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Abstract

Natural products derived from microorganisms like bacteria and fungi, are structurally diverse
and represent a rich source for the discovery of new drugs to treat various human diseases,
including infections and cancer. Many microorganisms derived bioactive compounds have been
eventually developed into agents for clinical use. During our continuous research on bioactive
secondary/specialized metabolites from microorganisms, the marine flavobacterium
Tenacibaculum discolor sv11, the plant endophytic bacterium Pseudomonas brassicacearum
Root401 and the fungus Palmiascoma qujingense ST006189 were investigated for their potential
to produce specialized metabolites. Obligate marine flavobacteria of the genus Tenacibaculum
play an important role in marine habitats. However, not much is known about natural products
produced by these bacteria. 7. discolor sv11 was chosen based on antimicrobial activity against B.
subtilis. The P. brassicacearum Root401 genome indicated a high biosynthetic potential to
produce specialized metabolites, especially for nonribosomal peptides (NRPs). The bacterium can
cause disease in salt-stressed Arabidopsis thaliana. The extract of P. qujingense ST006189
contains a variety of chromone derivatives as revealed by LC-MS analysis. In this dissertation the
focus was on the isolation and identification of bioactive secondary metabolites from the cultures
of T. discolor sv11, P. brassicacearum Root401 and P. qujingense ST006189. Furthermore, the
antimicrobial activity and virulence in A. thaliana, as well as the biosynthetic routes of these

metabolites were tested and elucidated in this thesis.

In summary, thirteen new alkaloids were isolated from 7. discolor sv11. A novel sub group of
cyclic lipopeptides was identified from P. brassicacearum Root401. Ten compounds were

obtained from P. qujingense ST006189. The structures of the pure compounds were

v



unambiguously elucidated on the basis of one- and two-dimensional NMR spectroscopy and mass
spectrometry, together with Marfey’s analysis and X-ray crystallography. The pure compounds
were investigated for their antimicrobial activity against bacteria and fungi. For selected
compounds, their anthelmintic activity and virulence in plants was investigated. Putative
biosynthetic gene clusters (BGCs), corresponding to the respective isolated compounds, were
identified based on the bioinformatics analysis of the whole genome data, and the biosynthetic

route was investigated using in vivo and in vitro experiments.
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Chapter 1. Introduction

Chapter 1. Introduction

1.1 Natural products in drug discovery

Natural products represent the most promising resource for the detection of novel bioactive
chemical scaffolds which are exhibiting structural diversity and multifarious bioactivities (Koehn
et al., 2005). Such natural products and their structural analogues have historically made a major
contribution to pharmacotherapy (Atanasov et al., 2021), especially for cancer and infectious
diseases (Atanasov et al., 2015; Harvey et al., 2015). Of the totally 1881 new approved drugs over
the four decades from 1981 to 2019, roughly 40 % of them were unaltered natural products (3.8 %),
semisynthetic natural product derivatives (18.9 %), total synthetic drugs which the pharmacophore
from a natural product (3.2 %), natural product mimic (11 %) and botanical drug (defined mixture,

0.8 %) (Newman et al., 2020).

Dating from the discovery of penicillin in 1928 by Alexander Fleming (Fleming, 1929), natural
products have long been considered as the key source of new drugs against infectious diseases,
especially antibiotics (Hutchings et al., 2019; Miethke et al., 2021; Rossiter et al., 2017). As a most
successful example of recent years, the natural product antibiotic daptomycin should be named. It
is a cyclic lipopeptide that belongs to a class of antibiotics produced by Streptomyces roseosporus
(Debono et al., 1988; Eliopoulos et al., 1986), which was introduced onto the market in 2003 and
now sales more than $1 billion a year (Hutchings et al., 2019). Daptomycin exhibits selectively
antimicrobial activity against most Gram-positive organisms (Steenbergen et al., 2005). It is also
active against multiple antibiotic-resistant strains including methicillin-resistant Staphylococcus
aureus (MRSA), vancomycin-resistant Enterococcus faecium (VREF), and vancomycin-resistant

Staphylococcus aureus (VRSA) (Jevitt et al., 2003). Another example is Fidaxomicin, which is a
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narrow-spectrum  macrocyclic  antibiotic isolated from the fermentation broth of
Dactylosporangium aurantiacum subspecies hamdenensis (Hochlowski et al., 1987). It has been
approved by the FDA for the treatment of Clostridium difficile infection (CDI) in 2011 (Venugopal
et al., 2012). This compound showed strong activity against Clostridium difficile with minimum
inhibitory concentration (MIC) ranging from 0.001 to 1 pg/mL (Goldstein et al.,, 2012).
Fidaxomicin works as an inhibitor of the initiation of bacterial RNA synthesis to block the
initiation only if it binds to its target before the formation of the “open promoter complex,” in
which the template DNA strands have separated but RNA synthesis has not yet begun

(Artsimovitch et al., 2012).

Homobharringtonine, a plant cephalotaxus alkaloid from Cephalotaxus species, was long time
investigated by Chinese researchers from the 1970s on as an active anticancer agent in acute
myeloid leukemia (AML) (Cephalotaxus Research Coordinating Group, 1976; Liu et al., 2009;
Zhang, 1981), myelodysplastic syndrome (MDS) (Wu et al., 2009), acute promyelocytic leukemia
(APL) (Ye et al., 1988), polycythemia vera (Lu et al., 1983), and as intrathecal therapy for central
nervous system (CNS) leukemia (Hou et al.,, 1981). Over 40 years, a semisynthetic
homoharringtonine compound, omacetaxine mepesuccinate, has been studied and was approved
in 2012 by the FDA for patients with chronic myeloid leukemia (CML) refractory to treatment or
intolerant to two or more tyrosine kinase inhibitors (Winer et al., 2018). Plitidepsin is an
unmodified marine natural product, which was approved in Australia for the treatment of multiple
myeloma (Gomes et al., 2020). It most likely acts by binding to the target eukaryotic Elongation
Factor 1A2 (eEF1A2) to exert its antitumor activity (Losada et al., 2016). Besides the treatment of
cancer, homoharringtonine and plitidepsin also showed potent preclinical efficacy against SARS-

CoV-2 (Chen et al., 2021; White et al., 2021). The safety and pharmacokinetic data for them are
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already available and renders these drugs candidates for repurposing approaches, since this should

help to expedite the human clinical trials designed to combat active COVID-19 infection.

Additional to those antibacterial and anticancer agents, many other important drugs, such as the
multiple sclerosis agents siponimod (Scott, 2020) and fingolimod (Brinkmann et al., 2010), the
antidiabetic drugs voglibose (Kawamori et al., 2009) and acarbose (Laube, 2002), as well as the
hypolipidemic agents pravastatin (Jungnickel et al., 1992), lovastatin (Illingworth, 1994) and its
semisynthetic analog simvastatin (Singh et al., 2017), are natural products per se or are derived

from natural products.

HO

Daptomycin  "C Fidaxomicin Homoharringtonine

O\
()
N N
/ o CF N H,N OH
© o) N o
O.__NH - OH
st [e] ‘ D F © (E) OH
" o o ., N_
e O OH W'H)K;:/ r" N
i : 90 o)
o

Plitidepsin Siponimod Fingolimod

OH OH HO, o HO, o

HO_ A
"OH
HO™ ™S
HR
\(\OH

OH

(0]

Voglibose Acarbose Pravastatin Lovastatin Simvastatin

Figure 1.1 Chemical structures of selected drugs of natural origin in clinical use.
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The fact that a huge number of natural products or natural product-derived compounds have
been introduced to the market or are in clinical trials can highlight the existing viability and
significance of the use of natural products as source of new drug candidates (Veeresham, 2012);
obviously, natural products will always remain the most important source of future drug discovery
(Cragg et al., 2013; Newman, 2019). Meanwhile, with the continuing development of novel
technologies such as DNA sequencing, genomics/metagenomics, synthetic biology, genome
editing technologies, computational biology techniques, and artificial intelligence, the discovery
of new natural products and the development of new drugs are greatly accelerated (Atanasov et al.,

2021; Thomford et al., 2018; Zhang et al., 2017).

1.2 Bacteria and fungi as important source of bioactive compounds

Bacteria and fungi, which account for the second and third most of the biomass next to plants
on Earth, respectively, have been always considered as a valuable source of bioactive natural
products (Bar-On et al., 2018; Bills et al., 2016; Sekurova et al., 2019). Microorganisms produced
around 10% (around 22 000) of bioactivity natural products, of which around 62% (about 17% are
metabolites of unicellular bacteria and 45% are products of actinomycetes fermentation) were
produced by bacteria and 38% were produced by fungi (Solecka et al., 2012). These natural
products play an important role in lead discovery and drug development against human diseases,

such as infections, cancer and immune system-related diseases (Sekurova et al., 2019).

The order of filamentous actinomycetales produces about 10,100 (45%) bioactive microbial
compounds, thereunder about 75% (7,600) derived from Streptomyces and 25% (2,500) from the

so called rare actinomycetes (rare actinos), which represents the largest group of bioactive
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microbial metabolites (Solecka et al., 2012). One of the most famous bioactive metabolites
obtained from actinomycetales is streptomycin, an aminoglycoside antibiotic, which was first
discovered by Selman Abraham Waksman and introduced to clinical use for the treatment of
tuberculosis (Schatz et al., 1944). Together with his co-worker H. Boyd Woodruff, Waksman also
discovered actinomycin D from a soil Actinomyces, which has been used as an anticancer drug,
particularly in the treatment of Wilms’ tumor and soft tissue sarcomas in children for more than
50 years (Waksman et al., 1940; Wang et al., 2017). Bleomycin is an anticancer drug currently
used in the treatment of head and neck squamous cell carcinoma, Hodgkin and non-Hodgkin
lymphomas, testicular carcinoma. It is a water soluble glycopeptide produced by Streptomyces
verticillus, which is always associated with many other drugs in the clinical use (Mir et al., 1996;
Umezawa et al., 1967). Mitomycin C was isolated from the broth of Streptomyces caespitosus.
This drug has been approved for treatment of cancers of the bladder, head and neck, lungs, breast,
cervix, colon and rectum, hepatic cell carcinoma and melanoma in addition to stomach and
pancreatic (Bradner, 2001). Besides the use in the cancer treatment, mitomycin C was also widely
used as a chemotherapeutic agent in glaucoma filtration surgery (Wolters et al., 2021).
Tetracyclines are a class of compounds bearing the same octahydrotetracene-2-carboxamide
skeleton, which are either isolated directly from several species of Streptomyces or produced semi-
synthetically from those natural compounds. As an important class of antibiotics, tetracyclines
were used widely in the prophylaxis and therapy of human and animal infections due to their wide
range of activity against Gram-positive and Gram-negative bacteria, chlamydiae, mycoplasmas,
rickettsiae and protozoan parasites. The most recently approved tetracyclines are tigecycline and
omadacycline, which were approved by the FDA in 2005 and 2018, respectively (Burgos et al.,

2019; Chopra et al., 2001; Pankey, 2005). The anthracyclines are a class of antitumor drugs
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extracted from Streptomyces with the widest spectrum of activity in human cancers, and only a
few cancers (e.g., colon cancer) are unresponsive to them. Doxorubicin reigns in this drug class as
the one having the most proven cancerocidal effect at present (Venkatesh et al., 2019). Rapamycin,
also known as sirolimus, is a macrolide isolated from Streptomyces hygroscopicus and used as
immunosuppressive agent to prevent organ transplant rejection. This drug is also used to treat
(Wagner et al., 2021) a rare lung disease called lymphangioleiomyomatosis (Landh et al., 2022;
Mahalati et al., 2001; Vezina et al., 1975). Streptozotocin was discovered from the fermentation
broth of Streptomyces achromogenes in 1959 and approved by the FDA for the treatment of
pancreatic neuroendocrine tumors (panNETs) in 1982. 40 years after its approval, this agent
remains one of the first-line treatment of patients with panNETs (Capdevila et al., 2022). Other
than the clinical use, streptozotocin also has been used for inducing insulitis and diabetes on
experimental animals and for modeling Alzheimer's disease through memory loss in mice (Costa

et al., 2016; Furman, 2015; Rossini et al., 1977).
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Figure 1.2 Chemical structures of selected natural products originated in bacteria.

Except for those important drugs developed from Streptomyces, other bacteria also produce a

lot of bioactive compounds. These natural products or their derivatives have been introducedto the

market or are in clinical trials, these include, but are by no means limited to, romidepsin,

salinosporamide A, diazepinomicin, mupirocin, patupilone and its synthetic derivative ixabepilone

and sagopilone. Romidepsin is a histone deacetylase inhibitor isolated from Chromobacterium

violaceum and used for the treatment of adult patients with cutaneous T-cell lymphoma (CTCL)
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or peripheral T-cell lymphoma (PTCL) (Shigematsu et al., 1994; Ueda, Manda, et al., 1994; Ueda,
Nakajima, et al., 1994; Yang, 2011). Salinosporamide A is a potent proteasome inhibitor isolated
from a marine bacterium Salinispora tropica CNB-392in 2003 (Feling et al., 2003), which entered
in human clinical trials for the treatment of multiple myeloma and newly diagnosed glioblastoma
(Badros et al., 2017; Bota et al., 2021; Roth et al., 2021). Diazepinomicin is a dibenzodiazepine
alkaloid originally isolated from marine Micromonospora strain DPJ12 (Charan et al., 2004). It
was generally safe and well tolerated in a Phase II trial in patients with Glioblastoma Multiforme
(Mason et al., 2010). Mupirocin, a topical antibiotic agent isolated from Pseudomonas fluorescens
and used in the treatment of impetigo caused by Staphylococcus aureus and Streptococcus
pyogenes and traumatic skin lesions due to secondary skin infections caused by S. aureus and S.
pyogenes (Lamb, 1991). Patupilone is produced by a myxobacterial Sorangium cellulosum strain
(Conlin et al., 2007). A Phase III study by Novartis to assess the ability of patupilone to extend the
survival time and potential beneficial effects in women who have nonresponsive or recurrent
ovarian, primary fallopian, or primary peritoneal cancer was completed in 2010, while it has not
yet been approved for clinical use (Colombo et al., 2012). Ixabepilone is a semi-synthetic analog
of patupilone, which has been approved for use as a monotherapy or in combination with
capecitabine for the treatment of metastatic or locally advanced breast cancer after failure of an
anthracycline and a taxane therapy (Ibrahim, 2021). Sagopilone is another synthetic derivative of
patupilone, which has completed a Phase II study for the treatment of patients with recurrent

malignant gliomas (Silvani et al., 2009).

Fungal secondary metabolites also have revolutionized medicine, yielding blockbuster drugs
and drug leads of enormous therapeutic potential. Hence, a series of structural diverse bioactive

metabolites has played a vital role in the pharmaceutical industry. An example is griseofulvin that
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is derived from the mold Penicillium griseofulvum and has been in clinical use for treatment of
fungal infections of the skin, hair, and nails. It acts by binding to tubulin, interfering with
microtubule function, thus inhibiting mitosis (Grove et al., 1952; Gull et al., 1973). Recently,
griseofulvin has attracted renewed attention due to reports of complementary bioactivity including
antiviral and anticancer effects (Jin et al., 2008; Rebacz et al., 2007). Cyclosporine is a peptide
composed of 11 amino acids, which was first isolated from the soil fungus Tolypocladium inflatum
Gams in 1972 (Borel et al., 1995). It is used as an immunosuppressant in organ and tissue
transplantation surgery, to prevent rejection following bone marrow, kidney, liver and heart
transplantations (Cohen et al., 1984; Tribe, 1998). Fusidic acid was isolated for the first time in
1962 from the fermentation broth of Fusidium coccineumis (Godtfredsen et al., 1962), it is a
steroid-like antibiotic, which is active against resistant bacterial strains, including penicillin-,
methicillin-, ampicillin- and cloxacillin-resistant Staphylococcus aureus (Bonamonte et al., 2014;
Long, 2008). In addition, it shows in vitro activity against many Gram-positive bacteria, including
Nocardia spp., Mycobacteriumn tuberculosis, Neisseria spp. and some anaerobic bacterial
pathogens (Akinpelu et al., 2020; Black et al., 1971; Canzi et al., 1987; Collignon et al., 1999).
Due to its strong antibiotic activity, fusidic acid was introduced to the market with a variety of
formulations for oral, intravenous and topical use (Turnidge, 1999). Enfumafungin is a triterpene
glycoside natural product produced by the fungus Hormonema carpetanum, which was found to
have potent antifungal activity in vitro (Kuhnert et al., 2018; Pelaez et al., 2000; Schwartz et al.,
2000). However, it showed limited stability in vivo. Semi-synthetic modification of enfumafungin
resulted in improvement of oral bioavailability and PK properties; thereby, leading to the discovery

of ibrexafungerp, which was approved for medical use in 2021 for the treatment of vulvovaginal
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candidiasis and considered to be a first-in-class medication (Gamal et al., 2021; Lee, 2021; Phillips

et al., 2023).

Traditionally, novel compounds produced by bacteria and fungi were discovered via
conventional bioprospecting based on isolation of potential producers and screening their
bioactivities, which lead to the rediscovery of known compounds over and over again. However,
there is an increasing demand for new lead structures due to the global antibiotic resistance crisis
and the side effects of many approved agents. One approach to tackle this challenge is mining the
potential of uncultured environmental microbes, which were previously unknown or unculturable
to produce bioactive secondary metabolites (Liu et al., 2022; Sekurova et al., 2019).The discovery
of teixobactin is a good example in which a novel approach was used to mine the potential of
previously unculturable bacteria. Teixobactin is a peptide isolated from Eleftheria terrae with
activity against Gram-positive organisms. The producer strain was isolated using a new tool, the
1Chip which allows to place individual bacterial cells from environmental samples into specially
designed diffusion chambers (Ling et al., 2015). The future for scientists to discovery novel drug
candidates from unknown or unculturable bacteria and fungi looks bright due to the high genetic
potential of those bacteria to produce secondary metabolites (Crits-Christoph et al., 2018; Paoli et

al., 2022; Scherlach et al., 2021; Wiemann et al., 2014).

1.3 Nitrogen-containing heterocycles is a special and important class of

bioactive compounds

Nitrogen-containing heterocycles are a class of structurally diverse small molecules that can be
commonly encountered in natural products and these natural products and their derivatives are

often found to show diverse significant biological activities (Ebenezer et al., 2022; Jin, 2016).

10
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Besides for their structural and biological activities diversity, nitrogen-containing scaffolds also
showed their amenability to semi-synthesis, total-synthesis and further structural modification
(Henary et al., 2020). Many of these naturally occurring heterocycles and their derivatives have

gained special attention with a remarkable history of therapeutic applications.

N
~ K
f -
R HN/(\/
b @@L
cl N7 SN cl

Morphine Hydromorphone: R=H Quinine Mepacrine Chloroquine
Oxymorphone: R=OH

=
= “ | « NH - X
e L) < S o o
N N LN A~ N )
F cl N cl P HN NH
- NN T/\A X
FIF
Mefloquine Amodiaquine Piperaquine Pyronaridine Tafenoquine
R, S R,
r_N s R R R
¥ O, Y pro SN w S T
N/ N VRN N_/ D
" o " o0H \QOH RS N‘ N> R1)T5N’©\/OH
o' ° HO" N0
R, R, R, R,
Penicilins Cephalosporins ~ Monobactams Carbapenems Penems Mercaptopurine: R= H Cladribine: NH, CI H H

Thioguanine: R=NH, Clofarabine: NH, CI H F
Fludarabine: NH, F H OH
Nelarabine: OMe NH, H OH
Vidarabine: NH, H H OH

N NH, OJ\
o) o) HN-N
HN N o >/ 3/0 %%J’N o\\ﬁﬁo Ny CI%N NN H2N\é,o O\g,?
PR \ ’\? 0.9 PO~ A B O P H
N }C}Bgo¥o/ o j) @/d jﬂ - /L )

HN

N NH, O c N

Acyclovir Tenofovir disoproxil Tenofovir Alafenamide Losartan Hydrochlorothiazide

HO__~o

Figure 1.3 Chemical structures of selected nitrogen-containing heterocycles in clinical use.

One of such famous compounds is the well-known compound morphine, which is bearing a

piperidine ring and was mainly used as analgesic since 1827. It is generally considered to be the
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first active natural product from plants, which was isolated as pure compound - already in 1804
(Joule, 2016). Another famous plant plant-derived natural product, which has a long history in
clinical use is quinine, an alkaloid with a quinoline moiety which that remains an important anti-
malarial drug almost 400 years after its effectiveness was first documented (Achan et al., 2011).
Since the isolation of quinine in 1820, a number of other natural and synthetic quinoline-containing
heterocycles have been developed as anti-malarial drugs, they are e.g. mepacrine, chloroquine,
mefloquine, amodiaquine, piperaquine, pyronaridine and tafenoquine (Tse et al., 2019). The
classes of B-lactam antibiotics, in which the nitrogen atom is attached to the B-carbon atom relative
to the carbonyl are preeminent in the treatment of bacterial infection due to their unparalleled
clinical efficacy and clinical safety. Following the discovery of the penicillin, a serious of B-lactam
antibiotics has been introduced to therapy. They are classified into the following families based on
the chemical nature of the ring fused to the B-lactam pharmacophore unit: penicillins family,
cephalosporins family, monobactams family, carbapenems family and penems family (Lima et al.,
2020). These antibiotic agents have evolved over the last 70 years and remain one of the most
commonly prescribed drug classes (Turner et al., 2022). It has been calculated that the annual
expenditure for these antibiotics amounts to approximately $15 billion USD, and it makes up 65%

of the total antibiotics market (Thakuria et al., 2013).

Purine analogs are an important class of drugs, all of the purine drugs are either approved as
anticancer or antiretroviral agents (Vitaku et al., 2014). These agents, such as mercaptopurine,
thioguanine, cladribine, clofarabine, fludarabine and nelarabine, display high efficacy in the
treatment of hematological malignancies, especially in chronic lymphocytic leukemia (CLL) and
low-grade non-Hodgkin’s lymphomas (LG-NHL) (Robak et al., 2005). Vidarabine and acyclovir

are used in the treatment of varicella-zoster virus (VZV) infection (Miwa et al., 2005). Tenofovir

12



Chapter 1. Introduction

disoproxil and tenofovir alafenamide are newer, more tolerable, nucleotide reverse transcriptase
inhibitors for the treatment of HIV infection and are used in combination with other drugs, such
as emtricitabine, lamivudine, elvitegravir and cobicistat (Wassner et al., 2020). Sartans are a class
of Angiotensin II type 1 receptor antagonists (ARBs), which were introduced in the treatment of
cardiovascular diseases. These agents are used alone or in combination with other classes of
antihypertensives for the treatment of hypertension and are used in the treatment of diabetic
nephropathy ion hypertensive patients with type 2 diabetes mellitus, as well as in the treatment of
congestive heart failure (Muszalska et al., 2014). Losartan is the prototype of this class of drugs,
which was approved in 1995. Thiazide diuretics are another important class of tolerated efficient
antihypertensive drugs. These diuretics effectively decrease blood pressure in hypertensive
patients, and reduce in adults with hypertension the risk of adverse cardiovascular outcomes
(Blowey, 2016). Among them, hydrochlorothiazide is the most common used thiazide diuretic in
the treatment of primary hypertension. It has been used clinically for more than half a century and

is relatively very safe (Herman et al., 2021).

The number of nitrogen-containing heterocycles applied in medicine is growing daily and their
diverse analogs provide a viable and important path for the discovery of drugs with various
biological applications. Therefore, a large amount of work has been made towards N-heterocyclic
skeleton medicinal chemistry (Kerru et al., 2020). According to the in-depth analysis of Jon’s
Group based on the database of all U.S. FDA approved pharmaceuticals, 59% (640) of unique
small-molecule drugs (1035) contain at least one nitrogen heterocycle (Vitaku et al., 2014).
Research and development of nitrogen-containing heterocycles in medicinal chemistry has become

and will still be a rapidly developing and increasingly active topic.
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1.4 Mining the biosynthetic potential as a promising strategy to enlarge the

repertoire of bioactive compounds

Traditionally, natural products were isolated from microbes and plants mainly by bioactivity-
guided approaches. However, in the last decades it became more challenging to detect novel
compounds, since re-discovery rates of the known metabolites increased (Katz et al., 2016). The
search for novel drugs turned to chemical synthesis and modification of known structures. Initially,
the success rates were high; however, antibiotics represent a special case, since no new compound
that entered the market was identified by this approach (Geers et al., 2021; Shoichet, 2004). On
the other hand, many drugs currently in use are losing their efficacy due to resistance development
(Davies et al., 2010). Therefore, there is still an unmet need for novel lead structures. Therefore,
beside bioactivity-guided approaches, other promising strategies must be employed to enlarge the

repertoire of bioactive compounds: One is mining the biosynthetic potential of microorganisms.

