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Chapter 1
Background and Introduction

1.1 Pharmacologically Important Natural Products

Natural products (NPs) are defined as naturally occurred small molecules produced by
any organisms, yet their original functions are mainly idiopathic. One of the growing theories
suggested that production of NPs represents chemical defense to deter predators and
competitors.? Intriguingly, these specialized metabolites often exhibit potent biological
activities, including antibacterial, cytotoxic, and antiparasitic. Therefore, they are beneficial to
be developed as therapeutic agents for treating human diseases. Such potent biological
properties are conferred by their unique and complex structures that have evolved in nature for
centuries.?> Until today, approximately 60% of clinically used therapeutic agents are derived
from NPs and their derivatives, suggesting NPs are essential resources of drug discoveries and

developments.®

NPs-based medicines have mainly been developed from plants due to the long history
of empirical herbal application for traditional medication. A notable example of drug discovery
inspired by traditional medicine is the antimalarial agent, artemisinin from Artemisia annua,
known as sweet wormwood, native to Asia (Figure 1.1).” Another example of potential NPs
with remarkably complex structure was the anti-cancer agent vincristine isolated from
Madagascar periwinkle Catharantus roseus (Figure 1.1).%° Through extensive screening of
thousands of plant extracts, various plant-derived NPs have successfully been developed for
clinical purposes. This is best exemplified by paclitaxel from the bark of the Pacific yew Taxus
brevifolia (Figure 1.1) as one of the most successful anti-cancer agents.!®!" NPs not only
contribute to drug discovery, but also they can have other essential health benefits, such as

dietary supplement and natural dye as shown by curcumin from curcuma longa (Figure 1.1).1

From the middle of the last century, microbes and marine animals had been gaining
power as NPs producers. In 1929, a serendipitous discovery of penicillin G from the
filamentous fungus Penicillium chrysogenum (Figure 1.1) by Fleming had marked the era for
NP explorations from microorganisms.'® An intensive investigation on anti-infectious agents
from other microbial resources, extensively on genus Streptomyces, had led to discovery of the
first potent anti-tuberculosis drug, streptomycin from Streptomyces griseus (Figure 1.1).'*

Additionally, another prolific source of structurally diverse molecules is organisms, especially



invertebrates and their associated microorganisms, inhabiting marine environment. Starting
from the mid of 1970, the report on NPs from marine environment had drastically increased
resulting thousands of compounds with new scaffolds that have never been observed from other
sources.!>! A number of marine natural products and their derivatives have been clinically
approved as therapeutic options, demonstrating marine environment as a promising source of

novel natural products.
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Figure 1.1 Selected NP-derived drugs. Their biological properties and compound classes are
typed in bold.

1.2 Natural Products Derived from Marine Environment

More than 70 % of the earth’s surface is covered by ocean, suggesting the huge potential
of marine environment as reservoirs of diverse NPs accumulated in organisms. Marine
ecosystems are home to highly divers organisms in the world. It is found that 32 out of 33
existing animal phyla live in marine habitats. These highlight the great potential of marine
biodiversity as rich sources of NPs with potent chemotherapeutic activities.?? The exploration
of marine NPs began around the middle of 1970s, which has contributed to the discovery of an
outstanding number of new compounds.?*** So far, it has been estimated that over 15,000 NPs

reported from various marine organisms.!>-16:19-21

Sponguridin and spongothymidine isolated from marine sponges Tectitethya crypta
have inspired the discovery of the first nucleoside type medicines Cytarabine (Ara-C) and
vidarabine (Ara-A) (Figure 1.2).° Another notable example of marine-derived NP that has

successful been developed as a clinically used drug is eribulin mesylate (Figure 1.2), which



was chemically synthesized based on the core-structure of halichondrin B reported from marine
sponge Haliclondria okadai sp.?® and Lyssodendoryx sp.?’ This compound is medically used
to treat metastatic breast cancer?® and liposarcoma®’. Another example includes trabectedin, a
complex alkaloid isolated from colonial tunicate Ecteinascidia turbinate.>® This compound,
also known as ecteinascidin 743, has been approved as an anti-cancer agent under the trade
name of Yondelis® for treatment of soft tissue sarcomas (STS)*!' and relapsed ovarian cancer
in conjunction with doxorubicin.*? Furthermore, bryostatin isolated from Bugula neritina®
represents the only marine bryozoan-derived NPs currently under clinical trials for Alzheimer’s

disease.>*

Table 1.1 Some of the NPs derived from marine environments that already approved and under

clinical trials.

Comnsomsy Chemical Class ol Target Activity Status Ref.
Name Source Molecule
Cytarabine Nucleoside Sponge DNA Anti-cancer Approved ¥
y pong polymerase pp
Vidarabine Nucleoside Sponge Viral DNA Anti-viral Approved ¢
polymerase
. . . Cone N-Type Ca o 37.38
Ziconotide Peptide Snail channel Chronic Pain Approved
Omega-3 Triglyceride
=J)= . . .. . . . 39
carboxylic acid Fatty acid Fish synthesizing  Hypertriglyceridemia Approved
enzymes
Eribulin Macrolide Sponge  Microtubules Anti-cancer Approved ¥
mesylate
Minor
Trabectedin Alkaloid Tunicate groove of Anti-cancer Approved
DNA
Salinosporamide Beta-lactone Bacterium 208 Anti-cancer Phase III 4
proteasome
Tetrodotoxin Guanldlqlum Pufferfish Sodium Chronic Pain Phase Il ~ #
alkaloid Channel
Plinabulin Diketopiperazine ~ Fungus ~ Microtubules Anti-cancer Phase III ~ #
Bryostatin Macrolide Bryozoan Ifrotem Alzheimer's Disease ~ Phase 11 34
kinase C

While most of the approved drugs derived from marine environment belong to anti-
cancer agents, several marine NPs without anti-cancer activities, such as ziconotide and
tetrodotoxin, have been approved as clinically used medicines or currently under clinical trials
(Table 1.1). Ziconotide represents the first marine derived NP approved for reducing chronic
pain currently marketed under the trade name of Prialt®. This non-narcotic analgesic peptide is
a component of a cocktail venoms used by a cone snail Conus to paralyze its prey.* Another
marine pain-reducing compounds is tetrodotoxin (Figure 1.2), a potent neurotoxin originally

isolated from the Japanese pufferfish “fugu”.**#%47 The ability of this toxin to selectively



blocks voltage-gated sodium channel makes it suitable to be developed as a therapeutic agent
for pain management.*> Omega-3-carboxylic acid from fish is another example of non-anti-

cancer marine drug (Figure 1.2) applied for treatment of severe hypertriglyceridemia.>
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Figure 1.2 Several approved and under clinical trial compounds derived from marine natural
products.

Marine microorganisms within groups of bacteria, cyanobacteria, fungi and
dinoflagellates also contribute as the main sources of NPs.!>!81921 Qajinosporamide A and
plinabulin represent two marine microbial compounds potentially developed as anti-cancer
drugs (Table 1.1). Pionering work of Fenical and colleagues had led to the isolation of
salinosporamide A from an obligate marine bacteria Salinospora tropica.***® This potent 20S
proteasome inhibitor is currently under phase III clinical trials as an anti-cancer agent.
Plinabulin is a marine fungal-derived diketopiperazine derivative recently entered phase III

clinical trials for non-small cell lung cancer by targeting distinct microtubule of cancer cells.*

For the last few decades, it has been increasing evidences that many NPs from marine
macro-organisms are actually produced by symbiotic bacteria.*’ In 1996, Faulkner and
colleagues proposed that several compounds reported from the marine sponge Theonella
swinhoei are produced by the sponge-associated filamentous heterotrophic bacteria.’® Recent
development of DNA sequencing technologies supported by advances in analytical chemistry
instruments have contributed greatly to our understanding on the importance roles of marine
symbiotic bacteria as NP producers. For instance, using meta-omics techniques, Sherman and

colleagues successfully confirmed the tunicate’s symbiont Candidatus Endoecteinascidia



frumentensis as the actual producer of trabectedin.’~> In addition, bryostatin from bryozoan
Bugula neritina was proposed to be produced by the as-yet uncultured symbiont bacteria

“Candidatus Endobugula sertula” based on localization studies using CARD-FISH.34

By metagenome sequencing and single-cell analyses combined with functional studies,
Piel and colleagues showed that almost all 40 NPs previously reported from marine sponge 7.
swinhoei were attributed to as-yet uncultivated bacterial symbionts “Candidatus
Enthotheonella sp.” as the producers.®®! These reports are emphasizing the great potential of
uncultured symbiotic bacteria associated with marine invertebrates. Therefore, accessing these
promising yet untapped marine bacterial resources by any approaches would lead to discovery

of bioactive small molecules.

1.3 Natural Products from Terrestrial Microorganisms

NPs from microorganisms have become interesting targets for drug discovery since the
accidental discovery of penicillin G from the filamentous fungi Penicillium chrysogenum
(Figure 1.1) by Alexander Fleming in 1928. For 20 years from discovery of penicillin as a
potent anti-infectious agent is known as the golden era of antibiotics. The intensive
investigations of NPs were focused not only on filamentous fungi but also on other potential
bacteria. A notable example is the bacterial genus Streptomyces identified as the prolific

producer of streptomycin (Figure 1.1),'* a potent antibiotic clinically used to treat a number of

2 63,64

bacterial infections including tuberculosis,®* endocarditis, and brucellosis®. Following
these compounds, thousands of new anti-infectious agents have been reported from terrestrial
microorganisms, demonstrating the potential of microorganisms as prolific source of bioactive

small molecules.

Discovery of anti-infectious agents was the main goal at that time following the
successful of penicillin G and streptomycin. Consequently, many classes of antibiotics,
representing here by the macrolide erythromycin and the glycopeptide vancomycin (Figure
1.3), have been approved for clinical purposes.'® Erythromycin, for instance, was isolated from
Streptomyces erythreus®® and has been approved as a therapeutic agent for treating gram-
positive and gram-negative infections including syphilis,*” whooping cough,®® respiratory®
and gastrointestinal infections’’. Biosynthesis of this compound is catalyzed by a polyketide
synthase (PKS) followed by glycosylation.”! Vancomycin is a complex glycopeptide firstly
reported from Amycolatopsis orientalis,”* which is known as one of the essential antibiotics to

treat methicillin-resistant Staphylococcus aureus (MRSA). Biosynthesis of this complex



glycopeptide in Amycolatopsis orientalis is mediated by 7 modules of non-ribosomal peptide
synthase (NRPS) assembly lines, followed by a set of distinct tailoring enzymes responsible
for glycosylation and oxidation to generate the final product vancomycin.”>’* Amphotericin B
from the soil bacterium Streptomyces nodosus represents anti-fungal NPs (Figure 1.3) that has
been approved for life-threatening fungal infections caused by Aspergillus.”’® This compound
is biosynthesized by a huge and complex PKS system consisting of 19 modules and several

tailoring enzymes.”’

Many NPs derived from terrestrial microorganisms have been evaluated for anti-cancer
activities, exemplified by bleomycin and daunorubicin (Figure 1.3). Bleomycin is a
glycopeptide isolated from Streptomyces verticillus and has been clinically used for treatment
of several cancer diseases including, testicular, ovarian, and Hodgkin’s lymphoma.”
Bleomycin biosynthesis was proposed to be catalyzed by a large PKS and NRPS hybrid
through the assembly of ten simple building blocks into a linear peptide followed by
glycosylation steps.”’ Daunorubicin is a member of anthracycline type compounds along with
doxorubicin, epirubicin, and idarubicin.®® These compounds inhibit progression of cancer cell
by DNA intercalation, thereby interfering DNA and RNA production.®! Daunorubicin is
biosynthesized by a type II PKS systems in Streptomyces peucetius to produce the

anthracycline backbone followed by glycosylation.®?

Further examples of potent NPs from terrestrial microorganisms are rapamycin,
ivermectin, and lipstatin (Figure 1.3). Rapamycin was originally isolated as an antifungal agent
from Streptomyces rapamycinicus. However, this compound has been approved for clinically

used drugs as anti-proliferative and immunosuppressive agent.®®

Recently, this compound was
also reported to prolong life span of diverse species.®* In addition, ivermectin is an FDA-
approved antiparasitic drug to treat disease caused by roundworm and ectoparasites.®® This
compound was isolated from Streptomyces avermitilis.3® Finally, lipstatin is the first anti-
obesity drug derived from a microbial NP. This compound was reported from Streptomyces
toxytricini to have activity as an inhibitor for a pancreatic lipase.®” Interestingly, lipstatin is
biosynthesized through unique condensation of three fatty acids to form a -lactone ring and

three fatty acyl moieties.®
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Figure 1.3 Several approved NPs derived from terrestrial microorganisms.

This recent post-genomic era has been marked with the accessibility toward the huge
accumulation of genome sequence of many organisms deposited in GenBank. This allows
intensive genome mining using various bioinformatic tools to identify microbial genes
encoding for secondary metabolites. For example, through whole genome sequence analysis,
it was found that the rapamycin producer Streptomyces rapamycinus has 52 NP biosynthetic

gene clusters spanned for 3.09 megabase (Mb).* This indicates that 24.3% of total genome



12.70 Mb are dedicated to secondary metabolite productions. Recent development of molecular
biology techniques such as metagenomic approaches and DNA sequencing technologies
enables identification of enormous biosynthetic gene clusters (BGCs) in uncultivated
microorganisms inhabiting diverse soil ecosystem.”®? Therefore, cross-interdisciplinary
collaborations between different scientific fields are crucial to access the bioactive small

molecules encoded on biosynthetic potential genes.

1.4 Summary and Research Goal

Natural products (NPs) are one of the main sources of drug discovery and development.
It contributed to approximately 60% of all approved drugs for clinical applications.® Generally,
NPs with chemotherapeutic potential are characterized by their diverse and complex structures
useful for biological activities. Among a large number of NPs discovered from plants, marine
organisms, and microorganisms, many of them have been clinically approved for medical
therapeutics. However, there are increasing and urgent needs for new bioactive agent to treat

various new diseases.

Analysis of genomic information derived from marine invertebrates-associated
microorganisms and soil microbes revealed the presence of enormous number of biosynthetic
gene clusters (BGCs) encoding for the production of new bioactive molecules, suggesting that
the exploration on these untapped resources remains widely open. Furthermore, recent genetic
studies have indicated that many BGCs detected in marine invertebrates are actually located in
symbiotic bacteria.®®S! These suggests that targeting these untapped microbial strains from

both marine and soil ecosystems would lead to discovery of novel bioactive natural products.

This study covered two research project exploring NPs from untapped microorganisms
in marine invertebrate and soil ecosystem. The first project targets novel NPs from potential
symbiotic bacteria associated with marine sponge Theonella swinhoei. The second project
focuses on isolation of potential soil microbes by employing in sifu cultivation approach.
Investigating the isolated potential strains through metabolite analysis led to the discovery of

two groups of siderophores.



Chapter 2
Natural Products from Marine Sponge Theonella Swinhoei

2.1 Introduction

Marine sponge has been sitting in the sea floor for a very long period of time. It is
suggested through sterane biomarkers analyses that this organism has been already existed
from Cryogenian period (calc. 720635 million years ago).”®> Marine sponges are sessile
invertebrates, and therefore they rely on cytotoxic compounds present in their body’s tissues
to defend themselves from predators, such as fishes.”* There has recently been increasing
evidence that bacteria symbiotically associated with marine sponges are the actual producers
of such defensive compounds.’® Marine sponges pump large volumes of seawater, allowing
microbes to enter the labyrinth-like aquiferous system located in the mesohyl layer of the
sponge body (Figure 2.1).”> Some microbial cells establish symbiotic relationship as a part of
the sponge-specific symbionts,’® and may contribute to chemical defense in the sponge host by

releasing bioactive compounds.
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y{ Cyanobacteria Pinacocyte
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Siliceous spicule  Microorganism

Osculum

Choanocyte J

chamber N\

Choanoderm
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Sea floor

MesohyF F'inacudernl‘l

Figure 2.1 a. Typical anatomy of a demosponge; b. Internal structure of an aquiferous system
inside sponge’s mesohy] tissue.

The symbiotic bacteria are well distributed in all sponge tissue. In general, the outer
light-exposed layer of the sponge’s body is mostly inhabited by the photosynthetic bacteria,
cyanobacteria, that usually confer coloration of the host.”” Heterotrophic and autotrophic

bacteria typically inhabit the internal mesophyll parts of the sponge’s body. A number of



studies using culture-independent techniques showed the microbial diversity of more than 100
operation taxonomic units (OTUs) within 7. swinhoei, mainly dominated by the phyla
Actinobacteria,  Acidobacteria, = Chloroflexi, Cyanobacteria,  Poribacteria,  and
Proteobacteria.’®® The filamentous heterotrophic bacteria “Candidatus Enthotheonella spp.”
that belong to a newly proposed candidate phylum Tectomicrobia were found widely

distributed in Theonella sp. living in geographically distant locations. %192

Marine sponges have been widely known as a prolific source of a diverse array of
structurally complex compounds with potent biological activities and unique properties. Up to
date there are more than four thousand natural products were reported from marine sponges,
suggesting that they are prolific producers of biologically active compounds.!®® The first
marine sponges-derived that were approved as antiviral and chemotherapeutic agents are
vidarabine (Ara-A) and cytarabine (Ara-C) (Figure 2.2). Both compounds are derivatives from
spongouridin and spongothymidine isolated from sponge Tectitethya crypta.”® The discovery
of these compounds have marked the era of the exploration of marine natural products (MNPs).
Several marine sponges-derived natural products have been developed and subjected to clinical
trials. One of the most notable examples is eribulin mesylate (Figure 2.2), a truncated version
of halichondrin B reported from marine sponge Halicondria okadaii.*® This compound is

medically used to treat metastatic breast cancer?® and liposarcoma.?’
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Figure 2.2 FDA-approved drugs from marine sponge

61.100,104.105 showed that many

A number of recent studies by Piel and colleagues
bioactive secondary metabolites reported from 7. swinhoei (Figure 2.3) are biosynthetically
made by polyketides synthases (PKSs), non-ribosomal peptide synthases (NRPSs), PKS/NRPS
hybrid systems. The encoding biosynthetic genes for a metabolite are found to be clustered
inside the genome of the bacterial producer. Interestingly, by utilizing genomic and

metabolomic analysis Wilson et. al. reported that many natural products previously isolated

106 108

from T. swinhoei Y chemotype such as polytheonamide,'*® nazumamide,'”” konbamide,

10



9 0 111

cyclotheonamide,'” keramamide,''® and onnamide!'!' are produced by Candidatus

Entotheonella factor TSY1.!1% Moreover, using similar approach, Mori et. al. also successfully

12 and theonellamide''® from T. swinhoei WA chemotype are in

validated that misakinolide
fact produced by Ca. Entotheonella serta TSW1.%! Further genomic analysis of identified
Entotheonella strains revealed a large amount of biosynthetic gene cluster (BGCs) that
encoding for potentially novel natural products. These findings demonstrated that Ca.
Entotheonella is one of the promising yet untapped bacterial resources. Unfortunately, a way
to explore natural products directly from Ca. Entotheonella spp. has not been established since

the cultivation of these potential symbionts remains elusive.
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Figure 2.3 Representative natural products reported from 7. swinhoei

_0 Misakinolide A

Therefore, to access those potentially novel compounds, in this study, we analyzed and
isolated several new members of theonellapeptolide family from marine sponge 7. swinhoei,
the host organisms of promising uncultured symbiotic bacteria Ca. Entotheonella spp. Here,
the isolation, characterization, and investigation of biological activity of the newly isolated
compounds were described. In addition, based on the biosynthetic logic in conjunction with
genetic evidence, we proposed Ca. Entotheonella sp. as the producer of theonellapeptolides

(Figure 2.4).
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Figure 2.4 New members (1-3) and known (4-6) theonellapeptolide-type compounds from 7.
swinhoei.

2.2 Result

2.2.1 Isolation of Natural Products from Marine Sponge Theonella swinhoei

The isolation of natural products from marine sponge inhabited by promising
uncultured symbiotic bacteria Ca. Entotheonella sp. has been done according to the workflow
(Figure S2.1). Approximately 1.0 kg (wet weight) of marine sponge 7. swinhoei was extracted
three times with 1 L of methanol and concentrated in vacuo. Preliminary obtained crude extract
was subject to TLC analysis developed by chloroform : methanol (9:1) as mobile phase. After
treatment with Dragendorff’s reagent, it showed three brown spots after treatment with Rf
values 0f 0.31, 0.49, and 0.71, respectively (Figure S2.1), suggesting the presence of relatively
non-polar nitrogen-containing compounds such as alkaloids and/or peptides. Further LC-MS
analysis of the crude extract indicated the presence of several peaks that correspond to new
molecular weight based on MarinLit database, a database dedicated to marine natural products
research. These findings had motivated us to isolate the natural products from 7. swinhoei

guided by the obtained new molecular weight.

To purify the target compounds, initially, the methanolic crude extract was partitioned
between water and ethyl acetate. The ethyl acetate soluble fraction was concentrated and
subsequently subjected to a gel-filtration chromatography to separate the compounds based on
their molecular weight (range 100-4000 Da). The methanol-swollen beads (Sephadex LH-20)
act to trap small molecules into their pores, leaving the high molecular weight compound eluted
in the earlier fractions.!'* Out of the 160 obtained fractions, we found that the target compounds
were present in the fraction number 62 to 78 (16 fractions) after being verified by TLC with

Dragendorff’s reagent treatment. The fractions containing target compounds were pooled and
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concentrated in vacuo. Subsequently, the obtained residue was further subjected to open
column chromatography packed with silica gel using a step-gradient of chloroform and
methanol as mobile phase. Guided by ESI-MS, the fractions containing target molecular weight
were further purified through a reversed-phase HPLC equipped with Cosmosil 5Cg-MS-II
column (10 mm LI.D. X 250 mm) using 75% aqueous acetonitrile (0.05 % TFA) as mobile phase
to afford compounds 1 (4.0 mg), 2 (9.0 mg), 3 (3.0 mg), 4 (40.0 mg) and 5 (8.0 mg). In

addition, another major compound from other fractions was successfully purified as 6 (12 mg).

