo0O4-2H,0, pH 7.0

Trace Salts Solution (100 mL): FeSO4-7H,0 0.1g; MnCl,-4H,0 0.1 g; ZnSO4-7H,0 0.1g
Anti-BCG assay. The BCG used was a M. bovis BCG 1173P2 strain transformed with
green fluorescent protein (GFP) constitutive expression plasmid pUV3583¢ with direct
readout of fluorescence as a measure of bacterial growth. BCG was grown at 37 °C to
mid log phase in Middle brook 7H9 broth (Becton Dickinson) supplemented with 10 %
OADC enrichment (Becton Dickinson) 0.05 % tween-80 and 0.2 % glycerol, which then
adjusted to OD600=0.025 with culture medium as bacterial suspension. Aliquots (80 uL)
of the bacterial suspension were added to each well of the 96-well microplates (clear flat-
bottom), followed by adding compounds (2 uL. in DMSO), which were serially twofold
diluted. Isoniazid served as positive control and DMSO as negative control. The plate
was incubated at 37 °C for 3 days, and GFP fluorescence was measured with Multi-label
Plate Reader using the bottom read mode, with excitation at 485 nm and emission at 535
nm. MIC is defined as the minimum concentration of drug that inhibits more than 90 %
of bacterial growth reflected by fluorescence value.

Antimicrobial assay. Antimicrobial assays were performed according to the
Antimicrobial Susceptibility Testing Standards outlined by the Clinical and Laboratory
Standards Institute (CLSI) (NCCLS 1999) using the bacteria Staphylococcus aureus
(ATCC 6538), Bacillus subtilis (ATCC 6633), methicillin-resistant S. aureus (MRSA) and
Pseudomonas aeruginosa (PAO1). For each organism, a loopful of glycerol stock was

streaked on an LB agar plate and incubated overnight at 37 °C. A single bacterial colony
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was picked and suspended in Mueller-Hinton Broth to approximately 1 x 104 CFU/mL.
A twofold serial dilution of each compound to be tested (4,000 to 31.25 ug/mL in DMSO)
was prepared, and an aliquot of each dilution (2 uL) was added to a 96-well flat-bottom
microtiter plate (Greiner). Vancomycin and ciprofloxacin were used as positive controls
and DMSO as the negative control. An aliquot (78 uL) of bacterial suspension was then
added to each well (to give final compound concentrations of 100 to 0.78 ug/mL in 2.5 %
DMSO), and the plate was incubated at 37 °C aerobically for 16 h. Finally, the optical
density of each well at 600 nm was measured with an EnVision 2103 Multi-label Plate
Reader (Perkin-Elmer Life Sciences). MIC values were defined as the minimum
concentration of compound that inhibited visible bacterial growth. All the experiments
were performed in triplicate.

Time-kill studies. Bacillus Calmette-Guérin Pasteur 1173P2 was cultured for 6 days at
37 °C in 7TH9 broth. Cells were diluted in medium to an initial ODggg of 0.025 as bacterial
suspension. Either compound heraclemycin C, adjusted to final concentrations of 0.5, 2,
and 8 times of the MIC, or heraclemycin D, adjusted to final concentrations of 0.5, 2, and
4 times the MIC, or heraclemycins A and B, adjusted to final concentrations of 100, 25,
and 6.25 ug/mL, or DMSO was then added. Aliquots (80 uL) of the cultures were
removed at 0, 12, 24, 36, 48, 60, 72, 84, 96, and 108 h of incubation, and GFP
fluorescence was measured with Multi-label Plate Reader using the bottom read mode,
with excitation at 485 nm and emission at 535 nm. Rates of killing were determined by
measuring the reduction in GFP fluorescence of viable bacteria (log;o RFU/ mL) at each
time point with fixed concentrations of the compound. Experiments were performed in

triplicate.
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Figure S1 Neighbor-joining phylogenetic tree from the 16S rDNA sequences of MS110104 and

related species constructed by MEGA.
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Figure S7 Neighbor-joining phylogenetic tree from the 16S rDNA sequences of LS120194 and related

species constructed by MEGA.
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presented in a black blank.

215



A PC2 0.4_

Region 2 (3.5-6 ppm)

¢ PC2 0.3

Region 3 (6-10 ppm)

£ PC2 0.10

Region 4 (10-15 ppm)

r T T T T
08 06 -04 02

04 06
B3
3

I

-0.2

0.4
PC2
Region 2 (3.5-6 ppm)

0.4

0.24

LS120194_Medium3_14d

0]
3

0.4 0.2

0.6

0.1 0.2
PC1

-0.3 0.10
D F

2C2 0.6 PC2 |3

Region 3 (6-10 ppm) Region 4 (10-15 ppm) [ENY
0.4+ 0.8

o

239, 06

o 0.24 0.4

0.2

9.89 -

o}

0.6 0.4 0.2 0.2 04 0.6 -1.2 !V:hg-o,s -0.6 -0.4 -(l?

PC1 .
00721 0.4

7737 0.6

9.61 0.4 0.8
gzjs -';E

-0.6- -1.2

02 04 06 08 1.0 1.2
PC1

Figure S9 PCA results of 320 fractions from LS120194. Anti-BCG activity was shown in different

colors coded according to the legend in Figure 6.24 (blue lowest and red highest activity). A. Score

plot of region 2 (3.5 - 6 ppm). Fraction numbers were shown below B. Loading plot of region 2 (3.5 -

6 ppm). C. Score plot of region 3 (6 - 10 ppm). Fraction numbers were shown below. D. Loading plot

of region 3 (6 - 10 ppm). E. Score plot of region 4 (10 - 15 ppm). Fraction numbers were shown

below. D. Loading plot of region 4 (10 - 15 ppm). Bucket values in loading plots were shown as

numbers below each circle.

216