The progress in sequencing technologies enabled us to get insights into the biosynthetic potential
of bacteria, fungi and even higher organisms to produce specialized metabolites. It became clear
that the genetic potential is much larger than what is observed under laboratory conditions
(Scherlach & Hertweck, 2021). Activating the expression of biosynthetic gene clusters (BGCs),
which are silent under standard laboratory growth conditions is important to achieve the full
potential for the discovery of novel microbial natural products. For this purpose, pleiotropic
methods have been developed, including variation of growth conditions, engineering the
transcription and translation machinery, manipulating global regulators and epigenetic

perturbation, together with different pathway-specific methods such as manipulating pathway-
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specific regulators, reporter-guided mutant selection, refactoring and heterologous expression

(Rutledge et al., 2015).

Historically, microorganisms from the soil (especially soil-derived actinobacteria, see above)
played an important role in the drug discovery which led the “Golden era of antibiotic discovery”,
while most of these drugs are derived from a few microbial taxa, the biosynthetic potential of the
vast majority of bacteria in soil has rarely been investigated (Geers et al., 2021). Genome-mining
based on the construction and screening of complex libraries derived from the soil metagenome
provides opportunities to fully explore and exploit the enormous genetic and metabolic diversity
of soil microorganisms (Daniel, 2004). Alexander and his co-workers reconstructed hundreds of
near-complete genomes from grassland soil metagenomes and identify microorganisms including
the newly identified members of the Acidobacteria, Verrucomicobia and Gemmatimonadetes, and
the candidate phylum Rokubacteria from previously understudied phyla, large numbers of
biosynthetic genes were characterized in these newly identified members (Crits-Christoph et al.,
2018). Apart from soil microorganisms, the ocean microorganisms also possess high biosynthetic
potential. Lucas et al. investigated the diversity and novelty of biosynthetic gene clusters in the
ocean by integrating around 10,000 microbial genomes from cultivated and single cells with more
than 25,000 newly reconstructed draft genomes from more than 1,000 seawater samples, Their
research revealed approximately 40,000 putatively new biosynthetic gene clusters, several of

which were found in previously unsuspected phylogenetic groups (Paoli et al., 2022).

Advances in genomics and bioinformatics will reinvigorate the natural product research from
bioactivity-guided strategy to genome-guided strategy. A huge number of novel chemical scaffolds
has been and will be discovered through mining the biosynthetic potential hidden in the silent

BGCs and both culturable and unculturable microorganisms. There will be a golden age of
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genomics-driven drug and agrochemical discovery with the ongoing development of innovative
culturing methods, efficient genome sequencing and editing, and optimized expression systems,

along with more sensitive chemical analytics.
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Discovery and Biosynthesis of Antimicrobial Phenethylamine Alkaloids from the Marine

Flavobacterium Zenacibaculum discolor sv11

Lei Wang, Virginia Linares-Otoya, Yang Liu,* Ute Mettal, Michael Marner, Lizbeth
Armas-Mantilla, Sabine Willbold, Tibor Kurtan, Luis Linares-Otoya,* and Till F.
Schéberle*

J. Nat. Prod. 2022, 85, 1039—-1051

In this chapter, we investigated 7. discolor sv11, a marine flavobacterium isolated from seaweed
Chandracanthus chamisoii collected from the Huanchaco estuarine region located at Paracas Bay
in Peru, to produce antimicrobial metabolites. We described the bacterial strain isolation and
bioactivity-guided compound purification, as well as the structure elucidation and antimicrobial
activity of isolated compounds. We also investigated the biosynthetic route toward two new
imidazolium-containing alkaloids named discolins A and B, using in vivo and in vitro experiments.

Furthermore, the proposed biosynthetic pathway of other isolated compounds is discussed.

In summary, 26 strains belonging to four different Tenacibaculum species were isolated from
the seaweed Chandracanthus chamisoii from the Huanchaco estuarine region and Paracas Bay,
Peru. Initial screening for antimicrobial activity revealed that the culture of 7. discolor svll
displayed strong inhibitory activity against Bacillus subtilis JH642. T. discolor sv11 was selected

for culture optimization and bioactivity-guided isolation that enabled the identification of six new
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phenethylamine (PEA)-containing alkaloids: discolins A and B, dispyridine, dispyrrolopyridine
A-B and dispyrrole. Their antimicrobial activity was investigated against bacteria (Bacillus subtilis
DSM10, Mpycobacterium smegmatis ATCC607, Listeria monocytogenes DSM20600,
Staphylococcus aureus ATCC25923, and Escherichia coli ATCC25922 wild type and efflux pump
deficient AtolC strain), against fungi (Candida albicans FH2173 and Aspergillus flavus
ATCC9170), and anthelmintic activity against the model organism Caenorhabditis elegans N2.
Among them, discolin A and discolin B showed moderate activity against B. subtilis and M.
smegmatis with MIC values ranging from 8 pg/mL to 32 pg/mL. Dispyrrolopyridine A and
dispyrrolopyridine B exhibited strong activity against all tested gram-positive indicator strains (i.e.,
B. subtilis, M. smegmatis, L. monocytogenes and S. aureus) with MIC values ranging from 0.5
pg/mL to 4 pg/mL and moderate activity against the yeast C. albicans and the spore forming mold
A. flavus (MIC values from 1 pg/mL to 16 pg/mL). Dispyrrole showed antibacterial activities
against all tested gram-positive bacteria with MIC values from 4 pg/mL to 8 pg/mL. Furthermore,
dispyrrolopyridine A was also active against E. coli ATCC25922 AtolC (8 pg/mL), while the wild
type strain was not inhibited at the highest tested concentration. Moreover, dispyrolopyridine A
was also the only tested metabolite possessing bioactivity against C. elegans N2 with a MIC value

of 32 pug/mL. Dispyridine was inactive against the all the tested microorganisms.

The in vivo (heterologous expression) and in vitro (enzymatic reactions) experiments indicated
that PEA was an intermediate building block in the biosynthesis of discolin A and discolin B. It
comprises an enzymatic decarboxylation of phenylalanine to PEA, catalyzed by the decarboxylase
DisA, followed by a non-enzymatic condensation to form the central imidazolium ring. This
spontaneous formation of the imidazolium core was verified by means of a synthetic one pot

reaction using the respective building blocks.
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ABSTRACT: The bacterial genus Tenacibaculum has been
associated with various ecological roles in marine environments.
Members of this genus can act, for example, as pathogens, predators,
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A and B (1 and 2), dispyridine (3), dispyrrolopyridine A and B (4 N C; Cz zH
and §), and dispyrrole (6), were isolated from media produced by 6o
the predatory bacterium Tenacibaculum discolor svl1l. Chemical “':;',':?rf,';;,i”' “:.':::}f.';:"'

nematicidal activity

structures were elucidated by analysis of spectroscopic data.
Alkaloids 4 and $ exhibited strong activity against Gram-positive
Bacillus subtilis DSM10, Mycobacterium smegmatis ATCC607, Listeria monocytogenes DSM20600, and Staphylococcus aureus
ATCC25923, with minimum inhibitory concentration (MIC) values ranging from 0.5 to 4 ug/mL, and moderate activity against
Candida albicans FH2173 and Aspergillus flavus ATCC9170. Compound 6 displayed moderate antibacterial activities against Gram-
positive bacteria. Dispyrrolopyridine A (4) was active against efflux pump deficient Escherichia coli ATCC25922 AtolC, with an MIC
value of 8 ug/mL, as well as against Caenorhabditis elegans N2 with an MIC value of 32 ug/mL. Other compounds were inactive
against these microorganisms. The biosynthetic route toward discolins A and B (1 and 2) was investigated using in vivo and in vitro
experiments. It comprises an enzymatic decarboxylation of phenylalanine to PEA catalyzed by DisA, followed by a nonenzymatic
condensation to form the central imidazolium ring. This spontaneous formation of the imidazolium core was verified by means of a
synthetic one-pot reaction using the respective building blocks. Six additional strains belonging to three Tenacibaculum species were
able to produce discolins, and several DisA analogues were identified in various marine flavobacterial genera, suggesting the
widespread presence of PEA-derived compounds in marine ecosystems.

Marine bacteria have already proven themselves as a
promising source of novel bioactive molecules with
great potential for application in pharmaceutical and
biotechnological industries." For instance, the actinobacterial
genus Salinispora has been recognized as a great producer of
bioactive compounds including salinosporamide A, a potential
anticancer agent currently undergoing phase I human clinical
trials.” Other taxa such as Proteobacteria (e.g, Pseudoalter-
omonas,” Myxobacteria, Phaeobacter’) and cyanobacteria®
were also reported as producers of dozens of diverse bioactive
specialized metabolites.

In the last years, there has been increasing evidence for the
relevant role of marine bacteria belonging to the Bacteroidetes
phylum in the chemical ecology of the oceans.” Besides their
contribution to the nutrient cycling and degradation of
complex polymers,” their role as mediators of different
interorganismic interactions has been highlighted.® For
instance, marine flavobacterial strains belonging to the

© 2022 American Chemical Society and
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Euzebyella® (annotated as Cytophaga sp.) and Maribacter'
genera produce thallusin, a morphogenetic sesquiterpene that
induces thallus differentiation in macroalgae, e.g., germination
of the green Ulva algae even at picomolar concentrations.'®
The flavobacterial strain Candidatus Endobryopsis kahalalidefa-
ciens is an obligate endosymbiont of the green algae genus
Bryopsis. This bacterium produces several cytotoxic peptides,
i.e,, the kahalalides,"" that are later ingested and accumulated
by the mollusk Elysia rufescens, which uses it for its own
chemical defense.
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Obligate marine flavobacteria belonging to the genus
Tenacibaculum have been isolated ubiquitously from the
surface of larger organisms such as sea squirt,'> fish," algae,
and sponge. " It has been reported as the etiologic agent of
tenacibaculosis, a disease that affects several fish spec1es and
causes serious economic losses for the fish industry."> It was
also connected to a recent outbreak of the sea star wasting
disease (SSWD), one of the largest marine epizootics in
history. ¢ In addition, the genus Tenacibaculum exhibits an
epiphytic predatory behavior against several marine bacterial
strains.

Despite this impact on marine habitats, not much is known
about natural products produced by these bacteria. In the
present work, we investigated the potential of Tenacibaculum
discolor sv11 for the production of antimicrobial metabolites.
For this purpose, an isolation project was carried out using
samples of the seaweed Chandracanthus chamisoii collected
from the Huanchaco estuarine region and Paracas Bay, Peru.
Therefrom, a collection of 26 strains belonging to four
different Tenacibaculum species was obtained. Initial screening
for antimicrobial activity revealed that over half of the strains
produced compounds with inhibitory activity. T. discolor sv11
was selected for culture optimization and bioactivity-guided
isolation that enabled the identification of new alkaloids 1—6,
of which compounds 4—6 showed promising bioactivity.
Furthermore, the biosynthetic basis for the production of these
molecules was investigated.

QLV\ N‘ & N N*
5

B RESULTS AND DISCUSSION

Bacterial Strain Isolation and Bioactivity-Guided
Compound Purification. Overall, 450 axenic bacterial strains
were obtained in a bacteria strains isolation campaign. Samples
were collected from the Huanchaco estuarine region
(dominated by the seaweed C. chamisoii) and a sand beach
located at Paracas Bay, Peru. From these isolates, 32 strains
were selected based on the iridescent pattern characteristic of
several flavobacterial genera.'® The identification of selected
strains by 16S rRNA gene sequencing confirmed that 26 strains
belonged to the Tenacibaculum genus (T. discolor, T.
mesophilum, T. litoreum, and T. ascidiacicola).

First, activity screening was performed using ethyl acetate
(EtOACc) extracts of the cultures. In an agar diffusion test, 15
out of 26 strains showed antimicrobial activity against several
Gram-positive test strains (i.e., Micrococcus luteus ATCC4698,
Bacillus subtilis JH642, and Bacillus megaterium DSM32).
Among the most active isolates, T. discolor sv11 was chosen for
culture optimization, e.g, using different media (n = 3) and
variable times of growth (1—10 days). The highest activity

1040

against B. subtilis was observed after cultivation in LB medium
prepared with artificial seawater and supplemented with trace
elements and vitamin B,.

On the basis of these results, T. discolor svl1 was cultivated
on a large scale (36 L) at 30 °C and 180 rpm for 8 days. It was
subsequently extracted with EtOAc to yield 11.9 g of crude
extract. By activity-guided isolation, the crude extract was
subjected to chromatographic purification, using first reversed-
phase silica gel and Sephadex LH-20, followed by semi-
preparative high-performance liquid chromatography (HPLC)
to yield six new minor constituents.

Structure Elucidation. Compound 1 was obtained as a
colorless oil. The UV absorption (A, 280 nm) was
attributable to substituted aromatic chromophores. According
to the 'H NMR and correlated spectroscopy (COSY) spectra,
hydrogen signals at 8y 7.32 and oy 7.19 ppm were connected
to aromatic rings (Table 1). Furthermore, the heteronuclear
single quantum coherence (HSQC) spectrum of compound 1
revealed six methylene groups resonating at &y 4.29 (H-8'/
8'"), 84 2.94 (H-7'/7""), 84 2.55 (H-6), and & 1.39 ppm (H-
7), as well as three methyl groups resonating at & 2.12 (H-9/
10) and &;; 0.89 ppm (H-8). Analysis of the one-dimensional
(1D) and two-dimensional (2D) NMR spectra of compound 1
indicated two identical phenylethyl moieties, elucidated based
on the heteronuclear multiple bond correlations (HMBC)
from H-7’ to C-1/, C-2’, and C-6’ and from H-8' to C-7" and
C-1’, as well as from H-7"" to C-1"’, C-2"’, and C-6"" and from
H-8"" to C-7"" and C-1"". In the COSY spectrum, a propyl spin
system was observed from H-8 to H-7 to H-6, which was
further confirmed by HMBC correlations from H-8 to C-6 and
from H-7 to C-2, as well as from H-6 to C-2. The remaining
two methyl groups, and the two above-mentioned phenylethyl
moieties, were located on the imidazolium ring, as deduced by
HMBC correlations from both H-9 and H-10 to C-4 and C-§,
from H-8' to C-2 and C-$, and from H-8"' to C-2 and C-4
(Figure 1). The high-resolution electrospray mass spectrom-
etry (HR-ESI-MS) spectrum of 1 showed a molecular ion peak
[M]* at m/z 347.2472, indicating that the molecule itself is
positively charged and possesses a molecular formula of
C,4H;;N,". On the basis of the analysis of spectroscopic data,
compound 1 was identified as 4,5-dimethy-1,3-diphenylethyl-
2-propylimidazolium, for which we propose the name discolin

Compound 2 was also obtained as a colorless oil. The
prominent peak [M]" at m/z 361.2640 in the HR-ESI-MS
spectrum indicated a 14 Da difference compared to compound
1, supporting the molecular formula of C,sH;;N,*. The NMR
data of 2 revealed a close similarity to those of 1 (Table 1),
except for one additional methylene group at dy; 2.59 ppm and
one methyl group shifted from Jy 2.12 to dyy 1.16 ppm. These
spectral differences suggest that 2 features the same molecular
skeleton as 1 but bears an ethyl group rather than a methyl
group, which accounts for the 14 Da molecular weight
difference observed between both compounds. The differences
of compound 2 were confirmed by COSY correlation between
H-9 and H-10, as well as by HMBC correlations from H-9 to
C-4 and C-$ (Figure 1). Hence, compound 2 was identified as
4-ethyl-S-methyl-1,3-diphenylethyl-2-propylimidazolium, for
which the name discolin B was proposed.

To the best of our knowledge, such a class of alkaloids has
not been reported before from any bacterial source. However,
structurally related alkaloids named lepidilines A—D were
isolated from the roots of the Andean plant Lepidium meyenii

https://doi.org/10.1021/acs jnatprod.1c01173
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Table 1. 'H and '*C NMR Data of Compounds 1 and 2

1“ 2

no. d¢, type 8y mult. (J in Hz) 8y mult. (J in Hz)¢ O, type Sy mult. (J in Hz)
2 144.92, C 146.64, C
4 125.64, C 132.77, C
5 125.64, C 127.78, C
6 23.98, CH, 255, (8.2) 237, t (82) 25.87, CH, 2.39, t (8.2)
7 2077, CH, 1.39, dq (15.1, 7.3) 1.42, dq (15.1, 7.3) 21.93, CH, 1.46, dq (15.1, 7.4)
8 13.44, CH, 0.89, t (7.3) 093, t (7.3) 1391, CH, 0.94, t (7.3)
9 7.93, CH, 212,s 211,s 1697, CH, 2.59, q (7.6)
10 7.93, CH, 2.12, s 211, s 13.95, CH, 1.16, t (7.6)
11 8.39, CH, 2.0, s
/1" 136.93, C 138.01/130.08, C
2/ 129.03, CH 7.19, m 7.12, dd (7.8, 1.5) 130.02/130.12, CH 7.12, m
3'/3" 128.62, CH 7.32, m 7.33, m 130.14/130.18, CH 7.34, m
4/4" 127.06, CH 7.30, dt (7.0, 1.5) 731, m 128.62/128.65, CH 731, m
5'/5" 128.62, CH 732, m 733, m 130.14/130.18, CH 7.34, m
6'/6" 129.03, CH 7.19, m 7.12, dd (7.8, 1.5) 130.02/130.12, CH 712, m
7'/7" 35.04, CH, 294, t (7.2) 301, t (6.8) 36.74/37.42, CH, 301, td (69, 1.8)
8'/8" 46.04, CH, 429, ¢ (7.2) 430, t (6.8) 47.81/47.88, CH, 431, t (6.9)

“IH at 400 MHz and *C at 100 MHz in DMSO-dq. “'H at 600 MHz and *C at 150 MHz in CD,0D. “'H at 400 MHz in CD,0D.

—"H-"H cosY

Figure 1. Selected HMBC and 'H—'H COSY correlations of
compounds 1-6.

“maca”.'”*° Despite the topological similarity, some structural

differences can be noted: The carbon chains connecting the
phenyl moiety to the central imidazolium ring are elongated by
one C atom in discolins A and B. In addition, the aliphatic side
chains of the imidazolium ring differ in size between discolins
and lepidilines. In the case of lepidiline C and D an additional
methoxylation of the phenyl ring is observed.

Compound 3 was obtained as a colorless oil. The HR-ESI-
MS of 3 showed a molecular ion peak [M]" at m/z 282.2215,
indicating a molecular formula C,H,(N" with a degree of
unsaturation of 8. Detailed analysis of the 1D and 2D NMR
spectra revealed one phenylethyl moiety, one propyl group,
and two ethyl groups. Compared to compound 1, the
phenylethyl moiety was confirmed by HMBC correlations

Table 2. "H NMR and "*C NMR Data of Compound 3

no. 8¢, type” Sy, mult. (J in Hz)®
2 15528, C

3 145.20, C

4 146.39, CH 822, s

S 14322, C

6 143.69, CH 822, s

7 31.34, CH, 292, m

8 23.34, CH, 1.67, dq (1622, 7.3)
9 14.34, CH, 112, t (7.3)

10 2624, CH, 2.85, q (7.5)

11 14.89, CH, 1.30, t (7.5)

12 2624, CH, 2.69, t (7.6)

13 14.68, CH, 1.17, t (7.6)

g 137.04, C

2 130.10, CH 7.05, dd (6.6, 2.9)
¥ 128.75, CH 7.28, m

4 130.18, CH 7.29, m

s 128.75, CH 7.28, m

6 130.10, CH 7.05, dd (6.6, 2.9)
g 37.99, CH, 3.28,t (6.9)

8’ 60.53, CH, 4.83,t (6.9)

e, typeb Sy, mult. (J in Hz)”
154.83, C

144.49, C

146.00, CH 8.36, d (1.8)
142.73, C

144.05, CH 8.81,d (1.9)
31.10, CH, 3.10, m
23.02, CH, 176, m
1435, CH, 112, t (7.3)
25.89, CH, 294, q (7.5)
14.87, CH, 131, t (7.5)
25.89, CH, 2.78, q (7.6)
14.66, CH, 121, (7.6)
137.1, C

130.04, CH 7.22, m
128.24, CH 7.30, m
129.74, CH 7.30, m
128.24, CH 7.30, m
130.04, CH 7.22, m
37.85, CH, 3.41,t (7.2)
60.03, CH, 5.07,t (7.2)

“IH at 400 MHz and *C at 100 MHz in CD;0D. ”'H at 400 MHz and *C at 100 MHz in acetone-d;.

https://doi.org/10.1021/acs jnatprod.1c01173
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Table 3. '"H and '*C NMR Data of Compounds 4 and 5
4“ 5b
no. d¢, type Sy, mult. (J in Hz) b¢c Sy, mult. (J in Hz)
la 13645, C 13894, C
2 95.09, CH 679, s 95.32, CH 6.64, s
3 156.83, C 156.10, C
4a 135.54, C 13261, C
5 123.94, CH 8.18, s 14395, C
6 13133, C 127.62, C
7 136.22, CH 8.24,d (1.2) 137.46, CH 8.04, s
8 29.89, CH, 273, t (7.7) 30.10, CH, 249, t (7.8)
9 2220, CH, 1.82, m 21.98, CH, 170, m
10 1421, CH, 1.07,t (7.4) 14.15, CH, 0.99, t (7.4)
11 31.06, CH, 3.13, m
12 24.62, CH, 1.62, m
13 14.17, CH, 1.08, t (7.3)
14 16.48, CH, 240, s
g 13775, C 137.77, C
2 130.02, CH 723, m 129.89, CH 6.99, m
3 128.50, CH 6.98, dd (6.6, 2.8) 129.79, CH 7.20, m
g 129.95, CH 7.23 128.38, CH 7.20, m
s 128.50, CH 6.98, dd (6.6, 2.8) 129.79, CH 7.20, m
6 130.02, CH 7.23,m 129.89, CH 6.99, m
7' 36.48, CH, 3.35,t (6.5) 3646, CH, 329, t (6.8)
8’ 59.46, CH, 4.99, t (6.5) 58.57, CH, 4.85,t (6.8)
1 139.36, C 138.52, C
2" 12975, C 7.15, m 130.06, CH 6.95, m
3 130.33, C 6.93, dd (8, 1.6) 129.86, CH 7.24, m
4" 128.14, C 7.11, m 128.30, CH 7.24, m
5" 130.33, C 6.93, dd (8, 1.6) 129.86, CH 7.24, m
6" 12975, C 7.15, m 130.06, CH 6.95, m
7' 37.36, CH, 3.14, t (6.1) 3849, CH, 3.07, t (6.9)
8" 46.93, CH, 4.70, t (6.1) 47.76, CH, 4.57,t (6.9)
1% 131.33
21 13027, C 7.48, m
31 12845, C 7.37, dd (7.9, 1.6)
4" 129.95, C 7.45, m
s 12845, C 7.37, dd (7.9, 1.6)
6" 13027, C 7.48, m

“IH at 400 MHz and *C at 100 MHz in CD,0D. ”'H at 600 MHz and *C at 150 MHz in CD,0D.

from H-7" to C-8’, C-1’, C-2/, and C-6’ and from H-8' to C-1’
(Figure 1). The remaining five sp> carbons resonated at §¢
155.28 (C-2), 145.20 (C-3), 146.39 (C-4), 14322 (C-3), and
143.69 ppm (C-6) (Table 2). In combination with the degree
of unsaturation, this suggested one pyridinium ring in the
structure instead of an imidazolium ring. Such assumption was
confirmed by the observation of HMBC correlations from H-6
to C-2, C-4, and C-S and from H-4 to C-2, C-3, and C-6. The
two ethyl groups were assigned to be attached to C-3 and C-5,
due to the HMBC correlations of one ethyl group from H-10
to C-2 and C-3, as well as the COSY correlation between H-10
and H-11, while the other ethyl group showed correlations
from H-12 to C-5 and C-6 and from both H-4 and H-6 to C-
12, as well as a COSY correlation between H-12 and H-13.
The propyl group, which is indicated by a COSY spin system
from H-9 to H-8 to H-7, was located on C-2 based on the
HMBC correlations from H-7 to C-2 and C-3 and from H-8 to
C-2. Furthermore, the elucidated phenylethyl moiety is
connected to the 3,5-diethyl-2-propylpyridinium moiety
through a C—N linkage based on the HMBC correlations
from H-8' to C-2 and C-6 (Figure 1). Therefore, compound 3
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was determined to be 3,5-diethyl-1-phenylethyl-2-propylpyr-
idinium, for which we propose the name dispyridine.
Compound 4 was obtained as a yellowish oil. The molecular
formula C3,H33N," was deduced by HR-ESI-MS analysis
(IM]*, m/z 445.2647). Two phenylethyl moieties and one
propyl group were disclosed from the similar '"H NMR and
COSY data compared with those of compounds 1 and 2. The
additional signals in the '"H NMR spectrum were representa-
tive of one singlet sp* proton resonating at 8y 6.79 ppm and
two protons resonating at 5y 8.24 and Jy 8.18 ppm, as well as
one monosubstituted phenyl ring (Table 3). A 1H-pyrrolo|3,2-
b]pyrimidinium moiety was assigned by HMBC correlations
from H-2 to C-1a, C-3, and C-4a, from H-S to C-1a, C-4a, C-6,
and C-7, and from H-7 to C-la, C-5, and C-6. The two
phenylethyl moieties were assigned to be located at positions 1
and 4 based on the HMBC correlations from H-8 to C-1a and
C-7 and from H-8"" to C-3 and C-4a. The remaining phenyl
ring was connected to C-6, supported by the HMBC
correlations from H-2""" (overlapping with H-6""") to C-6
and from H-7 to C-1""" (Figure 1). Therefore, compound 4
was elucidated to be 1,4-diphenethyl-6-phenyl-3-propyl-1H-

https://doi.org/10.1021/acs jnatprod.1c01173
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Table 4. 'H and *C NMR Data of Compound 6
no. 8¢, type” 8y, mult. (J in Hz)” no. 8¢, type” 8y, mult. (J in Hz)”
2 7452, C 17 116.84, C
3 177.66, C M 151.54, C
4 91.49, CH 5.67, s 3 117.72, CH 6.75,d (8.4)
S 181.88, C 4 135.24, CH 7.23, dd (8.4, 1.3)
6 23.55, CH, 1.50, s 5" 115.38, CH 6.50, m
7 30.34, CH, 262, m 2.54, m 6" 131.64, CH 7.42,dd (82, 1.3)
8 20.19, CH, 1.64, m i 20034, C=0
9 14.17, CH, 095, t (7.3) 8" 3177, CH, 242, m; 217, m
1 138.34, C 9" 30.97, CH, 242, m; 2.17, m
2’ 129.38/129.58, CH 7.32, m 14k 138.93
3 129.38/129.58, CH 732, m 2% 129.44, CH 724, m
g 127.58, CH 7.24, m 30 128.94, CH 7.18, m
s 129.38/129.58, CH 7.32, m 4" 127.13, CH 7.07, t (7.3)
6 129.38/129.58, CH 7.32, m N 128.94, CH 7.18, m
vA 36.27, CH, 2.85, m 6" 129.44, CH 7.24, m
8’ 4431, CH, 3.82, ddd (16.1, 10.1, 6.4); 3.69, ddd (15.8, 102, 6.1); i 34.55, CH, 2.88, t (6.9)
8" 4673, CH, 357, m
9""-NH 8.98, t (5.1)
“H at 600 MHz in DMSO-d,. ?3C at 150 MHz in DMSO-d,
Table 5. MIC Values (ug/mL) for Compounds 1—6
MIC (ug/mL, n = 3)
test organism i 2 3 4 S 6
B. subtilis DSM10 16 32 >64 1 4 8—4
M. smegmatis ATCC607 8 16-8 >64 1-0.5 4 8
L. monocytogenes DSM20600 >64 >64 >64 0.5 2 4
S. aureus ATCC25923 64 64 >64 1-0.5 4 8
E. coli ATCC25922 >64 >64 >64 64 >64 >64
E. coli ATCC25922 AtolC >64 >64 >64 8 64 >64
C. albicans FH2173 >64 >64 >64 8—4 16-8 32—-16
A. flavus ATCC9170 >64 >64 >64 4-1 8 32-16
C. elegans N2 >64 >64 >64 32 >64 64

pyrrolo[3,2-b]pyridinium, for which the name dispyrrolopyr-
idine A is suggested.