2.2.2 Structure Elucidation of the Isolated Compounds

According to their NMR and tandem mass analyses, it was found that three of the
isolated compounds (1-3) are novel, whereas the other (4-6) were previously described as
theonellapeptolide 11d, Ile, and Id, respectively, cyclic depsipeptides from same sponge species
(Figure 2.4).''5"117 On the other hand, 'H-NMR spectra of newly isolated compounds measured
in chloroform-d (CDCls3) showed several broad N-methyl protons (éu 2.80 to 3.20), amide
protons (61 6.90 to 7.80), and methoxy acetyl group protons (6n 3.50 to 3.90), strongly indicated
that these compounds are new members of theonellapeptolide-type compound. Unfortunately,
due to broadening signals in some key regions, it was challenging to determine their planar
structures solely based on the NMR spectra. Furthermore, COSY correlation spectra indicated
the presence of several conformers within the purified compounds (Figure S2.2). Therefore,
alternatively, their amino acid sequences were initially determined by combination of tandem

mass (MS2) and MS/MS/MS (MS3) analyses followed by confirmation using NMR analysis.

There are many ionization techniques for peptide fragmentation, including electron
ionization (EI), chemical ionization (CI), electrospray ionization (ESI), and matrix-assisted
laser desorption/ionization (MALDI). Fragmentation in a protonated peptide occurs through
amide bond cleavage. If the charge is retained by the C-terminus fragment, a protonated amino
acid (y1) or peptide (yn) will be formed. If the charge remains on the N-terminus fragment, a
neutral amino acid is eliminated and b, ions are formed.!'® Accordingly, a series of b-ions
allows determination of the N-terminal sequence. Likewise, a series of y-ions enables sequence

determination at the C-terminus (Figure 2.5).!"°
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Figure 2.5 Standard nomenclature of fragment ions derived from a peptide.

However, characterization of a cyclic peptide is a great analytical challenge due to no
well-defined termini to anchor the assignment of the amino acid sequence. In addition, the ring-
opening may occur at several peptide backbone positions, meaning that all the fragment ions
are not referenced to a single terminal position. To address this issue, seco-acid methyl ester
peptides or a linearized form of the purified compounds were generated by reaction with 7M
ammonia solution in methanol as shown in Figure 2.6. Determination of amino acid sequences
of the newly isolated compounds 1-3 has been done by subjecting the obtained ring-opened

product to MS2 and MS3 analyses.

0 R 7M NH; in MeOH o R

HNJ\(O\[H\NH 100 °C, 1 hr HT)H/OH /O\[H\NH

Figure 2.6 Ring opening reaction strategy of a cyclic-depsipeptide compound

2.2.2.a. Determination of planar structure of compound 1-2

Based on HRESIMS data, the molecular formula of compound 1 is CesHi21016N13,
corresponding to the loss of one methylene group of theonellapeptolide IId (4)
(CeoH123016N13).11¢ MS2 analysis of the seco-acid methyl ester of 1a showed three
predominant fragment ion peaks in the spectrum (Figure 2.7; S2.3-4). Two high intense
fragment ions at m/z 299 and m/z 584 designated as bz and bs ions, respectively, which were
also detected in the fragmentation of ring-opened peptide (4a) of 4 (Figure S2.3), suggesting
that the predominant b> and bs fragment ions were corresponding to the N-terminal moieties,
N-methoxyacetyldipeptide and N-methoxyacetylpentapeptide, respectively. The third high
intense fragment ion peaks were different between 1a, and 4a, and appeared at m/z 825.62,
and m/z 839.57, which were assignable to the remaining C-terminus sequences of 1a and 4a,
respectively and the 14 mass unit differences suggested the loss of methyl or methylene group

at these units (Figure 2.7). We then implemented the structure confirmation of the individual
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fragment ions (b2, bs and yg) based on the MS3 fragmentation profiles in conjunction with the

NMR data of the intact compound.

b2 m/z 299
O\)L v

m/z 825 (1a)

m/z 811 (2a)

m/z 839 (4a)

NH ? Ri R2

»Ve’ 13 (CHs) (CHg)

bg m/z 584YI (H) (CHy)

W I( o 4a (CH3) (CoHs)
\/Yi

(0] o

Figure 2.7 MS2 analyses of the seco-acid methyl ester peptides of 1, 2, and 4.

To confirm the amino acid sequence of the b, ion NMR analysis was carefully
conducted as listed in Table S2.11-S2.13 (Figure 2.8). The presence of an ester linkage between
the C terminus of the peptide to the hydroxyl group of Thr’ was confirmed by HMBC
correlation showing the cross-peak between the B-CH of Thr? and the carbonyl carbon of a N-
Melle'*. The HMBC spectrum of 1 showed correlation of the Ho of Val! (8i 4.72) to the amide
carbonyl position of the methoxy acetyl (MeO-Ac) unit (3¢ 170.10) (Figure 2.8, Table S2.11),
indicating that the N-terminus was capped by MeO-Ac moiety. The presence of a methoxy
group on the by fragment ion of 1a was supported by its typical 'H and '*C chemical shifts (6u
3.59 and §¢ 70.20). Furthermore, the Ha of N-MeLeu? (8u 5.08) was connected to the amide
carbonyl at §¢c 173.10 assigned to Val' in 1. This was supported by the MS3 profile of the b,
ion showing the presence of an ion peak at m/z 172.07 corresponding with the loss of 127 mass
units due to the removal of N-MeLeu? residue (Figure S2.7). The combined tandem MS and
HMBC data established the amino acid sequence of the b, ion (m/z 299) as MeO-Ac-Val'-N-
MeLeu’.

The MS3 profile of the bs fragment ion (Figure S2.6) indicated the presence of smaller
fragment ions at m/z 471 (corresponding to the loss of Leu®), at m/z 400 (due to the additional
removal of B-Ala*), and at m/z 299 (due to the additional loss of Thr?). This was supported by
the 2D NMR spectra of 1 showing correlations from the Ha of Thr? (8u 4.39) to the carbonyl
signal of N-MeLeu? at 5¢c 171.20, and additionally the Ha of B-Ala* to the carbonyl of Thr® at
dc 168.20. The presence of a $-Ala at the residue position 4 was confirmed by the COSY and
HMBC analysis showing '"H-'H COSY correlation between the NH at 8y 7.25 and Ha of B-
Ala* (8u 3.47 and 8n 3.26) and subsequently 'H-'3C correlation of the Ho of p-Ala* to the
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carbonyl of Thr? (Figure 2.8). The combined tandem MS data of b, and COSY/HMBC analyses
suggests that the bs fragment ion at m/z 584 covers the N-terminal sequence, MeO-Ac-Val!-N-
MeLeu?-Thr*-B-Ala*-Leu’.

The MS3 profile of the ys-ions derived from 1a, and 4a showed similar fragments
generated toward C-termini (from B-Ala’ to N-Melle'?) and different by 14 mass unit toward
N-termini, implying that the variation among these derivatives occurred at amino acid residue
position 6. The fragmentation pattern of the fragment ion yg of 1@ in conjunction with its COSY
and HMBC data (Figure 2.8; S2.5) established the extended amino acid sequence to C-terminus
as N-MeVal®-B-Ala’-Ile®-N-MeVal’-Ala'%-B-Ala'!-Leu'?-N-Melle!®. The presence of N-
MeVal® adjacent to the Leu at position 5 is supported by ROESY correlations between Ho. of
Leu® and N-methyl proton of N-MeVal®, and between Hy of Leu® and HB-of N-MeVal®.

Val'
O}/\j:( | MeLeu?
Mm '\\Ni)/\( Melle'® Lou™2
° 01 'NH o)

B-Ala*

H
“W
o o o | HN\V o
Leu® Thrd B-Ala!
NH
MeVal® 3

I

¢ Nﬂ\‘ H H o) H P
i N
MeVal® — ] '\\‘ —
o 5l o] o Ala'®
-Ala

lle®

—— COSY —— HMBC

Figure 2.8 Analysis of COSY and HMBC key correlations for compound 1

The molecular formula of compound 2 was assigned as Cs7H119016N13 according to the
HRESIMS data suggested less one methylene group compared to that of 1. The 'H and *C
NMR spectra of 2 showed high similarity to those of 1, with several overlapped signals of
methylated nitrogen (6n 2.7-3.3 ppm) and amide protons (dn 7.0-7.6 ppm). Unfortunately, we
were unable to assign several key correlations in its 2D spectra due to the broadening signals
and scarce amount. Tandem mass of a methanolysis product of 2, named 2a, showed the
presence of three predominant fragment ions including by (m/z 299.19), bs (m/z 584.42), and ys
(m/z 811.63), which are mimicking the fragmentation pattern profile to those of 1a and 4a
(Figure 2.7; S2.3,S2.8). Interestingly, the fragment ion ys of 2a (m/z 811.63) showed difference
by 14 mass units to yg of 1a (m/z 825.59) indicating that the variation of amino acid residue is

located at this fragment ion.
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Fragment ion bs of 2a is calculated to cover N-methoxyacetylheptapeptide as suggested
by MS3 analyses. Fragmentation of bs generated several smaller ions at m/z 471, 400, 299
indicating loss of Leu®, B-Ala*, and Thr?, respectively (Figure S2.10). In addition, fragment ion
b2 (m/z 299.19) is proposed to cover MeO-Ac, Val', and Me-Leu? moiety similar to 1a and 4a.
The presence of MeO-Ac in by is supported by the HMBC analysis of 2 that showed
correlations of a methoxy proton at du 3.59 to a methylene carbon at 5¢ 71.5 that adjacent to a
carbonyl amide at §c 170.1. Moreover, correlation of an Ho (8y 4.72) of Val! to the previous
carbonyl amide suggesting that it is located next to MeO-Ac moiety. Based on these data, we
proposed the amino acid sequence of 2a as MeO-Ac-Val'-MeLeu?-Thr*-B-Ala*-and Leu’.
Furthermore, the MS3 spectrum of ys (Figure S2.9, Table S2.4) displayed several fragment ions
that implying gradual loss of Melle'® to MeVal’. Combining the fragment ions generated from
MS2 and MS3 analyses of 2a in addition to several data from complicated NMR spectra of
intact compound, allowed us to determine the amino acid sequence of ys of 2a as Val®-B-Ala’-
Ile3-N-MeVal®-Ala'®-B-Ala!'-Leu'? and N-Melle!® (Figure S2.9). Thus, compound 2 was
determined to have amino acid residue at position 6 as Val instead of MeVal in 1 at the same

position.

The HRESIMS data showed that compound 3 (CeoH123016N13) is less one methylene
(CH>) group from theonellapeptolide Ile 5 (C70H125016N13)!!”. Tandem MS analysis of the
seco-acid methyl ester peptide of 3, designated as 3a, showed three high intense fragment ions,
namely by at m/z 299.19, bs at m/z 400.27, and y10 at m/z 1023.75 (Figure S2.11; Table S2.5).
The fragmentation profile of 3a was apparently similar with that of the ring-opened derivative
of known compound 5 (5a); ba m/z 299.18, by m/z 400.18, and bio m/z 1037.73 (Figure 2.9,
S2.17; Table S2.10). The b4 fragment ions of 3a and 5a at m/z 400.10 were assigned as MeO-
Ac-Val'-N-MeLeu?-Thr? in order from N-terminus (Figure S2.13, S2.19). The yio fragment ion
peak m/z 1023.7 was subsequently subjected to MS3 analysis (Figure S2.12; Table S2.6),
allowing us to assign it as N-Me-B-Ala*-Leu’-N-MeVal®-B-Ala’-Ile®-N-MeVal®-Ala'’-p-Ala'!-
Leu'2.-N-Melle'® in order from the N-terminus. The y1o fragment ion of 3a (m/z 1023.73) differs
from that of 5a (m/z 1037.74) only in the substitution of N-MeVal® for N-Melle® (Figure 2.9).
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Figure 2.9 MS2 analyses of the seco-acid methyl ester peptides of 3 and 5.

2.2.2.c. Determination of absolute configuration of 1-3

Upon determining the amino acid sequences of the isolated compounds, we deduced
the configurations of the amino acid residues by means of Marfey’s analysis.!** Compound 1-
3 consist of several duplicated amino acids such as methyl valine (duplicated in 1 and 3), valine
(duplicated in 2), and leucine (duplicated in 1-3). Hence, to unambiguously determine the
configuration of each residue, we performed partial hydrolysis of 1-3 to obtain a peptide
fragment containing one of each duplicated residue (Figure 2.10) followed by Marfey’s

analysis and compare the results that obtained from the totally hydrolyzed original compound.

Targeted fragment peptide of 1 corresponding to N-terminus, has been purified from
the partial hydrolysate of 1 after treatment with TFA 30% for 1 hour at 100 °C and designated
as fragment methoxy acetyl hexapeptide 1b as confirmed by MS2 analysis (Figure S2.38).
Subsequent Marfey’s analysis of 1b enabled us to deduce the absolute configuration of the first
five residues at the N-terminus as L-Val', D-N-MeLeu?, L-Thr’, D-Leu’, and D-MeVal®,
respectively. In addition, the Marfey’s analysis of the total hydrolysate of 1 (Figure S2.39)
exhibited only one residue of D-Leu and enantiomeric mixture of D and L-N-MeVal.
Comparison of data obtained from 1b and 1 allowed us to determine all absolute configurations

including D-N- MeVal® and L-N- MeVal® in 1 (Figure 2.10 B).
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Figure 2.10 (A) Isolated fragment peptide to determine amino acid configuration of repeated
residue. (B) Determination of absolute configuration of repeated amino acids.

Using similar strategy, the pentapeptide 2b (Figure S2.40A) and the intact compound
2 were subjected to Marfey’s analysis (Figure S2.40B and S2.41). As the result, the absolute
configuration of the N-terminal four amino acid residues has been determined as L-Val', D-N-
MeLeu?, L-Thr’, and D-Leu’. In addition, the absolute configuration of Val® and Leu'? was
deduced to be D-configuration based on the comparison of the obtained Marfey’s analysis data
of 2b and 2 (Figure 2.10 B). Thus, using this strategy allowed us to determine all absolute

configurations of amino acid residues, including duplicated valine and leucine, in 2.

Finally, a hexapeptide 3b was purified from partial hydrolysate of 3 as confirmed by
tandem MS analysis (Figure S2.42A). Subjecting 3b to Marfey’s analysis enabled
determination of the absolute configuration of its amino acid residues as L-Val', D-N-MeLeu?,
L-Thr’, and D-Leu’ (Figure S2.42B). It was difficult to determine the absolute configuration of
N-MeVal in this step due to a low peak-resolution generated from small amount of sample
(Figure 2.10 B). However, Marfey’s analysis of the total hydrolysate of 3 (Figure S2.43)
showed only one residue of D-Leu and one of L-N-MeVal, suggesting D-configurations of both
Leu residues and L-configurations of both N-MeVal residues (Figure 2.10 B). Therefore, the
absolute configuration of amino acid residues in 3 is determined as L-Val!, D-N-MeLeu?, L-
Thr?, D-Leu’, L-MeVal®, D-allo-1le®, L-MeVal’, L-MeAla'®, D-Leu'?, D- allo-MeVal'® (Figure
2.11).

In summary, based on the Marfey’s analysis results described above, we assigned the
identity and absolute configuration of the amino acid at the residue position 6 as D-MeVal in
1, D-Val in 2, and L-MeVal in 3. These data placed 1 and 2 as the first members of
theonellapeptolide family to have a valine residue with D configuration at the position 6. We

therefore propose 1 and 2 as new theonellapeptolide analogues, designated here as
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theonellapeptolides IIb and Ila. Furthermore, the presence of a L-N-MeVal at the residue
position 6 and a N-Me-B-alanine at the residue position 4 in 3 places this compound as a new

analogue designated here as theonellapeptolide IIc (Figure 2.11).
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Figure 2.11 Newly isolated and characterized members of theonellapeptolide family (1-3). The
modified amino acid residues are highlighted in red.

2.2.3 Biological Activity of the Isolated Compounds

There are many interesting biological properties that frequently associated with cyclic
peptides due to their conformational rigidity.!?! In addition, the presence of unique amino acid
residues, methylated nitrogen, and acyl group modifications at N or C terminal have been
proven to give superior biological activity. For instance, cyclosporin A is a cyclic peptide that
has been therapeutically used as an immunosuppressant agent for organ transplantation'?* and
rheumatoid arthritis.'>* This compound is consisted of eleven amino acid residues, two of them
are unique residues (butenyl-methyl-threonine and L-alpha-aminobutyric acid), a single D-

amino acid residue (D-alanine), and intriguingly, seven of its peptide bonds are methylated.'**
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Detailed analysis of its structure activity relationship revealed the roles of each residue as well
as the N-methylation to the activity.!?> Several cyclic peptides with similar characteristics also

exhibited potent biological activities such as nematocidal activity from omphalotin,!?

127 128

cytotoxic activity from odoamide, ' and antibacterial activity from cycloheptadepsipetide.

Several biological activities associated with theonellapeptolide-type compounds were
previously investigated. The first identified theonellapeptolide I series, including Ia, Ib, Ic, Id
(6), and Ie, have been reported to inhibit development of the fertilized egg of sea urchin
Hemicentrotus pulcherrimus at concentration 2, 2, 2, 50, and 10 pg/ml, respectively,''
suggesting anti-mitotic property of these compounds.!? In addition, theonellapeptolide Ib, Ic,
Id (6), and Ie also showed moderate cytotoxic activity against mouse lymphocytic leukemia
cell, L1210, with ICso; 1.6, 1.3, 2.4, and 1.4 pg/ml, respectively.!*® Antibacterial and moderate
cytotoxic activities have been observed when a methylsulfinyl acetyl group blocked their N-
termini as in sulfinyltheonellapeptolide Ia and sulfinyltheonellapeptolide 1d.!*!!32 Among the
members of theonellapeptolide I series, Id (6) exhibited ionophoretic activity for transport of
Na®, K*, and Ca*', while Ie preferentially showed transport activity of Na® and K'.
Interestingly, a seco-acid methyl ester peptide of Id did not show ionophoretic activity against
all tested metals indicating that the macrolactone structure is essential to exert the activity.'¥
Moreover, a demethylated nitrogen at residue 10 (Ala!®) version of Id, named
theonellapeptolide 1Id (4), showed a very weak ionophoretic activity.!'® In contrast, the
immunomodulatory activity of IId (4) displayed significantly more potent compared to Id
(6).!7 It is a remarkable structure activity relationship of these compounds that with small
variation at N-methylation affected their biological and physical properties. Finally, a group of
theonellapeptolide III series reported from distinct marine sponge showed modest cytotoxic

activity against leukemia cancer cell line P388.134

The newly isolated compounds 1-3 and known 4-6 were subjected to antibacterial and
cytotoxic activity. The antibacterial activity of 1-6 has been investigated against gram-negative
Escherichia coli JW5503 and gram-positive Bacillus cereus NBRC 15305 and Kocuria
rhizophila. NBRC 12708. Unfortunately, none of the tested compounds showed any
antibacterial activity even in the highest given concentration (66 pg/mL) (Table S2.14). In
addition, three cancer cell lines were used to examine the antiproliferative activity including
human pancreatic cancer (MIA PaCa-2), breast cancer (MCF-7), and liver cancer (HepG2).
Compounds 1-6 exhibited moderate to no antiproliferative activity (Table S2.14).
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In addition, all compounds were also tested for their anti-austerity property. Principally,
this assay targets the ability of certain cancer line to survive under nutrient deficient
environment.'* Generally, tumor cells utilize angiogenesis to accommodate required oxygen,
glucose, nutrients, and growth factors for progression.'*® However, pancreatic cancer has
widely known to be a hypovascular tumor meaning that it is incapable to obtain sufficient
nutrients to grow.!* Consequently, these cancer cells alter their metabolic system to acquire
tolerance of nutrient starvation to survive and promote progression. Pancreatic cancer cells
demonstrate a remarkable tolerance even in severe nutrient deprivation, leading to difficult
eradication of these tumor cells.!?® Therefore, discovery of chemical agents to eliminate the
cancer cells’ tolerance in nutrient starvation becomes an important strategy in anti-cancer drug

development.!3>:137

The study of underlying mechanisms of the survival and proliferation ability of
pancreatic cancer cells is still ongoing. Nevertheless, the anti-austerity approach to identify
potent agents has been established.!*” Briefly, the cancer cells were grown two different media,
(i) one in standard cultivation medium (DMEM, Dulbecco’s modified Eagles’s Medium), (ii)
and another one in a nutrient-deprived medium (NDM). Subsequently, both culture cells were
treated by several dilution of interested agents followed incubation and determination of
survived cells. The compounds that showed activity only in NDM, presented in preferential
cytotoxicity (PCso), are considered to be anti-austerity agents. Following this strategy, several
efforts have been made including using chemical synthesis approach %7142 screening of

natural products from plant 4147/ and compounds from microorganism 3714,

The anti-austerity property of isolated compounds 1-6 has been investigated against
human pancreatic cancer line (MIA PaCa-2), breast cancer line (MCF-7), and liver cancer line
(HepG2). While the tested compounds were inactive against breast and liver cancer line, they
exhibited moderate to strong activity toward pancreatic cancer cell line MIA PaCa-2 (Table
S2.14; Figure 2.12). Among them compound 5 displayed the most potent activity with PCsp :
3.50 uM in NDM while its ICso in DMEM is 40.04 uM. Strong anti-austerity activity also
demonstrated by compounds 3, 4 and 6 with PCso : 10.0, 7.8, and 8.2 uM, respectively,
whereas moderate activity was observed for compounds 1 and 2 (Figure 2.12). The structure-
activity relationship of the tested compounds revealed that the combination of methyl B-alanine
and methyl isoleucine at the positions 4 and 6 of 6 increased the activity (PCso 3.5 uM). In
contrast, the absence of both residues, as in 1 and 2, resulted in moderate activity (PCso 33.4

and 42.8 uM) in MIA PaCa-2 cells. Furthermore, in the presence of one of them, the activity
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of 3-5 increased (PCsp 10.0, 7.8 and 8.2 uM, respectively) but was lower than that of 6 (Table
S2.14; Figure 2.12). These data suggested that the presence of methyl B-alanine-4 and/or

methyl isoleucine-6 is important for the activity of theonellapeptolide type compounds as anti-

cancer candidate under nutrient starvation conditions.
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Figure 2.12 Cytotoxic and anti-austerity activity of the new compounds against pancreatic
cancer cell line MIA PaCa2.

The anti-austerity property of theonellapeptolide-type of compounds was further
examined in a parallel real-time time-lapse microscopy. The purpose of the experiment was to
obtain live evidence of the effect of the tested compound against MIA PaCa-2 in nutrient
starvation. Compound 4 was selected for the experiment considering the availability of the
pure sample. The cultivated cells in NDM were treated with 25 uM of 4 or untreated followed
incubation in an COz incubator equipped with a real-time microscopy system. The cell imaging
system was set to capture a frame every 10-minutes in three different locations of a plate for
24 hours. As the result, compound 4 induced cell death within 4 hours and a complete
eradication after 8 hours (Figure 2.13). On the other hand, untreated cells cultivated under same
condition in NDM were able to survive for 24 hours. This result demonstrated the live evidence

of the cytotoxic activity of theonellapeptolide-type compounds against MIA PaCa-2 under

nutrient starvation.
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Figure 2.13 Real-time time-lapse microscopy showing antiproliferative effect of 4 (below)
compared to control negative (up).