Compound 5 was isolated as a colorless powder. Its
molecular formula was established as C;H;;N," based on
the prominent ion peak [M]* observed at m/z 425.2949 in the
HR-ESI-MS spectrum. The NMR data of S were similar to
those of 4, except for the additional signals of one methyl
group (8 2.40 ppm) and one propyl group (spin system from
Sy 1.08 to Sy 1.62 to &y 3.13 ppm) instead of a proton
resonating at dy 8.18 ppm and one monosubstituted aromatic
ring, indicating that the structure of § is modified at C-S and
C-6 compared to 4. In the HMBC spectrum, correlations from
H-14 to C-5, C-6, and C-7, as well as from H-11 to C-5 and C-
6, support that the methyl group is located at C-6, while the
propyl group is located at C-S (Figure 1). Therefore
compound § was elucidated to be 6-methyl-1,4-diphenethyl-
3,5-dipropyl-1H-pyrrolo[3,2-b]pyridinium, for which we rec-
ommend the name dispyrrolopyridine B.

Compound 6 was isolated as a yellowish oil. With the
prominent molecular ion peak [M]* detected in the HR-ESI-
MS at m/z 494.3165, the molecular formula of C33H,(N;0"
was deduced. When the NMR spectra of 6 were compared
with the previously isolated compounds, two phenylethyl
moieties and one propyl group were clearly identified. The
remaining signals of compound 6 in the 'H NMR spectrum
were assigned to a secondary amine proton (S 8.98 ppm), a
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phenyl moiety (8 7.42, 7.23, 6.75, and 6.50 ppm), an olefinic
proton (8y 5.67 ppm), two methylene groups (8 2.17 and &y
242 ppm), and one methyl group (8 1.50 ppm) (Table 4).
The HMBC correlations from H-9""’ to C-2 and C-4, from H-
7 to C-5 and C-4, as well as from H-4 to C-2, C-3, and C-§
revealed the substructure of a pyrrolium ring. When combined
with further HMBC correlations from H-8''' to C-3, it was
established that one of the phenylethyl moieties was linked to
the secondary amine located on C-3. In the HMBC spectrum,
the correlations from H-6 to C-2 and C-3 determined the
location of the methyl group at C-2 on the pyrrolium ring. On
the basis of the molecular formula and the chemical shift of a
carbon signal at 8¢ 151.54 ppm (C-2"") of an aromatic ring,”' a
primary amine group was deduced to be located at C-2"" of the
aromatic ring. Furthermore, the part of a 3-(2-aminophenyl)-3-
oxypropyl side chain was determined to be located at C-2 of
the pyrrolium ring as supported by the HMBC correlations
from H-8"' to C-9”" and from H-9"" to C-7'" and C-8"/, as well
as from H-6 to C-9”" (Figure 1). Therefore, compound 6 was
elucidated to be 2-(3-(2-aminophenyl)-3-oxypropyl)-2-methyl-
1-phenethyl-3-(phenethylamino)-S-propyl-2H-pyrrol-1-ium,
which we named dispyrrole. Electronic circular dichroism
(ECD) analysis gave a featureless baseline curve indicating
compound 6 to be a racemate.

Bioactivity of Isolated Compounds. Compounds 1-6
were investigated for their bioactivity against six different

https://doi.org/10.1021/acs jnatprod.1c01173
J. Nat. Prod. 2022, 85, 1039-1051
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Figure 2. Heterologous expression of the disA gene in E. coli Rosetta. (A) In vivo decarboxylation of phenylalanine to PEA catalyzed by DisA, when
0.06 mM phenylalanine was added to the medium. Extracted ion chromatograms (EICs) of phenylalanine (CoH,;;NO,, 166.0863 [M + H]*) and
PEA (CgH, N, 122.0964 [M + H]*). (B) EICs of discolin A (1, m/z 347.2482 [M]*) and discolin B (2, m/z 361.2638 [M]*). (C) Growth curve of
E. coli Rosetta (disA) and production (ug/mL) of discolin A and B (1 and 2); data is presented as averages from triplicate measurements; error

bars show the standard deviation.

bacteria (B. subtilis DSM10, Mycobacterium smegmatis
ATCC607, Listeria monocytogenes DSM20600, Staphylococcus
aureus ATCC25923, and Escherichia coli ATCC25922 wild
type and efflux pump deficient strain AfolC). Antifungal
activity was assessed against Candida albicans FH2173 and
Aspergillus flavus ATCC9170. The anthelmintic activity of the
purified compounds was determined against the model
organism Caenorhabditis elegans N2.

As shown in Table S, discolin A (1) and discolin B (2)
showed moderate activity against B. subtilis and M. smegmatis
with minimum inhibitory concentration (MIC) values ranging
from 8 to 32 ug/mL. Dispyrrolopyridine A (4) and
dispyrrolopyridine B (S) exhibited strong activity against all
tested Gram-positive indicator strains (i.e, B. subtilis, M.
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smegmatis, L. monocytogenes, and S. aureus) with MIC values
ranging from 0.5 to 4 ug/mL and moderate activity against the
yeast C. albicans and the spore-forming mold A. flavus (MIC
values ranging from 1 to 16 ug/mL). Dispyrrole (6) showed
antibacterial activities against all tested Gram-positive bacteria
with MIC values ranging from 4 to 8 ug/mL. Furthermore,
dispyrrolopyridine A (4) was also active against E. coli
ATCC25922 AtolC (8 pg/mL), while the wild-type strain
was not inhibited at the highest tested concentration. This
finding indicates that pump-mediated compound efflux might
be the primary mechanism of resistance of E. coli toward the
herein described dispyrolopyridine A (4). Moreover, dispyr-
olopyridine A (4) was also the only tested metabolite
possessing bioactivity against C. elegans N2 with an MIC

https://doi.org/10.1021/acs jnatprod.1c01173
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value of 32 pg/mL. Dispyridine (3) was inactive against the all
the tested microorganisms.

While the previously mentioned structurally related
compounds lepidiline A and B and some synthetic analogues
showed cytotoxic activity against different cancer cell lines, no
data regarding their antimicrobial activity was reported.' In
the case of dispyridine (3) no similar compound of bacterial
origin was identified. However, some related compounds from
synthetic origin were described.”* Related synthetic counter-
parts previously showed strong antibiotic activity against S.
Yet, no activity against bacterial or fungal strains was
observed for dispyridine (3). For the dispyrrolopyridines (4
and §), a series of pyrrolo[2,3-b]pyrimidine derivatives has
been synthesized and showed promising inhibitory effects
against fluoroquinolone-resistant MRSA and other bacte-
ria**?* Other synthetic pyrrolo[2,3-b]pyrimidine derivatives
proved to be positive allosteric modulators (PAM) of the M1
receptor and displayed high 5-HT,p receptor affinity, which
may be useful for the treatment of diseases mediated by the
M1 receptor, such as Alzheimer’s disease, cognitive impair-
ment, schizophrenia, pain, sleep disorders, and migraine.m’27

Biosynthetic Basis of Discolins. In a next step, we
investigated the biosynthetic basis for discolin production in T.
discolor sv11. We considered that phenethylamine (PEA) was
an intermediate building block in the biosynthesis of 1—6. It
was reported that several other bacteria such as Enterococcus
produce PEA via decarboxylation of phenylalanine.”® In
Enterococcus faecalis R612Z1, phenylalanine is decarboxylated
to PEA by a pyridoxal §’ phosphate (PLP)-dependent enzyme
named TDC.”” In order to determine if a similar enzyme is
involved in the biosynthesis of 1—6, the T. discolor svll
genome was sequenced, yielding a 3.4 Mbp draft genome (25
contigs). In silico search for phenylalanine decarboxylases
revealed three candidates which shared 34%, 24%, and 27%
similarity to E. faecalis R612Z1 TDC. The first one
corresponded to a characterized lysine/ornithine decarboxylase
involved in the biosynthesis the siderophore bisucaberin.*
The second one was a putative decarboxylase domain
embedded in a large nonribosomal peptide synthetase,
therefore likely involved in peptide biosynthesis. The third
one was annotated as putative decarboxylase and did not
cluster with any other genes. Our hypothesis was that the latter
is involved in PEA biosynthesis.

To test this hypothesis, the candidate decarboxylase from T.
discolor sv11 (here named DisA) was expressed in E. coli
Rosetta (disA) under the control of an inducible promoter.
After 1 day of cultivation the cultures of E. coli Rosetta (disA)
and E. coli pRSF (negative empty vector control) were
extracted and analyzed by LC—ESI-MS/MS.

Initial results using standard LB medium showed no clear
differences between E. coli Rosetta (disA) and the negative
control. We reasoned that the substrate for DisA (i.e.,
phenylalanine) was present in low concentration in the used
culture medium so that the PEA production was likely below
detection levels. In a second experiment, 0.06 mM phenyl-
alanine was added to the medium. This time PEA was detected
in the extracts of E. coli Rosetta (disA) while no production
was found the in negative control strain (Figure 2A).

Interestingly, not only PEA but also discolins A and B were
detected in the E. coli Rosetta (disA) culture (Figure 2B). It
was observed that the concentrations of 1 and 2 reached a
plateau at 13 h, when E. coli Rosetta (disA) reached the
stationary phase, and an equilibrium production was observed

aureus.
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until 24 h. After that an oscillation in the production can be
observed from 24 to 36 h (Figure 2C). This oscillation might
be caused by feedback inhibition where discolins could be
degraded by other enzymes from the heterologous host.

In order to confirm that DisA is responsible for the
decarboxylation of phenylalanine, an in vitro enzymatic
characterization was carried out. A His-tagged DisA was
expressed in E. coli and subsequently purified using affinity
chromatography. Following in vitro assays showed that PEA
was produced from phenylalanine only in the presence of DisA,
thereby confirming the previous results observed using in vivo
experiments (Figure 3).

mAU
/\ k phenylalanine
IO_j J henethylamine (PEA
5_5 /\Assay with enzyme
o ; /\ Assay with boiled enzyme
' lg S 2l0 ST 2% ' Tin'1e [r;1in]

Figure 3. In vitro formation of PEA. Comparative HPLC analysis of
the standards phenylalanine and phenethylamine (PEA), assay with
enzyme, and assay with boiled enzyme. The UV absorbance at 254
nm is shown.

Spontaneous Formation of Discolins. These in vivo and
in vitro experiments indicate that DisA is likely the only
enzyme involved in the production of the discolins A and B.
Thus, the remaining biosynthetic steps should occur in a
nonenzymatic way. It was previously reported how bacteria
apply spontaneous reactions in order to complete biosyntheses
(e.g, of rubrolone®') to generate diversity (e.g, APPAs>>). It
can be assumed that the production of a reactive intermediate,
which can result in a large variety of bioactive metabolites, may
be a strategy used more often in the bacterial specialized
metabolism.

In order to confirm the spontaneous formation of discolins,
a one-pot reaction was carried out at room temperature in
H,O. The substrates PEA, butyraldehyde, and 2,3-butanedione
(for the formation of discolin A) or 2,3-pentanedione (for the
formation of discolin B) were combined. Indeed, discolins A
(1) and B (2) were detected after 3 h of reaction time (Figure
4).

Proposed Biosynthetic Pathway of Compounds 1-5
from PEA. In general, there are two likely pathways toward
the monocyclic PEA-containing alkaloids 1—3 (Figure S). The
Chichibabin pyridine synthesis could afford the formation of
the pyridinium core of dispyridine (3) by reaction of 2-
phenethylamine with 3 equiv of n-butyraldehyde (pathway 1,
Scheme S1), while a Radziszewski-type reaction could be
responsible for the formation of discolins having an
imidazolium core structure (pathways 2a and 2b, Scheme S2).

https://doi.org/10.1021/acs jnatprod.1c01173
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Figure 4. Spontaneous formation of discolin A (1) and discolin B (2).
Extracted ion chromatograms (EICs) of 1 (m/z 347.2482 [M]") and
2 (m/z 361.2638 [M]*).

The role of the Chichibabin pyridine synthesis in the
biosynthesis of natural products has so far been controversially
discussed, especially when benzylic aldehydes are involved.>>3*
On the other hand, the situation appears less controversial in
the case of aliphatic aldehydes. The biomimetic syntheses
described for the alkaloid ficuseptine®® and the elastin cross-
linker isodesmosine® give an implication for the Chichibabin
pyridine synthesis in biosynthetic pathways.

Discolins A and B on the other hand might be the result of a
Radziszewski-type reaction.”” The classical Radziszewski

reaction is a condensation reaction of an a-dicarbonyl
compound, an aldehyde, and 2 equiv of ammonia, affording
an imidazole.*® Primary amines are also suitable for the
reaction. Thus, replacement of 1 equiv of ammonia by 1 equiv
of a primary amine enables the formation of tetrasubstituted
imidazoles.”” In case of discolins A (1) and B (2) the necessary
1,2-dicarbonyl compounds would be 2,3-butanedione (for 1)
and 2,3-pentadienone (for 2). Both of these compounds are
known metabolites of yeast.*” Furthermore, 1,2-diketones and
their acyloin precursors were discussed for the biosynthesis of
pyrazines in Corynebacterium glutamicum.*" In essence, the a-
hydroxyketones are side products from the biosynthesis of the
amino acids valine, leucine, and isoleucine, arising from the
decarboxylation of (§)-2-acetolactate and its congeners.
Oxidation of the a-hydroxyketones in turn yields the
corresponding 1,2-diketones.*" The reaction has furthermore
been successfully exploited for the synthesis of the structurally
similar natural product lepidiline B.* Yet, only the imidazole
core was installed by the Radziszewski reaction, while N-
alkylation was achieved in a second reaction step. Thus, to the
best of our knowledge, the Radziszewski reaction has never
before been reported to produce pentasubstituted imidazolium
ions by use of 2 equiv of a primary amine as the starting
material.

As the azaindole 4 appears to consist of the same building
blocks as compounds 1—3 plus an additional aldehyde
component, we assume a similar origin (pathway 3, Scheme
S3). In the case of the structurally related compound S, not
only the aldehyde component but also the diketone differs in
comparison to the other compounds. The diketone 2,3-
heptanedione necessary for the production of § has previously
been reported to be present in the headspace extracts of C.
glutamicum and was discussed in the context of pyrazine
biosynthesis. '

The biosynthesis of compound 6 still remains elusive. It
might be speculated that 4-(2-aminophenyl)-2,4-dioxobutanoic
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Figure S. General outline for the proposed biosynthesis of compounds 1—6.
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acid, a product of the tryptophan metabolism,**~** reacts in a

thiamine phosphate dependent manner with the intermediate
10, thus initiating a reaction sequence leading to 6, whereby
thiamine phosphate promotes the necessary polarity inversion.

Overall, our experiments support the hypothesis that
phenylalanine-derived PEA is a building block in the
biosynthesis of compounds 1—6. The proposed aldehyde and
1,2-diketone reaction partners presumably originate from the
primary metabolism, but further experimental proof is
required. As shown above, these building blocks possess
suitable reactivity to produce compounds 1-3 in a non-
enzymatic fashion. For compounds 4 and S on the other hand,
additional oxidation reactions are needed, which might require
enzymatic control. As no redox enzymes were found clustering
with DisA, those would need to be stand-alone enzymes.
Alternatively, the redox processes might take place among the
different reaction intermediates itself, leading to additional, so
far uncharacterized, products. In general, due to the multitude
of possible reactions taking place between the key building
blocks, further natural product derivatives might be expected.

Distribution of disA-like Genes in Other Bacteria. To
investigate the distribution of DisA within the Tenacibaculum
genus or even among other flavobacterial genera, we searched
for DisA orthologues using BLASTP. Several related enzymes
(>98% coverage and above 70% identity) were found in the
majority of the Tenacibaculum genomes available in the NCBI
database. Furthermore, several flavobacterial genera were
found to possess enzymes similar to DisA (Figure 6).
Interestingly, most of the hits correspond to strictly marine
flavobacterial genera such as Aequorivita, Aquimarina,
Croceibacter, Maribacter, Muricauda, Polaribacter, and Ulvi-
bacter.*® From our collection of 26 Tenacibaculum strains,
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Figure 6. Distribution of disA-like genes in bacteria.
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discolin production could be detected in six of the EtOAc
extracts (belonging to the species T. discolor, T. ascidiascicola,
and T. mesophilum).

Our finding, together with previous reports, indicates that
the production of PEA-containing alkaloids is likely a
widespread characteristic within the marine flavobacteria. For
instance, in a previous report five PEA derivatives were isolated
from the flavobacterial strain Arenibacter.*’ In addition, PEA
was proposed as a taxonomic biomarker within the free-living
Bacteroidetes phylum.*® These studies together with our
findings revealed that the genus Tenacibaculum and other
flavobacterial strains are able to produce this type of arylamine.
Despite that an antimicrobial, antifungal, and nematicidal
activity could be assigned to PEA-containing alkaloids, their
real ecological role in the marine ecosystems is still unknown.
Further studies, for instance, associating the expression of DisA
homologues with several environmental conditions using
metatranscriptomics or metabolomics, could provide addi-
tional insights about the ecological role of these natural
products.

B EXPERIMENTAL SECTION

General Experimental Procedures. The UV spectra of
compounds 1—3 were measured in methanol (MeOH) solution on
a Jasco V760 spectrometer (JASCO Deutschland GmbH, Pfungstadt,
Germany). The 1D and 2D NMR spectra were recorded in CD;0D,
acetone-dg, or DMSO-d; using Bruker Avance II 400 MHz and Bruker
Avance III 600 MHz spectrometers equipped with a Prodigy
cryoprobe (Bruker, Ettlingen, Germany). The LC—HRMS data for
compounds 1-3 were recorded on a micrOTOF-QII mass
spectrometer (Bruker, Billerica, MA, U.S.A.) with an ESI source
coupled to a Dionex Ultimate 3000 HPLC system (Thermo Scientific,
Darmstadt, Germany) using an EC10/2 Nucleoshell C18 2.7 um
column (Macherey-Nagel, Dueren, Germany). The LC—HRMS data
for the heterologous expression was recorded on a micrOTOF-QII
mass spectrometer (Bruker, Billerica, MA, U.S.A.) equipped with an
ESI source coupled to an Agilent Infinity 1290 UHPLC system using
an ACQUITY UPLC BEH CI18 column, 130 A, 1.7 ym, 2.1 mm X
100 mm (Waters, Eschborn, Germany) with an ACQUITY UPLC
BEH C18 VanGuard precolumn, 130 4, 1.7 ym, 2.1 mm X 5 mm
(Waters, Eschborn, Germany). HPLC was performed using a
Shimadzu HPLC system (Shimadzu Deutschland GmbH, Duisburg,
Germany) for analysis (EC 250/4.6 Nucleodur C18 Gravity-SB, S
pum; Macherey-Nagel, Diiren, Germany) and for semipreparative
purification (VP 250/10 Nucleodur C18 Gravity-SB, S um;
Macherey-Nagel, Diiren, Germany). MPLC was performed on the
Interchim Puriflash 4125 chromatography system (Interchim,
Montlugon, France).

Bacterial Strain lIsolation. The seaweed C. chamisoii was
collected from the Huanchaco estuarine region and a sand beach
located at Paracas Bay, Peru. Epidermal mucus from the seaweed was
rinsed with SSW (sterile seawater) for 10 s. An amount of 1 mL of
mucus was diluted in 1 mL of SSW, vortex-mixed, and diluted 1:10 in
SSW, and 25 uL was inoculated onto P7 (S g of starch, 2 g of yeast
extract, 1 g of peptone, 1 L of filtered seawater, 100 ug/mL
cycloheximide, 18 g of agar) agar plates. The agar plates were
incubated at room temperature for 2—3 months and checked weekly
for new colony formation using a Leicia MZ6 stereomicroscope. A
total of 32 strains were selected based on the characteristic iridescent
pattern characteristic of several flavobacterial genera,'® of which 26
strains belonged to the Tenacibaculum genus (T. discolor, T.
mesophilum, T. litoreum, and T. ascidiacicola) based on the 16S
rRNA gene sequencing result. A small-scale cultivation (S0 mL) was
carried out in marine broth 2216 for 4 days at 30 °C to determine the
antimicrobial activity of the isolated Tenacibaculum strains. The
cultures were extracted using 1:1 EtOAc, and the EtOAc phase was
dried by rotary evaporation. These crude extracts were further
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dissolved in MeOH with a concentration of 10 mg/mL for activity
testing against M. luteus ATCC4698, B. subtilis JH642, and B.
megaterium DSM32 using the agar diffusion method, whereby S0 uL
was applied for testing. T. discolor sv11 showed the best activity and
was chosen for culture optimization.

OSMAC Approach. The media used for the one strain many
compounds (OSMAC) approach of strain T. discolor sv11 were LB
(10 g of peptone, S g of yeast extract, 1 L of artificial seawater), MB
(40 g of marine broth, 1 L of distilled water), and MYE (10 g of
glucose, 3 g of yeast extract, 3 g of malt extract, 5 g of peptone, 1 L of
artificial seawater). The kinetics of the antibacterial activity of each
culture were observed over 10 days against B. subtilis JH642. The
results of the OSMAC approach and the kinetics studies showed that
the strongest antibacterial activity was observed on the eighth day of
fermentation in LB medium. Therefore, large-scale fermentation (36
L) of T. discolor sv11 was performed in S L flasks which contained 1.5
L of LB medium and were incubated at 30 °C and 140 rpm for 8 days.