2.2.4 Biosynthetic Pathway of Theonellapeptolides

The newly isolated compounds 1-3 and other members of theonellapeptolide-type
compounds are cyclic tridecapeptide.!!>"117139-132 Interestingly, they show some unique
structural characteristics in their moieties such as [ -amino acids, D-amino acids, and N-
methylated amino acid residues. In addition, their N-terminus is capped by some variations of

131132 and acetyl moieties.'*

acyl groups such as methoxy acetyl,!!>!16:13% methylsulfinyl acetyl,
Moreover, modifications among the isolated members generally are occurred at amino acid
moieties. Based on these observations, we postulated a hybrid nonribosomal peptide synthase
(NRPS) and polyketide synthase (PKS) system as the responsible pathway to produce
theonellapeptolides. Other compounds which possess similar characteristics have been
previously elucidated as a product of NRPS system as in cyclosporin,'*’ or NRPS/PKS hybrid
system as in chondramide.'*® Intriguingly, biosynthetic pathway of a series of cyclic peptides,
omphalotins, possess a highly N-methylated amino acid residues from a basidiomycete
Omphalotus olearius''"'>? has been reported to be produced by ribosomally-synthesized and
post-translationally modified peptides (RiPPs).!>* Furthermore, a RiPPs system was also
reported to be responsible for production of polytheonamides,'>* a group of peptides that are
comprised of many D-amino acids and their N-terminus capped by an acetyl group.'® However,
up to date, there is no report that cyclic peptides haboring f-amino acid specifically B-alanine
come from RiPPs biosynthetic machinery. Therefore, based on these considerations, in this
study, we postulated that the biosynthetic pathway of theonellapeptolides is a hybrid
NRPS/PKS system.
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Following our postulated pathway (Figure 2.14), the first module in
theonellapeptolide’s biosynthesis is comprised of an acyltransferase (AT) and acyl carrier
protein (ACP) domains. This AT domain is proposed to select glycolyl-CoA for the first
building block and transferred it to the adjacent ACP domain.> Alternatively, it also selects
acetyl-CoA found in one congener of theonellapeptolide Ie.'*? The methylation of the glycolic
moiety generally found in theonellapeptolides can be occurred after loading the substrate into
ACP domain, or prior to loading step as an unique substrate. The second to the final modules
are consisted of domain organization following NRPS systems such condensation domain (C),
adenylation domain (A), methyltransferase domain (MT) peptide carrier protein (PCP) and
epimerization domain (E). The A domains at each module are responsible to recognize and
adenylate an amino acid residue and transferred it to their adjacent PCP domain.'®
Interestingly, some of the A domains in this system (A-6; A-8; A13) are able to accept
adenylate substrates with similar characteristics such as branched amino acid valine, leucine,

and isoleucine resulting in variation of isolated final products.

One of the unique characteristics of theonellapeptolide is the presence of several N-
methylated amino acid residue. Therefore, to accommodate the methylation, MT domains are
postulated occur in several modules including module 3, 5, 7, 10 and 11. These MT domains
are of interest since several of the reported members!!> 117130132 showed N-methylated and
demethylated at the same position suggesting unique methylation behavior. Further study on
these genes will be required to elucidate the factors and conditions that effect this unique
behavior. Another accessory gene that postulated to have role in the theonellapeptolide’s
biosynthesis is epimerization or E domain. This domain is responsible to epimerize a loaded L-
amino acid in PCP domain prior to incorporation with adjacent substrate.!>> Once all the
substrates have already be loaded and modified in their corresponding PCP domains, C
domains incorporate each of the substrates into their adjacent substrates in a stepwise manner
from module 1 to the last module.'>* Finally, the completed linear peptide in the PCP domain
at last module will be hydrolyzed and further cyclized by a TE domain that commonly presence

at the C terminus of the last module in NRPS system.!*
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Figure 2.14 Postulated biosynthetic pathway of theonellapeptolides. Unique on-off domains
are noted in asterisk.

The postulated biosynthesis of theonellapeptolides suggested three A domains that
select specific B-alanine as their substrate. The presence of three B-alanine residues is unique
to the all reported theonellapeptolide-type compounds. !> 117:130-132.13% Therefore, according to
these considerations, subsequently, we try to identify the producer of these compounds that
inhabited marine sponge Theonella swinhoei. Recent genomic analysis of Entotheonella sp.
from T. swinhoei W chemotype termed as Ca. Entotheonella serta TSW1 indicated Ca.
Entotheonella serta TSW1 harbored hundreds of secondary metabolite related genes including
a large number of A domains.’! Among them, there are three A domains are predicted to have
substrate specificity for B-alanine. Anticipated that these genes might involve in the
biosynthesis of theonellapeptolides, we tried to detect them in Entotheonella cells prepared

from our 7. swinhoei specimens. As a result, we successfully confirmed the presence of both
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genes in our samples by PCR detection (Figure 2.15) and subsequent DNA sequencing (Figure
S2.44, S2.45), suggesting the Entotheonella as the producer of theonellapeptolides.

Ap-1 AB-2

—612bp

Blank Ento-cells Blank Ento-cells

Figure 2.15 Detection of A domains for B-alanine in Entotheonella cells from 7. swinhoei
containing theonellapeptolides.

2.3 Conclusion

We have identified three new members (1-3) of theonellapeptolide family from marine
sponge Theonella swinhoei inhabited by a promising yet uncultured symbiotic bacteria Ca.
Entotheonella spp. In addition, three known compounds (4-6)were also isolated through a
series of chromatographic techniques. All the isolated compounds showed cytotoxic activity
against pancreatic cancer cell line MIA PaCa-2 in a nutrient starvation condition, suggesting
anti-austerity property as a new biological activity associated to theonellapeptolide-type
compounds. Among them, compound 6 possessing combination of methyl B-alanine* and L-
methyl isoleucine® displayed the most potent activity. In addition, we postulated the
biosynthetic pathway of theonellapeptolides according to the hybrid polyketide synthase (PKS)
and non-ribosomal peptide synthase (NRPS) systems. Furthermore, by considering the
postulated biosynthesis pathway, we suggested Ca. Entotheonella sp. as the actual producer of
theonellapeptolides. Based on our findings in this study demonstrated the potential of untapped

symbiotic bacteria from unique host organisms such as marine sponge.

2.4 AuthorContributions

This sub-project has been done in the support by collaborations with several researchers
and their contributions are as follows : Jabal R. Haedar, Ismail, Subehan, Toshiyuki Wakimoto
managed marine sponge collections. Jabal R. Haedar, Ayumu Enomoto, Toshiyuki Wakimoto
contributed to the experimental design. Jabal R. Haedar performed isolation and
characterization of compounds. Jabal R. Haedar, Agustinus R. Uria, Toshiyuki Wakimoto
designed biosynthetic and metagenomic experiment. Dya Fita Dibwe performed cytotoxic and

anti-austerity assay of the isolated compounds.
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Chapter 3
Natural Products from Ichip-domesticated Bacteria

3.1 Introduction

The majority of soil biomass is consisted of microorganisms. They have a critical role
in many geochemical cycles, including carbon and nitrogen cycles.!*®!>” Additionally, they
also form a symbiotic relationship with plant by releasing and metabolizing plant-growth
hormones.'*® Inversely, plant provides space and nutrient such as organic acid, amino acids,
sugar in the form of exudate.!>!®® To obtain these resources, microorganisms engage in
antagonistic interactions with their neighbors. The interaction always involves production of
toxin that can impair or kill the competitor.'®! Such interaction had inspired many scientists to
discover numerous of bioactive small molecules from soil bacteria. Up until today, more than
a half of microbial-derived approved drugs are reported from a large family of soil-dwelling
bacteria. Several notable bioactive small molecules that widely used for medical purposes
including streptomycin (antibacterial),'* amphotericin B (antifungal),’® daunorubicin (anti-

cancer),'®? ivermectin (antiparasitic),*® and rapamycin (immunosuppressant)'% (Figure 3.1).

In the last few decades, explorations of microbial natural products largely focused on
family of Actinobacteria, particularly the most prolific genus Streptomyces. However, over
exploitations toward these genera had led to re-discovery of many already reported compounds.

Alternatively, other potential of soil-derived microbial producers from diverse phyla such as

)164,165 66

those belong to Firmicutes (e.g. Bacillus and Proteobacteria (e.g. Myxobacteria,'®® and

Burkholderia'®’) have been extensively studied. On the other hand, the advancement of
sequencing technology nowadays, have shed light on the greater potency of soil bacteria.”®"!
Generally, sequencing of entire genetic materials recovered from environmental samples or
also known as metagenomic study is one of the powerful approaches to describe the microbial

diversity'®®

and discover genes that probably involve in production of bioactive small
molecules.'® Interestingly, combinations of metagenomic and meta-transcriptomic studies by
Crits-Christoph ef al in 2018 revealed enormous of potential biosynthetic gene clusters (BGCs)
encoded for small molecules associated to a rare group of bacteria that have never been
explored.®? According to their meta-transcriptomic analysis, these BGCs are actively expressed
in the soil biomass.®” Thus, this study indicated that there are many potential rare bacteria living

in soil ecosystem that cannot be recovered using a standard cultivation method.
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Figure 3.1. Some selected compounds isolated from soil-dwellings bacteria that already
approved for medical purposes.

A lot of strategies have been devised to improve the accessibility of microorganisms in
various environmental sources including soil ecosystem.!’*"!”> Recently an in situ cultivation
approach was launched by considering that microorganisms rely on complex biotic and abiotic
factors in their habitats to support their growth.!”*"17¢ In this cultivation method, microbial cells
from environment are placed in a diffusion chamber that covered by a pair of membrane filters
prior to returning them at the original habitats (Figure 3.2).""4!'76 In situ cultivation allows
microorganism to experience and receive the essential factors including micronutrients and
growth factors from neighboring organisms.!”> Additionally, inside the diffusion chamber, the
microbial cells are trapped in a standard agar, allowing domestication process which is essential
for downstream application and analysis.!”> Application of in situ cultivation using diffusion
chamber shows superiority compared to the traditional method in phyla distribution and the

number of novel isolated bacterial strains.!”*

In 2015, a biotechnology-based company called NovoBiotic lead by Ling and
colleagues had successfully isolated a previously unculturable bacterial strain named Eleftheria
terrae by employing ichip, a small and high throughput version of diffusion chamber.!”’
Metabolite investigation of this rare strain led to discovery of teixobactin (Figure 3.2), a new
class of antibiotic that effectively kill multi-drug resistance gram-positive bacterial
pathogens.!”” Additionally, the application ichip in situ cultivation on a marine sponge, a

unique habitat and widely known as a prolific source of natural products, had permitted the
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purification of a new N-acyl tyrosine compound from a putatively new bacterial species,
Alteromonas sp. RKMC-009 (Figure 3.2).!”8 This approach also successfully explained that
siderophore is one of the largely unknown growth factors that support the survival of previously

unculturable bacteria (Figure 3.2).!7
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Figure 3.2. (A) The sequel process of ichip-based in situ cultivation approach, showing loading
of microbial cells into the array until returning into the original habitat. (Adopted from Nichols
et al. 2010). (B) Reported compounds from strains that isolated using ichip-based in situ
cultivation approach.

Therefore, in this study, by employing ichip devices for in situ cultivation at several
ecosystems, we aim to recover as many as possible bacterial strains and investigate their

potential for production of novel natural products.

3.2 Result

3.2.1 Utilization of Ichip to Domesticate Environmental Bacteria.

The ichip-based cultivation approach has been applied at several habitats including soil,
mud, and river stream around the Sapporo campus of Hokkaido University. In total, sixteen
devices were incubated in the environments for two weeks to a month. Upon incubation, the

incubated devices were brought to laboratory for bacterial retrieval and domestication.
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Successful domesticated bacteria in standard laboratory cultivation method were identified by
sequencing analysis of 16s rRNA, a gate keeper gene of prokaryotes widely used for
phylogenetics.!®® As a result, 1046 bacterial strains were successfully domesticated and
identified in this study (Table S3.1). Phyla distribution analysis revealed that around 75% of
domesticated bacteria are belong to Proteobacteria (Figure 3.3). Three of six classes within this
phylum (a-proteobacteria, B-proteobacteria, and y-proteobacteria) were dominantly found in
our samples. Furthermore, novelty analysis of the domesticated bacterial strains indicated as

much as 25 of domesticated bacterial strains are at least new bacterial species according to their

similarity to the closest strains (Figure 3.3).!7
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Figure 3.3. (A) Phyla distribution and (B) Novelty analysis of ichip-domesticated bacterial
strains.

The successfully domesticated bacterial strains were subsequently subjected to
antibacterial screening against gram-negative bacteria (Escherichia coli) and gram-positive
bacteria (Bacillus cereus). Briefly, the seed-culture of domesticated bacterial strains were
inoculated to rich nutrient medium (LB) or a defined nutrients medium (M9 minimal medium)
in a 96-well polypropylene DeepWell plate and incubated with shake for seven days.
Subsequently, the cultures were spun down, and the obtained supernatants were transferred to
a new 96-microplate for antibacterial assay. After an overnight incubation, the growth of the
tested bacteria was examined using a plate reader for UV absorbance at 600 nm (Figure 3.4).
The strains that exhibited growth inhibition > 50% of the tested bacteria were analyzed for their
reproducibility. Interestingly, a bacterial strain identified as Variovorax sp. H002 showed
growth inhibition against Escherichia coli exclusively when it was cultivated with M9 minimal
media but inactive with rich nutrients LB media. Some other strains also showed similar results,
however due to lack of reproducibility, we selected Variovorax sp. H002 to explore its potential

for production of novel natural products.
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Figure 3.4. Antibacterial screening of ichip-domesticated bacterial strains cultivated under
Luria-Bertani (LB) media or M9 minimal media. Growth inhibition represented by dot in black
against gram-negative (Escherichia coli); and dot in white against gram-positive (Bacillus
cereus).

The application of M9 minimal medium or other equivalent media has been widely
used for natural product explorations from microorganisms, exemplified by pacifibactin,'®!

82 and fabrubactin.'®® Generally, the isolated compounds cultivated under this

crochelin,’
defined medium displayed metal chelating activity. Understandably since M9 minimal media
is only comprised of salt and glucose as the main carbon source. Therefore, to survive in this
condition, microorganisms excreted special metabolites such as siderophore to acquire iron that

is essential for their optimal growth.!®*

Variovorax sp. is a gram-negative bacterium and member of plant growth-promoting
rhizobacteria (PGRP).!8187 It is also known to have ecological role for degradation of some
dangerous substances such as isoprene, '® linuron'® and 3,3’-thiodipropionate.'* Nonetheless,
the natural product potential of these bacteria is poorly studied. So far, only four group of
compounds have been reported,'”! ! suggesting that the exploration of natural products from
this genus rare bacteria remains widely open. Therefore, we further screened the other ichip-
domesticated Variovorax strains in our collection for production of siderophore-type
compounds using chrome azurol S (CAS) assay.'** This assay is based on the ferric ion binding
competition between CAS and the other chelator (Experimental Section). The positive result
represented by the coloration change from deep blue of complex CAS-ferric ion to pale pink.
The result can be quantified by measuring the resulting absorbance at UV 630 nm. As much as
sixteen in-house Variovorax spp. strains were subjected to CAS assay screening after
cultivation under combinations of several rich and defined nutrient media. Several Variovorax

strains including, Variovorax sp. H002, C010, M072, B014, and FOO1exhibited strong ferric
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ion chelating activity after cultivation with modified M9 minimal media (Figure 3.5). Among
them, we selected Variovorax sp. H002 and Variovorax sp. B014 for investigation of novel

natural products.

In-house ichip-domesticated Variovorax spp.
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Figure 3.5. CAS assay-based screening of in-house Variovorax collections.

3.2.2 Isolation and Characterization of Compounds Derived from Variovorax sp. H002
711

To purify compounds from Variovorax sp. HO02, the overnight seed culture was
inoculated into a fresh modified M9 media (MM9) with resin HP-20, a
polysterene/divinylbenzene matrix widely used to catch small molecules, and incubated with
shake at 30 °C for one week. After cultivation, the resins were filtrated and washed with
distilled water followed by elution with excessive methanol. The methanolic fraction was
concentrated under vacuo to obtain crude extract. The obtained crude extract was subjected to
gel filtration chromatography packed with LH-20 and eluted with methanol. Finally, the
fractions containing active compounds were further purified with semi-preparative HPLC to

yield six compounds, 7 (3 mg), 8 (2 mg), 9 (5 mg), 10 (20 mg), and 11 (10 mg).

The molecular formulas of the isolated compounds were assigned based on their
HRESIMS as (7; m/z 1044.5603 [M-H] calc. CsH76017N11), (8; m/z 534.78371 [M-2H]*
calc. C47H79017N11), (9; m/z 1098.60710 [M-H] calc. C49Hg4O17N11), (10; m/z 535.79122 [M-
2H]* calc. C47Hs1017N11), and (11; m/z 1100.62177 [M-H] calc. Ca9HssO17N11). In addition,
their '"H NMR showed similar characteristics each other, suggesting that they are a group of
analog compounds. To elucidate their planar structure, compound 10 was selected for a
complete 1D and 2D NMR analyses due to the availability of pure compound. The 'H NMR
spectrumof 10, recorded in methanol-d4, showed several typical Ha at du (3.5-4.6 ppm) and
high intensity of methylene signals, indicating a lipo-peptide nature (Figure S3.1). Analyses of
'H-"H COSY and 'H-'3C HSQC spectra demonstrated the presence of 7 spin systems including
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two ornithine residues, a proline residue, a serine residue, a 3 -hydroxy aspartic acid, a 3-
hydroxy-2-methylheptanoic acid and a fatty acyl moiety (Table S3.2). HMBC correlations of
two different delta protons (HJ) of ornithine residues to overlapped carbonyl carbons of acetyl
moieties at dc 170.3 ppm, suggesting that both ornithine residues are acetylated at the distal N
to form N(5)-hydroxyl-N(5)-acetyl ornithine. The hydroxyl group attached to N(5)-acetyl
ornithine was supported by tandem mass analysis. A correlation of Ho to a carbon of
hydroxylated methine at ¢ 70.1 ppm adjacent to a carboxylate moiety confirmed the presence
of a B-hydroxyl aspartic acid. Furthermore, a guanidine moiety was found to be attached to a
unique y amino acid residue as inferred from HMBC correlation of a carbon at 156.5 ppm that
normally observed from this moiety.!*>'*” The amino acid sequence of 10 was determined by

HMBC correlation analysis of Ha to carbonyl amide of the adjacent residue as depicted in

Figure 3.6.
HN\
OH O

COSY HMBC

Figure 3.6. Partial planar structure of compound 10 showing COSY correlations with bold
bonds and HMBC with arrows.

We then implemented tandem mass analyses of 10 alongside with other isolated
compounds to confirm their amino acid sequences. Tandem mass spectrum of 10 showed
fragment ions at m/z 884, 712, 615, 528, and 397, demonstrating gradual loss of a N(5)-
hydroxyl-N(5)-acetyl ornithine, a N(5)-hydroxyl-N(5)-acetyl ornithine, a proline, a serine, and
a B-hydroxy aspartic acid, respectively. The last fragment ion at m/z 397 was calculated to
cover the 4-amino-7-guanidino-3-hydroxy-2-methylheptanoic acid and a fatty acyl moiety
(Figure S3.8). Tandem mass analyses in conjunction with HRESIMS and NMR data of other
isolated compounds suggested modification at fatty acyl moieties. Therefore, we subsequently
determined their fatty acid moieties by gas chromatography/mass spectrometry (GC/MS). Gas
chromatography analysis is a common approach to identify the composition of fatty acids in a
wide variety of samples.!”® This approach is also widely applied for characterization of fatty
acid moiety in bacterial lipopeptides.'**2%? Derivatization step prior to GC/MS analysis has

been previously proved by several studies to enhance the effectiveness of fragment ion
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detection leading to easier determination of the structure of fatty acids.?>2% Therefore, we
initially subjected the fatty acid methyl esters (FAME) derived from 7-10 to GC/MS analysis.
Analyses of the obtained GC/MS spectra of 10 and 11 allowed us to deduce their fatty acid
moieties as a 12-carbon saturated, dodecanoic acid and a 14-carbon saturated , tetradecanoic
acid. (Figure 3.7). This is also supported by the fact that their molecular formulas are different
for an ethylene group (C2Hs). Unfortunately, FAMEs derived from 7-9 were not efficiently
detected by GC/MS due to scarce amounts. In addition, based on the HRESIMS data, the
molecular formula of 8 and 9 showed one degree of unsaturation suggesting the presence of a
double bond in their structures. Hence, to identify the position of the olefinic bond as well as
to enhance ionization, we treated the free fatty acids of 7-9 with 2-amino-2-methyl-propanol
to form a 4,4-dimethyloxazoline (DMOX) derivative.?” Based on the obtained spectra, the
fatty acid moieties in 7-9 were established as decanoic acid, 9-dodecenoic acid, and 7-
tetradecenoic acid, respectively (Figure 3.7; Figure S3.10-13). Taken together the obtained data
from NMR, MS/MS, and GC/MS analyses, we proposed the planar structures of 7-11 as
depicted in Figure 3.7. Database search of the proposed planar structures suggested compound
7-9 are novel, whereas the identified major compounds 10 and 11 are known variochelins

from Variovorax boronicumulans reported by Kurth et. al.'?
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Figure 3.7. Proposed planar structure(A) and absolute configuration of compounds 7-11 (B).

The absolute configurations of isolated compounds were determined by application of
Marfey’s method.!* Briefly, adequate amounts of compounds were subjected to acid
hydrolysis by treatment with 6 M HCl at 110 °C for overnight. The concentrated hydrolysates
were derivatized with N-(5-fluoro-2,4-dinitrophenyl)-L-leucinamide (L-FDLA) and subjected
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to LC/MS analysis. Based on the obtained Marfey’s analysis data (Figure 3.7), the absolute
configurations of amino acids in 7-11 showed identical result to that of reported compounds.'*?
Determination of absolute configuration of the unique vy -amino acid residue using Marfey’s
analysis was unsuccessful after several attempts to release the arginine moiety. However, by
employing 1D NOE experiment, the configurations of stereocenters at y-amino acid residue (4-
amino-7-guanidino-3-hydroxy-2-methylheptanoic acid) are previously proposed as (25*, 35%,
and 45%).1%?