Extraction and Isolation. The 36 L culture was extracted with
EtOAc with the volume ratio of 1:1 three times, thereby generating
11.9 g of crude extract. The EtOAc crude extract was fractionated by
reversed-phase flash chromatography (Interchim Puriflash 4125
chromatography system with a Puriflash C18-AQ30 xm F0120
column) with an elution gradient starting from 10% MeOH/H,O to
100% MeOH over 1.5 h and yielded 13 fractions (Fr. 1-13). Fr. 11
showed good antimicrobial activities against B. subtilis in the agar
diffusion test. Therefore, Fr. 11 (973.8 mg) was further subjected to
size exclusion chromatography on a Sephadex LH-20 column and
eluted with 100% MeOH to give 10 subfractions (Frr. 11.1—11.10).
Frr. 11.3 was further subjected to reversed-phase flash chromatog-
raphy (Interchim Puriflash 4125 chromatography system with a
Puriflash C18-HP30 um F002S flash column) using an elution
gradient from 10% MeOH/H,O to 100% MeOH over 3 h to give 14
subfractions (Frrr. 11.3.1—11.3.14). Frrr. 11.3.7 was further purified
by semipreparative. HPLC (0—5 min, 35% MeOH; S$—18 min,
gradient increased from 35% to 60% MeOH; 19—25 min, 100%
MeOH) to yield compounds 1 (6.3 mg, t; = 32 min) and 2 (1.2 mg,
tp = 34.5 min). Frrr. 11.3.9 was also fractionated by semipreparative
HPLC (0—38.5 min, gradient increased from 35% to 73.5% MeOH)
to give three subfractions (Frrrr. 11.3.9.1-11.3.9.3). Frrrr. 11.3.9.1
was again purified by semipreparative HPLC (0—57 min, gradient
increased from 30% to 58.5% MeCN) to yield compounds 4 (1.6 mg,
tp = 53.8 min) and S (0.9 mg, t, = 56.2 min). Purification of Frrrr.
11.3.9.2 by semipreparative HPLC (0—S7 min, gradient increased
from 25% to 63% MeCN) yielded compound 6 (1.6 mg, t; = 54.7
min). Compound 3 (2.5 mg, t; = 16 min) was obtained from Frr. 11.2
by semipreparative HPLC (MeOH/H,0: 0—$ min, 35%; S—18 min,
from 35% to 60%; 19—25 min, 100% MeOH).

Discolin A (7). Colotless oil; UV (MeOH) A, (log £) 256.8
(0.62), 263.9 (0.49), 267.7 (0.44), 281.1 (0.39), 290.1 (0.36) nm; 'H
NMR (DMSO-dg and CD,0D, 400 MHz) and *C NMR (DMSO-d,,
100 MHz) data are given in Table 1; HR-ESI-MS m/z 347.2472 [M]*
(caled for Cy,Hy N,*, 347.2482).

Discolin B (2). Colorless oil; UV (MeOH) A, (log &) 202.2
(3.08), 206.8 (2.54), 2329 (0.78) nm; 'H NMR (CD,OD, 600
MHz) and *C NMR (CD,0D, 150 MHz) data are given in Table 1;
HR-ESI-MS m/z 361.2640 [M]* (calcd for CpgHasN,*, 361.2638).

Dispyridine (3). Colorless oil; UV (MeOH) 4,,, (log &) 241.4
(1.34), 224.8 (1.71), 2819 (1.81) nm; 'H NMR (CD;OD and
acetone-dg, 400 MHz) and *C NMR (CD;0D and acetone-dg, 100
MHz) data are given in Table 2; HR-ESI-MS m/z 282.2215 [M]*
(caled for CyoH,gN", 282.2216).

Dispyrrolopyridine A (4). Yellowish oil; UV (MeOH) A, 251,
364 nm; "H NMR (CD;0D, 400 MHz) and '*C NMR (CD;0D, 100
MHz) data are given in Table 3; HR-ESI-MS m/z 4452647 [M]*
(caled for Cy,Hy3N,", 445.2638).

Dispyrrolopyridine B (5). Colorless powder; UV (MeOH) A,
228, 294, 345 nm; '"H NMR (CD;OD, 600 MHz) and *C NMR
(CD;0D, 150 MHz) data are given in Table 3; HR-ESI-MS m/z
4252949 [M]* (caled for CyHjy,N,*, 425.2951).
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Dispyrrole (6). Yellowish oil; [a]y — 4.9 (¢, 0.14; CH;OH); UV
(MeOH) A,y 208, 333 nm; 'H NMR (DMSO-dg, 600 MHz) and *C
NMR (DMSO-ds, 150 MHz) data are given in Table 4; HR-ESI-MS
m/z 494.3165 [M]* (calcd for C33H,N30%, 494.3166).

Plasmid Construction. The DNA template for amplification of
the DisA BGC was isolated using the innuPREP bacteria DNA kit
(Analytik Jena AG, Jena, Germany). The polymerase chain reaction
(PCR) mixture (total volume SO xL) contained 1 L of dNTPs, 0.3
UL of each primer (primers used: ten-decarbx-f S'-CAG CGG CCT
GGT GCC GCG CGG CAG CAT GAG CGCTCATTT TGATTT
ATC AA-3'; ten-decarbx-r S'-TCA GTG GTG GTG GTG GTG GTG
CTT ATT ATT TTT CTT TTAAAATTT CTT CTC CAA ACTG-
3’), 10 uL of QS buffer, 0.5 uL of QS polymerase (Promega, Madison,
WI, US.A.), 37.5 uL of ddH,0, 2 uL of dimethyl sulfoxide (DMSO),
and 1 yL of DNA template. PCR was performed in a Biometra TRIO
thermal cycler (Analytik Jena AG, Jena, Germany) using the following
program: initial denaturation at 95 °C for 10 min; 34 cycles of
denaturation at 95 °C for 45 s, annealing at S0 °C for 60 s, extension
at 72 °C for 90 s; final extension at 72 °C for S min. The fragment
with the desired size of ~1.5 kbp was purified from 1% agarose gel
using SV gel and the PCR Clean-Up system (Promega Corporation,
Madison, WI, U.S.A.). PCR product (3 L) was assembled into pRSF
duet vector using Gibson assembly at 50 °C for 1 h. The E. coli
TOP10 cells were thawed on ice for S min, and 3 uL of the Gibson
product was added, mixed, and left on ice for 20 min. Subsequently, a
heat shock at 42 °C for 90 s was applied to the mixture and 800 uL of
LB medium was added to the mixture, followed by incubation at 37
°C for 60 min. Finally, the culture was centrifuged at 4000 rpm for 3
min resulting in a 100 uL cell pellet in the vial. The cell pellet was
spread on LB agar plates containing 50 yg/mL kanamycin for clone
selection. After overnight incubation colonies were transformed to 1
mL of LB medium containing 50 xg/mL kanamycin and cultivated at
37 °C overnight. A volume of 10 L of this preculture was used to
inoculate 5 mL of LB broth containing the same antibiotics followed
by incubation at 37 °C overnight. Cells were recovered from 2 mL of
LB broth by centrifugation and used for the plasmid isolation with the
innuPREP plasmid mini kit 2.0 (Analytik Jena AG, Jena, Germany).
The validated plasmid pRSF was transferred into E. coli Rosetta by
chemical transformation as described above. The host strain was
further plated onto kanamycin-containing (50 yg/mL) LB agar plates
and incubated at 37 °C overnight. Colonies were picked and used for
cultivation in $ mL of kanamycin-containing (50 #g/mL) LB medium
at 37 °C overnight, and cryocultures were prepared for in vivo assays
or protein purification.

Heterologous Expression and Purification of DisA. The
transgenic E. coli Rosetta (disA) was grown overnight in 30 mL of
kanamycin-containing (50 xg/mL) LB medium at 37 °C. An
inoculum of 15 mL of these cultures was used to inoculate 1.5 L of
kanamycin-containing (50 #g/mL) LB medium; 0.1 mM isopropyl -
p-1-thiogalactopyranoside (IPTG) was added to the medium when
the cultures reached an ODyy, of 0.5, and the mixture was cultured
overnight. Then, cells were collected by centrifugation at 4 °C and
10 000 rpm and resuspended in lysis buffer (50 mM NaH,PO,, 300
mM NaCl, and 10 mM imidazole; pH 8.0). The resulting suspensions
were sonicated, followed by centrifugation at 4 °C at maximum speed
for 30 min. The supernatant was loaded onto a pre-equilibrated 500
pL Qiagen Ni—NTA column. After washing with 2 mL of lysis buffer
and 2 mL of wash buffer (20 mM imidazole lysis buffer), the His-
tagged protein DisA was eluted from the column using elution buffer
(250 mM imidazole lysis buffer) (Figure S4S). The protein was
resuspended into an imidazole-free buffer (50 mM NaH,PO,, 300
mM NaCl; pH 8.0) and concentrated using an Amicon Ultra-15
centrifugation membrane column.

Production of Discolin A and Discolin B in E. coli Rosetta
(disA). The E. coli Rosetta (disA) was cultured in 30 mL of
kanamycin-containing (S0 sg/mL) LB medium at 30 °C overnight as
preculture. A volume of 1S mL of this preculture was used to
inoculate in 1.5 L of kanamycin-containing (S0 yg/mL) LB medium
at 37 °C; 0.1 mM IPTG was added into the medium when the
cultures reached an ODg of 0.5, and the mixture was cultured at 30
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°C for 48 h. An amount of 5 mL of medium was harvested and
extracted with EtOAc every 3 h after the sixth hour of cultivation and
analyzed by UPLC—HRMS to calculate the concentration of discolin
A and discolin B. The ODgy, of the strain was measured every hour
after the second hour of cultivation. The E. coli pRSF Rosetta cells
without the target disA gene were cultivated under the same
conditions and analyzed by UPLC—HRMS at 18, 24, and 30 h as
the negative control. Data were collected from three replicates.

Enzymatic Activity of DisA. Enzymatic reactions were
performed in SO mM lysis buffer without imidazole (S0 mM
NaH,PO,, 300 mM NaCl, pH 8.0) containing 100 #zM phenylalanine
and 4 uM DisA in a total volume of 1 mL. After incubation at 30 °C
overnight, the same volume of MeOH was added to quench the
reactions. The reaction mixture was then centrifuged, and the
supernatant was dried and redissolved in 50 uL of MeOH and
analyzed by analytical HPLC (0—20 min, 5% MeCN; 20—30 min,
gradient increased from 5% to 7.5% MeCN; 30—40 min, gradient
increased from 7.5% to 100% MeCN).

Spontaneous Formation of Discolins. The reaction was
performed in H,O containing 200 mM PEA, 100 mM butyraldehyde,
and 100 mM 2,3-butanedione (for discolin A) or 100 mM 2,3-
pentanedione (for discolin B) in a total volume of 2 mL. The reaction
mixture was stirred (1000 rpm) at room temperature for 3 h.
Subsequently, the reaction mixture was evaporated to dryness,
redissolved in MeOH, and analyzed by UPLC—HRMS.

Bioactivity Tests. Determination of the MICs of purified
compounds 1—6 was carried out by micro broth dilution assays in
96-well plates. All compounds were dissolved in DMSO with a
concentration of 6.4 mg/mL and tested in triplicate. For E. coli ATCC
25922 (wild type and efflux pump deficient strain AtolC), B. subtilis
DSMI10, and S. aureus ATCC25923, an overnight culture (37 °C, 180
rpm) was diluted to 5 X 10° cells/mL in cation-adjusted Mueller
Hinton II medium (Becton Dickinson). L. monocytogenes DSM20600
was incubated for 2 days before the assay inoculum was adjusted. As
positive controls, dilution series of rifampicin, tetracycline, and
gentamycin (all Sigma-Aldrich) were prepared (64—0.03 ug/mL).
Cell suspensions without test sample or antibiotic control were used
as negative controls. After incubation (18 and 48 h for L.
monocytogenes, 37 °C, 180 rpm, 80% RH) cell growth was assessed
by turbidity measurement with a microplate spectrophotometer at
600 nm (LUMIstar Omega BMG Labtech GmbH, Ortenberg,
Germany). The cell viability of L. monocytogenes was determined by
ATP quantification (BacTiter-Glo, Promega GmbH, Walldorf,
Germany) according to the manufacturer’s instructions.

The preculture of M. smegmatis ATCC607 was incubated in brain—
heart infusion broth (Becton Dickinson GmbH, Heidelberg,
Germany) supplemented with Tween 80 [1.0% (v/v)] for 48 h at
37 °C and 180 rpm before the cell concentration was adjusted in
cation-adjusted Mueller Hinton II medium. Isoniazid (Honeywell)
was used instead of gentamycin as a third positive control. Cell
viability was evaluated after 48 h (37 °C, 180 rpm, 80% RH) via ATP
quantification (BacTiter-Glo, Promega GmbH, Walldorf, Germany)
according to the manufacturer’s instructions. C. albicans FH2173 was
incubated for 48 h at 28 °C and 180 rpm before the preculture was
diluted to 1 X 10° cells/mL in cation-adjusted Mueller Hinton II
medium. For A. flavus ATCC9170, a previously prepared spore
solution was used to prepare the assay inoculum of 1 X 10° spores/
mL. Yeast and mold assays were incubated at 37 °C, 180 rpm, and
80% RH for 24 h (A. flavus) or 48 h (Ca. albicans). For both,
tebuconazole (Cayman Chemical Company, Ann Arbor, MI, U.S.A.)
and amphotericin B (Sigma-Aldrich) were used as the positive control
(64—0.03 pg/mL). Readout was carried out by ATP quantification.

Determination of the antihelmithic activity of purified compounds
1—6 against the model organism C. elegans N2 was carried out by
micro broth dilution assays.* C. elegans was kept on NGM agar plates
with E. coli OPS0 as the food source. After 4 days the plates contained
sufficient gravid worms. The worms were washed from the plate by
M9 buffer and collected in a polypropylene tube. Subsequently, egg
isolation was carried out by treating the harvested worms with an
alkaline hypochlorite solution (S M NaOH and 5% NaClO 1:2).
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Larvae and adult worms do not tolerate this treatment, while the eggs
survive. After several washing steps with M9 buffer, eggs were
incubated overnight in NGM on a rotator. This synchronized
suspension of hatched L1/L2 larvae was adjusted to 100 worms/mL
and supplemented with cholesterol (S ug/mL), carbenicillin (25 ug/
mL), and E. coli OPS0 (0.5%). This assay solution was distributed
into 96-well plates and incubated with a dilution series of compounds
1-6 (64—0.03 pug/mL). An eight-point dilution series of ivermectin
(40-0.3 ng/mL), colistin (64—0.03 yg/mL), and nisin (64—0.03 ug/
mL) was used as a positive control to examine the different degrees of
potency ranging from high (ivermectin) to none (nisin). Worm
cultures without any treatment were cultured as a negative control.
Solvent background was controlled by supplementation with pure
DMSO without any compound. After 2 days of incubation at room
temperature, the worm motility was determined with a binocular
dissecting microscope.
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Proposed biosynthetic pathways of compounds 1-5 from PEA. Several mechanisms have
been published for the Chichibabin pyridine synthesis'S . Basically, all rely on a set of
condensation reactions followed by a final auto-oxidation. The mechanism shown in Figure
S1 is based upon the publication by Dagorn ef al..® The initial step is the formation of an
iminium ion (9) by the reaction of n-butyraldehyde with 2-phenylethylamine, which according
to our experiments is derived from the DisA catalyzed decarboxylation of phenylalanine. This
iminium ion subsequently undergoes a Mannich reaction with the enol form of a second
molecule of n-butyraldehyde, yielding compound 13. This secondary amine (13) reacts again
with n-butyraldehyde to furnish the enamine 14, which in its turn cyclizes to afford
compound 15. Subsequent elimination of water yields a dihydropyridinium species 16, which

finally undergoes auto-oxidation to afford dispyridine 3.

Pathway 1

o
/\)
KETH'
/—\ OH
+ ((\/ A/
A~ N Ny
(12) ® -H0 © o Ph (13)
Mannich reaction
cat. H* O)
i
-H,0 \ N
auto-
o)udanon \/ﬁ/ \/\/E(/ \/\/(7‘/
RETTTIRT e S -H0 pp NS ph/\/N\/\/
-2e (16) (15) (14)

Scheme S1. Detailed description of the possible pathways leading to compound 3.
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Concerning the mechanism of the Radziszewski reaction, different routes are possible,
depending on whether the amine first reacts with the aldehyde or the dicarbonyl compound and
thus reflects their relative reactivities.” ® In this respect, the different reaction routes have also
been reported to have an impact on the substitution pattern when unsymmetrical diketones are
used in the reaction.® In Figure S2 two possible pathways for the non-enzymatic formation of
discolins A and B are depicted. In both cases PEA, which is produced by DisA catalyzed
decarboxylation of phenylalanine, serves as starting material. According to Baldwin’s rules,

% 10 pathway 2a would result in a kinetically disfavored 5-endo-trig cyclization, so that

pathway 2b seems more likely as it proceeds via a kinetically favored 5-exo-trig ring closure.

36



Chapter 2. Publication 1

N
Pz T
X ~_Ph
R™ °N
(10) Ph

~2H,0 ﬂ H
o
0 HO H/\q) He Nt
R\H)J\ ., NH oot 1t N\/\Ph /\) AW
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Scheme S2. Detailed description of the possible pathways leading to compounds 1 and 2.
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In analogy to pathways 1 and 2a, theoretically two different reaction mechanisms would be
viable for the biosynthesis of 4 and 5, depending on whether the initial reaction partner of PEA
is n-butyraldehyde (pathway 3, Figure S3) or a suitable 1,2-diketone (pathway not shown).
Yet, pathway 3 appears to be the more likely of both potential mechanisms as it comprises a
kinetically favored 5-exo-trig cyclization instead of a disfavored 5-endo-trig cyclization. The
last stage of the reaction appears to include oxidative steps, as described for dispyridine 3. But
unlike dispyridine, here two oxidation reactions, a 2H*,2e" oxidation and a 1H*,2e” oxidation,

would need to take place, which might necessitate the involvement of the redox cofactors FAD

+
and NAD".
JY
Ry
o
KETTL
'/_\ Ry (27) 5-exo-trig (28)
o " [ Af 0
A N, P Ce 0 cat e “o
+ 2 PR T T N T 0~ Ny
(12) ) -H0 ) = Ph 0J Ry -H0  ph \
Mannich reaction
Michael ‘\
B Ph Ph addition Rz/\| ‘:\ Rzﬁ

g+ OH
H, ‘\HO

AN
HN
> Imine/Enamine PR
I Tautomensm cal H‘
Ry N — Ry N — R;

32)R1 \\\ Ry

Ph (31) (301 (291
cat. H*
6-exo-trig “H0 reduction , reduction
2 —— > FADH, NAD —H. NADH
H
Ph ‘e Ph + 2 e
N ox|dal|on oxldanon
| N =2 H'
Ry N 2 e

(33) Ph (34) Ph

4Ry =Me, Ry =H,Ry=Ph
5 Ry ="Bu, Ry = "Pr, Ry = Me

Scheme S3. Possible pathway leading to compounds 4-5.
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Supplementary Figures
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Figure S1. The HR-ESI-MS of compound 1.
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Figure S2. The 'H-NMR (400 MHz, DMSO-ds) spectrum of compound 1.
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Figure S3. The *C-NMR (100 MHz, DMSO-ds) spectrum of compound 1.
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Figure S5. The 'H-'H COSY (400 MHz, DMSO-ds) spectrum of compound 1.
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Figure S8. The 'H-'H COSY (400 MHz, CD30D) spectrum of compound 1.
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Figure S9. The HMBC (400 MHz, CD30D) spectrum of compound 1.
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Figure S10. The HR-ESI-MS of compound 2.
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Figure S11. The '"H-NMR (400 MHz, CD30D) spectrum of compound 2.
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Figure S12. The '3C-NMR (100 MHz, CD30D) spectrum of compound 2.
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Figure S13. The HSQC (400 MHz, CD30D) spectrum of compound 2.
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Figure S14. The 'H-'H COSY (400 MHz, CD30D) spectrum of compound 2.
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Figure S15. The HMBC (400 MHz, CD30D) spectrum of compound 2.
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Figure S16. The HR-ESI-MS of compound 3.
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Figure S17. The 'H-NMR (400 MHz, CD30D) spectrum of compound 3.
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Figure S18. The '3C-NMR (100 MHz, CD30D) spectrum of compound 3.
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Figure S19. The HSQC (400 MHz, CD30D) spectrum of compound 3.
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Figure S20. The 'H-"H COSY (400 MHz, CD30D) spectrum of compound 3.
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Figure S25. The HMBC (400 MHz, acetone-ds) spectrum of compound 3.
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Seven New Alkaloids Isolated from Marine Flavobacterium 7Zenacibaculum discolor svll

Lei Wang, Michael Marner, Ute Mettal, Yang Liu,* and Till F. Schiberle*

Mar. Drugs 2022, 20, 620.

As a continuous investigation of Tenacibaculum discolor svl1 for the production of more
bioactive nitrogen-containing heterocycles, another LC-MS guided isolation project was
performed. In this chapter, we described the purification, structure elucidation and antimicrobial
activity of new nitrogen-containing heterocycles. Furthermore, we also described the in vivo and
in vitro experiments of enzymatic decarboxylation of tryptophan and tyrosine to tryptamine and

tyramine catalyzed by the decarboxylase DisA.

In summary, six new imidazolium-containing alkaloids (i.e., discolins C—H) and one
pyridinium-containing alkaloid (i.e., dispyridine A) were isolated from the culture of 7. discolor
svl1. All isolated compounds were investigated for their bioactivity against bacteria (B. subtilis
DSM10, M. smegmatis ATCC607, L. monocytogenes DSM20600, S. aureus ATCC25923, and E.
coli ATCC25922) and fungi (Candida albicans FH2173). Discolin C showed activity against M.
smegmatis ATCC607 and B. subtilis DSM10 with MIC values ranging from 4 pg/mL to 8 pg/mL
and moderate to weak activity against S. aureus ATCC25923 and L. monocytogenes DSM20600

with MIC values ranging from 16 pg/mL to 32 pg/mL. Discolin E exhibited activity against four
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tested Gram-positive bacteria with MIC values ranging from 4 pg/mL to 8 pg/mL and moderate

activity against C. albicans FH2173 with an MIC value of 16 pg/mL.

The biosynthetic route of the isolated imidazolium-containing alkaloids discolins C—H was
investigated based on both in vivo and in vitro experiments. The decarboxylase DisA first catalyzes
the decarboxylation of the aromatic-L-amino acids phenylalanine, tryptophan and tyrosine to
phenethylamine, tryptamine and tyramine, respectively, followed by a nonenzymatic condensation

to form the central imidazolium ring.
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Abstract: Marine flavobacterium Tenacibaculum discolor sv11 has been proven to be a promising
producer of bioactive nitrogen-containing heterocycles. A chemical investigation of T. discolor sv11
revealed seven new heterocycles, including the six new imidazolium-containing alkaloids discolins
C-H (1-6) and one pyridinium-containing alkaloid dispyridine A (7). The molecular structure of
each compound was elucidated by analysis of NMR and HR-ESI-MS data. Furthermore, enzymatic
decarboxylation of tryptophan and tyrosine to tryptamine and tyramine catalyzed by the decarboxy-
lase DisA was investigated using in vivo and in vitro experiments. The antimicrobial activity of the
isolated compounds (1-7) was evaluated. Discolin C and E (1 and 3) exhibited moderate activity
against Gram-positive Bacillus subtilis DSM10, Mycobacterium smegmatis ATCC607, Listeria monocyto-
genes DSM20600 and Staphylococcus aureus ATCC25923, with MIC values ranging from 4 ug/mL to
32 ug/mL.

Keywords: Bacteroidetes; Tenacibaculum; nitrogen-containing heterocycles; imidazolium-containing
alkaloids; pyridinium-containing alkaloid; antimicrobial activity

1. Introduction

Structurally diverse nitrogen-containing heterocycles, such as pyrroles, imidazoles,
oxazoles, pyridines, and quinolones, are widely distributed in marine organisms and
microorganisms. These naturally occurring secondary metabolites often exhibit significant
pharmacological activities, including antibacterial, antifungal, antiparasitic, and anticancer
activities [1-6]. Furthermore, these compounds are often amenable to further structural
modifications [7-10]. Currently, marine-derived imidazole alkaloids are reported mainly
to be isolated from sponges, while reports of marine bacteria as bioresource are relatively
rare [2,6,11-14].

As a member of the family Flavobacteriaceae within the phylum Bacteroidetes, isolates
of the genus Tenacibaculum have been mainly obtained from marine environments, such
as sea water, tidal flat, and aquaculture systems, as well as marine organisms like bry-
0zoan, sea anemone, oyster, sponge and green algae [15-22]. Bacteria of this genus are
the etiological agent of an ulcerative disease known as tenacibaculosis, which affects a
large number of marine fish species in the world [23]. Up to now, the natural products
isolated from Tenacibaculum strains comprise only siderophores that showed beside their
chelating activity also cytotoxicity [24-26], and phenethylamine-containing heterocycles.
The latter include two imidazole alkaloids identified in our previous search for antimicro-
bial metabolites from marine flavobacteria. It was shown that they could be synthesized
by decarboxylation of phenylalanine, catalyzed by the enzyme DisA [27]. Likewise, the
tryptamine and phenethylamine moieties of imidazole alkaloids isolated from a marine
sponge-associated Bacillus strain were proposed to be formed by an aromatic amino acid

Mar. Drugs 2022, 20, 620. https:/ /doi.org/10.3390/md20100620
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decarboxylase-dependent reaction [28]. In order to further expand the array of available
nitrogen-containing heterocycles, the metabolome of T. discolor sv11 was further investi-
gated. Herein, we present the isolation, structure elucidation and biological activity of new
alkaloids from the bacterium, and link the enzymatic activity of DisA to their biosynthesis
using both, in vivo and in vitro assays.

2. Results

In our continuous search for new bioactive molecules, the six new imidazolium-
containing alkaloids discolins C-H (1-6) and one pyridinium-containing alkaloid dispyri-
dine A (7) were isolated from the marine-derived bacterium T. discolor sv11 (Figure 1).
The antimicrobial activity of these new compounds was investigated, among which, com-
pounds 1 and 3 exhibited moderate activity against Gram-positive Bacillus subtilis DSM10,
Mycobacterium smegmatis ATCC607, Listeria monocytogenes DSM20600 and Staphylococcus aureus
ATCC25923. In vivo and in vitro experiments indicated that phenethylamine, tryptamine
and tyramine residues of the new alkaloids are derived from an enzymatic decarboxylation.

8 8
13,8 .. = 1y 38 ’ N OH . NH
N \N"\}@ HN 5% 1&’ N b 4 HN_ NN HN_ N7 N /
7 T F 1= g = : =
gy T Va ‘ '
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Figure 1. Discolin A and new compounds isolated from T. discolor sv11.

Compound 1 was obtained as a yellowish oil. The HR-ESI-MS spectrum of 1 showed
a molecular formula of CpsH3;N3* based on the prominent peak [M]* at m/z 386.2606
(calculated 386.2591, Figure S1). The analysis of 'H NMR and HSQC spectra of 1 revealed
three methyl groups at d; 0.80 (H-8), dg1 2.15 (H-9) and 651 2.20 (H-10), six methylene groups
at 6y 1.34 (H-7), 6y 2.41 (H-6), 6y 2.80 (H-7"), 65 3.08 (H-10’), 6y 4.22 (H-8") and Jy; 4.30
(H-11"), as well as ten aromatic protons that resonated from &y 7.00 to dy 7.39 (Table 1).
These NMR data exhibited a high similarity with the previously reported compound
discolin A that was also isolated from T. discolor sv11 [27]. Therefore, a core structure of
the 4,5-dimethyl-2-propyl imidazolium skeleton of 1 was elucidated based on the COSY
spin system from H-6 to H-7 to H-8, as well as on HMBC correlations from both H-6
and H-7 to C-2, and from both, H-9 and H-10 to C-4 and C-5. The same phenylethyl
moiety as present in discolin A was deducted from compound 1 based on the COSY spin
system between H-7" and H-8", as well as between five benzene ring protons 7.16 (2H,
H-2" and H-6"), 7.28 (H-4") and 6y 7.32 (2H, H-3" and H-5"), together with the core
HMBC correlations from H-7" to C-1” and C-2", and from H-8" to C-1” (Figure 2). The
significant difference between compound 1 and discolin A are the HMBC correlations
from a singlet aromatic proton resonating at éy; 7.17 (H-2') to C-3/, C-4’ and C-9/, from
H-5' to C-3/, C-4/, C-7' and C-9’ (Figure 2), as well as the COSY spin system from H-5
to H-6/, to H-7’ to H-8'. These results suggested an indole moiety instead of a phenyl
residue in compound 1. Together with the remaining COSY spin system between the
two methylene groups H-10" and H-11" and the HMBC correlations from H-10" to C-2/,
C-3/, C-4' and C-11’, a 3-ethylindole moiety (C;9H;oN) was elucidated from compound 1,
which is further supported by the MS/MS fragment [C1oH;oN]* detected at m/z 144.0813
(calculated 144.0813, Figure S1). With the HMBC correlations from H-8" to C-2 and C-4,
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and from H-11" to C-2 and C-5, the above mentioned phenylethyl moiety and 3-ethylindole
were supposed to be located at position 3 and 1 of the imidazolium skeleton (Figure 2). This
assumption was proven by 'H-1N HMBC correlations from H-6, H-9, H-7" and H-8" to
N-3 and from H-6, H-10, H-10' and H-11’ to N-1 (Figure 2). The N-atom at position 1 was
considered to be positively charged based on the detected chemical shift at 5n 178.5, while
N-3 was at oy 177.3 (Figures S7 and S8) [29-31]. An additional NMR measurement with
added trifluoracetic acid (TFA) in DMSO-d;; (ratio 1:3) was carried out to further prove this
conclusion (Figures $9-513). The methylene groups of H-8” and H-7" shifted to up-field
with a deviation Adyygr value of 0.13 and Adyy_» value of 0.10 ppm, while the deviation
Ay and Adyy_q values were 0.09 and 0.05 ppm, respectively. The addition of TFA lead
to the protonation of the tertiary N-atom at position 3, which gives a higher influence on
the chemical shift [32]. The detected different chemical shift deviations Adn.3 (155.1) and
AdN-1 (154.1) further support this result (Figures S7, S8 and S13). Thus, the structure of
compound 1 was elucidated as shown in Figure 1 and named discolin C.

Table 1. 'H (700 MHz) and '3C (175 MHz) NMR data of compounds 1-3 (DMSO-dg, § in ppm).

1 2 3
Position - - - -
dc, Type oy, (JinHz) Jy, (JinHz)? dc, Type Oy, (J in Hz) dc, Type Iy, (J in Hz)
2 144.8,C 144.7,C 144.7,C
4 125.5,C 125.5,C 1255, C
5 125.5,C 125.5,C 125.5,C
6 23.8, CH, 2.41,t(8.0) 220, m 23.8, CH, 2.40,t(7.8) 23.7, CH, 2.30,t(8.1)
7 20.6, CH, 1.34, m 1.25, m 20.6, CH, 1.34, m 20.5, CH, 1.29, m
8 13.3, CH3 0.80, t (7.3) 0.69, t (7.3) 13.3, CH3 0.80, t(7.2) 13.2, CHj 0.71, £ (7.3)
9 7.9,CH; 2.15,s 2.03,s 7.9,CH; 213,s 8.0, CH; 222,s
10 8.0, CHs 220, s 2.10,s 8.0, CHj 2.19,s 8.0, CHj 2.22,8
1" NH 11.11,s 10.80, s 11.02,s 11.03, s
2! 123.9, CH 7.17,sP 7.02,sP 123.8, CH 7.16,s 123.8, CH 7.16,s
3 109.1, C 109.1, C 109.1,C
Y 126.8,C 126.8,C 126.8,C
5/ 117.5, CH 7.39,d (7.3) 7.27,d (7.9) 117.5,CH 7.40,d (7.9) 117.5,CH 7.38, m
6 118.6, CH 7.00, t (7.7) 6.93,d (7.5) 118.6, CH 7.00, t (7.4) 118.6, CH 7.01,t (7.5)
7' 121.2,CH 7.09, t (7.5) 7.02, mP 121.2,CH 7.09,t (7.4) 121.2, CH 7.09,t (7.5)
8 111.6, CH 7.38,d (7.6) 7.32,d (8.1) 111.6, CH 7.38,d (8.0) 111.6, CH 7.38, m
9 136.1,C 136.1,C 136.1,C
10/ 25.0, CH, 3.08, t (7.0) 3.03, t (6.8) 25.0, CH, 3.07,t(6.7) 249,CH 2.95,t(7.2)
11 45.8, CH, 4.30, t (7.0) 421,t(6.7) 45.7, CH, 4.29,t(6.7) 45.6, CH 4.23,1(7.3)
e 136.8, C 126.7,C 11.03, s
2" 128.9, CH 7.16,mP 7.02, mP 129.9, CH 6.91,d (7.9) 123.8, CH 7.16,s
gt 128.6, CH 7.32,t(7.3) 721, m 115.3, CH 6.70,d (8.0) 109.1,C
4" 127.0, CH 7.28, m 717, m 156.5, C 126.8,C
5" 128.6, CH 7.32,t(7.3) 721, m 115.3, CH 6.70,d (8.0) 117.5, CH 7.38, m
6" 128.9, CH 7.16,mP 7.02, mP 129.9, CH 6.91,d (7.9) 118.6, CH 7.01,t (7.5)
7l 35.0, CH, 2.80, t (7.5) 2.70, t (7.3) 342, CH, 2.69,t(6.9) 121.2, CH 7.09, t (7.5)
8" 45.8, CH, 422,t(7.5) 4.09,t(7.2) 46.2, CH, 4.14,t(6.9) 111.6, CH 7.38, m
9" 136.1,C
10” 249,CH 2.95,t(7.2)
i 45.6, CH 4.23,t(7.3)

2 'H NMR data of compound 1 with TFA added. ® Signals overlapped. ¢ NH at 1” for compound 3.
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Figure 2. Key HMBC and 'H-'H COSY correlations of compounds 1-7.

Compound 2 was obtained as a yellowish oil. The molecular formula of 2 was de-
termined to be CysH3ON3* (m/z = 402.2543, [M]*, caled. 402.2540, Figure S14) based
on the HR-ESI-MS spectrum. Comprehensive comparison of NMR data of compounds
1 and 2 revealed the high similarity except for the chemical shift of C-4", which was
shifted from 126.96 to 156.48, and one missing aromatic proton. Together with the detected
16 Da increase in the HR-ESI-MS spectrum of compound 2, this suggested the presence of a
4-hydroxyphenylethyl moiety located at position 3 instead of a phenylethyl moiety (Table 1).
This assumption was confirmed by the upfield chemical shifts of the benzene ring protons
at 617 6.70 (2H, H-3" and H-5"") and 61 6.91 (2H, H-2" and H-6"), which showed similar be-
havior as the reported 4-hydroxyphenylethyl-containing compound N-Acetyltyramine [33].
This effect is explained by the fact that the hydroxyl group is an electron donor, which
shields the protons of the benzene nucleus more strongly and leads to an upfield shift of
the corresponding signals. Second, the hydroxyl group that appeared at C-4” in compound
2 changes the spin system of this radical, and therefore influenced the shape of the proton
multiplets of the benzene nucleus. Furthermore, the COSY spin system between H-2"
and H-3", as well as the HMBC correlations from H-7" to C-1”, C-2", from H-3" to C-1”,
C-4", and from H-8" to C-2, C-4 and C-1” proved the 4-hydroxyphenylethyl group in
compound 2. The detected MS/MS fragment at m/z 282.1963 ([C1gH23N3 + HJ*, caled.
282.1965, Figure S14) of compound 2, which lost the 4-hydroxyphenylethyl group (-CgHgO),
strongly indicated the above mentioned assumption. Thus, the structure of compound 2
was elucidated as shown in Figure 1 and named discolin D.

Compound 3 was also obtained as a yellowish oil. The molecular formula of 3 was
determined to be CogH33Ny* (m/z = 425.2702, [M]*, calculated 425.2700, Figure S20) based
on the HR-ESI-MS spectrum. The core scaffold of compound 3 shared the 4,5-dimethyl-2-
propyl imidazolium skeleton with compound 1 as deduced from a comparison of both, 1D
and 2D NMR data (Table 1), which also indicated compound 3 to be a symmetric structure.
Integration of the proton signals in the 'H NMR spectrum together with the COSY spin
system of the aromatic protons and the HMBC correlations from H-2' to C-3/, C-4' and C-9/,
from H-10' to C-2/, C-4’ and C-11/, as well as from H-11' to C-3/, C-10/, C-2, and C-5 proved
that two identical 3-ethylindole moieties were connected to the central imidazolium ring as
shown in Figure 2. Hence, compound 3 is a member of the discolin family and was named
discolin E.

Compounds 4 and 5 were each obtained as a yellowish oil. The molecula formulae
of compounds 4 and 5 were identified as Cp4H31ON>* and CpsH330N,*, respectively,
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based on the HR-ESI-MS signals [M]* at /z = 363.2442 (calculated 363.2431, compound 4,
Figure 526) and m/z = 377.2593 (calculated 377.2587, compound 5, Figure S32), respectively.
One phenylethyl moiety, one 4-hydroxyphenylethyl moiety and the 4,5-dimethyl-2-propyl
imidazolium skeleton were disclosed as constituents of compound 4 by comparing the 1D
and 2D NMR data with those of compounds 1 and 2 (Tables 1 and 2). The phenylethyl
moiety and the 4-hydroxyphenylethyl moiety were assigned to be located at positions
1 and 3 of the imidazolium skeleton of compound 4, based on the HMBC correlations
from H-8 to C-2 and C-5 and from H-8" to C-2 and C-4 (Figure 2). In compound 5,
identical phenylethyl and 4-hydroxyphenylethyl moieties were assigned to be located at
the same positions as in compound 4. Comparing the 1D and 2D NMR data of compounds
4 and 5, the only difference is one ethyl group present in compound 5, while compound
4 carries a methyl group (Table 2). The presence of an ethyl group in compound 5 is
corroborated by the COSY correlation between H-9 and H-10, and the HMBC correlations
from both, H-9 and H-10 to C-4. In contrast, in compound 4, the methyl group is directly
connected to the unsaturated carbon C-4 (Figure 2), thus verifying the assumed structural
relationship between compounds 4 and 5. The 14 Da molecular weight difference between
both compounds further supports their structural relationship. Thus, the structures of
compounds 4 and 5 were elucidated as shown in Figure 1, and the names discolin F and
discolin G were proposed, respectively.

Table 2. 'H (700 MHz) and 3C (175 MHz) NMR data of compounds 4-6 (DMSO-dg, 0 in ppm).

Position

¢, Type oy, (J in Hz) dc, Type ? JOn, (J in Hz) dc, Type Jdy, (J in Hz)
2 1448, C 1448, C 146.0, C
4 125.5,C 130.5,C 125:5,C
5 125.6,C 125.7,C 125.5,C
6 23.9, CH, 2.53,t(7.9) 23.8, CH, 255, m 16.1, CH, 267, (7.6)
74 20.7, CH, 1.40, m 20.4, CH, 1.43, m 11.8, CHj 1.02, t (7.6)
8 13.4, CH, 0.89, t (7.2) 13.1, CH, 0.90, t (7.2) 7.9, CHs 211, s
9 7.9, CHs 2100r2.11, s 15.1, CH, 257, (7.6) 7.9, CHs 211, s
10 7.9,CHs 2100r2.11,s 13.3, CHj3 1.07,td (7.5, 1.9)
11 7.6, CH, 2.10,d (1.5)
1 136.9, C 136.8, C 136.9, C
2 129.0, CH 7.19,d (7.2) 128.7, CH 2 ((J; 17)'17' e 129.0, CH 7.19,d (7.1)
3 128.6, CH 7.33,t(7.3) 128.4,CH 7.33, m 128.6, CH 7.33,t(7.3)
4 127.0,CH 7.28,t(7.2) 126.8, CH 7.29, m 127.0, CH 7.28,t(7.3)
5 128.6, CH 7.33,t(7.3) 128.4,CH 7.33, m 128.6, CH 7.33,t(7.3)
6 129.0, CH 7.19,d (7.2) 128.7, CH .20 ((); 17)'17' d 129.0, CH 7.19,d (7.1)
7' 35.0, CH, 2.93, t (7.0) 35.2, CH, 293, m 35.0, CH, 2.95,t (7.3)
8’ 46.0, CH, 4.28,t(7.0) 45.6, CH, 429, m 45.9, CH; 4.28,t(7.3)
1" 126.5,C 126.4,C 136.9, C
2! 129.9, CH 6.92,d (8.1) 129.6, CH bes ‘(’g ;),90, 4 129.0, CH 7.19,d (7.1)
31 1154,CH 6.70,d (8.1) 115.2,CH 671 (()g 2)70’ g 128.6, CH 7.33,t(7.3)
4" 156.8, C 156.7, C 127.0,CH 7.28,t(7.3)

i 6.71 0r 6.70,d

5 1154, CH 6.70,d (8.1) 115.2,CH (8.4) 128.6, CH 7.33,t(7.3)
6" 129.9, CH 6.92,d (8.1) 129.6, CH 6.93 ‘()g ;90’ g 129.0, CH 7.19,d (7.1)
Vid 342, CH, 2.81,t(6.8) 343, CH, 2.81, m 35.0, CH, 2.95, ¢ (7.3)
8/ 46.4, CH, 421,t(6.9) 46.0, CH, 421, m 459, CH, 428, t(7.3)

2 Deduced from HSQC and HMBC spectra.
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Compound 6 was also obtained as a yellowish oil. The molecular formula of com-
pound 6 was established as Co3H9N,* based on the prominent [M]* peak in HR-ESI-MS
spectrum at m/z = 333.2329 (calculated 333.2325, Figure S37). Two identical phenylethyl
moieties were deduced from the NMR spectra of compound 6 and connected at positions 1
and 3 of the core ring based on the HMBC correlations from H-8' to C-2 and C-5, as well as
from H-8" to C-2 and C-4. The remaining signals of 6 were assigned to the 4,5-dimethyl-
2-ethyl imidazolium scaffold, which showed an ethyl group rather than a propyl group
at position 2. This difference was clarified by the COSY correlation between H-6 and H-7,
as well as the HMBC correlations from both, H-6 and H-7 to C-2 (Figure 2). Therefore,
compound 6 proved to be a representative of the discolin family and was named discolin H.

Compound 7 was isolated as a colorless powder. Its molecular formula was established
as CpHyoNy* based on the prominent ion peak [M]* observed at m/z 321.2322 (calcd.
321.2325, Figure S43). Comprehensive analysis of 1D and 2D NMR data of compound 7
revealed one 3-ethylindole moiety as found in compounds 1-3, as well as two ethyl groups
and one propyl group (Table 3). The remaining two aromatic protons at Jy 8.20 (H-4)
and &y 8.40 (H-6) in the 'H NMR spectrum and five aromatic carbons at dc 153.07 (C-
2), 6c 142.58 (C-3), dc 144.54 (C-4), dc 140.61 (C-5) and ¢ 142.62 (C-6) in the 13C NMR
spectrum were attributed to a pyridinium ring as apparent from comparison with the data
of dispyridine, a pyridinium-containing alkaloid isolated previously [27]. The location of
the 3-ethylindole moiety was determined from the HMBC correlations from H-11 to C-2
and C-6, which also confirmed the location of the aromatic proton H-6 resonating at é¢; 8.40.
The second aromatic proton resonating at 6y 8.20 was attributed to position 4, based on
the HMBC correlations from H-4 to C-2, C-3 and C-6. The propyl group and the two ethyl
groups attached to the pyridinium ring were located at C-2, C-3 and C-5, as inferred from
HMBC correlations from H-7 to C-2 and C-3, from H-10 to C-2, C-3 and C-4, and from H-12
to C-4, C-5 and C-6 (Figure 2). Therefore, compound 7 was found to be a new member of
the dispyridine family and named dispyridine A.

Table 3. 'H (700 MHz) and '3C (175 MHz) NMR data of compound 7 (DMSO-dg, § in ppm).

Position ¢, Type oy, (J in Hz) Position dc, Type oy, (J in Hz)
2 153.1,C 1" NH 11.06, s
3 142.6,C 2! 124.2,CH 7.13,s
4 144.5,CH 8.20, s 3 108.3,C
5 140.6, C 4 126.8,C
6 142.6, CH 8.40, s 5 117.3,CH 7.25,d (7.9)
7 29.5, CH, 2.83,t(8.2) 6 118.6, CH 691, (7.4)
8 21.8, CH, 1.56, m 7' 121.2, CH 7.06,t (7.3)
9 13.8, CH3 1.00, t (7.0) 8’ 111.6, CH 7.35,d (8.1)
10 24.5,CH, 2.73,q(7.5) 9 136.0,C
11 14.4,CH; 1.13,t(7.5) 10/ 26.5, CH, 335 m?
12 24.5,CH, 257,q(7.5) 11 58.5, CHy 478, (6.5)
13 13.9, CH, 1.01, t (7.5)

2 Signal overlapped with H,O.

Based on previous research, it was known that phenylalanine can be converted to
phenethylamine by the catalytic action of the decarboxylase DisA. This molecule could
serve as building block to yield different derivatives [27]. Hence, the newly isolated
imidazolium-containing alkaloids (1-6) were also supposed to be produced via the same
biosynthetic route, i.e., first an enzymatic decarboxylation of the aromatic-L-amino acid
tryptophan or tyrosine yielding tryptamine or tyramine, respectively, followed by a non-
enzymatic condensation to form the central imidazolium ring. To confirm this hypothesis,
the candidate enzyme DisA from T. discolor sv11 was analyzed in vivo in a heterologous
system. Therefore, the previously constructed transgenic host strain E. coli ROSETTA
(disA) carrying the respective disA gene and E. coli ROSETTA (pRSF) (negative empty
vector control) were cultivated in LB medium, whereby 2 mM tryptophan and tyrosine

69



Chapter 3. Publication 2

Mar. Drugs 2022, 20, 620

7of 12

were added as substrates, respectively. After 24 h incubation, tryptamine and tyramine
were only detected in the extract of E. coli ROSETTA (disA), while only the substrates, i.e.,
tryptophan and tyrosine were detected in the negative control (Figure 3). To further validate
these results, a His-tagged version of DisA was purified using affinity chromatography
and assayed in vitro. This confirmed that tryptamine and tyramine can be obtained from
tryptophan and tyrosine by a DisA-dependent catalytic conversion (Figure 3).
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Figure 3. Invivo and in vitro decarboxylation of tryptophan and tyrosine catalyzed by DisA.
(A) Invivo decarboxylation of tryptophan to tryptamine. Extracted ion chromatograms (EICs)
of tryptophan (C11H13N20; 205.0977 [M + HJ*, in red) and tryptamine (C19H13N; 161.1079 [M + H]*,
in blue). (B) In vivo decarboxylation of tyrosine to tyramine. Extracted ion chromatograms (EIC)
of tyrosine (CoH1,NO3 182.0817 [M + HJ*, in red) and tyramine (CgH;,NO 138.0919 [M + H]*, in
blue). In A and B, the base peak chromatogram of the extracts is given in grey. (C) Comparative
HPLC analysis of the in vitro decarboxylation of tryptophan. (D) Comparative HPLC analysis of the
in vitro decarboxylation of tyrosine. In C and D, the UV absorbance at 254 nm is shown.
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All isolated compounds 1-7 were investigated for their bioactivity against bacte-
ria (B. subtilis DSM10, M. smegmatis ATCC607, L. monocytogenes DSM20600, S. aureus
ATCC25923, and E. coli ATCC25922) and fungi (Candida albicans FH2173). As shown
in Table 4, discolin C (1) showed activity against M. smegmatis ATCC607 and B. subtilis
DSM10 with MIC values ranging from 4 ug/mL to 8 ug/mL and moderate to weak activity
against S. aureus ATCC25923 and L. monocytogenes DSM20600 with MIC values ranging
from 16 pg/mL to 32 ug/mL. Discolin E (3) exhibited activity against four tested Gram-
positive bacteria with MIC values ranging from 4 ug/mL to 8 ug/mL and moderate activity
against C. albicans FH2173 with an MIC value of 16 ug/mL. The other compounds (2, 4-7)
were inactive against all the tested microorganisms in the range tested.

Table 4. MIC values (ug/mL) for Compounds 1-7.

Test organism

MIC (ug/mL, n = 3)

1 2 3 4 5 6 7 Rifampicin  Tetracycline Gentamicin
B. subtilis DSM10 8 >32 8 >32 32 32 >32 <0.031 24 0.06
M. smegmatis ATCC607 4 >32 4 >32 >32 16 >32 8-16 0.25-0.5 4-82
L. monocytogenes
DSM20600 32 >32 8 >32 >32 >32 >32 <0.031 0.5-1 <0.031
S. aureus ATCC25923 16 >32 8 >32 >32 32 >32 <0.031 0.25-0.5 0.06-0.125
E. coli ATCC25922 >32 >32 >32 >32 >32 >32 >32 4 2-4 0.06
Nystatin Tebuconazole Amphotericin B
C. albicans FH2173® >32 >32 16 >32 >32 >32 >32 12 0.25 0.5-1

2 Jsoniazid was used as positive control. ® Nystatin, tebuconazole and amphotericin B were used as positive controls.

3. Conclusions and Discussion

In conclusion, seven new alkaloids were obtained from the crude extract of T. discolor
sv11 after fermentation in LB medium. In vivo and in vitro experiments proved the decar-
boxylase DisA to catalyze the decarboxylation of the aromatic-L-amino acids phenylala-
nine, tryptophan and tyrosine to phenethylamine, tryptamine and tyramine, respectively.
These molecules serve as substrates for the formation of the central imidazolium ring of
discolins A-H through a non-enzymatic condensation. Hence, by combining an enzyme-
catalyzed and a non-enzymatic reaction, the bacterium generates a mix of structurally
related molecules. Besides the understanding of the biosynthetic mechanisms of the discol-
ins, some insights into the structure-activity relationship of the antibacterial discolins A-H
were also obtained [27]. Discolin A and discolin H feature the same molecular skeleton,
except for the length of the carbon chain linked to C-2 of the central imidazolium ring. Both
molecules showed the similar moderate bioactivity, which suggests that the substructure
at position 2 can be altered without affecting the activity. The structural differences and
changes in the bioactivity of discolins C-F and discolin A indicated that the substructures at
position 1 and 3 of the central ring instead play an important role concerning antibacterial
activity. Earlier evidence indicated that the activity of imidazolium salts is highly depen-
dent upon the substituents on the nitrogen atoms of the imidazolium cation [34], which
is in agreement with our observation. In summary, our finding, together with previous
reports, clearly indicates that the genus Tenacibaculum exhibits a high potential to produce
nitrogen-containing heterocycles with a unique structure and various biological activities.
This includes positively charged imidazolium-containing natural products.