3.2.3 Biosynthesis Pathway of 7-11

Compounds 7-11 are linear peptides possessing several unique amino acid residues
including N(5)-acetyl-N(5)-hydroxyornithine, B-hydroxy aspartic acid, and y-amino acid
residues. These modified residues are of interest to study their biogenesis. Therefore, we
sequenced the whole genome of Variovorax sp. HO02 using hybrid next generation and third
generation sequencing technology. The obtained short and long sequence reads were assembled
using hybrid SPAdes algorithm.?® Subsequently, to identify the putative biosynthetic gene
cluster, the draft genome of Variovorax sp. H002 was submitted to antiSMASH bacterial
version 6.0.2°° As a result, a candidate region DNA sequence spanned for 41-kb named
varH002 is proposed to involve in the biosynthesis of compound 7-11. The putative
biosynthetic pathway of known variochelins has been previously identified from genome of
Variovorax boronicumulans.'®* The proposed biosynthetic gene cluster of 7-11 is provided in

Figure 3.8 and their annotation in Table 3.1.
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Figure 3.8. (A) The biosynthetic gene cluster of 7-11; (B) The modular assembly and proposed
biosynthesis of 7-11. Domain annotation: FAAL, fatty acyl-AMP ligase; e, (acyl carrier protein
or peptidyl carrier protein); C, condensation; A, adenylation;, KS, ketosynthase; AT,
acyltransferase; KR, ketoreductase; TauD, hydroxylase; E, epimerization; TE, thioesterase

Table 3.1 Annotation of biosynthetic genes of varH002

Gene Length (AA) Proposed function (domain architecture)
varH002a 177 DNA-directed RNA polymerase sigma-70 factor
varH002b 81 Anti-Fecl sigma factor FecR
varH002c 82 MbtH domain-containing protein
varH002d 248 Type II thioesterase
varH002e 233 4’-phosphopantetheinyl transferase
varH002f 1754 Nonribosomal peptide synthase (FAAL-ACP-C-A-PCP)
varH002g 2351 Polyketide synthase (KS-AT-KR-ACP-TauD)
varH002h 1034 Nonribosomal peptide synthase (C-A-PCP)
varH002i 2587 Nonribosomal peptide synthase (C-A-PCP-E-C-A-PCP)
varH002j 2458 Nonribosomal peptide synthase (C-A-PCP-C-A-PCP-TE)
varH002k 815 TonB-dependent receptor
varH0021 342 Anti-Fecl sigma factor FecR
varH002m 192 RNA polymerase subunit sigma-24
varH002n 439 Ornithine N-monooxygenase
varH0020 368 N-hydroxyornithine acetyltransferase
varH002p 261 Ferric iron reductase
varH002q 77 Anti-Fecl sigma factor FecR
varH002r 559 Peptide transporter
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The varH002 gene cluster is comprised of five core biosynthetic genes that are further
divided into eight modules following hybrid NRPS and PKS system. Prediction of substrate
specificity of each adenylation (A) domain has been done using in silico PKS/NRPS prediction
tool!* and the result is provided at Table 3.2. The A domain at the second module is predicted
to recognize an arginine residue prior to incorporation into peptidyl carrier protein (PCP).
Therefore, the presence of a guanidino-containing y-amino acid residue in 7-11 can be
rationalized as the product of a decarboxylative Claisen condensation of arginine and
methylmalonate by the adjacent PKS module. Subsequently, a keto reductase (KR) domain in
the PKS module will reduce the 3 -carbonyl of arginine into a f-hydroxyl group. Interestingly,
we can observe the presence of C domain and a Taurine deoxygenase (TauD) at the C terminus
of the PKS module. It is proposed that these domains are responsible for hydroxylation of
aspartic acid at the next module.?!! The other interesting features of varH002 gene cluster are
the presence of two accessory genes (varH002n and o) annotated as N-monooxygenase and N-
hydroxy acetyltransferase. Both genes are proposed to be responsible in decorating ornithine

residue to form N(5)-acetyl-N(5)-hydroxyornithine.?!?

Table 3.2 Substrate prediction of adenylation (A) domains in varH002 gene cluster.

Domain Consensus Prediction
A2 DAEDLGAI Arg
A4 DLTKVGHYV Asp
A5 DVWHVSLI Ser
A6 DVQFLAQV  Pro
A7 DGECTGGI Orn
A8 DGECTGGI Orn

The biosynthesis of 7-11 is started with the activation of fatty acyl moiety by FAAL
domain and transferred it into adjacent ACP domain. Subsequently, loaded fatty acid will be
incorporated with the activated substrate in the adjacent module by C domain, following
collinear logic of assembly line enzymology in a stepwise manner until reach the last module
of the gene cluster.!> Once the final product completed, a TE domain at the C terminus of the
last module will release the linear lipopeptide. Hence, variation among the isolated compounds
is occurred at the early step of the biosynthesis, where FAAL domain recognizes at least three
(C10, C12, and C14) saturated fatty acids and (C12 and C14) unsaturated fatty acids. To
confirm the role of varH002 in the biosynthesis of 7-11, a mutant Variovorax sp. H002 strain
lacking varH002g (AHO002::varH002g) was generated by employing homologous

recombination technique and confirmed using PCR detection (Figure S3.16). The metabolite
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profile of the mutant strain after cultivation under iron deprived medium was compared to the
wild type. As the result, the production of major compounds 10 and 11 in mutant strain is
abolished while a contrast profile was observed from wild type, suggesting that the gene cluster

varH002 involve in the biosynthesis of 7-11 (Figure 3.9).

11

10
Variovorax sp. H2 (WT)

Variovorax sp. H2 (4dvarG)

Variovorax sp. H2 (+FeCly)
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Figure 3.9 Detection of compounds 10 and 11 in Variovorax sp. H002 wild type (line 1),
varH002g null mutant (line 2), and Variovorax sp. H002 wild type with additional FeCls in
cultivation media(line 3).

3.2.4 Isolation and Characterization of Compounds Derived from Variovorax sp. B014
(12-16)

The natural product isolation from ichip-domesticated Variovorax sp. B014 was
initiated by the production of metabolites under M9 minimal media containing lack of ferric
ion. After cultivation, the supernatant was subjected to a ODS open column followed by elution
with gradual concentration of water and methanol to yield several fractions that were monitored
by CAS assay activity. The fractions containing active molecules were concentrated in vacuo
to obtain a semi-crude extract. Subsequently, it was subjected to several rounds of HPLC

purification to furnish five compounds 12 (10 mg), 13 (6 mg), 14 (6 mg), 15 (12 mg), and 16
(8 mg).

The 'H NMR spectra of 13, recorded in several deuterated solvents (Figure S3.17),
showed broad signals in some key regions, implying a challenge in structure elucidation using
the intact compound. Previous studies suggested the advantage of utilization of complex metal-
natural products in addressing such issues.!?**!32!4 Therefore, the structure elucidation of 13
has been conducted with a form 13-Ga(IIl) complex. To do that, initially, metal contaminants
were removed from the intact compound 13 by treatment with 8-hydroxy quinone for
overnight. The 8-hydroxy quinone-metal complexes were separated to afford a metal-free 13.
Subsequently, addition of Ga(III) sulfate to the obtained metal-free 13 generated 13-Ga(III)
complex molecules. The "H NMR spectrum of 13-Ga(III) showed improved signals suitable
for structure elucidation (Figure S3.18). Analyses of 'H-'H COSY correlations of 13-Ga(IlI),
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recoded in methanol-d;3, indicated the presence of several spin systems including, two ornithine
residues, a serine residue, a threonine residue, a 3-hydroxybutyric acid, a 4-amino-3-hydroxy-
heptanoic acid, and a fatty acyl moiety (Table S3.3). In addition, '"H-'*C HSQC spectra showed
the presence of two aldehyde groups (Figure S3.20). Based on HMBC analyses showed
correlation of a methylene proton at position 5 (du 3.50) of ornithine to an aldehyde group (dc
154.4), suggesting the presence of N(5)-formyl-N(5)-hydroxyornithine. The other aldehyde
group was observed to connect with the y -amino acid to form N(7)-formyl-N(7)-hydroxy-4-
amino-3-hydroxy-heptanoic acid. Interestingly, the carbonyl carbon of 3-hydroxybutyric acid
at Oc 162.2 was attached to another ornithine residue to form a N(5)-3-hydroxybutyric acyl-
N(5)-hydroxyornithine. Thus, the fragment structures of 13 are comprised of a serine residue,
a threonine residue, a N(5)-formyl-N(5)-hydroxyornithine residue, a N(7)-formyl-N(7)-
hydroxy-4-amino-3-hydroxy-heptanoic ~ acid, a  N(5)-3-hydroxybutyric  acyl-N(5)-
hydroxyornithine and a fatty acyl moiety. The molecular formula 13-Ga(Ill) was assigned
based on HRESIMS data, m/z 985.4013 [M+H]" calculated for C40HesNsO16Ga, suggesting the
fatty acyl moiety in 13-Ga(Ill) as C10-saturated, decanoic acid. Unfortunately, attempt to
determine the sequence of 13-Ga(Ill) based on HMBC analysis was failed due to lack of
correlation signals from Ho and amide protons to carbonyl carbon, although a correlation
between carbonyl carbon of fatty acyl moiety (8¢ 176.4) and Hy proton of y-amino acid moiety
(0n 3.96) was detected.

Alternatively, we performed tandem mass analysis of the intact compound 13 to determine the
location of each fragment structure. However, MS/MS spectrum of 13 only showed two
fragment ions at m/z 476.24 and 563.26 indicating loss of a serine residue (Figure S3.22). Based
on this observation, we suspected an occurrence of a cyclic fragment in 13. It was supported
by the low-field chemical shift of the oxymethine proton of hydroxybutyrate unit at oy 4.98
and its carbon at dc 71.6, suggesting the presence of an ester lactone bridge of the cyclic
fragment. Consequently, we speculated that methanolysis product of 13 will give an improved
MS/MS spectrum. Therefore, the intact compound 13 was then treated with 7 M ammonia
solution in methanol prior to implemented to tandem mass analysis. The successful generation
of seco-acid methyl ester peptide of 13 was confirmed by the increment 32 mass units from
the intact compound (Figure S3.23). Expectedly, the MS/MS spectrum of ring-opened
compound of 13 allowed us to establish the position of each fragment in 13. Taking together

all the obtained data, we proposed the planar structure of 13 as depicted in Figure 3.11
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Figure 3.10 The proposed planar structure of 13. (A) COSY and HMBC key correlations; (B)
Detected fragment ions derived from MS/MS analysis of 13; (C) Detected fragment ions
derived from MS/MS analysis of a ring-opened product of 13.

The molecular weight of 12 (HRESIMS; m/z 891.4666 [M+H]" calc. C3sHssNgOie) is
28 mass units smaller than that of 13 (HRESIMS; m/z 919.4989 [M+H]" calc. C40H70NsOs),
suggesting that they are different by one ethylene (C2Hs) group. Based on this data in
conjucntion with 'H NMR data, we concluded that 12 is an analog of 13 possesing C8-
saturated, octanoic acid as its fatty acid moiety. In addition, the HRESIMS of 14 (m/z 937.5107
[M+H]" calc. C40H72NgO17) indicated an addition of H2O to 13, suggesting that 14 is a linear
analog of 13. This suggestion was supported by MS/MS analysis of 14 showing a clear
fragmentation pattern (Figures S3.24). Tandem mass analysis of 16 generated similar fragment
ions to the seco-acid methyl ester peptide of 13, suggesting 16 as an analog of 14 with an
additional of methyl group in the ornithine residue at the C-terminus (Figures S3.26). However,
it was difficult to determine its position using tandem mass analysis. Therefore, by analyzing
its HSQC spectrum, we deduced that 16 is a methyl ester analog of 14 (Figures S3.27). Finally,
tandem mass analysis of 15 generated similar fragment ions toward C terminus compared to
that of 16, but different by 28 mass units toward N terminus suggesting their modification at
fatty acid moieties (Figure3.11; Figure S3.28). Database search of proposed planar structures

suggested all the isolated compounds from Variovorax sp. BO14 are novel natural products.

41



[0}

Ri \7\1 (riH 0._0
; o YT e
/\/\/\)Ljs 112 (¢] N _O
~ N~
o . I o} f HN
/\/\/\/\)Lé{ 13 1\H %” fo
OH O
on © OH

Rs Rz
(0] Ox

N OWOH
. N. N.
/\/\/\/\)é(f\ H :14 OH OH R,
0._0
e~ ey s bW o oo I/VQH
i RO RS Riind
H O
on © OH

Rj~
/\/\/\/\)L N
& CH3:16 Ho§

Figure 3.11 The proposed planar structure of 12-16.

Absolute configurations of the isolated compounds were determined by application of
Marfey’s method. Briefly, adequate amounts of compounds were subjected to acid hydrolysis
by treatment with 6 M HCI at 110 °C for overnight. The concentrated hydrolysates were
derivatized with N-(5-fluoro-2,4-dinitrophenyl)-L-leucinamide (L-FDLA) and subjected to
LC/MS analysis. This analysis established the serine and threonine residue to be in L
configuration. Marfey’s method also revealed the presence of L and D-ornithine residue in the
isolated compounds. The positions of each ornithine were suggested by analysis of domain
organization in biosynthetic gene cluster of 12-16. The configuration of Hy in y-amino acid
(N(7)-formyl-N(7)-hydroxy-4-amino-3-hydroxy-heptanoic acid) was proposed by the similar
approach as well. Finally, the configurations of two stereocenters were unable to be determined

in this study (Figure 3.12)

3.2.5 Biosynthesis Pathway of 12-16

Compounds 12-16 are characterized by the presence of three modified ornithine
residues. One of them is occurred as a product of decarboxylative Claisen condensation with
malonyl, which is further modified by a j -ketoreductase to form a y -amino acid, a N(7)-
formyl-N(7)-hydroxy-4-amino-3-hydroxy-heptanoic acid. This suggests the involvement a
PKS module in the NRPS assembly line, which resembles the biosynthetic pathway of the
previously isolated compounds 7-11. Therefore, to confirm this assumption, we sequenced and
annotated the entire genome of Variovorax sp. B014 by combining next and third-generation
sequencing technologies. Putative gene clusters of secondary metabolites were identified by
submitting the obtained draft genome to a web-based bioinformatic tool called antiSMASH
6.0.2 As the result, eight biosynthetic gene loci were predicted to be related to secondary

metabolisms. One of them, the third locus, was putatively proposed as the target biosynthetic
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gene cluster based on the presence of one PKS module in the middle of NRPS assembly line.
In addition, three out of five predicted substrates using PKS/NRPS prediction tool*!? were
consistent with the amino acid compositions of the isolated compounds (Table 3.3). Thus, the

proposed biosynthetic gene cluster of 12-16 was identified as varB014.

Table 3.3 Substrate prediction of adenylation (A) domains in varB014 gene cluster.

Domain Consensus Prediction
A2 DVWNIGLI Thr
A4 DVWHVSLI Ser
A5 DGEGSGGV Orn
A6 DFWNIGMYV Thr
A7 DVWNIGLI Thr

The varB014 is comprised of five core biosynthetic genes as well as several accessory
genes spanned for 36-kb contiguous DNA (Figure 3.12). Each of the involved genes
(varB014a-p) was manually annotated as provided in Table 3.4. One of the accessory genes
(varB014l) is annotated as a member of FAD-dependent monooxygenase family. Some of the
members of this tailoring enzyme have been experimentally proved to hydroxylate N(5)-

ornithine in vicibactin®'?

and coelichelin.?!> Therefore, we proposed that encoded enzyme
VarB0141 is responsible for the synthesis of a key intermediate of three modified ornithine in
12-16 (Figure S3.29). This intermediate is further conjugated with a 3-hydroxybutyric acid by
VarB014m, an acetyltransferase, to provide a final substrate for the A domain at module 5.
Additionally, the hydroxylated ornithine serves as a substrate for the subsequent N'°-formyl-
tetrahydrofolate-dependent (N'°-fH4F) VarB014n-catalyzed formylation reaction,?'° providing

the substrate for A domain at modules 2 and 7 (Figure 3.12; Figure S3.29).
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Figure 3.12 (A) The biosynthetic gene cluster of 12-16; (B) The modular assembly and
proposed biosynthesis of 12-16. Domain annotation: FAAL, fatty acyl-AMP ligase; e, (acyl
carrier protein or peptidyl carrier protein); C, condensation; A, adenylation; KS, ketosynthase;
AT, acyltransferase; KR, ketoreductase; E, epimerization; TE, thioesterase

Table 3.4 Annotation of biosynthetic genes of varB014

Gene Length (AA) Proposed function (domain architecture)
varB014a 181 DNA-directed RNA polymerase sigma-70 factor
varB014b 67 Anti-Fecl sigma factor FecR
varB014c 84 MbtH domain-containing protein
varB014d 245 Type II thioesterase
varB014e 230 4’-phosphopantetheinyl transferase
varB014f 1762 Nonribosomal peptide synthase (FAAL-ACP-C-A-PCP)
varB014g 1526 Polyketide synthase (KS-AT-KR-ACP)
varB014h 1110 Nonribosomal peptide synthase (C-A-PCP)
varB014i 2621 Nonribosomal peptide synthase (C-A-PCP-E-C-A-PCP)
varB014j 1362 Nonribosomal peptide synthase (C-A-PCP-TE)
varB014k 733 TonB-dependent receptor
varB0141 441 Ornithine N-monooxygenase
varB0I14m 344 N-hydroxyornithine acyltransferase
varB014n 283 N-hydroxyornithine transformylase
varB014o 242 Ferric iron reductase
varB014p 573 Peptide transporter
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The encoded seven PKS and NRPS modules by varB014f-j are proposed to assemble
the molecular backbone of 12-16 (Figure 3.12). Hence, the biosynthetic pathway of 12-16 is
started with the activation of C8 or C10 saturated fatty acid by FAAL domain in the first
module. Subsequently, these fatty acyl moieties are incorporated into a linear oligomer by
successive condensation steps following the collinear logic of modular assembly line
enzymology.'> The PKS module encoding by varB0I14g contains the typical ketosynthase
(KS), acyltransferase (AT), B-ketoreductase (KR), and acyl carrier protein (ACP), confirming
the generation of a y-amino acid, N(7)-formyl-N(7)-hydroxy-4-amino-3-hydroxy-heptanoic
acid in 12-16. All the encoded NRPS modules harbor complete set of condensation (C),
adenylation(A), and peptidyl carrier protein (PCP) domains. In addition, the presence of an
epimerization (E) domain at module 5 suggested a stereochemical inversion of the installed
N(5)-3-hydroxybutyric acyl-N(5)-hydroxyornithine, establishing the final D-configured
product. Consequently, the configurations of another ornithine and Hy of y-amino acid residues
were determined as L and S, due to the absence of E domain in the corresponding modules.
Finally, once the chain elongation is completed, a TE domain at the last module releases linear

peptides 14-16 or further catalyzes cyclization as found in 12 and 13 (Figure 3.12)

The gene cluster varB014 also encodes other important accessory proteins that are
essential for NRPS and PKS enzymes. An MbtH-like protein encoded by varB014c is proposed
to involve in the substrate activation in NRPS systems,?!” whereas the type II thioesterase
encoded by varB014d is proposed to act as an proof-reading system for the assembly line by
removing the aberrant intermediates.’!® Additionally, the varBOI4e encoded 4’-
phosphopantetheinyl transferase is reported to be essential in the conversion of ACP and PCP
domains from the inactive apo protein into the active holo forms.?!” The remaining enzymes
are likely involved in siderophore transport and gene expression regulators. Finally, generation
of a mutant strain of Variovorax sp. B014, to correlate the gene cluster varB014 with the

production of 12-16, is underway.

3.2.6 Biological Activity of Isolated Compounds

All 1solated peptide-type compounds in this study showed similar characteristics in
their moieties including the presence of N(5)-acyl-N(5)-hydroxy ornithine, y-amino acid, and
their N-termini were capped by a fatty acid moiety. The production of N(5)-acyl-N(5)-hydroxy
ornithine residue is catalyzed by two step enzymatic reactions. Initially a key intermediate,
N(5)-hydroxy ornithine, is catalyzed by an FAD-dependent monooxygenase followed by

acylation by acyltransferase, acetyltransferase, and transformylase.?!>?1>216 These enzymes are
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responsible for formation of a functional hydroxamate group that essential in metal
coordination. The hydroxamate functional group is widely reported as metalloenzyme protease

221

inhibitor?®° that lead to anti-cancer activity??! and anti-parasitic activity.??>??* In addition,

naturally occurring hydroxamates that produced by microorganisms are often associated with

metal chelation (particularly iron) activity.??*?%

Iron is one of the essential minerals that is required for many biological processes and
metabolisms. Microorganisms fully rely on the availability of soluble iron in their environment.
Cellular uptake of iron by microorganisms is restricted to its physiologically most relevant
species, which are Fe?* (ferrous ion) and Fe** (ferric ion).!3* In the environment, iron mostly
occurred as a complex with oxide and water to form Fe>O3-nH>O, a stable complex in the
presence of water and oxygen, resulting the availability of soluble Fe*" (ferric ion) in the
environment is extremely low. Therefore, microorganisms produce specialized metabolites for
acquisition of extracellular ferric ion called siderophores.!®* Once the secreted siderophores
captured ferric ion, the uptake of Fe-siderophore complex will be mediated by TonB.?*® Based
on their structural characteristics, siderophore is categorized into i) hydroxamate-type such as

% ii) catecholate-type such as enterobactin,??’ iii) phenolate-type such as

desferrioxamine,?
yersiniabactin,??® iv) carboxylate-type such as staphyloferrin,??® and vi) mixed-type such as

aerobactin (Figure 3.13).2%°
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Figure 3.13 Type of siderophores and their examples, the functional groups are highlighted in
red.
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Based on these observations, we eager to confirm role of the isolated compounds as
siderophores. Initially, Ferric ion chelating activity of the isolated compounds was examined
by chrome azurol-S (CAS) assay following the procedure by Schwyn and Neilands with a
minor modification (Experimental Section).?3! The compounds were diluted in a microplate
containing 100 pl of miliQ water. Subsequently, equal volumes of freshly prepared CAS
solutions were added to the diluted tested compounds. Principally, binding competition
between CAS and siderophore to available ferric ion was representatively displayed by the
intensity of the blue color generated from complex of CAS-ferric ion. Therefore, reduction of
intensity of the blue color and generation a pale pink solution suggested ferric ion chelating
activity. Accordingly, the provided values represented the minimal concentration that still
showed chelating activity (Table 3.5). Isolated compounds from Variovorax sp. HO02 exhibited
chelating activity similar to EDTA as a positive control at 7.81 uM. Additionally, isolated
compounds from Variovorax sp. B014 showed chelating activity at minimal concentration of

15.6 uM, a slightly lower compared to the EDTA.

Table 3.5 Antibacterial activity and ferric ion chelating activity of isolated compounds. MIC
(Minimum inhibitory concentration); (EC: Escherichia coli); (BM: Burkholderia multivorans);

(BC: Bacillus subtillis); (KR: Kocuria rhizophila)

Antibacterial Activity Fe* Antibacterial Activity Fe*
Conp, —— MG ety G, MG g
EC BM BC KR EC BM BC KR

(LM) (uM)

7 9.67 17.0 >63 >63 7.81 12 >74 8.77 >74 >74 15.6

8 nt. nt  nt nt n.t 13 >71 849 >71 >71 15.6

9 10.6 174 >60 >60 7.81 14 >70 >70 >70 >70 15.6

10 5.73 9.30 >61 >61 7.81 15 >71 >71 >71 >71 15.6
11 406 13.2 >59 >59 7.81 16 >69 >69 >69 >69 n.t.

Additionally, we investigated the metabolite production of Variovorax sp. H002 in both
rich and lack of ferric ion M9 minimal media. As a result, the production of two major
compounds 10 and 11 is abolished in ferric ion rich condition, whereas these compounds are
readily detected in ferric ion starvation conditions (Figure 3.14). This indicates that productions
of 10 and 11 are related to the availability of ferric ion in the cultivation media. We further
investigated the minimal concentration of FeCl; that affect production of these compounds.
Hence, we cultivated Variovorax sp. HO02 in four different ferric ion concentrations including
0, 0.1, 0.5 and 5 uM. After cultivation, the metabolite profiles of each culture were examined

by quantitative HPLC analysis using purified 11 as an external standard. The maximum
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production of 11 was observed in the absence of additional ferric ion in cultivation media,
whereas it slightly reduced in the presence of 0.1 uM of ferric ion (Figure 3.14). In addition,
the production of 11 was significantly reduced when 0.5 uM ferric ion was added to the
cultivation media. Furthermore, according to the obtained data, Variovorax sp. H002 refrained

to produce 11 in the cultivation media containing 5 uM of ferric ion (figure 3.14.)

P<0.001
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Figure 3.14 (A) Metabolite profile of Variovorax sp. HO02 wild type in the presence of ferric
ion (line 3); (B) The effect of various concentration of ferric ion to the production of 11

The isolated compounds were investigated for their antibacterial activity against gram
negative-bacteria (Escherichia coli IW5503 and Bukholderia multivorans NBRC 102086) and
gram-positive bacteria (Bacillus cereus NBRC 15305 and Kocuria rhizophila NBRC 12708).
The result demonstrated antibacterial activity of the compounds isolated from Variovorax sp.
HO002 against gram-negative bacteria but inactive against gram-positive bacteria (Table 3.5).
In addition, compound 12 and 13 isolated from Variovorax sp. B014 also showed antibacterial
activity against Burkholderia multivorans but inactive against the other tested bacterial strains.
In contrast, compound 14-16 were inactive against all tested bacterial strains (Table 3.5),
suggesting antibacterial property preferred for cyclic compounds. Moreover, the complex
Ga(IlI)-containing compounds of 12 and 13 were inactive, indicating that the activity of 12
and 13 are due to cellular iron depletion inhibiting the grow of Burkholderia multivorans

(Figure S3.30).

3.3 Conclusion

Application of ichip-based cultivation approach has led to the domestication of a
thousand bacterial strain after in situ incubation at several locations around the Sapporo campus

of Hokkaido University. Among them, as much as 25 domesticated strains are categorized at
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least new microbial species. Two Variovorax spp. strains (H002 and B014) were selected based
on the antibacterial and CAS assay screening result. The metabolites that responsible for their
activity were successfully identified and characterized. Isolated compounds 7-16 are
siderophores characterized by the presence of hydroxamate moieties installed in their ornithine
residues. Compounds 7-11 showed ferric ion binding activity similar to the positive control
(EDTA) whereas a little bit lower activity displayed by compound 12-16. In addition,
compound 7-13 exhibited antibacterial activity against gram-negative Burkholderia
multivorans. Our results suggested that even in soil ecosystem around us can actually become
a source of novel natural products. Additionally, investigation of two rare bacteria had
permitted us to isolate eight novel compounds, demonstrating the great potential of soil

microbes.

3.4 Author Contributions

This sub-project has been done in the support by collaborations with several researchers
and their contributions are as follows : Jabal R. Haedar, Masachika Takaoka, Kumiko Imachi,
Shota Tomimoto, Takahiro Jomori, Agustinus R. Uria, Kenichi Matsuda, Masachika Takada
isolated environmental bacterial strains using ichip. Jabal R. Haedar, Aya Yoshimura,
Toshiyuki Wakimoto contributed to the experimental design. Jabal R. Haedar performed
isolation and characterization compounds. Jabal R. Haedar, Aya Yoshimura, Kenichi Matsuda
performed whole genome sequencing and downstream analysis. Jabal R. Haedar, Aya

Y oshimura, Kenichi Matsuda, Toshiyuki Wakimoto evaluated the data.
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Chapter 4
Discussion and Summary

Natural product (NP) and its derivatives have made a major contribution to drug
discovery and development. Thousands of NPs have been clinically approved to treat various
human diseases.® However, new therapeutic agents are still required to treat cancer and
infectious diseases. In addition, recent exploration of novel NPs is challenged by high-rate
rediscovery of previously reported molecules. On the other hand, metagenomic analysis of
many marine invertebrates and soil ecosystems revealed enormous of biosynthetic gene
clusters (BGCs) encoded for new bioactive small molecules.®'*>19%16° Fyrthermore, these
potential BGCs are associated with diverse rare bacteria that have never been investigated
before.®!2 Thus, targeting these untapped microbial strains from marine and soil ecosystems

would lead to discovery of novel natural products.
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Figure 4.1 Exploration of NPs from marine sponge 7. swinhoei inhabited by promising yet
uncultured bacteria Ca. Entotheonella spp. (The fluorescence imaging of Ca. Entotheonella
spp. is adopted from Wilson et al. 2014).

Therefore, in the first project, we targeted novel NPs from the talented bacterial
symbiont associated with marine sponge Theonella swinhoei. This marine invertebrate is well-
known as a prolific producer of diverse array of complex bioactive compounds.!'>!
Additionally, recent genomic analysis suggested that those active molecules are actually
encoded in the genome of yet uncultured symbiotic bacteria named Candidatus Entotheonella
spp.°"1% The effort to grow these bacteria under standard laboratory conditions remains
elusive. Nevertheless, the produced secondary metabolites are readily detected in the host

organisms. Thus, initially we investigated novel NPs from 7. swinhoei. Guided by unique
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molecular weight, we succeeded in isolating three new members of theonellapeptolide-type
compounds (1-3) along with three known compounds (4-6). The molecular structures of
isolated compounds were elucidated by combination of 2D NMR and tandem mass analyses
and subsequent applications Marfey’s method to determine their absolute configurations.
Accordingly, all the newly isolated compounds possess valine (in 1) or methyl valine (in 2 and
3) residue at amino acid residue position 6 while methyl isoleucine present in known 4-6.
Additionally, resemble to 5, new compound 3 has methyl -alanine at residue 4 discriminated

it with 1 and 2 (Figure 4.1).

Bioactivity investigations of all compounds (1-6) have been done with several
biological systems including, antibacterial, cytotoxic, and anti-austerity activities. While none
of them showed antibacterial and cytotoxic activities, compounds (1-6) inhibited the grow of
pancreatic cancer cell MIA PaCa-2 in nutrient starvation conditions (anti-austerity activity),
demonstrating a new biological property of marine-derived peptide compounds.'*> Among the
tested theonellapeptolide members, the most potent activity displayed by 5, suggesting the
importance of methyl B-alanine and methyl isoleucine residues at position 4 and 6 in
theonellapeptolide as an anti-austerity agent. In addition, in a real-time experiment suggested
theonellapeptolide (represented by 4) trigger cell necrotic in 4 hours and full eradication after
8 hours incubation in nutrient starvation condition. Moreover, theonellapeptolides (represented
by 4 and 6) also prevented colony formation of pancreatic cancer cell MIA PaCa-2 in a rich
medium, suggesting that these compounds are able to inhibit cell metastasis as one of the

characteristics of pancreatic cancers.

The second project aimed to explore the potential bacterial strains from soil ecosystems.
Despite soil microbes have been extensively studied for NPs, metagenomic analysis of many
soil habitats suggested enormous of BGCs that associated with divers untapped
microorganisms.”> Employing in situ cultivation approach using a small device called ichip
enabled to domesticate 1046 bacterial strains.!” These successfully domesticated bacterial
strains were screened based on their antibacterial activity after being cultivated under rich (LB)
and define (M9) media. As the result, we selected strain Variovorax sp. HO02 that showed
antibacterial activity exclusively after cultivation under M9 minimal media. This media is
widely used for productions of small molecules having metal chelator activity from diverse
microorganisms.'®17183 Therefore, we further screened all the Variovorax strains in our

collection using chrome azurol S (CAS) assay for detection of metal chelator (particularly iron)
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producer.??! Accordingly, Variovorax sp. H002 and Variovorax sp. B014 were selected for

investigation of novel NPs.
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Figure 4.2 Exploration of NPs from ichip-domesticated bacterial strains; (A) Characterized
NPs from Variovorax sp. HO02 and (B) Characterized NPs from Variovorax sp. BO14.

Five compounds (7-11) were successfully isolated from strain Variovorax sp. H002 as
well as five compounds (12-16) from Variovorax sp. B014. Their molecular structures were
elucidated by combination of 2D NMR and tandem mass analyses. Compounds 7-11 are
lipopeptide possessing six amino acid residues and their N termini are blocked by fatty acid
moiety. Among the amino acid residues, two N(5)-acetyl-N(5)-hydroxy ornithine, a f-hydroxy
aspartic acid, and a y-amino acid are installed in 7-11. GC/MS analyses of derivatized free
fatty acids from 7-11 indicated they different in fatty acid moieties as shown in Figure 4.2A.

In addition, 12-13 are cyclic compounds having five amino acid residues and fatty acyl
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moieties blocking their N termini. These compounds are characterized by the presence of three
highly modified ornithine residues including, one N(5)-formyl-N(5)-hydroxy ornithine, one
N(5)-3-hydroxybutyricacyl-N(5)-hydroxy ornithine, and the last one is in the form of y-amino
acid, N(7)-formyl-N(7)-hydroxy-4-amino-3-hydroxy-heptanoic acid residue. The main
difference between these compounds is in their fatty acid moieties where a C-8 saturated in 12
and a C-10 saturated in 13 (Figure 4.2B). Moreover, compound 14-16 are linear peptides
having identical amino acid residue with those of 12 and 13. Compounds 14 and 16 are linear
version of 13, with additional methyl group attached to the carboxylic group at the last
ornithine residue in 16. Whereas compound 15 is analog of 16 having a C-8 saturated fatty

acid blocking its N terminus (Figure 4.2B).

Compounds 7-16 shared common features with several group hydroxamates installed
on each of their ornithine residues that might be responsible for iron coordination as in several
known siderophores.!81:182:184232 Expectedly, the productions of 10 and 11 are significantly
decreased after cultivation of Variovorax sp. HO02 under M9 minimal medium fortified 0.5
uM ferric ions and completely abolished in the presence of 5 uM of ferric ions, suggesting that
these compounds are siderophores, produced to acquire ferric ion from environment.
Therefore, their ferric ion chelating properties were investigated by using CAS assay. As a
result, isolated compounds from Variovorax sp. H002 exhibited chelating activity similar to
EDTA as a positive control at 7.81 pM. Additionally, isolated compounds from Variovorax sp.
B014 showed chelating activity at minimal concentration of 15.6 puM, a slightly lower
compared to the EDTA. Moreover, antibacterial activity against gram negative Escherichia
coli and Burkholderia multivorans were exhibited by compounds 7-16. Compounds 12 and 13
showed antibacterial activity against Burkholderia multivorans while compound 14-16 were

inactive, suggesting antibacterial property preferred for cyclic compounds.

In this study, we have identified three novel natural products from marine invertebrate
inhabited by promising Ca. Entotheonella spp. as well as eight novel compounds from two rare
bacterial strains from soil ecosystem domesticated by in situ cultivation. All the novel
molecules showed biological properties as anti-austerity or metal chelating activities. Thus, our
findings demonstrated that untapped and rare microorganisms from both marine and terrestrial
habitats are promising sources of novel natural products. In addition, our genomic analysis of
several ichip-domesticated bacterial strains revealed a large number of biosynthetic gene
clusters encoding for bioactive small molecules. These promising strains are currently being

intensively studied for novel natural production.
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Material and Methods

General Procedures Optical rotations were measured on a Jasco P-1030 polarimeter. Infrared
spectra were measured on a Jasco FT/IR 4100. NMR spectra were recorded on a JEOL ECX 500
(500 MHz) or a Bruker DRX (500 MHz) spectrometer. Chemical shifts are denoted in 6 (ppm)
relative to residual solvent peaks as internal standard (CDCls, 'H § 7.24, '3C § 77.0). ESI-MS
spectra were recorded on a Thermo Scientific Exactive mass spectrometer or a SHIMADZU
LCMS-2020 spectrometer. High performance liquid chromatography (HPLC) experiments were
performed with a SHIMADZU HPLC system equipped with a LC-20AD intelligent pump. LC-
MS experiments were performed with amaZon SL-NPC (Bruker Daltonics). All reagents were

used as supplied unless otherwise stated.

Animal Material Marine Sponge Theonella swinhoei was collected by scuba diving in
Kodingareng Keke Island near Makassar, Indonesia in August 2015. The specimen was

immediately frozen after collection and kept until processed.

Extraction and Isolation Approximately 1.0 kg (wet weight) of marine sponge Theonella
swinhoei was extracted three times with 1 L methanol and concentrated under vacuo. The crude
methanolic extract (13.0 g) was partitioned between ethyl acetate (300 mL x 3 times) and water
(300 mL) to afford ethyl acetate soluble material (6.0 g). Subsequently, non-polar portion (ethyl
acetate soluble material) was subjected to gel filtration chromatography (Sephadex LH-20) with
methanol as mobile phase to give 160 fractions. Furthermore, fractions containing target
compound (fr.62-78) were pooled and concentrated under vacuo. The residue (2.70 g) was further
separated by silica gel open column chromatography [Silica gel 60N (spherical, neutral, 40-50
um), Kanto Chemical Co., Inc.] using step gradient of mobile phase chloroform : methanol; [0%,
2.5%,5%, 7.25%, 10% (% methanol)], and washed with chloroform : methanol : water (4:5:1) to
afford 112 fractions. Finally, fractions containing target compounds were purified through high
pressure liquid chromatography equipped with Cosmosil® 5Cig-MS-II (10 mm ID x 250 mm)
using 75% acetonitrile in water with additional 0.05% TFA to yield compounds 1 (4.0 mg), 2 (9.0
mg), 3 (3.0 mg), 4 (40.0 mg), and 5 (8.0 mg). In addition, a major theonellapeptolide Id (6) was

also purified from different fractions and its spectra was compared to the previously reported * 1°.
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Theonellapeptolide IIb (1): Colorless solid; [a] >°p —22.9622 (c 0.31, MeOH); 'H and '*C NMR
data are shown in Table S2.11; HRESIMS m/z 1398.89294 [M + Na]® (calcd. for
CesH121N13016Na, 1398.89519). IR: Vmax 3300, 2960, 1630, 1520 cm ™.

Theonellapeptolide I1a (2): Colorless solid; [0]*’p—35.500 (c 0.7, MeOH); 'H and '*C NMR data
are shown in Table S2.12; HRESIMS m/z 1384.88153 [M + Na]" (calcd. for C¢7H119N13016Na,
1384.87954). IR: Vmax 3300, 2960, 1630, 1530 cm ™.

Theonellapeptolide Ilc (3): Colorless solid; [a] »*p —55.1241 (c 1.45, MeOH); 'H and '*C NMR
data are shown in Table S2.13; HRESIMS m/z 1412.91000 [M + Na]® (calcd. for
CeoH123N13016Na, 1412.91084). IR: Vmax 3300, 2960, 1630, 1520 cm ™.

Determination of Amino Acid Sequence by Tandem MS Analysis Amino acid sequence of
compounds 1-5 was determined by means of tandem mass analysis of seco-acid methyl ester
peptides. Each compound (100 pg) was treated with ammonia solution 7N in methanol at 100 °C
for 1 hour and concentrated in vacuo. The obtain products were subjected to LC-MS/MS analysis
equipped with Inertsil ODS-4 (3.0 ID x 150 mm) using a MeCN-H,O gradient 10% to 100% over
10 minutes and keeping 100% MeCN for 10 min, with 0.1% formic acid.

Total Hydrolysis As much as 100 pg of compounds 1-5 was hydrolyzed with 300 uL. of HC1 6M
at 110 °C for 24 hours. The hydrolysates were concentrated under inert gas and used for starting

materials for amino acid analysis by Marfey’s method.

Partial Hydrolysis As much as 0.5 mg of compounds 1-5 was treated with 300 uL of 30% TFA
for 40 minutes at 110 °C in sealed tube. The residues were concentrated, and the target fragments
were isolated through preparative HPLC equipped with Cosmosil® 5Ci3-AR using a MeCN-H>0O
gradient from 10% to 100% over 70 minutes and hold 100% MeCN for 15 minutes. After
confirmation using tandem mass analysis, the target fragments were further hydrolyzed with 300
puL of HC1 6M at 110 °C for 24 hours. The hydrolysates were concentrated under inert gas and

used for starting materials for amino acid analysis by Marfey’s method.
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Amino Acid Analysis by Marfey’s Method The obtained partial and total hydrolysates were
individually mixed with H>O (160 pL), saturated NaHCO3 (200 pL), and 1% FDAA in acetone
(160 pL). The mixture was heated at 40 °C for 30 minutes. Subsequently, the reaction was
quenched with 1M HCI (200 pL) and concentrated under vacuo. The residue was dissolved with
DMSO (400 pL) and passed through membrane filter before injecting to LC-MS, Cosmosil® 5C;s-
MS-II (2 mm ID x 100 mm) (oven 40 °C ; flowrate 0.2 ml min'1) using gradient program from
10% to 60% MeCN in water (formic acid 0.1%) for 45 minutes.

Antibacterial Activity Compounds 1-6 were tested for antibacterial activity. The assay for all
compounds has been done in triplicate according to the Clinical Laboratory Standards Institute
testing standard in a 96-well plate microbroth dilution assay. Compounds were tested against gram
negative-bacteria (Escherichia coli IW5503) and gram-positive bacteria (Bacillus cereus NBRC
15305 and Kocuria rhizophila NBRC 12708). After incubation for 22 h (30 °C ), the obtained

optical density was recorded using plate reader at 600 nm to determine percent growth inhibition.
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Marine Sponge Theonella swinhoei
collected from Makassar, Indonesia
(1 kg wet weight).

l Methanol Extraction
Crude extract (13 g) -
Li q—li q Extra ction —p Theonellapeptolide II series
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Figure S2.1 Isolation and purification of five theonellapeptolide-type compounds (1, 2, 3, 4, and
5) from Kondingarengan Theonella swinhoei. Thin Layer Chromatography (TLC) analysis of the
sponge methanol extract using dragendorff’s reagent showed three brown spots. Secondary
metabolites corresponding to the second spot were purified, resulting in the isolation of five
different compounds [A] HPLC profile of five purified compounds 1-5, in which two of them (4
and 5) are known theonellapeptolide I1d and Ile, respectively. [B] Three new analogues (Ila, IIb,
and Ilc) were subsequently characterized to determine their chemical structures. In addition, a

major theonellapeptolide Id (6) was purified from the first spot.
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originally from known theonellapeptolide 11d (4a).
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Figure S2.4 MS/MS spectrum of seco-acid methyl ester peptide 1a m/z 705.36 [M+2H]*", (red colored letter denoted fragment ions

generated toward C-terminus, black colored letter denoted fragment ions toward N-terminus). The other detected fragment ions are
listed in Table S2.1.
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Figure S2.5 MS/MS/MS spectrum of fragment ion ys of 1a, m/z 825.59 [M+H]" (red colored letter denoted fragment ions generated

toward C-terminus, black colored letter denoted fragment ions toward N-terminus). The other detected fragment ions are listed in Table
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Figure S2.8 MS/MS spectrum of seco-acid methyl ester peptide 2a, m/z 698.23 [M+2H]**, (red colored letter denoted fragment ions
generated toward C-terminus, black colored letter denoted fragment ions toward N-terminus). The other detected fragment ions are
listed in Table S2.3.
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Figure S2.9 MS/MS/MS spectrum of fragment ion yg of 2a, m/z 811.59 [M+H]", (red colored letter denoted fragment ions generated

toward C-terminus, black colored letter denoted fragment ions toward N-terminus). The other obtained fragment ions are listed in Table
S2.4.
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Figure S2.11 MS/MS spectrum of seco-acid methyl ester peptide 3a, m/z 712.35 [M+2H]*", (red colored letter denoted fragment ions
generated toward C-terminus, black colored letter denoted fragment ions toward N-terminus). The other detected fragment ions are

listed in Table S2.5.
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Figure S2.12 MS/MS/MS spectrum of fragment ion yio of 3@, m/z 1023.27 [M+H]", (red colored letter denoted fragment ions generated

toward C-terminus, black colored letter denoted fragment ions toward N-terminus). The other detected fragment ions are listed in Table
S2.6.
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Figure S2.13 MS/MS/MS spectrum of fragment ion bz of 3a, m/z 400.42 [M+H]", (red colored letter denoted fragment ions generated
toward C-terminus, black colored letter denoted fragment ions toward N-terminus).

71



. S c 1

0. (o}

° N m/z: 415.29
=0 ' Ya m/z: 497.33
m/z: 299.20 : Zs m/z: 839.60 miz: 1124.77
X2 I / v / Y
(o] ' '
| ! 9 | ! o
: i |
/O%HI(N 3 /oQkNIer/ ey
06// | " OO NH " oO NH
m/z: 299.20 : T}J\(OH ; H : H
: ! N OH ! N OH
: i 0. o !