4. Materials and Methods
4.1. General Experimental Procedures

The 1D and 2D NMR spectra were recorded in DMSO-dg using a Bruker Avance Neo
700 MHz spectrometer equipped with a 5 mm CryoProbe Prodigy TCI (*H,'°N,'3C Z-GRD)
(Bruker, Ettlingen, Germany). The LC-HRMS data for new compounds were recorded
on a micrOTOF-QII mass spectrometer (Bruker, Billerica, MA, USA) equipped with an
ESI-source coupled to an Agilent Infinity 1290 UHPLC system using an ACQUITY UPLC
BEH C18 Column, 130 A, 1.7 um, 2.1 mmx 100 mm (Waters, Eschborn, Germany) with
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an ACQUITY UPLC BEH C18 VanGuard Pre-column, 130 A, 1.7 um, 2.1 mm X 5 mm
(Waters, Eschborn, Germany). HPLC was performed using a Shimadzu HPLC system
(Shimadzu Deutschland GmbH, Duisburg, Germany) for analysis (EC 250/4.6 Nucleodur
C18 Gravity-SB, 5 um; Macherey-Nagel, Diiren, Germany), and for semi-preparative purifi-
cation (VP 250/10 Nucleodur C18 Gravity-SB, 5 um; Macherey-Nagel, Diiren, Germany).
MPLC was performed on the Interchim Puriflash 4125 chromatography system (Interchim,
Montlugon, France).

4.2. Extraction and Isolation

A fermentation (36 L) of T. discolor S11 was performed in 5 L flasks that contained
1.5 L of LB medium and were incubated at 30 °C and 140 rpm for 8 days, followed by an
extraction using EtOAc (volume ratio 1:1) for three times, affording 11.9 g crude extract.
Thirteen fractions (Fr. 1-13) were collected from reversed phase flash chromatography
(Interchim Puriflash 4125 chromatography system with Puriflash C18-AQ30 um F0120
column) with an elution gradient starting from 10% MeOH/H,O to 100% MeOH over 1.5 h.
Fr. 11 (973.8 mg) was further subjected to size exclusion chromatography on a Sephadex
LH-20 column and eluted with 100% MeOH to give 10 subfractions (Frr. 11.1-11.10). Frr.
11.4 (229.4 mg) was further subjected to reversed phase flash chromatography (Interchim
Puriflash 4125 chromatography system with Puriflash C18-HP30 um F0025 Flash column)
using an elution gradient from 10% MeOH/H,O to 100% MeOH over 4 h to give 10 sub-
fractions (Frrr. 11.4.1-11.4.10). Frrr. 11.4.6 was further purified by semi-preparative HPLC
(0-1 min, 22% MeCN; 1-46 min, gradient increased from 22% to 37% MeCN) to yield
compounds 1 (2.0 mg, fg =43 min) and 3 (0.6 mg, tg = 45 min). Frrr. 11.4.5 was fractionated
by semi-preparative HPLC (0-38.5 min, gradient increased from 10% to 46% MeOH) to
give 6 subfractions (Frrrr. 11.4.5.1-11.4.5.6). Frrrr. 11.4.5.3 was again purified by semi-
preparative HPLC (0-57 min, isocratic gradient with 29% MeOH) to yield compounds 2
(1.2 mg, tgr =48.5 min), 4 (2.1 mg, tg = 39 min) and 7 (1.5 mg, g = 44.4 min). Purification of
Frrrr. 11.4.5.1 by semi-preparative HPLC (0-5 min, 5% MeCN; 5-50 min, gradient increased
from 5% to 35% MeCN) yielded compound 5 (0.3 mg, tg = 49.3 min). Compound 6 (0.3 mg,
tr = 51.2 min) was obtained from Frrrr. 11.4.5.6 by semi-preparative HPLC (0-5 min, 5%
MeCN; 5-56 min, gradient increased from 5% to 39% MeCN).

Discolin C (1): yellowish oil; the 'H NMR (DMSO-dg, 700 MHz) and *C NMR (DMSO-
ds, 175 MHz) data are given in Table 1; HR-ESI-MS m/z 386.2606 [M]* (calculated for
Cp6H32N3*, 386.2591, Figure S1).

Discolin D (2): yellowish oil; the "H NMR (DMSO-ds, 700 MHz) and '3C NMR (DMSO-
de, 175 MHz) data are given in Table 1; HR-ESI-MS m/z 402.2543 [M]* (calculated for
Cp6H3,0ON3*, 402.2540, Figure S14).

Discolin E (3): yellowish oil; the "H NMR (DMSO-dg, 700 MHz) and 3C NMR (DMSO-
ds, 175 MHz) data are given in Table 1; HR-ESI-MS m/z 425.2702 [M]* (calculated for
C28H33N4+, 425.2700, Figure SZO)

Discolin F (4): yellowish oil; the "H NMR (DMSO-dg, 700 MHz) and '*C NMR (DMSO-
de, 175 MHz) data are given in Table 2; HR-ESI-MS m/z 363.2442 [M]* (calculated for
Ca4H3;0N,*, 363.2431, Figure S26).

Discolin G (5): yellowish oil; the 'H NMR (DMSO-ds, 700 MHz) and '3C NMR (DMSO-
de, 175 MHz) data are given in Table 2; HR-ESI-MS m/z 377.2593 [M]* (calculated for
Ca5H330ON,*, 377.2587, Figure S32).

Discolin H (6): yellowish oil; the 'H NMR (DMSO-dg, 700 MHz) and '3C NMR
(DMSO-dg, 175 MHz) data are given in Table 2; HR-ESI-MS m/z 333.2329 [M]* (calculated
for Co3Hy9N,*, 333.2325, Figure S37).

Dispyridine A (7): colorless powder; the 'H NMR (DMSO-ds, 700 MHz) and '*C NMR
(DMSO-dg, 175 MHz) data are given in Table 3; HR-ESI-MS m/z 321.2322 [M]* (calculated
for CpoHp9N,*, 321.2325, Figure S43).
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4.3. Enzymatic Activity of Dis A

To investigate the enzymatic activity of Dis A in vivo, E. coli ROSETTA (disA) was
cultured in 30 mL kanamycin-containing (50 pg mL~!) LB medium at 30 °C overnight as
pre-culture. A volume of 100 uL of this pre-culture was used to inoculate at 37 °C in two
300 mL Erlenmeyer flasks with 100 mL kanamycin-containing (50 pg mL~!) LB medium;
0.1 mM IPTG was added into the medium when the cultures reached an ODgg of 0.5 and
were cultured at 30 °C for 3 h. Then, 2 mM tryptophan or tyrosine were added to the
medium and cultured at 30 °C overnight. Next, 2 mL medium was harvested, dried in
vacuo, re-dissolved in 200 uL DMSO and analyzed by UPLC-HRMS. The E. coli ROSETTA
strain harboring the empty vector pRSF without the target disA gene was cultivated under
the same conditions and analyzed by UPLC-HRMS as the negative control.

An in vitro enzymatic characterization was carried out after the purification of the
His-tagged DisA. An inoculum of 15 mL of same pre-culture prepared for in vivo assay
was used to inoculate 1.5 L kanamycin-containing (50 jtg mL~!) LB medium; 0.1 mM IPTG
was added to the medium when the cultures reached an ODg of 0.5 and were cultured
overnight. Cells were collected by centrifugation at 4 °C with 10,000 rpm and resuspended
in lysis buffer (50 mM NaH,POy4, 300 mM NaCl and 10 mM imidazole; pH 8.0). The
resulting suspensions were sonicated and centrifuged at 4 °C at maximum speed for 30 min.
The supernatant was loaded onto a pre-equilibrated 750 pL Qiagen® Ni-NTA column. After
washing with a 3 mL lysis buffer and 3 mL wash buffer (20 mM imidazole lysis buffer),
the His-tagged protein DisA was eluted from the column using an elution buffer (250 mM
imidazole lysis buffer) (Figure S49). The protein was resuspended into an imidazole-free
buffer (50 mM NaH,POy, 300 mM NaCl; pH 8.0) and concentrated using the Amicon®
Ultra-15 centrifugation membrane column.

Enzymatic reactions were performed in 50 mM lysis buffer without imidazole (50 mM
NaH,POy, 300 mM NaCl, pH 8.0), containing 100 uM tryptophan (or 20 uM tyrosine) and
5 uM DisA in a total volume of 0.5 mL. After incubation at 30 °C overnight, the same
volume of MeOH was added to quench the reactions. The reaction mixture was then
centrifuged and the supernatant was dried and re-dissolved in 50 uL 50% MeOH and
analyzed by analytical HPLC (0-16 min, 5% MeCN; 16-26 min, gradient increased from 5%
to 100% MeCN).

4.4. Bioactivity Tests

Determination of the minimum inhibitory concentration (MIC) of purified compounds 1-7
was carried out by micro broth dilution assays in 96 well plates as described previously [27].
All compounds were dissolved in dimethyl sulfoxide (DMSO, Carl Roth GmbH + Co.,
Karlsruhe, Germany) with a concentration of 3.2 mg/mL and tested in triplicate. Dilution
series (64—0.03 pg/mL) of rifampicin, tetracycline, and gentamicin (all Sigma-Aldrich,
St. Louis, MS, USA) were prepared as positive controls for B. subtilis DSM10, L. monocy-
togenes DSM20600, S. aureus ATCC25923, and E. coli ATCC25922. Same dilution series of
rifampicin, tetracycline, and isoniazid for M. smegmatis ATCC607. For fungi (C. albicans
FH2173), tebuconazole (Cayman Chemical Company, Ann Arbor, MI, USA.), amphotericin
B (Sigma-Aldrich, St. Louis, MS, USA) and nystatin (Sigma-Aldrich, St. Louis, MS, USA)
were used as the positive control with same dilution series.

Supplementary Materials: The supporting information is available free of charge at: https://www.
mdpi.com/article/10.3390/md20100620/s1, Figures S1-548: HR-ESI-MS, HR-ESI-MS/MS and NMR
spectra for compounds 1-7; Figure S49: SDS-PAGE gel of the purified His-tagged DisA (PDF).
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Figure S1. The HR-ESI-MS and HR-ESI-MS/MS of compound 1.
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Figure S7. The "H-'SN HMBC (700 MHz, DMSO-d;) spectrum of compound 1.
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Figure S8. The 'H-'SN HMBC (700 MHz, DMSO-d;) spectrum of compound 1
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Figure S17. The HSQC (700 MHz, DMSO-d;) spectrum of compound 2.
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Figure S18. The 'H-'H COSY (700 MHz, DMSO-d;) spectrum of compound 2.
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Figure S24. The '"H-"H COSY (700 MHz, DMSO-d5) spectrum of compound 3.
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Figure S25. The '"H-'*C HMBC (700 MHz, DMSO-d5) spectrum of compound 3.
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Figure S26. The HR-ESI-MS and HR-ESI-MS/MS of compound 4.
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Figure S28. The *C-NMR (175 MHz, DMSO-d;) spectrum of compound 4
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Figure S30. The '"H-"H COSY (700 MHz, DMSO-d5) spectrum of compound 4.

18

o}

96



Chapter 3. Publication 2

lll gadl

1L

o

[
SR——
=

Figure S31. The '"H-'*C HMBC (700 MHz, DMSO-d;) spectrum of compound 4.
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Figure S32. The HR-ESI-MS and HR-ESI-MS/MS of compound 5.
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Figure $33. The '"H-NMR (700 MHz, DMSO-d;) spectrum of compound 5
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Figure S34. The HSQC (700 MHz, DMSO-d;) spectrum of compound 5.
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Figure S35. The 'H-'H COSY (700 MHz, DMSO-d;) spectrum of compound 5.
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Figure S36. The '"H-'*C HMBC (700 MHz, DMSO-d;) spectrum of compound 5.
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Figure S37. The HR-ESI-MS and HR-ESI-MS/MS of compound 6.
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Figure S39. The *C-NMR (175 MHz, DMSO-d;) spectrum of compound 6
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Figure S40. The HSQC (700 MHz, DMSO-ds) spectrum of compound 6.
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Figure S41. The "H-"H COSY (700 MHz, DMSO-d5) spectrum of compound 6.
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Figure S42. The 'H-'*C HMBC (700 MHz, DMSO-d;) spectrum of compound 6.
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Figure S43. The HR-ESI-MS and HR-ESI-MS/MS of compound 7.
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Figure S45. The *C-NMR (175 MHz, DMSO-d;) spectrum of compound 7
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Figure S46. The HSQC (700 MHz, DMSO-ds) spectrum of compound 7.
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Figure S47. The '"H-"H COSY (700 MHz, DMSO-d5) spectrum of compound 7.
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Figure S48. The '"H-'*C HMBC (700 MHz, DMSO-d;) spectrum of compound 7.

Figure S49. SDS-PAGE gel showing the purification of His-tagged DisA.

30

108



Chapter 4. Publication 3

Chapter 4. Publication 3

Physiochemical interaction between osmotic stress and a bacterial exometabolite promotes

plant disease

Felix Getzke”, Lei Wang”, Nienke Denissen, Fantin Mesny, Hidde Wesseler, Paul Schulze-Lefert,

Till F. Schiberle”, Stéphane Hacquard®. (*co-first author)

(under review, Nature Communications)

The genome data of the strong competitor within the Arabidopsis thaliana root microbiome, i.e.
Pseudomonas brassicacearum Root401, was scanned for putative biosynthetic gene clusters
(BGCs). This genomic mining approach revealed a homologue to the syp-syr BGC that is
responsible for syringopeptin and syringomycin biosynthesis. In combination with a molecular
networking-guided survey this led to the identification of four new cyclic lipopeptides, which we
named Brassicapeptins A to D from the culture broth of P. brassicacearum Root401. Their
structures were determined using HR-ESI-MS, HR-ESI-MS/MS, 1D and 2D NMR data and
Marfey’s analysis. Comparison to the previously described syringopeptins, which are also
produced by Pseudomonas strains, the discovered brassicapeptins revealed notable structural
differences, including a different fatty acid starter unit and a smaller ring structure that is formed
intramolecularly between the six C-terminal amino acid residues, thereby suggesting that

brassicapaptins represent a novel sub-group of cyclic lipopeptides. Brassicapeptin A exhibited
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strong activity against Listeria monocytogenes DSM20600 with MIC value of 2 pg/mL and

moderate activity against Mycobacterium smegmatis ATCC607 with MIC value of 8 pg/mL.

The work of our collaborators revealed that brassicapeptin A is necessary and sufficient to
promote disease on plants that are under salt stress. Their data support the hypothesis that
brassicapeptin A-induced disruption of ion homeostasis at the root interface enhances salt stress

and promotes bacterial colonization, thereby leading to plant disease.
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Abstract

Various microbes isolated from healthy plants are detrimental under laboratory conditions,
indicating the existence of molecular mechanisms preventing disease in nature. Here, we
demonstrated that application of sodium chloride (NaCl) in natural and gnotobiotic soil systems

is needed to induce plant disease caused by an otherwise non-pathogenic root-derived
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Pseudomonas brassicacearum isolate (R401). Disease caused by combinatorial treatment of
NaCl and R401 triggered extensive, root-specific transcriptional reprogramming that did not
involve down-regulation of host innate immune genes, nor dampening of ROS-mediated
immunity. Instead, we identified and structurally characterized the R401 lipopeptide
brassicapeptin A as necessary and sufficient to promote disease on salt-treated plants.
Brassicapeptin A production transitions R401 from being beneficial to being detrimental on
salt-treated plants by disturbing host ion homeostasis, thereby bolstering bacterial infection
and susceptibility to osmolytes. We conclude that the interaction between a global change

stressor and a bacterial exometabolite drives disease emergence in the plant microbiome.

Keywords
plant disease, root microbiome, opportunistic pathogens, non-ribosomal peptide, abiotic

stress, biotic stress, immunity, microbiota, natural product

Introduction

Subterranean and aerial plant tissues are colonized by complex microbial communities that
are referred to as the root and shoot microbiota, respectively” 2 * 4. Recent efforts to
systematically isolate and characterise the microbiota of healthy-looking Arabidopsis thaliana
grown in natural soils revealed that few bacteria (< 5%) can cause disease under specific
laboratory conditions® ® 7. These include for example Pseudomonas brassicacearum Root401
(referred to as R401), Streptomyces spp. Root107 (R107), Xanthomonas spp. Leaf131 and
Leaf148 (L131, L148), or multiple Pseudomonas viridiflava isolates that were retrieved from
symptomless plant tissues® > & % 1% The identification of these so-called opportunistic
pathogens suggests the existence of molecular mechanisms that suppress detrimental

phenotypes in nature whilst facilitating virulence under laboratory conditions.
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Stevens (1960)"" advanced the concept of the ‘disease triangle’, by which environmental
factors contribute to the establishment of plant diseases. In this triangle, abiotic conditions can
influence the host, the microbiota, or the interaction between the two, facilitating or inhibiting
pathogen progression' '* ', Similar to pathogen perception, e.g., the sensing of salt stress
results in signalling cascades involving cytoplasmic Ca®* influx, ROS production and the
accumulation of plant hormones, primarily abscisic acid'® ' 17 8 (ABA). ABA mediates closure
of stomata to restrict transpirational water loss' and inhibits the expression of the salicylic
acid (SA) biosynthetic gene ISOCHORISMATE SYNTHASE1 (ICS1/SID2) in A. thaliana,
thereby suppressing SA-dependent immunity'®2°. This ABA-SA cross-talk was recently shown
to be leaf-age dependent and controlled by the SNAC-A transcription factor cascade?'.
Collectively, abiotic stress signalling and host innate immunity processes are tightly connected

and likely contribute to disease emergence in nature' 2 22,

Here, we focus on a dominant member of the bacterial root microbiota called P.
brassicacearum R401 that was previously shown to be detrimental in mono-association
experiments with A. thaliana in an agar matrix-based gnotobiotic system®. This strain was also
recently shown to deploy unrelated inhibitory exometabolites that co-function to keep bacterial
competitors at bay and promote strain colonization success in roots®’. We report here that
R401 is non-pathogenic on plants grown in natural or gnotobiotic peat-based soil systems and
that NaCl treatment promotes R401 disease symptoms in these soil-grown plants, providing
evidence for environmental conditions that conditionally promote plant disease. In R401, we
identify a biosynthetic gene cluster (BGC) homologous to the syp-syr BGC that is responsible
for syringopeptin biosynthesis in P. syringae B728a®® and we demonstrate that 1) this locus is
sufficient to transition R401 from being beneficial to being detrimental on salt-treated plants
and 2) the produced exometabolite is sufficient to drive disease in salt-treated plants. We
conclude that the physiochemical interaction between a bacterial exometabolite and an

osmotic stress promotes plant disease in complex soil-microbiome systems.

113



Chapter 4. Publication 3

82

83

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

Results

R401 is detrimental on soil-grown plants facing salt stress

Inoculation of R401 on A. thaliana plants grown on %2 Murashige-Skoog (/2 MS) agar matrix
plates was shown to cause extensive plant growth inhibition and anthocyanin accumulation in
shoots® and we were able to reproduce similar phenotypes (Fig. 1a). However, in the sterile
peat matrix of the gnotobiotic Flowpot system? or in natural, non-sterile Cologne agricultural
soil (CAS), R401 inoculation did not cause disease (Fig. 1b,c). Salt stress has been shown to
facilitate Pseudomonas infections in tomato® (Solanum lycopersicum, Solanaceae) and
cucumber®® (Cucumis sativus, Cucurbitaceae). We therefore speculated that salt stress may
facilitate the detrimental effects of P. brassicacearum R401 on A. thaliana (Brassicaceae). In
axenic conditions (Fig. 1b) and in the presence of a complex, natural soil microbiota (Fig. 1c),
the application of 100 mM NaCl negatively affected plant growth (HK 0 mM NaCl vs. HK 100
mM NaCl; p <0.001, Kruskal-Wallis followed by Dunn's post-hoc test, Fig. 1b,c). Co-
inoculation of R401 and 100 mM NaCl further aggravated this effect in both soil systems,
leading to highly stunted and chlorotic plants, reminiscent of R401 effects in ¥2 MS agar plates
(Fig. 1a-c). Collectively, this indicates that in complex soil systems, the opportunistic pathogen

R401 requires specific conditions to cause disease on A. thaliana.

Salt-treated plants down-regulate immune processes in shoots but not in roots

We hypothesized that salt stress response in A. thaliana comes at the cost of dampening
immune sectors in roots, which in turn promotes R401 virulence. We sequenced the root and
shoot transcriptome of A. thaliana 28 days post treatment with either heat-killed (HK) or live
R401 wild-type (WT) strains mono-inoculated in absence or presence of NaCl (0 vs. 100 mM)
in the Flowpot system (Fig. 1b, Supplementary Table 1). Inoculation of R401 in the absence
of salt stress had marginal effects on both root and shoot transcriptomes compared to control
samples (0 mM NaCl + R401 HK), with 2 and 14 differentially expressed genes identified

(DEGs), respectively (p < 0.05, -1 < Log2FC > 1, Fig. 2a). Salt stress alone also triggered
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subtle transcriptional reprogramming in roots (85 DEGs, Fig. 2a and Supplementary Fig. 1a),
but not in shoots (1,192 DEGs, Fig. 2a and Supplementary Fig. 1b). Based on PANTHER

functional annotation analyses?® 3 3

, up-regulated genes in roots of salt-treated plants can
be categorized into the GO-terms ‘response to abscisic acid’, ‘response to osmotic stress’,
and ‘response to water deprivation’, while in shoots the most enriched GO-terms included
‘anthocyanin-containing compound biosynthetic process’, ‘hyperosmotic salinity response’
and ‘abscisic acid-activated signaling pathway'. Collectively, these data confirmed that salt
stress as applied in our experimental setup activated the stereotypical salt stress response
and interfered with plant photosynthesis® % 3435 Notably, combinatorial treatment of R401
and salt had the most extensive effect on the host transcriptome, with 2,824 and 2,150 DEGs
identified in roots and shoots, respectively (Fig. 2a and Supplementary Fig. 1a,b). However,
only in roots did R401 cause major additive transcriptional reprogramming compared to salt
stress alone, with 1,922 newly identified DEGs (Fig. 2a). Although this activation associate
with disease, no increased proliferation of R401 was noted compared to control plants
(Supplementary Fig. 1c). Functional annotation analysis of DEGs responding to salt stress
or combinatorial treatment of salt and R401 revealed 14 GO-term clusters involved in primary
metabolism (e.g., ‘photosynthesis’ and ‘response to carbohydrate’) or biotic (e.g., ‘immune
system process’ and ‘regulation of response to biotic stimulus’) and abiotic stress (e.g.,
‘response to abiotic stimulus’ and ‘cellular response to abscisic acid stimulus’; Fig. 2b).
Notably, innate immune processes (see largest cluster in Fig. 2b) such as ‘systemic acquired
resistance’, ‘response to molecule of bacterial origin’ and ‘regulation of jasmonic acid (JA)-
mediated signalling pathway’ were down-regulated in shoots but not in roots in response salt

or salt and R401 combinatorial treatment.

Mutation of host NADPH oxidase RBOHD does not promote R401 virulence
We next tested whether salt stress-mediated suppression of immunity in shoots could facilitate
virulence of other opportunistic pathogens, such as Strepfomyces sp. R107 and Xanthomonas

sp. L131% 7. Resistance to Xanthomonas L131, but also another closely related L148
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opportunistic pathogen was recently shown to fully depends on the host NADPH/respiratory
burst oxidase homologue D% '° (RBOHD), which was approx. 51-fold down-regulated by salt
stress in A. thaliana shoots in our dataset (p.adj < 0.05, Supplementary Table 1). Therefore,
we hypothesized that salt stress might bolster virulence of opportunistic pathogens by
dampening ROS-mediated immunity in A. thaliana. However, while R401 and R107 became
more detrimental on salt-treated A. thaliana than on control plants, this was not the case for
L131 (Supplementary Fig. 2a). In contrast — and consistent with previous work” - inoculation
of L131 on an immunocompromised A. thaliana rbohD mutant promoted disease. However,
this virulence facilitation phenotype was not observed for R401, indicating that R401 disease
emergence did not require impairment of RBOHD-dependent ROS production in A. thaliana
(Supplementary Fig. 2b). Taken together, our results suggest that disease caused by R401
on salt-treated plants is not associated with down-regulation of innate immune sectors in roots,

nor with dampening of RBOHD-dependent ROS-mediated protective immunity.