NH

b,
1% \
/OJN N
H o

3 ‘ 3 NH
s 5 . - TX + T X
| : m/z: 584.37 \ : o”>N7 0 : 0N [+
07 NH ; ‘ b o M N : H Ho : y y
H ' : e 5 7 N ! N\A(N ! NWN N
N OH ! - ; : o) : : [
J : ' : 07 "NH ' o o : [} [} o,
" | = ! | H ' '
Oy (0] : "3_’ : : NW)\rOH . m/z: 895.59 :
J @ : : | | .
m/z: 471.28 = Oﬁj o / bg m/z: 1[)008.67
by T | NH ; : °
: : o \q ‘ : ; :
! ! 1 _ ! : | !
; I 8 Ny | | | o b L
| o g ~yvy s | I
3 o 0 o 3 1 | | O O ¢
: P Lo ~ m/z: 782.50 E : ; | 9 "
; P P o b, @ : : : N OH O
H | | H i k= H ! | HN
: o i o | | ; | o 0 0
' [ : : - m/z: 712.39 [M+2H] ' & i ' ;
- @ Lo ! : e Parent ion : o ' ; ! \qNH
: &~ & b | (R o b “ ' ! _ HN
| oo . H H | i wm | [ = : g | ' 0”7 N H H o H o
! & = [ : A A B B = : o : =) N N N
: o~ = : A B/ ¥ =] : bl = W N
L @ — | @ (= @ H @ - ™ |
' o - @ oww =1 w ! bl = o [¢] [¢] [¢]
o o . a -t
co o mle 8 2285 88 Roel zY _2 o e T8 of = 2z e
w oo @ =+ | o = ™ g e - = - o= = o T . w — g [ = =t ) —
o 9 2l & S 8- o a Fo= 2 ] = S o = w8 = oy o= = oo ~ = m/z: 1421.95
-2 g gl =873 | % szel 2 oo g g 83 g7 2 3 g 4
R ] G U I WO O % AV - WO AT W RS SO B«
Ly . AT L Aol o il 1wy (- | I ||I N . .
200 300 400 500 600 700 800 900 1000 1100

Figure S2.14 MS/MS spectrum of seco-acid methyl ester peptide 4a, m/z 712.39 [M+2H]**, (red colored letter denoted fragment ions
generated toward C-terminus, black colored letter denoted fragment ions toward N-terminus). The other detected fragment ions are
listed in Table S2.7.
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Figure S2.15 MS/MS/MS spectrum of fragment ion ys of 4a, m/z 839.57 [M+H]", (red colored letter denoted fragment ions generated

toward C-terminus, black colored letter denoted fragment ions toward N-terminus). The other detected fragment ions are listed in Table
S2.8.
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Figure S2.16 MS/MS/MS spectrum of fragment ion bs of 4a, m/z 584.37 [M+H]", (red colored letter denoted fragment ions generated
toward C-terminus, black colored letter denoted fragment ions toward N-terminus).
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Figure S2.17 MS/MS spectrum of seco-acid methyl ester peptide 5a, m/z 719 [M+2H]*", (red colored letter denoted fragment ions
generated toward C-terminus, black colored letter denoted fragment ions toward N-terminus). The other detected fragment ions are
listed in Table S2.9.
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Figure S2.18 MS/MS/MS spectrum of fragment ion yio of 5a, m/z 1037.72 [M+H]", (red colored letter denoted fragment ions generated
toward C-terminus, black colored letter denoted fragment ions toward N-terminus). The other detected fragment ions are listed in Table
S2.10.
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Figure S2.19 MS/MS/MS spectrum of fragment ion b3 of 5a, m/z 400.19 [M+H]", (red colored letter denoted fragment ions generated
toward C-terminus, black colored letter denoted fragment ions toward N-terminus).
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Figure S2.38 Tandem MS analysis of the targeted fragment 1b derived from the N-terminal
part of compound 1 [A], followed with Marfey’s analysis to determine its absolute
configuration [B].
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Figure S2.39 Marfey’s analysis of the total hydrolysate of compound 1 in comparison with

the amino acid standards.
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Figure S2.41 Marfey’s analysis of the total hydrolysate of compound 2 in comparison with
the amino acid standards.
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Figure S2.42 Tandem MS analysis of the targeted fragment 3b derived from the N-terminal
part of compound 3 [A], followed with Marfey’s analysis to determine its absolute
configuration [B].
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Figure S2.43 Marfey’s analysis of the total hydrolysate of compound 3 in comparison with
the amino acid standards.
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1 10 20 30 40 50 60 70 80 90 100 110 120 13?
Ento-Cells iGGTGﬂTTmeETTGTCm'G[EIC\FEGHGECEET[EI GTTGGCGTTGEATAGTGCCGAGACGGTGGCGETGCTGGCTCARGAGCCAGARGTARATCCCAGGGATGCGTATCGCCT

AR-1 CCTGAGGAGACGCTCGTGT TGGCGTTGGATAGEGCCGAGACGHTGECGGTGL TGGCTCARGAGCCAGARGTARATCCCAGGGATGCGTATCGCCT
CONSENSUS sssssssssssssns ssssnsnsssssnsssssss CETGAGGAGACGCTOGTGT TEECGTTHGATAGEGLCGAGALGLTGECGGTGLTEGCTCARGAGCCAGARGTARATCCCAGGEATGCGTATCGLCT
131 140 150 160 170 180 130 200 210 220 230 240 250 260

I I

Ento-Cells TGGCGCGTTGCTGCCAGATCATCCOGTCTATGTCCTCTRCACCTCGGEGL TCCACGGGEGCAGLT TARRAGTGTGETGGGTCTACATCGAGGARCCCTGARTCGCT TGACC TGGATGTGGCAGACCTATCCE
AR-1 TGRGCGCGTTGCTGCCAGATCATCCCGTCTATGTCCTCTRCACCTCGGGCTCCACGGGGCAGCL TRRRAGTGTGGTGGGTCTACATCGAGGAACCCTGAAT CGCT TGACC TGGATGTGGCAGACCTATCCE
Consensus  TGGCGCGTTGCTGCCAGATCATCCCGTCTATGTCCTCTRCACCTCGGGCTCCACGGGGCAGCC TRRARGTGTGGTGGGTCTACATCGAGGARCCCTGAATCGLT TGRCC TGGATGTGGCAGACCTATCCE

261 270 280 290 300 310 320 330 340 350 360 370 380 390
I I
Ente-Cells TTTGTGLCAGGAGARGCCTGTTGTCATARRACCTCAT TCARTTTCGTTGATTCGGTTTGEGAGAT T TTCGGCCCGCTTTTGCAGGGCAT TCCCCTCGTGT TGATC TCGAGTARCGATCAGGARGACGT TG

AB-1 TTTGTGCCAGGAGAAGCCTGTTGTCATARRACC TCATTCARTTTCGTTGATTCGET T TGGGEAGAT TTTCGECCCGLTTTTGCAGGGCAT TCCCCTORTGT TGATCTCGAGTARCGAT CAGGARGACGT TG
Consensus  TTTGTGCCAGGAGARGCCTGTTGTCATARARCCTCATTCARTTTCGTTGATTCGGTTTGGGAGATTTTCGGCCCGLTTTTGCAGGGCAT TCCCCTCGTGY TGATCTCGAGTARCGATCAGGARGACGTTG

amn 400 410 420 430 440 450 460 470 480 490 500 510 520
I

I

Ente-Cells gpGTGTTTTT666TTTGTTGTCCRARGCACCATGTGACTCGCATTGT TCTGETTCCTTCTTTGC TGCATACCT TAATGGAGACATC TACAGAT T TCAGATGCGCATTACCTTGTCTGAAGCAT TGGATCAG
AR-1 ARGTGTTTTTGGETTTGT TGTCCARGCACCATGTGAC TCGCATTGTTCTGGET TCCTTCTTTGC TGCATACCT TARTGGAGACATC TACAGAT T TCAGATGCGCAT TACCTTGTCTGARGCAT TGGATCEE
Consensus ARGTGTTTTTGGGTTTGTTGTCCARGCACCATGTGACTCGCATTGTTCTGGTTCCTICTTTGCTGCATACCT TARTGGAGACATC TACAGATTTCAGATGCGCATTACCTTGTCTGARGCAT TGGATC atb

521 530 540 550 560 570 580 530 59:
Ento-Cells TRGTGGTGRARGE T TGTCGACCAGTATAT-GGAGRARTGAG

AB-1 TAGTGGTGAARGC T TGTCGACCAGTATATTGGAGARATTTGAGGATARAT TGCCTGARGGEGTTCT TAGGGACGT TAC
Consensus  TAGTGGTGAARGETTGTCGACCAGTATAT ,GGAGARATEZG. coseenenecssasesssasnssesssassannasn

Figure S2.44 Sequence of amplified gene derived from Entotheonella cells from this study
compared to database sequence of the first A domains from Ca. Entotheonella serta TSW 1

1 10 20 30 40 50 60 70 1] 90 100 110 120 130
I

1
Entc-Cells CTGACGAGC T TGTCGAGGGAGTGCC TEAGGAGACGCTCGTGTTHGOGT TGGATAGTGCC GAGACEE TGECGATGC TGGC T CAAGAGCCAGAAG
Ap-2 RTGCTTGRGGATGCCTCTCCTTCGGTGETGAT TRCGAGTGAGGAGE T TGTCGAGGGAGTGLC TEAGGAGACGL TCGTATTRRCGT TGGA TAGEGCCGAGACGE THGLGETGE TGGL T CARGAGCCAGAAG
CONSENSUS sovescssnransnsssarassssnnsnssssssss«CIOACGAGCTTGTCGAGGGAGTGCCTGAGGAGACGLTCGTGTTGGCGT TGEATAGEGCCGAGACGE TGELGGTGCTGGLT CARGRGCCAGARG

131 140 150 160 170 180 130 200 210 220 230 240 250 260
1 1
Ento-Cells TARATCCCAGGGATGCGTATCGCCT TGGCGLGT TGLTGCCAGATCATCCCGTCTATGTCCTCTACACCTCGGGCTCCACGGGGCAGCCTARARGTGTGGTGGETCTACATCGAGGARCCCTGARTCGLTT
AR-2 THRATCCCAGGGATGCGTATCGCCTTGRCGCGT TGCTGCCAGATCATCCCGTCTATGTCCTCTACACCTCGGGLTCCACGGLGEAGCC THRARGTGTGGTGGLTCTACATCGAGGARCCCTGARTCGETT
Consensus TAARTCCCAGGEATGLGTATCGLCTTRGLGEGT TGCTRCCAGATCATCCCGTCTATGTCCTCTACACCTEGGGCTCCACGGLGEAGCCTARARGTGTGGTGGEG TCTACATCGAGGARCCCTGARTCGETT
261 270 280 230 300 310 320 330 340 350 360 370 380 390
1 1
Ento-Cells gace TRGATGTGECAGACCTATCCCTT TRTHCCAGGAGARGCC THT TGTCATARARCCTCATTCARTTTCGTTGATTCGGTTTRGGAGATTTTCRGCCCGETTT TGEAGEECATTCCCCTCGTGTTGATE
AR-2 GACCTRGATGTGGCAGACCTATCCCTT TGTGCCAGGAGARGCC TGT TGTCATARARCCTCATTCARTTTCGT TGATTCGGT TTGGGAGAT TTTCRGCCCGCTTTTRLAGGECATTCCCCTCGTGTTGATE
Consensus GACCTREATGTGECAGRCCTATCCCTT TATGCCAGGAGAAGCC TRT TGTCATARARCC TCATTCART TTCGT TGAT TCGGT TTRGGAGAT TTTCGGCCCGCTTTTGCAGGGCAT TCCCCTCGTGTTGATC
391 400 Aa10 420 430 440 450 460 a70 480 430 500 510 520
1 1
Ento-Cells 10GAGTARCGATCAGGARGACGT TGARGTGTTTTTGEGTTTGT TGTCCARGCACCATGTGACTCGCATTGT TCTGGTTCCTTCTTTGCTGCATACC TTARTGGAGACATC TACAGAT TTCAGATGCGCAT
AB-Z TCGAGTARCGATCAGGARGACGT TGARGTGTTTTTGGGETTTGT TGTCCARGCACCATGTGACTCGCATTGTTCTGGTTCCTTCTTTGCTGCATACCT TARTGGAGACATCTACAGAT TTCAGATGCGCAT
Consensus TCGAGTARCGATCAGGRRGACGT TGARGTGTTTTTGGGT TTGT TG TCCARGCACCATGTGACTCGCAT TGT TCTGRTTCCTTET T TGCTGCATACCT TARTGGAGACATC TRCAGAT TTCAGATGCGCAT
521 530 540 550 SE0 570 580 530 600 £10 20 626
1 1
Ento-Cells TRCCTTGTCTGARGCAT TRGATCAGTAGTGGTGAARGETTGTCGACCAGTATAT TGGAGAART T TGAGGATARAT TGCCTGAAGGT TG6GGGGGGGTRARARAARR

AB-2 TACCTTGTCTGARGCAT TGGATCGG TAGTGHTGARAGCT TGTCGACCAGTATAT TGGAGAAAT T TGAGGATARAT TGCCTGRAGGGT TCTTAGGGACGT TAC
Consensus TRCCTTGTCTGARGCATTGGATCaGTAGTGGTGRRRGCTTGTCGACCAGTATAT TGGAGARAT TTGAGGATARAT TGCCTGARGGET gegpabbbacaaafa. ...

Figure S2.45 Sequence of amplified gene derived from Entotheonella cells from this study
compared to database sequence of the first B domains from Ca. Entotheonella serta TSW1
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Table S2.1 List of obtained fragment ions from MS/MS analysis of 1a

Ion Calc. (Da) Obs. (Da) Adelta (Da) Ion Calc. (Da) Obs. (Da) Adelta (Da)
bl 172.0968 172.0716 0.0253 z2 256.1907 256.1165 0.0742
a2 271.2016  271.1479 0.0537 x2+H20 317.1965 317.2708 0.0742
1(3)2+H2 317.1965  317.2708 0.0742 x2 299.1965 299.1774 0.0192
b2 299.1965  299.1774 0.0192 y3 344.2544 344.3039 0.0495
b3 400.2442  400.0228 0.2214 x3 370.2337 370.2658 0.0322
b4 471.2813  471.2503 0.0310 7z4+H20 416.2650 416.3188 0.0539
as 556.3705  556.3348 0.0356 y4 415.2915 415.2365 0.0550
b5 584.3654  584.3572 0.0082 x4+H20 459.2708 459.2392 0.0316
b6 697.4495  697.0222 0.4273 x4 441.2708 441.2595 0.0112
c6 714.4760  714.6461 0.1701 z5+H20 515.3334 515.9225 0.5891
167+H2 786.4866  786.0298 0.4568 z5 497.3334 497.3955 0.0622
c7 785.5131 785.9608 0.4477 y5 528.3756 528.4362 0.0607
b8 881.5706  881.6166 0.0460 x5+H20 572.3548 572.3600 0.0052
a9 966.6598  966.5709 0.0889 x5 554.3548 554.5071 0.1523
b9 994.6547  994.7037 0.0490 z6+H20 642.4331 642.0222 0.4109
bl1 1136.7289 11362'733 0.0042 y6 641.4596 641.3369 0.1227
b12 1249.8130 12496'866 0.0536 X6 667.4389 667.4990 0.0601
z7+H20 713.4702 713.6125 0.1423
y7 712.4967 712.4990 0.0023
z8 794.5386 794.5554 0.0168
y8 825.5805 825.6157 0.0352
z9+H20 939.6383 939.3075 0.3308
202 or0erse 19T o041
y10 1009.7020 10096'626 0.0754
ZHFH2 03 THLO88 60346
o 5
yl1 1110.7497 111%755 0.0056
x11 1136.7289 11362'733 0.0042
x12 1263.8286 1263;869 0.0406
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Table S2.2 List of obtained fragment ions from MS/MS/MS analysis of ys-1a

Ion Calc. (Da) Obs. (Da) Adelta (Da) Ion Calc. (Da) Obs. (Da) Adelta (Da)
a3 270.2176  270.1913 0.0263 z2 256.1907 256.0798 0.1109
b"3 298.2125  298.1420 0.0705 x2 299.1965 299.1702 0.0263
a4 383.3017  383.3098 0.0081 z3 327.2278 327.2412 0.0134
b4 411.2966  411.2961 0.0005 y3 344.2544 344.2126 0.0418
ar5 454.3388  454.3857 0.0469 x3 370.2337 370.2788 0.0452
b5 482.3337  482.3195 0.0142 y4 415.2915 415.2700 0.0215
chS5 499.3603  499.3214 0.0388 x4 441.2708 441.3353 0.0645
b"6 553.3708  553.3790 0.0082 z5+H20 515.3334 515.2952 0.0381
a7 638.4600  638.5156 0.0556 z5 497.3334 497.3034 0.0300
b7 666.4549  666.4556 0.0007 y5 528.3756 528.4121 0.0365
b8 793.5546  793.5571 0.0025 x5 554.3548 554.3976 0.0428
z6 624.4331 624.4590 0.0260
X6 667.4389 667.4561 0.0172
z8 794.5386 794.6066 0.0680
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Table S2.3 List of obtained fragment ions from MS/MS analysis of 2a
Ion Calc. (Da) Obs. (Da) Adelta (Da) Ion Calc. (Da) Obs. (Da) Adelta (Da)

cl 203.1390  203.0924 0.0467 z2 256.1907 256.1545 0.0362
a2 271.2016  271.1439 0.0578 x2 299.1965 299.2136 0.0171
b2 299.1965  299.2136 0.0171 y3 344.2544 344.3035 0.0491
c2 316.2231 316.2105 0.0125 x3 370.2337 370.2604 0.0268
b3 400.2442  400.2528 0.0086 74 398.2650 398.2693 0.0044
b4 471.2813  471.3384 0.0570 y4 415.2915 415.3503 0.0588
as 556.3705 556.3973 0.0268 x4 441.2708 441.3018 0.0310
b5 584.3654  584.3900 0.0246 y5 528.3756 528.4907 0.1151
b5 + H20 602.3654  602.4204 0.0550 x5 554.3548 554.3870 0.0322
a6 + H20 673.4389  673.5240 0.0851 x6 667.4389 667.5293 0.0904
b8 867.5550  867.7025 0.1475 y7 712.4967 712.5329 0.0362
a9 952.6441 952.8411 0.1969 z8 794.5386 794.6181 0.0795
b9 980.6391 980.8881 0.2491 y8 811.5652 811.6312 0.0660
c9 997.6656  997.3965 0.2690 x8+H20 855.5444 855.4921 0.0523
b10 1051.6762  1051.7500 0.0738 z10+H20 996.6598 996.7625 0.1027
al1+H20 1112.7184 1112.7456 0.0272 y10 995.6863 995.7158 0.0295
bl12 1235.7973  1235.7866 0.0107 z11+H20  1097.7075  1097.8020 0.0945

yl1 1096.7340  1096.8569 0.1229

y12 1223.8337  1223.7208 0.1129

x12 1249.8130  1249.8978 0.0848
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Table S2.4 List of obtained fragment ions from MS/MS/MS analysis of ys-2a

Yo T Vet % m X %2
yg-2a

Ion Calc.(Da) Obs.(Da) Adelta (Da) Ion Calc.(Da) Obs.(Da) Adelta (Da)
a3 256.2020 256.2199 0.0180 z2 256.1907 256.2199 0.0292
b3 284.1969 284.1956 0.0013 x2 299.1965 299.1811 0.0155
a™4 369.2860 369.2751 0.0109 z3 327.2278 327.2722 0.0444
b4 397.2809 397.2563 0.0247 x3 370.2337 370.2709 0.0373
ans 440.3231 440.2814 0.0418 74 398.2650 398.3205 0.0556
b5 468.3181 468.3733 0.0553 x4 441.2708 441.3669 0.0962
b6 539.3552 539.2705 0.0847 z5 497.3336 497.3200 0.0136
a7 624.4443 624.3962 0.0481 y5 528.3756 528.3950 0.0195
b7 652.4392 652.4911 0.0519 z6 624.4331 624.3962 0.0368
b8 779.5389 779.5640 0.0250 X6 667.4389 667.4293 0.0096
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Table S2.5 List of obtained fragment ions from MS/MS analysis of 3a
Ion Calc. (Da) Obs. (Da) Adelta (Da) Ion Calc. (Da) Obs. (Da) Adelta (Da)
a2 271.2016 271.1167 0.0850 z2 256.1907 256.2096 0.0189
b2 299.1965 299.1906 0.0060 x2 299.1965 299.1906 0.0060
b3 400.2442 400.2771 0.0329 y3 344.2544 344.1664 0.0880
c3+H20 449.3864 449.9526 0.5662 7z4+H20 416.2650 416.5485 0.2836
c3 431.3864 431.1473 0.2391 y4 415.2915 415.2530 0.0385
a4 457.3021 457.1173 0.1848 y8+H20 843.5808 843.9647 0.3839
b5 598.3810 598.4725 0.0915 y10 1023.7176  1023.7256 0.0080
c5 629.4232 629.4316 0.0083 z11+H20 1125.7388  1125.7288 0.0100
b9 1008.6704  1008.6068 0.0635 yll 11247653  1124.7495 0.0158
c9 1025.6969  1025.7659 0.0690 x12 1277.8443  1277.8545 0.0102
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Table S2.6 List of obtained fragment ions from MS/MS/MS analysis of yio-3a.
Ion Calc. (Da) Obs. (Da) Adelta (Da) Ion Calc. (Da) Obs. (Da) Adelta (Da)
a3 284.2333 284.1164 0.1169 x2 299.1965 299.1617 0.0348
b"3 3122282  312.1706 0.0576 73 327.2278 327.1898 0.0381
a™+H20 373.2704 373.2407 0.0296 z5 497.3334 497.2705 0.0629
ans 468.3544  468.1800 0.1744 y5 528.3756 528.3364 0.0392
b 5+H20 514.3494 514.2982 0.0511 x5 554.3548 554.3978 0.0430
b"5 496.3494  496.3857 0.0364 76 624.4331 624.4921 0.0590
a”6 581.4385 581.4949 0.0564 y6 641.4596 641.5109 0.0512
b"6 609.4334  609.4700 0.0366 X6 667.4389 667.4294 0.0094
an7 652.4756 652.5311 0.0555 z7+H20 713.4702 713.3705 0.0996
br7+H20 698.4705  698.5139 0.0434 z7 695.4702 695.4602 0.0100
b7 680.4705 680.5207 0.0502 y7 712.4967 712.5256 0.0289
a”9 836.5968  836.5648 0.0320 y8 825.5808 825.5865 0.0057
b™9 864.5917 864.5847 0.0070 x8 851.5601 851.4989 0.0612
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Table S2.7 List of obtained fragment ions from MS/MS analysis of 4a