R401 sypC is required for bacterial detrimental activity in salt-treated plants

Given the lack of genes encoding the type-Ill secretion system in the genome of R401%: %73,
we hypothesized that this strain might use specialized metabolites as virulence factors.
AntiSMASH-based prediction®® of BGCs revealed a >140 kb BGC with high similarity to the
syp-syr BGC of Pseudomonas syringae B728a involved in syringopeptin and syringomycin
biosynthesis?® (Fig. 3a). The molecules were shown to be required for virulence of syp-syr-
enconding Pseudomonas syringae strains®®. R401 has been phylogenetically assigned to the
P. brassicacearum species®®; therefore, we termed the putatively produced specialized
metabolites ‘brassicapeptin’ and ‘brassicamycin’. To test whether the syp-syr BGC contributes
to R401 disease symptoms on salt-treated A. thaliana, we generated a marker-free knockout
mutant (Asypc) lacking sypC, one of the core biosynthetic genes putatively involved in
brassicapeptin biosynthesis (Fig. 3a). We then mono-inoculated heat-killed (HK) or live R401
wild type (WT) or Asypc mutant cells into the gnotobiotic Flowpot system across a gradient of

NaCl concentrations (0—150 mM NacCl). R401 WT was again able to cause disease on salt-
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treated plants and this effect was NaCl-concentration dependent (Fig. 3b), indicating a dose-
dependent relationship between increased salt concentrations and R401 detrimental activity
(Fig. 3c). Remarkably, the detrimental effect of R401 WT on salt-treated plants was fully
abolished in the Asypc mutant, which was even able to partly rescue salt stress-induced plant
growth inhibition (Fig. 3b). Therefore, mutation of a single bacterial gene involved in the
production of a specialized exometabolite was sufficient to turn this opportunistic pathogen
into a beneficial plant growth-promoting isolate under salt stress. Notably, sypC-dependent
detrimental activity of R401 under salt stress was retained in plants co-cultured with a
representative, yet simplified 15-member synthetic microbial community in the FlowPot
system (Supplementary Fig. 3, see methods). In salt-treated plants, sypC is therefore a R401
disease determinant that dominantly functions irrespective of the absence or presence of
microbial competitors. Consistently, we previously showed that R401 displayed broad
antagonistic activity towards various root microbiota members through production of iron-

chelating pyoverdine and DAPG antimicrobial®*

. Here, we generated a R401 triple mutant
impaired in the production of pyoverdine, DAPG, and brassicapeptin (ApvdyAphldAsypc) and
observed that sypC also contributed to inhibit the growth of some microbes based on
measurement of R401 inhibitory halos (Supplementary Fig. 4). Although the syp-syr
containing BGC is rare in genomes of plant-associated Pseudomonas isolates® % *'- %

(Supplementary Fig. 5), its acquisition is predicted to have broad implication for plant disease

emergence in complex soil systems colonized by highly diverse microbial communities.

R401 sypC drives root colonization and promotes disease in salt-treated tomato

We first tested whether detrimental activity of R401 WT also occurred in the context of other
abiotic stresses, such as drought or low photosynthetically active radiation (low PAR*). While
low PAR had more severe effects on shoot fresh weight compared to drought, this treatment
did not facilitate R401-mediated disease emergence. In contrast, drought stress mimicked by
the application of 5% polyethylene glycol (PEG8000) promoted R401 virulence, demonstrating

that the detrimental activity of R401 is potentiated by hyperosmotic stresses (Supplementary
7
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Fig. 6). Next, we assessed whether A. thaliana disease symptoms observed upon inoculation
of R401 under salt also occurred in other plant species. Notably, salt- and sypC-dependent
detrimental activity of R401 was recapitulated in Solanum lycopersicum cv. Micro-Tom (Micro-
Tom), but not in Lotus japonicus Gifu (Gifu) (Supplementary Fig. 7a,b). This is potentially
explained by the fact that the latter plant exhibited high tolerance to the applied salt conditions
(Supplementary Fig. 7b). We next harvested roots and shoots of both Micro-Tom and Gifu
seedlings and quantified colonisation capability of R401 WT and Asypc mutant in the presence
or absence of NaCl. While colonisation of R401 WT remained stable, irrespective of the salt
treatment or the host plant, the Asypc mutant showed impaired root colonization in salt-treated
vs. control Micro-Tom plants, which was not observed in salt-resistant Gifu plants
(Supplementary Fig. 7c,d). In axenic liquid medium, growth of R401 WT and Asypc was
identical irrespective of the NaCl concentration (Fig. 3d), indicating that R401 was insensitive
to 100 mM NaCl and required sypC to proliferate in roots of salt-treated Micro-Tom.
Collectively, these data suggest a conserved functioning of brassicapeptin in salt-stressed A.
thaliana and Micro-Tom roots, irrespective of the 112 million years of reproductive isolation

between these plants**,

Isolation and structural characterisation of R401 brassicapeptin

Next, we aimed to isolate the R401 brassicapeptin and elucidate its structure. Therefore, a
70L fermentation of R401 was performed and extracted using ethyl acetate. The therefrom-
resulting organic crude extract was further fractionated and purified using column
chromatography (e.g., medium pressure (flash) and high-performance liquid chromatography
(HPLC) to finally yield the natural products brassicapeptin A as the major compound of this
class, and brassicapeptin B in minor amounts. Additionally, the high-resolution electro spray
ionization (HR-ESI)-MS/MS data analysis indicated two further minor derivatives,
brassicapeptin C and D (Supplementary Note 1 and Supplementary Fig. 8). Brassicapeptin
A and B were obtained as white amorphous powders and subsequently analysed by mass

spectrometry (MS). The HR-ESI-MS spectrum of brassicapeptin A indicated a molecular
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weight of 2052.2004, suggesting a molecular formula of CesH1s1N23025 (Supplementary Fig.
8a) and of CasH157N23025 for brassicapeptin B ([M+2H]** m/z 1027.1080 and m/z 1005.0940,
respectively) (Supplementary Fig. 8b). Comparison of the HR-ESI-MS/MS fragmentation
patterns of brassicapeptin A and B gave first insights into the amino acid composition and
revealed a high similarity between the molecules (i.e., from bs-b7 and from y+-y10, except for
differences from bs-b11 and from y14-y14) (Fig. 4a,b). To fully resolve their structures, nuclear
magnetic resonance (NMR) experiments and Marfey's analysis were performed (for details
about structure elucidation see Supplementary Note 1 and Supplementary Fig. 8). A
combination of 1D and 2D experiments (H, '*C, HMBC, HSQC, COSY, TOCSY and ROESY)
revealed the brassicapeptins to consist of 22 amino acid residues plus a fatty acid chain (Fig.
4c,d). The latter is six carbons in length, including a carbonyl group; the amino acid chain is
cyclized by an intramolecular connection between threonine (Thr47) and isoleucine (llez2) (Fig.
4c). Brassicapeptin A and B differ only by one amino acid, which is a homoserine (Hseg) in
brassicapeptin A and a glycine (Glys) in B, respectively (Fig. 4c). The here discovered
brassicapeptins represent large cyclic lipopeptides. Comparison to the previously described
syringopeptins*® ¢ 47 which are also produced by Pseudomonas strains, revealed notable
structural differences, including a different fatty acid starter unit and a smaller ring structure
that is formed intramolecularly between the six C-terminal amino acid residues
(Supplementary Fig. 9); thereby suggesting that brassicapaptins represent a novel sub-

group of cyclic lipopeptides.

Brassicapeptin A and NaCl additively contribute to plant disease

Because R401 is detrimental on A. thaliana grown on %2 Murashige-Skoog (2 MS) agar plates
(Fig. 1a), we assessed the putative phytotoxic activity of brassicapeptin A in this reductionist
system. We transplanted seven-day-old A. thaliana seedlings to %2 MS agar plates containing
increasing concentrations of purified brassicapeptin A solubilized in dimethyl sulfoxide
(DMSO), in the presence or absence of 100 mM NaCl. After 14 days, brassicapeptin A showed

a dosage-dependent effect on root and shoot growth, suggesting that the molecule alone is
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sufficient to induce a stunted growth phenotype that is reminiscent of the effect of R401 in this
gnotobiotic system (Fig. 5a-c). Note that beyond its phytotoxic effect, brassicapeptin A also
displayed broad spectrum inhibitory activity towards various bacterial and fungal isolates
based on minimal inhibitory concentration assay (Supplementary Table 2). Notably, plants
exposed to 1 pg/mL brassicapeptin A and 100 mM NaCl died immediately after transfer,
whereas those exposed to 1 ug/mL brassicapeptin A alone remained alive and did not show
leaf bleaching and severely inhibited root growth phenotypes (Fig. 5a-c). Furthermore,
brassicapeptin A induced ion leakage in A. thaliana leaf discs after 16 h of incubation (Fig.
5d), corroborating earlier report showing that syringomycin, a structurally-related
lipodepsipeptide, likely function as a pore-forming molecule that insert into host plasma
membranes*®, thereby resulting in uncontrolled ion fluxes. Therefore, brassicapeptin A-
induced disruption of ion homeostasis, combined with increased osmotic pressure in the root
environment, likely contribute to R401-induced disease symptoms in salt-stressed plants.
Taken together, our data support the hypothesis that brassicapeptin A-induced disruption of
ion homeostasis at the root interface enhances salt stress and promotes bacterial colonization,

thereby leading to disease.

Discussion

Here, we report that salt-mediated dampening of host innate immunity likely contributes little
to R401-mediated disease in soil-grown plants. Instead, we identify a bacterial exometabolite
- with predicted pore-forming activity - that is sufficient to drive disease in salt-treated plants
and that dominantly functions, irrespective of the presence or absence microbial competitors

in soil.

After 28 days of chronic salt treatment, the response of A. thaliana to salt stress was largely
shoot-specific with photosynthesis-related genes being extensively downregulated, likely due

to accumulation of CI" and Na* ions in leaves that disrupt photosynthetic machinery® %% In
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roots, only subtle transcriptional reprogramming was observed after 28 days of continuous
salt stress, which can be explained by previous observation reporting a gradual decline of salt
stress response over time in A. thaliana®. The effect of R401 in the absence of salt stress was
also minor in both shoots and roots, while in the presence of hyperosmotic NaCl
concentrations and of R401, extensive and root-specific transcriptional reprogramming was
observed. This suggests that host response to disease induced by the combinatorial presence
of salt and R401 primarily occurs in roots. Given that salt stress-induced dampening of
immunity occurs in leaves, but not in roots, we propose that R401-induced stunted plant
phenotypes under salt stress is largely immunity-independent. This is corroborated by our
observation that R401 does not become detrimental on an immunocompromised rbohD A.
thaliana mutant and by the fact that purified brassicapeptin A and salt are sufficient to induce
disease-like symptoms in R401-free plant growth assays. Furthermore, low PAR treatment
was shown to dampen SA- and JA-dependent immunity sectors in A. thaliana roots and
shoots, which promotes infection by Botrytis cinearea and Pseudomonas syringae pv. tomato
DC3000%. However, R401 did not cause disease under such conditions. Although we cannot
fully exclude the possibility that salt-induced dampening of immunity still contributes to R401

virulence, our results suggest that this effect remains marginal.

R401 encodes a 140 kb BGC that is responsible for the production of the non-ribosomal
peptides brassicapeptin A and B. A R401 mutant lacking sypC, one of the core biosynthetic
genes required for the production of brasscapeptin, lost its ability to cause disease in planta,
demonstrating a requirement of brassicapeptin production for the detrimental activity of R401
in salt-treated plants. Structurally related compounds have been demonstrated to intercalate
plasma membranes, thereby destabilising them and causing pore formation disrupting cell
integrity, eventually leading to uncontrolled diffusion of cell solutes into the surrounding
medium?® 3152, We observed leakage of cellular solutes from A. thaliana leaf discs that were
treated with brassicapeptin A, supporting the assumption that the molecule inserts into plant

plasma membranes. R401 showed sypC-dependent detrimental activity under salt but also
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331

drought stress, confirming that hyperosmotic conditions and R401 brassicapeptin are required
for disease emergence in soil-grown plants. This is supported by a linear dose-response
relationship between applied NaCl concentrations and the detrimental effect of R401 on A.
thaliana. In 2 MS agar plates, purified brassicapeptin A was sufficient to negatively impact
shoot and root phenotypes already in the absence of salt stress, but this phenotype was
aggravated by the supplementation of 100 mM NaCl to the culture medium. Nutrient
concentrations in ¥2 MS agar medium are therefore likely sufficient to impose hyperosmotic
stress on brassicapeptin A-treated plants. Collectively, this indicates that the direct interaction
of a bacterial specialized metabolite and high osmotic concentrations in the environment is
sufficient to explain R401 detrimental activity on salt-sensitive plants, as shown here for A.
thaliana and Micro-Tom. Root-specific transcriptional reprogramming to R401 and NaCl
freatment, together with NaCl-specific benefits of brassicapeptin production on R401
proliferation, likely via nutrient leaching from the root endosphere, further indicate a root-
specific interaction of NaCl and brassicapeptin. While R401 likely fulfils extensive biocontrol
activities due to its diverse repertoire of antibacterial and antifungal specialized
exometabolites®, favourable abiotic conditions allow for disease development by

brassicapeptin-producing R401.

R401, R131 and R107 have been isolated from healthy A. thaliana plants; however, under
favourable conditions they can become detrimental to plant health — in the case of R401 even
in the context of natural or synthetic microbial communities. Groundwater-derived
Pseudomonas sp. N2C3 (N2C3) also contains the syp-syr BGC and has been demonstrated
to cause syp-dependent stunting of A. thaliana root and shoot growth in %2 MS agar medium®.
In natural soil, N2C3 does not cause any detrimental phenotypes, even after inoculation of
high bacterial titres® (1 x 10° cells per gram soil, a phenotype that is reminiscent of the herein
described effects of R401. Using computational analyses, convergent gain and loss of the
syp-syr BGC has been demonstrated for the Pseudomonas fluorescence-clade, which

comprises P. brassicacearum®. Loss of sypC in R401 was sufficient to turn this detrimental
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strain into a plant growth-promoting strain under salt stress. While the mechanisms of growth
promotion of the Asypc R401 mutant remain elusive, it is conceivable that the acquisition of
the syp-syrBGC in this strain — and likely in other Pseudomonas spp. isolates - might overwrite

their growth-promoting capabilities.

High soil salinity is one of the main constraints for agricultural performance worldwide and
arises through frequent irrigation and fertilisation, which results in the accumulation of nutrient
salts in agricultural soils. This accumulation will become more problematic due to an
increasing demand for field irrigation owing to climate change® ® % %57 Qur data provide
first line of evidence indicating that the interplay between the host, its microbiota, and the
osmotic environment can conditionally lead to disease due to the presence of specific bacterial
taxa that employed exometabolites that likely disrupt ion homeostasis and promote nutrient
leakage at the host interface. Given that the disease phenotype conferred by R401 under salt
sitress is retained in a microbial community context, it reflects an important phenomenon that
has physiological relevance for plant disease emergence in natural environment. It is also
plausible that membrane-intercalating exometabolites outside of the genus Pseudomonas,
such as surfactin produced by Bacillus spp. may cause similar detrimental activity as R401
brassicapeptin A% 5%60.61.62 Taken together, our data provides a mechanistic explanation for
the emergence of a disease in the plant microbiome that require a single bacterial
exometabolite and adequate abiotic stress conditions. Our work also defines an ecological
framework to understand the conditional detrimental activity of R401 and likely other

Pseudomonas spp. isolates in complex soil environments.

Methods
Primers

All primers used in this study can be found in Supplementary Table 3.
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Microorganisms

The bacterial and fungal strains used in this study have been initially isolated from unplanted
soil, A. thaliana roots or shoots®*® and are summarized in Supplementary Table 4. The R401
Asypc mutant has been deposited in the bacterial culture collection of the Department of Plant
Microbe Interactions at the Max Planck Institute for Plant Breeding Research in Cologne,

Germany, and are available upon request from Stéphane Hacquard

(hacquard@mpipz.mpg.de).

Plant species
A. thaliana ecotype Columbia-0 (Col-0), Lotus japonicus ecotype Gifu B-129, and Solanum
lycopersicum cv. Micro-Tom were used as wild-types. A. thaliana rbohd contains a dSpm

transposon in the fifth exon of AtrbohD® (AT5G47910;

Microbial culture conditions

Bacteria were streaked from glycerol stocks (25% glycerol) on TSA plates (15 g/L Tryptic Soy
Broth, Sigma Aldrich; with 10g/l Bacto Agar, Duchefa Biochemie) and grown at 25 °C. Single
colonies were inoculated in liquid 50% TSB (15 g/L Tryptic Soy broth, Sigma Aldrich) and
grown until dense at 25 °C with 180 rpm agitation. Dense cultures were then stored at 4 °C
and diluted 1 to 10 in TSB the day before the experiment and cultured at 25 °C with 180 rpm
agitation overnight to ensure sufficient cell densities for slow- and rapidly-growing bacteria.
Glycerol stocks were stored at -80 °C and kept on dry ice when transported. Individual pieces
of fungal mycelium were transferred to potato dextrose agar (PDA; Sigma-Aldrich) Petri dishes
from glycerol stocks (approx. 30 pieces of fungal mycelium in 25% sterile glycerol, stored at -

80 °C). Fungi were grown at 25 °C in the dark for 14 days.

Seed sterilisation
A. thaliana and S. lycopersicum Micro-Tom seeds were sterilized using 70% ethanol and

bleach. Seeds were submerged in 70% ethanol and left shaking at 40 rpm for 14 minutes.
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Ethanol was removed before the seeds were submerged in 8.3% sodium hypochlorite (Roth)
containing 1 pL of Tween 20 (Sigma-Aldrich) and left shaking at 40 rpm for 4 minutes. Under
sterile conditions, the seeds were washed 7 times and finally taken up with sterile 10 mM
MgCl.. Seeds were left for stratification at 4 °C for 3 days. Seed sterility was confirmed by
plating approx. 100 seeds on a 50% TSA plate.

The seed coat of L. japonicus Gifu seeds was first abraded using sanding paper, then seeds
were incubated for 20 min in diluted bleach, followed by five-times washing in sterile water.

Sterilized Gifu seeds were pregerminated on sterile, water-soaked Whatman paper for 7 days.

Gnotobiotic Flowpot experiments

Peat sterilisation and Flowpot assembly were performed as described before®. For Micro-
Tom and Gifu, big Flowpots fitting 50 mL soil were used, as described before*'. Microbes were
grown and inocula were prepared as described above. Each Flowpot was inoculated with 50
mL half strength Murashige and Skoog medium with vitamins (2 MS; 2.2 g/L, Duchefa
Biochemie, 0.5 g/L MES, pH 5.7). For bacteria, a final ODggo of 0.0025 in 50 ml 2 MS were
inoculated per Flowpot. For salt stress treatment 2 MS contained 50, 100 or 150 mM NaCl.
For drought treatment, 2 MS contained 5% polyethylene glycol (PEG8000; Sigma-Aldrich).
Per Flowpot, five or three surface-sterilized and stratified A. thaliana or Micro-Tom seeds were
inoculated, respectively. For Gifu, 7 days old, pregerminated seedlings with similar
developmental stages were carefully transferred to the Flowpots. Microboxes were then
incubated in a light cabinet under short day conditions (10 h light at 21 °C, 14 h dark at 19 °C)
for 28 days and randomized every 2-3 days. For low PAR treatments, microboxes were partly

covered in cardboard boxes, as described in Hou et al. 20214,

Natural soil experiments
Cologne agricultural soil (CAS) was obtained from the Max Planck Institute for Plant Breeding
Research in Cologne, Germany. R401 WT was cultured as described above. CAS was placed

in squared pots with an edge length of 9 cm and flush inoculated with 100 mL sterile water or
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100 mM NaCl containing either live or heat-killed R401 WT cells at an ODgqo of 0.0025. Four
surface-sterilized and stratified Col-0 seeds were placed per pot. Pots where then placed in
frays in the greenhouse for 28 days. The temperature was set at 22 °C during day and 18 °C

during night, with a relative humidity at 65% and 16 h of light.

Agar plate experiments

For the experiment depicted in Fig. 1a, 24 surface-sterilized and stratified A. thaliana seeds
were placed in two rows per 12 cm square plate containing 2 MS medium with 10 g/L Bacto-
Agar (Duchefa Biochemie). Plants were grown for 14 days and then flushed with 15 mL 10
mM MgCl: containing either live or heat-killed R401 WT cells at an ODsgo of 0.0005 for 5 mins.

Plants were transferred to new plates and grown for another 5 days lates for 19 dpi.

RNA Seq Experiments

Total RNA was extracted from A. thaliana roots and shoots by RNeasy Plant Mini Kit (Qiagen).
RNA-Seq libraries were prepared by the Max Planck Genome-centre Cologne with NEBNext®
Ultra™ || Directional RNA Library Prep Kit for lllumina® and then sequenced on a NextSeq
2000 in 2 x 150 paired-end read mode. RNA-Seq read quality was observed with
FastQC v0.11.9, then reads were trimmed with Trimmomatic PE v0.38% using parameters
TRAILING:20 AVGQUAL:20 MINLEN:100. Trimmed reads were then mapped on the
reference A. thaliana genome TAIR10 using Hisat2 v2.2.1%, taking into consideration exon
and splicing sites locations (according to annotation file TAIR10_GFF3_genes.gff downloaded
from arabidopsis.org in October 2022). The number of fragments (pair of reads) mapped on
each gene was then quantified using featureCounts v2.0.0% (parameter -p, default settings).
Resulting data were used to calculate FPKM (fragments per kilobase of transcript per million
fragments mapped) values for each gene in each sample: (1) Scaling factor: SF=Total number
of mapped reads / 1e6;
(2) Fragments per million: FPM=Number of reads mapped on one gene / SF; (3) FPKM= FPM

/ (Gene length / 1000). Numbers of mapped reads on each gene were also used to perform
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differential gene expression analysis with DESeq2 v1.24.0% and
functions estimateSizeFactor, estimateDispersions and nbinomWaldTest. log2FoldChanges
values were then corrected with shrinkage algorithm apeglm v1.6.0%. One R401 WT and 100
mM NaCl-treated shoot sample (sample ID: 5642.W) was highly contaminated with brown
trout (Salmo trutta) reads, likely arising during library preparation. This sample was therefore

excluded from the analysis.

antiSMASH

antiSMASH® predictions are derived from Getzke et al. 2023,

Asypc mutant generation
R401 Asypc mutant generation was conducted as described in Getzke et al. 2023%. All utilized

primers can be found in Supplementary Table 3.

Quantification of R401 load on plant roots and shoots

Col-0, Gifu and Micro-Tom roots and shoots were carefully cleaned, dried and collected in pre-
weighed, sterile 2 mL tubes containing 1 steel bead (3 mm diameter). Tubes were weighed
again to assess the root or shoot fresh weight. Subsequently, samples were ground in a
Precellys 24 TissuelLyser (Bertin Technologies) for 2 x 30 s at 6,200 rpm with 15 s intervals.
Then, 150 pL of sterile 10 mM MgCl; were added to each tube and roots were ground again
under the same conditions. Each sample was subsequently dilute five times 1:10 in sterile 10
mM MgCl,. Undiluted samples and each dilution were plated on 50% TSA square plates, dried
and left to grow at 25 °C until single colonies appeared. Pictures were taken and single

colonies were counted blinded.
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Microbial growth rates validation
Assessment of microbial growth rates was conducted as described before?. Either artificial
root exudates (ARE) or ARE supplemented with 100 mM NaCl were inoculated with R401 WT

or Asypc cells to a final ODggo 0.01.

Modified Burkholder assays

Modified Burkholder assays to determine the antagonistic potential of R401 and its mutants
was carried out as described in Getzke et al. 2023%*. For Fusarium oxysporum F212, pieces
of 14 days old mycelium were transferred to pre-weighed sterile 2 mL screw cap tubes
containing one and approx. 15 steel beads of 3 mm and 1 mm diameter, respectively. Per 50
mg harvested fungal mycelium, 500 pL of sterile 10 mM MgCl: were added. The mycelium
was subsequently grinded in a paint shaker at approx. 600 rpm for at least 10 min until
homogeneous. The resulting slurry was used to inoculate 25% TSA medium to a final

concentration of 100 pg/mL.

Isolation of R401 brassicapeptin

R401 was precultured in 300 mL flasks containing 100 mL TSB medium for 2 days at 30 °C
and 160 rpm. 80 mL preculture were added to 1 L M19 medium (casein peptone 20 g/l, D-
mannitol 20 g/L) in 5 L flasks. This procedure was carried out 70-times. All flasks were
incubated at 30 °C and 160 rpm for 24 hours, followed by an extraction using EtOAc (volume
ratio 1:1) for three times, yielding 16.24 g crude extract. Twenty-one fractions were collected
from reversed phase flash chromatography (Interchim Puriflash 4125 chromatography system
with Puriflash C18-AQ30 uym F0120 column) with an elution gradient starting from 10%
MeOH/H-20 to 100% MeOH over 4 h. Fraction 19 (143.8 mg) was further subjected to semi-
preparative HPLC (semipreparative purification column: VP 250/10 Nucleodur C18 Gravity-
SB, 5 pm; Macherey-Nagel, Flow: 3 mL/min; Gradient: 0—-20 min, gradient increased from 40%
to 100% MeOH; 20-32 min, 100% MeOH) to give two subfractions (fractions 19.1 and 19.2).