Ion Calc.(Da) Obs.(Da) Adelta (Da) Ion Calc. (Da) Obs. (Da) Adelta (Da)
a2 271.2016 271.1837 0.0180 z2 256.1907 256.2704 0.0797
b2 299.1965 299.1750 0.0215 x2 299.1965 299.1750 0.0215
b3 400.2442 400.2280 0.0162 y3 344.2544 344.2978 0.0434
b4 471.2813 471.2309 0.0505 x3 370.2337 370.2358 0.0022
as 556.3705 556.3392 0.0312 z4+H20 416.2650 416.3665 0.1016
b5 584.3654 584.3403 0.0251 y4 415.2915 415.3169 0.0254
b8 895.5863 895.8677 0.2814 x4 441.2708 441.3416 0.0709
b9 1008.6704  1008.5639 0.1064 y5+H20 546.3756 546.8662 0.4907
c9 1025.6969  1025.7136 0.0167 x5 554.3548 554.3998 0.0450
x6+H20 685.4389 685.5997 0.1608
z7 695.4702 695.7993 0.3291
z8 808.5543 808.5745 0.0203
y8 839.5965 839.5953 0.0012
x8+H20 883.5757 883.8066 0.2309
y9 952.6805 952.6453 0.0353
z10+H20 1024.6911 1024.6700 0.0210
y10 1023.7176 1023.6793 0.0384
z11+H20  1125.7388 1125.7618 0.0231
yll 1124.7653 1124.8483 0.0830
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Table S2.8 List of obtained fragment ions from MS/MS/MS analysis of ys-4a

Ion Calc.(Da) Obs.(Da) Adelta (Da) Ion Calc. (Da) Obs. (Da) Adelta (Da)
a3 284.2333 284.2332 0.0000 z2 256.1907 256.1338 0.0569
b3 312.2282 312.2136 0.0146 z3 327.2278 327.2726 0.0448
c"3 343.2704 343.1992 0.0712 x3 370.2337 370.2361 0.0025
a4 397.3173 397.3780 0.0607 74 398.2650 398.2657 0.0007
b4 425.3122 425.3024 0.0098 x4 441.2708 441.3000 0.0292
ars 468.3544 468.3275 0.0270 z5 497.3334 497.3290 0.0044
b5 496.3494 496.3673 0.0179 y5 528.3756 528.3574 0.0181
cNS 513.3759 513.3659 0.0100 x5 554.3548 554.4479 0.0930
b6 567.3865 567.3593 0.0272 z6+H20 642.4331 642.5131 0.0800
a7 652.4756 652.4598 0.0158 z6 624.4331 624.4572 0.0241
b7 680.4705 680.4728 0.0023 z7+H20 713.4702 713.4330 0.0372
a8 779.5753 779.5262 0.0491 y7 712.4967 712.4854 0.0114
b8 807.5702 807.5375 0.0328 z8 808.5543 808.6328 0.0786
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Table S2.9 List of obtained fragment ions from MS/MS analysis of 5a
Ion Calc. (Da) Obs. (Da) Adelta (Da) Ion Calc. (Da) Obs. (Da) Adelta (Da)

cl+H20 221.1390  221.0938 0.0453 y2+H20 291.2173 291.7729 0.5557
b2 299.1965 299.1843 0.0123 x2 299.1965  299.1843 0.0123
c2+H20 334.2231 334.4922 0.2692 y3 3442544 3442374 0.0170
b3 400.2442  400.1840 0.0602 x3 370.2337  370.3042 0.0705
b4+H20 503.2970 503.3360 0.0390 v4 415.2915  415.3901 0.0986
a5+H20 588.3861 588.3979 0.0118 y7 712.4967  712.4849 0.0118
b5 598.3810 598.3754 0.0057 v8 839.5965 839.5500 0.0465
b6 725.4808 725.4555 0.0252 z10 1006.6911 1006.7667 0.0756
c6+H20 760.5073 760.4808 0.0265 y10 1037.7333  1037.7349 0.0016
b8 909.6019 909.5986 0.0034 z11+H20 1139.7810 1139.8339 0.0529
c8 940.6441 940.6146 0.0296 yl1 1138.7810  1138.7908 0.0098
b9 1022.6860 1022.6556 0.0304

c9 1039.7125 1039.7324 0.0199

bl2 1277.8443  1277.9799 0.1356

103



NN
Z6 X5Y5

yio-9a
Table S2.10 List of obtained fragment ions from MS/MS/MS analysis of yio-5a
Ion ?S:f) Obs. (Da)  Adelta (Da) Ion Calc. (Da) Obs. (Da) Adelta (Da)
b3 299.2562  299.1168 0.1394 x2 299.1965 299.1168 0.0797
c"3 327.2511  327.2304 0.0207 z3 327.2278 327.2304 0.0025
a4 344.2776  344.2719 0.0057 y3 344.2544 344.2719 0.0175
b4 369.2860  369.2168 0.0692 yS5 528.3756 528.3298 0.0457
c™4 397.2809  397.2720 0.0089 x5 554.3548 554.3840 0.0292
b5 482.3701  482.4616 0.0916 z6 624.4331 624.4669 0.0338
cN5+H20 528.3650  528.3298 0.0352 z7+H20 713.4702 713.5400 0.0698
cnS 510.3650  510.3632 0.0018 y7 712.4967 712.4955 0.0012
c"6 623.4491  623.4429 0.0062
cN7+H20 712.4862  712.4955 0.0094
cM 694.4862  694.4308 0.0554
c8 765.5233  765.5231 0.0002
b"9 850.6124  850.6707 0.0583
c9 878.6074  878.5517 0.0557
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Table S2.11 NMR data (in CDCl3, 500 MHz) of compound 1

Pos. oc, type on (mult.) Pos. oc, type on (mult.) Pos. oc, type on (mult.)
Methoxy acetyl D-Leucine’ C2 62.3,CH 4.65 (m)
C1 170.1,C Cl nr*,C C3 26.7,CH 2.22 (m)
C2 71.5,CH: 3.89 (m) C2 47.7,CH 4.89 (m) C4  18.6,CH;3 0.75 (m)
C3  70.2,CH;3 3.59 (m) C3 41.0,CH» a: 1.32 (m) C5  19.6,CH;3 0.90 (m)
L-Valine! b: 1.44 (m) NMe 31.0, CH; 2.99 (m)
c1 173.1,C C4 24.6,CH 1.49 (m) L-Alanine'”
C2 539,CH 4.72 (m) C5 23.0,CHs3 0.85 (m) Cct 1727,C
C3  30.9,CH 1.99 (m) C6 23.1,CHs3 0.88 (m) C2 48.75,CH 4.22 (m)
C4  19.3,CH;3 0.90 (m) NH 7.57 (m) C3 17.2.0,CHs3 1.15 (m)
C5 17.31,CH; 0.85 (m) D-Methyl Valine® NH 7.45 (m)
NH 7.20 (m) Cl 1704,C B-Alanine!!
D-Methyl Leucine? C2 62.1,CH 4.72 (m) C1 171.4,C
Cl 171.2,C C3 25.7,CH 2.15 (m) C2 349,CH» a: 2.38 (m)
C2 549,CH 5.08 (m) C4 19.8,CH; 0.91 (m) b: 2.29 (m)
C3  37.1,CH: a: 1.58 (m) C5 18.8,CHs3 0.75 (m) C3  362,CH» a: 3.43 (m)
b: 1.72 (m) NMe 31.3,CHs3 3.01 (m) b: 3.35 (m)
C4 248,CH 1.35 (m) B-Alanine’ NH 7.52 (m)
C5 21.1,CH;3 0.82 (m) Cl 1725,C D-Leucine'?
C6 21.5,CH;3 0.87 (m) C2 35.8,CH: a: 2.36 (m) C1t 173.1,C
NMe 30.8, CH3 3.05 (m) b: n.r. C2 47.8,CH 4.92 (m)
L-Threonine? C3  36.0,CH; a: 3.60 (m) C3  41.6,CH; a: 1.28 (m)
Cl 168.2,C b: 3.19 (m) b: 1.43 (m)
C2 55.7,CH 4.39 (m) NH 7.52 (m) C4 24.6,CH 1.50 (m)
C3 70.2,CH 5.08 (m) D-allo Isoleucine® C5  23.1,CHs3 0.83 (m)
C4 15.9,CH; 1.05 (m) Cl 173.7,C C6 23.2,CHs3 0.89 (m)
NH 7.59 (m) C2 60.2,CH 4.80 (m) NH 7.78 (m)
C3 24.8,CH 2.05 (m) D-Methyl allo Isoleucine!?
B-Alanine* C4 24.6,CH> a: 1.24 (m) Cl 173.09,C
Cl 1713,C b: 0.96 (m) C2 54.7,CH 5.15 (m)
C2 35.8,CH: a: 2.46 (m) C5 15.2,CH; 0.91 (m) C3 36.6,CH 1.71 (m)
b: 2.19 (m) C6 15.1,CHs 0.83 (m) C4 262,CH; a: 1.38 (m)
C3  36.0,CH» a: 3.47 (m) NH 7.83 (m) b: 1.16 (m)
b: 3.26 (m) L-Methyl Valine® C5 17.9,CH; 0.88 (m)
NH 7.25 (m) Cl 169.5,C C6 17.2,CHs 0.85 (m)
NMe 30.6, CH; 2.98 (m)

*n.r (not resolved)
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Table S2.12 NMR data (in CDCls, 500 MHz) of compound 2

Pos.  oc, type on (mult.) Pos. dc, type on (mult.) Pos.  oc, type on (mult.)
Methoxy acetyl D-Leucine’ C2 62.6,CH 4.65 (m)
C1 170.1,C Cl nar,C C3 258,CH 2.21 (m)
C2 71.5,CH; 3.85 (m) C2 479,CH 4.93 (m) C4 18.7,CHs 0.78 (m)
C3  70.2,CHs3 3.59 (m) C3 41.2,CH; a: 1.48 (m) C5  19.8,CH3 0.95 (m)
L-Valine! b: 1.46 (m) NMe 30.9, CH3 2.98 (m)
Cl 173.2,C C4 nr,CH nr. L-Alanine'®
C2 622,CH 4.72 (m) C5 20.0,CH; 0.90 (m) Cct 1727,C
C3 26.8,CH 2.22 (m) C6 21.7,CH; 0.88 (m) C2 48.7,CH 4.22 (m)
C4 18.7,CHs 0.78 (m) NH 7.61 (m) C3  17.2,CHs 1.15 (m)
C5  19.8,CHs3 0.93 (m) D-Valine® NH 7.45 (m)
NH 7.18 (m) Cl 1704,C B-Alanine!!
D-Methyl Leucine? C2 54.0,CH 4.71 (m) Cl 171.5,C
Cl nr,C C3 31.1,CH 2.00 (m) C2 358,CH» a: 2.48 (m)
C2 55.0,CH 5.10 (m) C4 17.5,CH; 0.85 (m) b: 2.19 (m)
C3 37.0,CH» a: 2.01 (m) C5 19.3,CH; 0.91 (m) C3  36.0,CH; a: 3.52 (m)
b: 1.39 (m) NH 7.22 (m) b: 3.26 (m)
C4 nr.CH nr. B-Alanine’ NH 7.55 (m)
C5 204,CHs 0.83 (m) Cl 1725,C D-Leucine!?
C6 19.4,CHs 0.90 (m) C2 35.8,CH; a: 2.38 (m) Cl nrC
NMe 30.8, CH3 3.04 (m) b: 2.42 (m) C2 47.8,CH 4.88 (m)
L-Threonine? C3  36.0,CH a: 3.59 (m) C3  41.9,CH; a: 1.28 (m)
Cl 168.1,C b: 3.39 (m) b: 1.43 (m)
C2 559,CH 4.38 (m) NH 7.50 (m) C4 nr,CH n.r
C3 702,CH 5.10 (m) D-allo Isoleucine® C5 21.3,CHs 0.83 (m)
C4 17.2,CHs 1.07 (m) Cl nr,C C6  20.3,CHs 0.85 (m)
NH 7.55 (m) C2 539,CH 4.75 (m) NH 7.25 (m)
C3 nr.CH 2.15 (m) D-Methyl allo Isoleucine'?
B-Alanine* C4 25.4,CH, a: 1.54 (m) Cl nar,C
Cl 171.4,C b: n.r. C2 54.8,CH 5.15 (m)
C2 35.8,CH» a: 2.40 (m) C5 21.2,CH; 0.78 (m) C3 nr,CH 1.71 (m)
b: 2.32 (m) C6 23.2,CH; 0.93 (m) C4 24.7,CH; a: 1.38 (m)
C3  36.0,CH» a: 3.43 (m) NH 7.25 (m) b: 1.16 (m)
b: 3.37 (m) L-Methyl Valine® C5 214,CHs 0.92 (m)
NH 7.20 (m) Cl 1694,C C6  23.3,CHs 0.82 (m)
NMe 31.2, CHj 2.99 (m)

*n.r (not resolved)

106




Table S2.13 NMR data (in CDCls, 500 MHz) of compound 3

Pos.  dc, type on (mult.) Pos.  oc, type on (mult.) Pos.  oc, type on (mult.)
Methoxy acetyl D-Leucine’ C2 62.4, CH 4.66 (m)
Cl 170.1, C Cl nr,C C3 259,CH 2.21 (m)
C2  71.5,CH: 3.89 (m) C2 nr,CH 4.85 (m) C4  18.8,CHs3 0.78 (m)
C3 702, CH;3 3.59 (m) C3  413,CH; a: 1.35 (m) C5  20.3,CHs 0.96 (m)
L-Valine! b: 1.47 (m) NMe n.r., CHs 3.05 (m)
Cl nr,C C4 nr,CH 1.99 (m) L-Alanine'”
C2  53.6,CH 4.78 (m) C5 21.6,CH; 0.88 (m) Cl nr,C
C3  26.0,CH 1.99 (m) C6  20.2,CH; 0.93 (m) C2  48.8,CH 4.22 (m)
C4  18.7,CH;3 0.77 (m) NH 7.12 (m) C3  17.8,CH3 1.25 (m)
C5 19.4, CH3 0.95 (m) L-Metyl Valine® NH 7.31 (m)
NH 7.19 (m) Cl nr,C B-Alanine!!
D-Methyl Leucine? C2 53.7,CH 4.77 (m) Cl nar,C
Cl 171.2,C C3 31.2,CH 2.01 (m) C2 35.7,CH: a: 2.37 (m)
C2 552,CH 5.10 (m) C4  21.6,CHs 0.88 (m) b: n.r.
C3  37.0,CH: a: 1.52 (m) C5 204, CHs 0.95 (m) C3  359,CH: a: 3.23 (m)
b: 1.43 (m) NMe n.r.,, CHs 3.07 (m) b: 3.57 (m)
C4 nr.,CH 1.72 (m) B-Alanine’ NH 7.20 (m)
C5 21.1,CH; 0.81 (m) Cl nr,C D-Leucine'?
C6  21.5,CHs3 0.92 (m) C2 35.8,CH; a: 2.30 (m) Cl nr,C
NMe 30.8, CH; n.r. b: 2.48 (m) C2 nr,CH 4.92 (m)
L-Threonine? C3  359,CH; a: 3.50 (m) C3  42.0,CH; a: 1.22 (m)
Cl  nr,C b: 3.20 (m) b: 1.45 (m)
C2 55.1,CH 4.84 (m) NH 7.19 (m) C4 nr,CH 1.59 (m)
C3  69.8,CH 5.17 (m) D-allo Isoleucine® C5  21.3,CHs 0.86 (m)
C4  17.0,CH;3 1.07 (m) Cl nr,C C6  20.3,CHs3 0.91 (m)
NH 7.75 (m) C2 603,CH 4.84 (m) NH 7.58 (m)
C3 nr,CH 2.26 (m) D-Methyl allo Isoleucine'3
Methyl B-Alanine* C4 24.5,CH; a: 1.22 (m) Cl nar,C
Cl 171.3,C b: 1.45 (m) C2 53.8,CH 4.57 (m)
C2  35.8,CH: a: 2.48 (m) C5 18.4,CHs 0.93 (m) C3  36.15,CH 1.71 (m)
b: 2.30 (m) C6 17.4,CHs 0.85 (m) C4  26.1,CH; a: 1.41 (m)
C3  359,CH: a: 3.50 (m) NH 7.89 (m) b: 1.15 (m)
b: 3.20 (m) L-Methyl Valine’ C5  20.20, CH3 0.92 (m)
NMe n.r., CH; 2.95 (m) Cl nr,C C6  23.30,CH; 0.87 (m)
NMe n.r., CHj 3.08 (m)

*n.r (not resolved)

107




Table S14 Biological activity of the isolated compounds.

MIC (uM)* ICso (uM) in DMEM" PCso (uM) in NDM"
Comp. MIA MCF MIA MCF
EC BC KR | Panc2 HepG2 PaCa2 7 Panc2 HepG2 PaCa2 7
1 >66 >66 >66 | >100 >100 >100 >100 | >100 >100 334 >100
2 >66 >66 >66 | >100 >100 >100 >100 | >100 >100 42.7 >100
3 >66 >66 >66 | >73.2 >73.2 >73.2 >73.2 | >100 >100 9.9 >100
4 >66 >66 >66 | >709 >70.9 >70.9 >70.9 | >100 >100 7.8 >100
5 >66 >66 >66 | >38.2 >38.2 >38.2 >38.2 | >100 >100 8.2 >100
6 >66 >66 >66 | >40.0 >40.0 >40.0 >40.0 | >100 >100 3.5 >100

*MIC (Minimum Inhibitory Concentration); PC (Preferential Cytotoxic); IC (Inhibitory Concentration).
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Material and Methods

General Procedures Optical rotations were measured on a Jasco P-1030 polarimeter. Infrared
spectra were measured on a Jasco FT/IR 4100. NMR spectra were recorded on a JEOL ECX
500 (500 MHz) or JEOL ECZ 400 (400 MHz) spectrometer. ESI-MS spectra were recorded on
a Thermo Scientific Exactive mass spectrometer or a SHIMADZU LCMS-2020 spectrometer.
High performance liquid chromatography (HPLC) experiments were performed with a
SHIMADZU HPLC system equipped with a LC-20AD intelligent pump. LC-MS experiments
were performed with amaZon SL-NPC (Bruker Daltonics). GC/MS experiments were
performed on SHIMADZU-QP2010 Ultra. All reagents were used as supplied unless otherwise
stated.

Ichip-based Cultivation Method

Preparation of Environmental Sample. Adequate environmental samples (soils, mud, and
stream water) were resuspended with 20 ml of sterilized miliQ water following vigorous mixed
with vortex for 10 min to detach any cell from the soil debris. These mixtures were used as
stock solutions for subsequent dilution steps. The prepared stock solutions were diluted until
into 1:10* times dilution with sterilized miliQ water. Another dilution step was performed in a
low melting point (LMP) agar fortified with 0.1-time diluted R2A media. This sample was kept

at 30 °C water-bath to prevent solidification.

Implantation of Bacterial Cells into Ichip. The middle array of a sterilized ichip containing
hundreds of 1 mm diameter through-holes was dipped into the prepared mixture of bacterial
cells and LMP agar. Subsequently, two pairs of membranes (0.02 um) were used to cover the
array in both sides before re-assembling with the bottom and upper part of the ichip device.
The assembled device was tightened with screws to avoid contaminations. After completing
the assembly process, the devices were returned to their original sampling sites and incubated

for about two weeks or more.

Retrieval of Ichip-domesticated Bacterial Strains. After in-sifu incubation, the ichip devices
were collected from the incubation sites and directly processed. Initially, the devices were
cleaned by carefully rinsing with miliQQ water to remove any attached debris and disassembled

inside a sterile hood. Subsequently, the plug agar inside the middle array of the device was
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individually retrieved using a sterilized paper clip into prepared 0.1-time diluted R2A plate.
The plates were incubated at 30 °C until colony formed. Further bacterial isolation steps were

performed if several different strains were observed.

Antibacterial Screening To prepare the sample solutions, as much as 2 pl of ichip strains
library were inoculated to 120 pl of 2x R2A in 96 well round bottom and incubated with shake
at 30°C for overnight. The seed culture (20 pl) was then used for inoculation into 450 ul
Modified M9 media or LB media in a 96 deep-well plate and incubated at 30 °C for one week.
Upon incubation, the culture was centrifuged 3500 r.p.m. for 30 minutes and 100 pl of
supernatant was transferred to a 96 well flat bottom. Bacterial tests were prepared by
inoculating an overnight culture into a fresh MHB media to final ODgoonm of 0.1. The MHB
media contain bacterial test was added into previously prepared sample solutions followed by
incubation at 30 °C (without shake) for 24 hours. After incubation, the cell growth was
examined by measuring ODgoonm in a plate reader. Ichip strains that inhibit the growth of

bacterial tests more than 50% are considered to be potential strains.

CAS assay screening Chrome Azurol S (CAS) assay was used to screen potential strains for
producing siderophore. To prepare the sample solutions, as much as 2 ul of ichip strains library
was inoculated to 120 pl of 2x R2A in 96 well round bottom and incubated with shake at 30 °C
for overnight. The seed culture (20 pl) was then used for inoculation into 450 pl modified
minimal M9 media (or other) in a 96 deep-well plate and incubated at 30 °C for one week.
Upon incubation, the culture was centrifuged 3500 r.p.m. for 30 minutes and 100 pl of
supernatant was transferred to a 96 well flat bottom. CAS solution was made of three solutions
(A, B, and C). Solution A was prepared by dissolving 21.9 mg of HDTMA in 25 ml MiliQ
water; Solution B was prepared by combining 1.5 ml of 1 mM FeCl3.6H>O in 10 mM HCI and
7.5 ml of 2 mM CAS in water; and Solution C was prepared by dissolving 9.76 g of MES in
50 ml MiliQ water and adjusting pH to 5.6 with 50% KOH. While stirring, 9 ml of solution B
was added to 25 ml of solution A slowly followed by addition 50 ml of solution C and 16 ml
of MiliQ water was added to bring the total volume of 100 ml. Immediately before use 86.4
mg of 5-sulfosalicylic acid was added to the above mixture and stirred for a few seconds. To
perform the assay, into previously prepared sample solutions, 100 pl of CAS solution was
added followed by briefly mixing with Micromixer and incubation for 1 hour in dark at room

temperature. After incubation, UV 630 nm absorption of reaction mixtures was checked by
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plate reader. To analyze the data, UV 630 nm absorption of blank was compared with bacterial

strains. Bacterial strains that showed score more than 1.1 are considered to be potential strains.

Metabolite Production and Isolation Natural Products from Variovorax sp. H002 The
overnight seed culture of ichip-domesticated Variovorax sp. H002 was inoculated into 100 ml
fresh modified minimal M9 media (M9 salt, 1% glucose, 1% casamino acid) with additional
HP20 resins in 40 baffled flasks. The cultures were incubated with shake at 30 °C for seven
days. After cultivation, the cultures were filtered out with cotton leaving the HP20 resins, which
were packed to a column for chromatography. The packed resins were washed with water
several times followed by elution with excessive methanol. The collected methanol fraction
was then concentrated under vacuo to obtain a crude methanolic extract. Subsequently, the
crude extract was subjected to gel-filtration chromatography packed with Sephadex LH-20®
and methanol as mobile phase. The collected fractions were monitored by ESI-MS. Fractions
containing target compounds were concentrated and subjected to a semi-preparative HPLC
equipped with Cosmosil® 5C1s-MS-II (10 mm ID x 250 mm) using gradient systems from 30%
to 70% acetonitrile for 30 minutes to yield compounds 7 (3 mg), 8 (2 mg), 9 (5 mg), 10 (20
mg), and 11 (10 mg).

Preparation of Fatty Acid Methyl Ester (FAME) Derivatives Adequate amount of 7-11
was hydrolyzed with 6 M HCl at 110 °C for overnight. The obtained hydrolysates were freeze
dried and resuspended with 100 pl of methanol followed addition of 100 pl of
trimethylsilyldiazomethane. The reactions were kept at room temperature for one hour. The
reaction mixtures were concentrated under vacuo and dissolved with acetone prior to subjecting
into GC/MS, Zebron ZB-WAX (30 m % 0.25 mm ID x 0.25 pum ), using He as gas source with
flow rate 1.41 mL min™'. The initial temperature (120 °C) was hold for one minute follow

gradient to 230 °C at a rate of 10 °C min™! and hold for six minutes.

Preparation of 2-alkenyl-4,4-Dimethyloxazoline (DMOX) Fatty Acid Derivatives
Adequate amount of 7-11 was hydrolyzed with 6 M HCl at 110 °C for overnight. The obtained
hydrolysates were treated with 250 pl of 2-amino-2-methyl propanol in screw-capped vials.
After flushing with N», the reactions were sealed and heated in 180 °C for 18 hours. After
completed, the reactions were cooled down and resuspended with 3 ml of dichloromethane
followed by washing with three times withl ml of water. The organic layer was dried with
anhydrous Na>SO4 and concentrated under vacuo. The samples were redissolved with acetone

prior to subjecting into GC/MS with aforementioned system.
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Determination of Amino Acid Configuration by Marfey’s Method. 100 ug of samples were
acid-hydrolyzed with 6 M HCl at 110 °C for overnight. The obtained hydrolysates were freeze
dried and mixed with H>O (160 pL), saturated NaHCO3 (200 pL), and 1% L-FDLA in acetone
(160 pL). The mixtures were heated at 40 °C for 30 minutes. Subsequently, the reaction was
quenched with 1M HCI (200 pL) and concentrated under vacuo. The residue was dissolved
with DMSO (400 pL) and passed through membrane filter before injecting to LC-MS,
Cosmosil® 5Cis-MS-II (2 mm ID x 100 mm) (oven 40 °C ; flowrate 0.2 ml min’1) using
gradient program from 10% to 60% MeCN in water (with additional formic acid 0.1%) for 45

minutes.

Genome DNA extraction. To extract genome DNA from interest strain especially gram-
negative bacteria, an overnight culture from single colony bacteria was harvested by spinning
down at 8,000 r.p.m. for 10 minutes. Obtained bacterial cell-pellet was resuspended with 800
ul of EDTA-saline solution and transferred to a 2 ml tube. Cell wall lysis was performed by
adding 10 pl of 300 pg/ml lysozyme followed by brief vortexing and incubating at 37 °C for
15-45 minutes in water bath. While incubation, the suspension was briefly vortexed every 15
minutes. Subsequently, to disturb the cell membranes, 80 ul of 25 % w/v of SDS-solution was
added followed by mixing thoroughly until the viscosity increased and incubated at 65 °C for
10 minutes. During this incubation, the suspension was vortexed one time. The suspension was
spun down briefly and 250 pl of 5 M NaCl solution was added followed by brief vortexing.
Insoluble cell debris and protein contamination was removed by, at least, three rounds of 400
pl of phenol:chloroform:isoamyl alcohol (25:24:1) extraction. Finally, 100 pl of 3 M sodium
acetate pH 5 and 700 pl of isopropanol alcohol was added to the 1 ml of contamination-free
suspension, followed by mixing and centrifugation at 15,000 rpm for 30 minutes at 4 °C. The
resulting DNA pellet was washed two rounds with pre-cold 70% ethanol to remove trace
amount of chemical contamination and air-dried for about one minute to let all the ethanol
evaporate. The dried DNA pellet was dissolved with nuclease free water and stored at 4 °C for

temporary or -30 °C for long term storage.

Genome Sequencing The library preparation and sequencing experiments employing third
generation sequencing technology, Oxford Nanopore Technology, have been done following a
protocol from ligation sequencing kit SQK-LSK 109 from Oxford Nanopore Technology. The
obtained reads were trimmed with Porechop algorithm to yield refined raw reads from long

read sequencing technology. Additionally, short read sequencing experiments using next
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generation sequencing technology have been done by collaboration with a third party. The
obtained reads from short and long read sequencing technologies were assembled using hybrid

de novo assembly with SPAdes algorithm.

Construction of varH002g null mutant strain A plasmid construct for homologous
recombination was prepared by amplifying the upstream and downstream region of varH002g
using pairs of listed primers. Additionally, a chloramphenicol resistant gene was used to replace
the targeted varH002g gene. All the amplified fragments were assembled following Gibson
assembly protocol in a pRED backbone. The assembled fragment was introduced to
Escherichia coli DH5a for plasmid production. The resulted plasmid pRED-AvarH002g and a
conjugative pGM160 were digested with HindIII and ligated, followed by transformation into
the E. coli S17-1 A pir. The obtained E. coli S17-1 was used to transform pGM160-AvarH002g
into Variovorax sp. H002. Both Variovorax sp. H002 and E. coli S17-1 were cultured overnight
in 2xR2A and LB at 30 °C. The overnight cultures were washed with 2xR2A three times, and
the pellets were resuspended with 500 pl of 2xR2a. The ODsoo values of donor (E. coli S17-1)
and recipient cells (Variovorax sp. H002) were set to 2.0 and mixed in 1:1 ratio. The mixtures
were spotted to 2xR2A followed by incubation at 30 °C for two days. The colonies were
scraped up and spread on 2xR2A agar plate with chloramphenicol (30 pg/ml) and kanamycin
(50 pg/ml). The plates were incubated at 30 °C until colony formed. Several conjugants were

picked and checked by PCR to confirm the insertion site.

Metabolite Production and Isolation Natural Products from Variovorax sp. B014 The
overnight culture of Variovorax sp. B014 was inoculated onto 500 ml baffled flask containing
100 ml fresh modified minimal M9 media (M9 salt, 1% glucose, and 1% casamino acid). The
cultures were incubated with shake at 30 °C for a week. After cultivation, the cultures were
spun down and subsequent subjected to a pre-washed ODS column with methanol and water.
The retain metabolites were washed with water followed by elution of increasing methanol
concentration in water. The fractions containing target compounds judged by ESI-MS analysis
were concentrated under vacuo to obtain a semi-crude extract. This extract was further purified
with a semi-preparative HPLC equipped with Cosmosil® 5C;s-MS-II (10 mm ID x 250 mm)
using gradient systems from 20% to 70% acetonitrile for 30 minutes to yield compounds 12

(10 mg), 13 (6 mg), 14 (6 mg), 15 (12 mg), and 16 (8 mg).
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Preparation of complex 13-Ga(III) The mixture of compound 13 dissolved in water and 8-
hydroxy quinoline in methanol was stirred at room temperature for overnight. The organic
solvent was then evaporated under vacuo followed by extraction with equal volume of
dichloromethane for three times. The water layer was then freeze-dried followed by
resuspension with phosphate buffer solution containing Ga(IlII) sulfate. The mixture was stirred
at room temperature for overnight. Subsequently, the mixture was extracted with n-butanol for
three times. The obtained organic layer was concentrated under vacuo and subjected to semi-
preparative HPLC equipped with Cosmosil® 5C;s-MS-1I (10 mm ID x 250 mm) using 35%
acetonitrile in water for 30 minutes to yield compound 13-Ga(Ill), HRESIMS; m/z 985.4013
[M+H]" Calc. C40HesNsO16Ga.

Methanolysis of 13 As much as 1 mg of 13 was stirred with 200 ul of 7 M ammonium solution
in methanol at 100 °C for one hour. The mixture was concentrated under vacuo and redissolved
with small methanol. Subsequently, the mixture was subjected to HPLC equipped with
Cosmosil® 5Cig-MS-1I (10 mm ID x 250 mm) using gradient systems from 20% to 70%
acetonitrile for 30 minutes to yield a seco-acid methyl ester product of 13, HRESIMS; m/z
951.52 [M+H]" Calc. C41H7aN3O17.

Antibacterial Activity The assay for all compounds has been done in triplicate according to
the Clinical Laboratory Standards Institute testing standard in a 96-well plate microbroth
dilution assay. Compounds were tested against gram negative-bacteria (Escherichia coli
JW5503 and Bukholderia multivorans NBRC 102086) and gram-positive bacteria (Bacillus
cereus NBRC 15305 and Kocuria rhizophila NBRC 12708). After incubation for 22 h (30 °C
), the obtained optical density was recorded using plate reader at 600 nm to determine percent

growth inhibition.
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Figure S3.1 '"H NMR Spectrum of 10 (methanol-ds, 400 MHz)
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Figure S3.2 °C NMR Spectrum of 10 (methanol-dy, 400 MHz)
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Figure S3.3 COSY Spectrum of 10 (methanol-dy4, 400 MHz)
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Figure S3.4 HSQC Spectrum of 10 (methanol-dy, 400 MHz)
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Figure S3.6 MS/MS analysis of compound 7
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Compound Fragment Theoritical Mass (Da) Observed Mass (Da) Error (Da)
1 C49H84N11016+ (-OH) 1082.6097 1082.6476 0.0379
2 C42H72N9013+ (-C7H14N204) 910.5249 910.5720 0.0471
3 C35H60N7010+.H20 (-C14H26N407) 756.4507 756.5720 0.1213
4 C30H53N609+ (-C19H33N508) 641.3874 641.4575 0.0701
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Figure S3.9 MS/MS analysis of compound 10
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20
5
556.4984
Compound Fragment Theoritical Mass (Da) Observed Mass (Da) Ermor (Da)
%0 1 C49H86N11016+ (-OH) 1084.6254 1084.6873 0.0619
7 2 C42H74N9013+ (-C7TH14N204) 912.5406 912.6105 0.0699
3 C35H62N7010+.H20 (-C14H26N407) 758.4663 758.5588 0.0925
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Figure S3.10 MS/MS analysis of compound 11
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Figure S3.17 Reconstruction of null varH002g of Variovorax sp. H002; (A) Reconstruction

of plasmid pGM160::pJH2; and (B) Homologous recombination and successful confirmation
by PCR amplification.
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Figure S4.42 Antibacterial activity of 13-Ga(IIl) against B. multivorans
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Table S3.1 Summary of ichip-domesticated bacterial strains

Ichip Habitats Strains Ichip Habitats Strains
B Soil 86 J Soil 24
C Soil 39 K  Soil 42
D  River stream 92 L Soil 87
E  River stream 40 M  Soil 83
F Soil 120 N Soil 72
G  River stream 75 O  Soil 20
H  Soil 11 P Sponge 177
I Soil 22 Q  Mangrove mud 56

Total 1046

Table S3.2 NMR data of 10 (methanol-d4, 400 MHz)

Pos. dc, type on (mult.) Pos. dc, type on (mult.)

1. N(5)-Ac-N(5)-OH ornithine 5. B-hydroxyaspartic acid

Cl 173.4,C C1 168.5, C

C2  51.6,CH 4.17 (m) C2  55.0,CH 4.61 (m)

C3  29.0,CH, o 1.70(m) Cc3  70.1,CH 3.79 (m)

B 1.56(m) c4  173.0,C

C4 229, CH, 1.53 (m) 6. y-amino acid*

C5 46.5, CH, 3.48 (m) C1 175.5,C

Cé6 170.3, C C2 41.8, CH 2.70 (m)

C7  20.3,CH; 2.09 (s) C3  73.3,CH 3.74 (m)

2. N(5)-Ac-N(5)-OH ornithine C4  49.5,CH 3.92 (m)

Cl 1714,C C5 27.5,CH, 1.22 (m)

C2 51.6,CH 4.35 (m) C6 251,CH o 1.44(m)

C3 298,CH; o 1.61(m) B 1.36(m)
1.50 (m) C7 408,CH; o 3.17(m)

C4 22.8,CH; 1.53 (m) B 3.02(m)

C5 46.8, CH» 3.48 (m) C8 156.5, C=N

C6 1703C C9 11.3,CH; 1.19 (d)

C7  20.3,CHs 2.10 (s) 7. Dodecanoic Acid

3. Proline Cl 172.1,C

Cl 171.3,C C2 355,CH: 2.22 (m)

C2 59.7,CH 4.46 (m) C3 254,CH: 1.31 (m)

C3 298,CH, o 2.23(m) C4  28.7,CH, 1.31 (m)
2.04 (m) C5 28.8,CH; 1.31 (m)

C4 24.1,CH; 1.48 (m) C6  29.0,CH» 1.31 (m)

C5  47.0,CH; 3.48 (m) C7  29.1,CH; 1.31 (m)

4. Serine C8  29.0,CH; 1.31 (m)

Cl 168.5, C C9 29.0, CH» 1.31 (m)

C2  528,CH 4.48 (m) Cl10 31.3,CH, 1.31 (m)

C3 61.8,CH, o 3.61(m) Cll 22.1,CH, 1.31 (m)

B 3.72(m) CI2 14.0, CH; 0.90 (t)
*4-amino-7-guanidino-3-hydroxy-2-methylheptanoic acid
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Table S3.3 List of primers used for preparation of varH002g null mutant.

1 1 S_ 500 SIZC
Primers id Sequences 5°—3 (kb)
Upstream-fw  gccaaaagttggeccagggc TCAGAGGGTTCTTTCCGTGGG 1
Upstream-rv  tcttectggeagataagcttCGTGAACGCCTACGGCCC
]fifwns”eam' cegatgaatggeataagctt TGGGCGGCGCCTCGACGA

1
Rowns”eam' ttttaaggcagttattgete ATGACGACCATGACCGACCACTTCGAC
CmR-fw CACCAATAACTGCCTTAAAAAAATTACG 0.819
CmR-rv GCCCTGGGCCAACTTTTG '
pRED-fw AAGCTTATCTGCCAGGAAG 1625

pRED-rv AAGCTTATCCCATTCATCC

Table S3.4 NMR data 13-Ga(IlI) (methanol-d3, 500 MHz)

Pos. dc, type ou (J in Hz) Pos. oc, type on (mult.)
1. Decanoic Acid 4. N(5)-hydroxy ornithine
Cl 176.4, C Cl 174.0, C
C2 37.3,CH 2.20,t(7.5) C2 55.1,CH 4.45, (m)
C3 26.7, CH; 1.62, m C3 29.0,CH; o 2.12,(m)
C4 23.6, CH; 1.34, m B 1.52,(m)
C5 23.6, CH; 1.32, m C4 245,CH, o 1.97,(m)
C6 23.6, CH, 1.32, m B 1.53,(m)
C7 23.6, CH, 1.32, m C5 529,CH, o 3.38,(m)
C8 23.6, CH, 1.32, m B 3.96,(m)
C9 23.6, CH, 1.32, m C2-NH 7.62,d (6.2)
C10 14.4, CH3 0.87,t(7.0) 5. Hydroxybutyrate
2. y-amino acid* Cl 162.2,C
Cl 175.7,C C2 36.7,CH, o 2.79,dd
C2 43.7, CH, 2.46, (m) B 2.56,dd
C3 74.2, CH 3.81, (m) C3 71.6, CH 4.98, (m)
C4 56.0, CH 3.96, (m) C4 20.5, CH; 1.32,d (6.1)
C5 274,CHy o 2.37,(m) 6. Threonine
B 1.19, (m) Cl 172.5,C
C6 259,CH; o 1.95,(m) C2 60.7, CH 4.34, (m)
B 1.65,(m) C3 67.6, CH 4.27, (m)
C7 51.2, CH» 3.70, (m) C4 20.0, CH; 1.11,d (6.4)
C8 155.0, CH 8.04, (s) C2-NH 7.54,bd
C4-NH 7.89,d(9.5) 7. N(5)-formyl-N(5)-hydroxy ornithine
C3-OH 4.61,d (7.0) Cl 171.6,C
3. Serine C2 56.2, CH 4.04, (m)
Cl 173.6,C C3 322,CHy o 2.51,(m)
C2 58.8, CH 4.23, (m) B 1.85,(m)
C3 62.6 CH, 4.01, (m) C4 29.7,CHy o 1.87,(m)
3.92, (m) B 1.38,(m)
C2-NH 8.39,d(5.4) Cs 51.5,CH, o 3.50,t(12.7)
B 3.98, (m)
C6 154.4, CH 8.13,s
C2-NH 7.11,bd
*4-amino-7-N-hydroxyformyl-3-hydroxy-heptanoic acid
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Table S3.5 NMR data 12-Ga(III) (methanol-d4, 400 MHz)

*4-amino-7-N-hydroxyformyl-3-hydroxy-heptanoic acid

Pos. dc, type on (J in Hz) Pos. dc, type on (mult.)
1. Decanoic Acid 4. N(5)-hydroxy ornithine
Cl 176.3,C Cl 174.0, C
C2 37.3,CH 2.23,t(7.4) C2 55.1,CH 4.46, (m)
C3 33.1, CH» 1.33, (m) C3 29.0,CH, o 2.13,(m)
C4 30.7, CH» 1.33, (m) B 1.52,(m)
C5 30.4, CH» 1.33, (m) C4 246,CH, o 1.97,(m)
C6 27.5, CH, 1.33, (m) B 1.53,(m)
C7 23.8, CH; 1.33, (m) C5 529,CH, o 3.39,(m)
C8 14.5, CH; 0.90, (6.9) B 3.96,(m)
C2-NH 7.62,d (6.2)
5. Hydroxybutyrate
2. y-amino acid* Cl1 162.2,C
Cl 175.7,C C2 36.7,CH; o 2.81,dd(15.0,11.6)
C2 43.7, CH, 2.48, (m) B 2.56,dd(14.8,3.4)d
C3 74.1, CH 3.80, (m) C3 71.7, CH 4.99, (m)
C4 56.0, CH 3.96, (m) C4 20.5, CH; 1.30, (m)
C5 272,CHy o 2.38,(m) 6. Threonine
B 1.19, (m) Cl 172.6,C
C6 259,CH; o 1.95,(m) C2 60.4, CH 4.34, (m)
B 1.65, (m) C3 67.6, CH 4.28, (m)
C7 51.3, CH; 3.71, (m) C4 20.1, CH; 1.12,d (6.4)
C8 155.1, CH 8.04, (s) C2-NH 7.15,bd
C4-NH 7.89,d (9.4) 7. N(5)-formyl-N(5)-hydroxy ornithine
C3-OH n.r. Cl 171.6,C
3. Serine C2 56.2, CH 4.06, (m)
Cl 173.6,C (OX] 322,CHy o 2.52,(m)
C2 58.8, CH 4.25, (m) B 1.85,(m)
C3 62.5 CH, 4.04, (m) C4 29.8,CH, o 1.87,(m)
3.92, (m) B 1.38,(m)
C2-NH 8.41,d (5.4) C5 51.6,CH, o 3.51,(m)
B 3.98, (m)
C6 154.5, CH 8.14, s
C2-NH 7.11 bd
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Table S3.6 NMR data 14 (methanol-d4, 400 MHz)

Pos. dc, type ou (J in Hz) Pos. oc, type on (mult.)
1. Decanoic Acid 4. N(5)-hydroxy ornithine
Cl 176.9, C Cl 175.4,C
C2 37.5,CH 2.23,t(7.4) C2 54.9, CH 4.41, (m)
C3 26.7, CH, 1.62, m C3 29.0,CH, a 1.57-1.83, obs.
C4 23.6, CH, 1.34, m B 1.57-1.83, obs.
Cs 23.6, CH, 1.32,m C4 24.6,CH, o 1.57-1.83, obs.
C6 23.6, CH, 1.32,m B 1.57-1.83, obs.
C7 23.6, CH, 1.32,m Cs 48.7,CH2 o 3.63,(m)
C8 14.5, CH; 0.90, (6.9) B -
C2-NH -
5. Hydroxybutyrate
2. y-amino acid* Cl 174.2,C
Cl 175.0,C C2 42.6,CH, o 2.68,dd
C2 41.6, CH, 2.48, (m) B 2.56,dd
C3 73.0, CH 3.80, (m) C3 65.9, CH 4.20, (m)
C4 54.7, CH 3.96, (m) C4 20.5, CH; 1.18, (m)
C5 272,CH, o 1.57-1.83, obs. 6. Threonine
B 1.57-1.83, obs. Cl 172.8,C
C6 259,CH, o 1.57-1.83, obs. C2 60.7, CH 4.33, (m)
B 1.57-1.83, obs. C3 68.4, CH 4.23, (m)
Cc7 47.6, CH, 3.58, (m) C4 23.7, CH; 1.20, (m)
C8 164.3, CH 8.27, (s) C2-NH -
C4-NH - 7. N(5)-formyl-N(5)-hydroxy ornithine
C3-OH - Cl 174.8,C
3. Serine C2 60.5, CH 4.29, (m)
Cl 173.4,C C3 283,CH; o 1.57-1.83,0bs.
C2 57.8, CH 4.36, (m) B 1.57-1.83, obs.
C3 62.9 CH, 3.77, (m) C4 248,CH; o 1.57-1.83,0bs.
3.88, (m) B 1.57-1.83, obs.
C2-NH - C5 51.0,CH, o 3.52,(m)
C6 159.8, CH 7.93,s
C2-NH -
*4-amino-7-N-hydroxyformyl-3-hydroxy-heptanoic acid; obs. (observed)
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