Fraction 20 (96.7 mg) was also subjected to semi-preparative HPLC (semipreparative
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purification column: VP 250/10 Nucleodur C18 Gravity-SB, 5 pm; Macherey-Nagel; Flow: 3
mL/min; Gradient: 0-20 min, gradient increased from 40% to 100% MeOH; 20-32 min, 100%
MeOH) to give two subfractions (fractions 20.1 and 20.2). Subfraction 19.2 (6.7 mg) and 20.2
(6.7 mg) were further purified by semi-preparative HPLC (analysis column: EC 250/4.6
Nucleodur C18 Gravity-SB, 5 pm; Macherey-Nagel; Flow: 1 mL/min; Gradient: 0 — 40 min,
gradient increased from 40% to 100% MeOH; 40-50 min, 100% MeOH) to yield brassicapeptin
A (6.1 mg, tr = 38.4 min). Fraction 18 (108.6 mg) was subjected to semi-preparative HPLC
(semipreparative purification column: VP 250/10 Nucleodur C18 Gravity-SB, 5 pm; Macherey-
Nagel; Flow: 3 mL/min; Gradient: 0—20 min, gradient increased from 40% to 100% MeQOH; 20—
32 min, 100% MeOH) to give three subfractions (fractions 18.1-18.3). Subfraction 18.3 (8 mg)
was further purified by semi-preparative HPLC (analysis column: EC 250/4.6 Nucleodur C18
Gravity-SB, 5 ym; Macherey-Nagel; Flow: 1 mL/min; Gradient: 0-3 min, 10% MeCN; 3-58
min, gradient increased from 10% to 92.5% MeCN; 58-65 min, 100% MeCN) to yield

brassicapeptin A (3 mg, tr = 56.4 min) and B (0.9 mg, tr = 52.3 min).

Structure elucidation of R401 brassicapeptin

The planar structure of the isolated compounds was elucidated by analysis of NMR data, LC-
HR-MS and LC-HR-MS/MS data. The 1D and 2D NMR spectra were recorded in CDz0D or
DMSO-ds using Bruker Avance Il 600 MHz spectrometers equipped with a Prodigy cryoprobe
(Bruker, Ettlingen, Germany) and Bruker Avance Neo 700 MHz spectrometer equipped with a
5 mm CryoProbe Prodigy TCI ('H,'*N,"®*C Z-GRD) (Bruker). The NMR data can be found in
Supplementary Table 5, all 1D and 2D NMR spectra can be found in Supplementary Fig.
8c-i. The LC-HR-MS and MS/MS data were recorded on a quadrupole time-of-flight
spectrometer (LC-QTOF maXis I, Bruker Daltonik) equipped with an electrospray ionization
source in line with an Agilent 1290 infinity LC system (Agilent). C18 RP-UHPLC (ACQUITY
UPLC BEH C18 column; 130A, 1.7 um, 2.1 x 100 mm) was performed at 45°C with the
following linear gradient: 0 min: 95% A; 0.30 min: 95% A; 18.00 min: 4.75% A; 18.10 min: 0%

A; 22.50 min: 0% A; 22.60 min: 95% A; 25.00 min: 95% A (A: H20, 0.1% HCOOH; B: CH3CN,
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0.1% HCOOH; flow rate: 0.6 mL/min). Mass spectral data were acquired using a 50 to 2,000
m/z scan range at 1 Hz scan rate. MS/MS experiments were performed with 6 Hz and the top
five most intense ions in each full MS spectrum were targeted for fragmentation by higher-
energy collisional dissociation at 25eV or 55eV using N2 at 10-2 mbar. Precursors were
excluded after two spectra, released after 0.5 min, and reconsidered if the intensity of an
excluded precursor increased by factor 1.5 or more. The HR-ESI-MS data can be found in
Supplementary Fig. 8a,b,k,l, the HR-ESI-MS/MS data can be found in Supplementary
Table 6. The absolute configuration of isolated compounds was elucidated by Marfey assay.
A 5 mM stock solution in H.O was prepared from the reference amino acids. 20 uL 1 M
NaHCO; and 50 yL 7 mM L FDVA (Sigma Aldrich) in acetone was added to 50 pL stock
solution of the reference amino acids. The mixture was stirred at 40 °C for 3 h and then
quenched by adding 20 L of 1 M HCI. After evaporation, the residue was dissolved in 40 pl
DMSO and analysed by UPLC HRMS (maXis Il). brassicapeptin A (0.5 mg) and B (0.3 mg)
were dissolved in 200 pL of 6 M DCI in D20 and stirred at 160 °C for 7 h. After concentrating
the solution under reduced pressure, the residue was dissolved in 200 pl H20 and 100 pL of
1 M NaHCO3; and 200 pL of 7 mM L FDVA in acetone were added. After stirring for 3 h at
40 °C, the solution was quenched by adding 100 uL of 1 M HCI. After evaporation to dryness,
the residue was dissolved in 50 pL DMSO and analysed by UPLC HRMS (maXis Il). The

results of the Marfey analysis can be found in Supplementary Fig. 8j.

In planta activity test of R401 brassicapeptin A

Surface sterilized and stratified A. thaliana seeds were pregerminated on %2 MS agar plates.
After seven days, seedlings were transferred to 2 MS agar plates supplemented with either
1 ng/uL, 1 pg/pL brassicapeptin A solubilized in DMSO or DMSO as negative control and
either 0 mM or 100 mM NaCl. After 14 days agar plates for seven days and then transferred
fo new plates containing NaCl and/or brassicapeptin A. Agar plates were incubated in a light
cabinet under short day conditions (10 h light at 21 °C, 14 h dark at 19 °C) for additional 14

days and randomized every 2-3 days.
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Minimal inhibitory concentration assay

Determination of the minimum inhibitory concentration (MIC) of brassicapeptin A was carried
out by micro broth dilution assays in 96 well plates as literature®. brassicapeptin A was
dissolved in dimethyl sulfoxide (DMSO, Carl Roth GmbH + Co.) with a concentration of 6.4
mg/mL and tested in triplicate. Dilution series (64-0.03 pg/mL) of rifampicin, tetracycline, and
gentamicin (all Sigma -Aldrich) were prepared as positive controls for Escherichia coli
ATCC25922, Staphylococcus aureus ATCC25923 and Listeria monocytogenes DSM20600.
Same dilution series of rifampicin, tetracycline, and isoniazid for Mycobacterium smegmatis
ATCCG607. For Septoria tritici MUCL45408, Boirytis cinerea HAG001286 and Colletotrichum
coccodes DSM62126, tebuconazole (Cayman Chemical Company), amphotericin B (Sigma-
Aldrich) and nystatin (Sigma Aldrich) were used as the positive control with same dilution

series. The MIC values for brassicapeptin A can be found in Supplementary Table 2.

lon leakage assay

Five discs with 3 mm diameter of approx. 28 days old A. thaliana Col-0 leaves were transferred
fo wells of a 24-well plate, filled with sterile MiliQ water supplemented with either 1 ng/pl,
1 pg/uL brassicapeptin A solubilized in DMSO or DMSO as negative control. Before the
transfer of leaf discs and after 16 h, ion leakage measurements were taken using the Twin

Cond conductivity meter B-173 (HORIBA).

Statistical analyses

All statistical analyses were conducted in R 4.1.2. Data visualisation was conducted using the
ggplot2 package (as part of the Tidyverse) or the ComplexHeatmap package. As
nonparametric tests, Kruskal-Wallis followed by Dunn’s post-hoc test and Benjamini-Hochberg
(BH) adjustment for multiple comparisons from the PMCMRplus package (Pohlert, 2022) were
used. The respective statistical tests are indicated in each figure description. Significance was

indicated by significance group (p < 0.05). No statistical methods were used to pre-determine
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sample sizes. Halo size quantification in modified Burkholder experiments, and root length
measurements were performed blinded using the Fiji package of ImageJ. Colony counts of
R401 were performed blinded. RNA sequencing data processed as described above and
further analysed and visualized as previously described®. GO Term enrichment was conducted
as indicted in the respective figure description or results section. Figures were assembled in

Adobe lllustrator.
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Fig. 1: Detrimental activity of P. brassicacearum R401 is facilitated by salt stress in soil.

(a) log2-transformed shoot fresh weight of A. thaliana plants grown axenically on %2 MS agar
plates for 19 dpi. At 14 dpi plants were flushed with either heat-killed (HK) or live wild-type
(WT) R401 cells. Five minutes after flushing plants were transferred to new sterile plates and
grown for five days (n = 5). (b) log2-transformed shoot fresh weight of A. thaliana plants grown
in the gnotobiotic Flowpot system for 28 dpi in the presence or absence of 100 mM NaCl and
either heat-killed (HK) or live wild-type (WT) R401 cells (n = 30). (c) log2-transformed shoot
fresh weight of A. thaliana plants grown in the non-sterile Cologne agricultural soil (CAS) in
the greenhouse for 28 dpi in the presence or absence of 100 mM NaCl and either heat-killed
(HK) or live wild-type (WT) R401 (n = 16). (a-c) Representative images illustrating the
respective plant phenotypes are shown below each plot. Within each figure panel, all images
are to scale. Statistical significance was determined by Kruskal-Wallis followed by Dunn's
post-hoc test and Benjamini-Hochberg adjustment. Significance compared to HK is indicated
by black asterisks (** and *=+= indicate p < 0.01, and 0.001, respectively; ns, not significant).
Statistical comparisons were conducted between WT and HK samples for each NaCl

treatment separately.
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Fig. 2: Interaction between R401 and NaCl triggers extensive transcriptional
reprogramming in roots. (a) Transcriptomic analysis of A. thaliana shoots and roots (28 dpi)
grown in the gnotobiotic Flowpot system in the presence of R401, 100 mM NaCl or 100 mM
NaCl and R401 compared to the control condition (0 mM NaCl with Heat-Killed R401), n =
three biological replicates. The number of differentially-enriched genes (DEGs) as compared
to the control condition is indicated above the graphs and are shown in black in the volcano
plots. The coloured squares highlight the conditions shown in panel (b). (b) Network of
significantly enriched GO terms with NaCl or NaCl + R401-treated shoots and roots. All
significantly up- and downregulated genes as compared to control conditions (0 mM NaCl +
HK R401) were selected for the analysis. GO term enrichment analysis and clustering was

performed by Metascape™ (Zhou et al., 2019). Unfilled spheres indicate subclusters.
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Fig. 3: Brassicapeptin production is required for R401 detrimental activity on salt-
treated plants. (a) Schematic overview of the genomic context of the fragmented syp-syr-
operon which encodes genes for syringopeptin and syringomycin biosynthesis in
Pseudomonas syringae B728a and likely for related specialized metabolites in Pseudomonas
brassicacearum R401, thereby termed brassicapeptin and brassicamycin. Genes within the
biosynthetic gene cluster (BGC) are colored in grey, R401 sypc is highlighted in green. sypc
is likely involved in brassicapeptin biosynthesis in R401. A Asypc knockout mutant has been
generated in R401, lacking the full-length sypc coding region. (b) log2-transformed shoot fresh
weight of A. thaliana plants grown in the gnotobiotic Flowpot system for 28 dpi in the presence
of increasing concentrations of NaCl (0, 50, 100, or 150 mM NaCl) and either heat-killed (HK),
live wild-type (WT) or live Asypc R401 cells. Letters indicate statistically significant differences
as determined by Kruskal-Wallis followed by Dunn’s post-hoc test and Benjamini-Hochberg

adjustment with p <0.05 (n = 30). Statistical comparisons were conducted for each salt
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treatment separately. (c) Correlation analysis of the mean effect of either R401 WT or Asypc
on A. thaliana shoot fresh weight, normalized by the respective HK control and the applied
salt concentrations. Data derives from (b). p-values and R? derive from a linear model; ns, not
significant. (d) Growth curves of R401 WT and Asypc mutant in artificial root exudate (ARE)

liquid medium or ARE medium supplemented with 100 mM NaCl; n = 10.
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Fig. 4: Structure elucidation of R401 brassicapeptin A and B. (a,b) HR-ESI-MS/MS
fragments of brassicapeptin A (a) and brassicapeptin B (b). (c) Chemical structures of
brassicapeptin A and B detected from ESI-MS/MS fragmentations and nuclear magnetic
resonance (NMR) analysis. Brassicapeptin A and B differ only by one amino acid, which is a
homoserine (Hseq) in brassicapeptin A and a glycine (Glys) in B, respectively.
Correlated Spectroscopy (COSY; blue), Total Correlation Spectroscopy (TOCSY; blue),
Heteronuclear Multiple Bond Correlation (HMBC; red) and Rotating-frame Nuclear

Overhauser Effect Spectroscopy (ROESY; pink) revealed the complete structure of

brassicapeptin A.
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Fig. 5: Brassicapeptin A interaction with NaCl is sufficient to cause disease. (a-c) Shoot
fresh weight (a), root length (b) and images of representative phenotypes (c) of A. thaliana
plants grown axenically on ¥2 MS agar plates supplemented with increasing concentration of
brassicapeptin A and either 0 or 100 mM NaCl (n = 72). Sterile A. thaliana seeds were pre-
germinated on 2 MS agar plates for seven days and then transferred to new plates containing
NaCl and/or brassicapeptin A for another 14 days; black, blue, and green markings in (c)
indicate root length after seedling transfer or 7 and 14 days of growth, respectively. (d) lon
leakage assay of A. thaliana leaf discs, 16 h after treatment with increasing concentrations of
brassicapeptin A. Circular images depict exemplary phenotypes, indicating the lack of cell
death (n = 8). DMSO or brassicapeptin A was taken up in sterile miliQ water. All solutions
were measured before the experiment resulting in measurements of 2 pS/cm. (a-d)
Brassicapeptin was solubilized in DMSO. Concentrations in red indicate final brassicapeptin
A concentrations in the agar or miliQ water. (a,b,d) Letters indicate statistically significant
differences as determined by Kruskal-Wallis followed by Dunn’s post-hoc test and Benjamini-
Hochberg adjustment with p < 0.05. Statistical comparisons were conducted for each salt

treatment separately.
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Supplementary Fig. 1: R401 colonisation and transcriptome modulation are not linked.
(a,b) Venn diagram of DEGs (from Fig. 2a) in roots (a) and shoots (b) of A. thaliana plants co-
inoculated with R401, 100 mM NaCl or both in the gnotobiotic Flowpot system. DEGs derive
from a pairwise comparison to control (HK and 0 mM NacCl)-treated plants. Percentages
indicate the total number of DEGs of all three comparisons. (c¢) Colonization capability of R401
on roots and shoots of A. thaliana seedlings grown in the gnotobiotic Flowpot system for 28
dpi in the presence or absence of 100 mM NaCl. Colony forming units have been normalized
to tissue fresh weight; n = 12. No statistically significant differences were determined by
Kruskal-Wallis followed by Dunn’s post-hoc test and Benjamini-Hochberg adjustment as

indicated by “ns”, not significant.
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Supplementary Fig. 2: R401 does not become detrimental in an immunocompromised
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rbohD A. thaliana mutant. (a) log2-transformed shoot fresh weight of A. thaliana plants
grown in the gnotobiotic Flowpot system for 28 dpi in the presence or absence of 100 mM
NaCl and either heat-killed (HK) R401 cells or live R401, Streptomyces sp. R107 or
Xanthomonas sp. L131 cells. (b) log2-transformed shoot fresh weight of A. thaliana wildtype
(Columbia-0, Col-0) or rbohD mutant plants grown in the gnotobiotic Flowpot system for 28 dpi
in the presence of either live R401 or Xanthomonas sp. L131 cells. Col-0 data are identical
with (a). (a,b) Letters indicate statistically significant differences as determined by Kruskal-
Wallis followed by Dunn’s post-hoc test and Benjamini-Hochberg adjustment with p < 0.05 (n

= 30).
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979  Supplementary Fig. 3: SypC-dependent detrimental activity of R401 is retained in a
980 microbial community context. Log2-transformed shoot fresh weight of A. thaliana plants
981 grown in the gnotobiotic Flowpot system for 28 dpi in the presence of increasing
982  concentrations of NaCl (0, 50, 100, or 150 mM NaCl) and either heat-killed (HK), live wild-type
983 (WT) or live Asypc R401 cells co-inoculated in the absence (-SynCom) or presence
984 (+SynCom) of a 15-member microbial synthetic community. Letters indicate statistically
985 significant differences as determined by Kruskal-Wallis followed by Dunn’s post-hoc test and
986  Benjamini-Hochberg adjustment with p<0.05 (n = 60). Statistical comparisons were
987 conducted for each salt treatment separately.
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Supplementary Fig. 4: SypC contributes to R401 inhibitory activity against root
microbiota members. (a) Genomic map of the main chromosome of R401, illustrating the
locations of three biosynthetic gene clusters (BGC) involved in brassicapeptin A (green), 2,4-
Diacetylphloroglucinol (DAPG, yellow) and pyoverdine (red) production in R401. Further
indicated are respective mutants for each BGC (Asypc, Aphld, Apvdy, respectively). R401
Aphld and Apvdy have been previously characterized®. (b) Balloon plot depicting the inhibitory
activity of R401 WT, Asypc (single), AphldApvdy (double), or AphldApvdyAsypc (triple)
mutants, against four taxonomically diverse bacteria and one fungus. Inhibitory activity was
measured as halo of inhibition size by a modified Burkholder assay as described before®.
Statistical significance was determined by Kruskal-Wallis followed by Dunn'’s post-hoc test and
Benjamini-Hochberg adjustment in comparison to the respective lower-order mutant or the
wild-type in the case of the single mutant. Black circles indicate p < 0.05 (n = 5). ‘X’ indicates
no detectable halo formation. Target strains are coloured based on the bacterial or fungal

classes.

41

151



Chapter 4. Publication 3

1009
1010

1011

1012

1013

1014

1015

1016

1017

1018

1019

1020

1021

1022

1023

1024

1025

1026

1027

1028

1029

1030

MNumber of BGCs normalized by number of
At-LSphere (Bai et al. 2015, n=7) O strains
Qeas
(Karasov et al. 2018, n = 1511) (@] °
Q20
At-RSphere (Bai et al. 2015, n=7) . ] . Q15
O 10
Levy etal. 2017, n=6 ° . O 05
(Levy ) [ ] A
-RSphere (Wippel et al. 2021, n = 36
Lj-RSphere (Wippel ) ® O o
eé) ‘bé’ o © Leaf
& Q‘b g‘\‘b ® Root

Supplementary Fig. 5: Syp-syr BGC is rare in genomes of plant-derived Pseudomonas
sp. isolates. Using antiSMASH, we predicted BGCs for the genomes of Pseudomonas sp.
isolates from different root and leaf derived culture collections. For each culture collection, the
normalized number of phl BGCs (DAPG), pvd BGCs (pyoverdine), and syp-syr BGCs
(syringo/brassica-peptin) are depicted. Dot size indicates the number of detected BGCs

normalized by the number of tested strains.
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Supplementary Fig. 6: SypC-dependent detrimental activity of R401 on A. thaliana is
osmotic-stress dependent. Log2-transformed shoot fresh weight of A. thaliana plants grown
in the gnotobiotic Flowpot system for 28 dpi in the presence or absence of drought stress (5%
PEG8000) or low photosynthetically active radiation (low PAR, induced by shading; Hou et al.,

2021) and either heat-killed (HK), live wild-type (WT) or live Asypc R401 cells (n = 30).
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Supplementary Fig. 7: SypC-dependent detrimental activity of R401 is retained in salt-
treated S. lycopersicum. (a,b) log2-transformed shoot fresh weight of Solanum lycopersicum
cv. Micro-Tom (a; n = 15) and Lotus japonicus Gifu (b; n = 45) plants grown in the gnotobiotic
Flowpot system for 28 dpi in the presence or absence of 100 mM NaCl and either heat-killed
(HK), live wild-type (WT) or live Asypc R401 cells. (a,b) Letters indicate statistically significant
differences as determined by Kruskal-Wallis followed by Dunn’s post-hoc test and Benjamini-
Hochberg adjustment with p < 0.05. Statistical comparisons were conducted for each abiotic
stress treatment separately. (c,d) Colonization capability of R401 on roots and shoots of
Solanum lycopersicum cv. Micro-Tom (c) and Lotus japonicus Gifu (d) plants grown in the
gnotobiotic Flowpot system for 28 dpi in the presence or absence of 100 mM NaCl. Colony
forming units have been normalized to tissue fresh weight; n = 15. Statistical significance was
determined by Kruskal-Wallis followed by Dunn’s post-hoc test and Benjamini-Hochberg

adjustment. Significance between WT and Asypc is indicated by black asterisks (++ indicates
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p < 0.01; ns, not significant). Statistical comparisons were conducted for each NaCl treatment

and compartment separately.
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Supplementary Fig. 8: Structure elucidation of brassicapeptins. (a,b) HR-ESI-MS of
brassicapeptin A (a) and brassicapeptin B (b). (¢) "H-NMR (600 MHz, DMSO-ds) spectrum of
brassicapeptin A. (d) *C-NMR (150 MHz, DMSO-ds) spectrum of brassicapeptin A. (e) HSQC
(600 MHz, DMSO-ds) spectrum of brassicapeptin A. (f) 'H-'H COSY (600 MHz, DMSO-ds)
spectrum of brassicapeptin A. (g) 'H-'H TOCSY (600 MHz, DMSO-ds) spectrum of
brassicapeptin A. (h) HMBC (600 MHz, DMSO-ds) spectrum of brassicapeptin A. (i) ROESY
(600 MHz, DMSO-ds) spectrum of brassicapeptin A. (j) Comparison of the Marfey
derivatization products of brassicapeptin A and B DCI hydrolysate and amino acid standards.
(k) HR-ESI-MS and HR-ESI-MS/MS (insert) of brassicapeptin C. (I) HR-ESI-MS and HR-ESI-

MS/MS (insert) of brassicapeptin D
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Supplementary Fig. 9: Structural comparison between R401 brassicapeptins and

previously identified syringopeptins. Structures of R401 brassicapeptins A-D and other

syringopeptins containing 22-amino-acid residues*® “®". Note that the proposed structures of

the minor variants brassicapeptin C and D are putative and based on MS/MS fragmentation

patterns.
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Supplementary Notes

Supplementary Note 1: Structural characterisation of R401 brassicapeptins.

Structural characterisation of R401 brassicapeptins was achieved by cultivating 70 liters of
axenically grown R401. The fermentation broth was extracted using the organic solvent ethyl
acetate (EtOAc) extraction, which yielded 16.24 g. This crude extract was subjected to
chromatographic purification, using reversed phase C18 column chromatography, followed by
semipreparative high-performance liquid chromatography (HPLC). In that way,
brassicapeptins A and B were isolated, both as a white amorphous powder. The molecular
formula of brassicapeptins A and B were predicted using high-resolution electrospray
ionization mass spectrometry (HR-ESI-MS). In the HR-ESI-MS spectrum of brassicapeptin A,
two double-charged ion peaks, ie., [M+2H]** at m/z 1027.1080 and [M+Na+H]** at m/z
1038.0990, as well as a triple-charged ion peak [M+3H]** at m/z 685.0747 (Supplementary
Fig. 8a), suggesting a molecular formula of CesH1s1N23026 and requiring 28 degrees of
unsaturation. For brassicapeptin B, the molecular formula was suggested as CosH157N23025
based on the two double-charged ion peaks [M+2HJ?** at m/z 1005.0940 and [M+Na+HJ** at
miz 1016.0852, together with a triple-charged ion peak [M+3HJ*" at m/z 670.4000 in the HR-
ESI-MS spectrum (Supplementary Fig. 8b).

To fully resolve the structures, we performed nuclear magnetic resonance (NMR)-experiments
of brassicapeptin A and Marfey's analysis of both derivatives, i.e., brassicapeptin A and B.
The 'H NMR and Heteronuclear Single Quantum Coherence (HSQC) spectrum displayed 22
amide protons, which resonated from &y 7.30 to 64 9.40 and 18 a protons that resonated from
On 3.70 to 6n 4.50 (Supplementary Table 5). A correlation from a methylene group at 64 2.85
and 2.77 (Dab-Hy) to amide protons at &x 7.68 (Dab-NHz, 2H, overlapped) from the "H-'H
Correlated Spectroscopy (COSY) spectrum indicated a terminal amide group (Dab-y)

belonging to a diaminobutyric acid (Dab) residue, which was confirmed by Total Correlation
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Spectroscopy (TOCSY) correlation from Dab-NH (& 9.20) to Dab-Ha (6n 3.82), Dab-HS (ou
2.32 and 2.02), Dab-Hy, and Dab-NH: (Fig. 4d and Supplementary Table 5). A
dehydroalanine (Dha) residue was assigned based on the Heteronuclear Multiple Bond
Correlation (HMBC) correlations from &y 5.97 and 5.52 (Dha-H) to 6c 135.32 (Dha-Ca) and
Oc 163.74 (Dha-CO) (Fig. 4d and Supplementary Table 5). Three 2,3-dehydroaminobutyric
acid (Dhb) residues were assigned based on clear COSY correlations between three olefinic
protons (Dhb-HpB) and three methyl groups (Dhb-Hy) (i.e., én 6.35/84 1.61, on 6.25/64 1.67,
and 6n 6.07/64 1.66), as well as HMBC correlations from the olefinic proton of Dhb-HS to
carbon of Dhb-Ca and Dhb carbonyl (i.e., from &y 6.35 to &c 130.47 and 164.11, from &4 6.25
to &¢c 130.89 and 164.15, and from & 6.07 to ¢ 131.51 and &¢ 165.93), and from the methyl
group of Dhb-Hy to carbon of Dhb-CB and Dhb-Ca (i.e., from &y 1.61 to 6c 127.82 and &c
130.47; from &4 1.67 to &¢c 127.02 and 8¢ 130.89; from &4 1.66 to &c 124.14 and &¢ 131.51)
(Fig. 4d and Supplementary Table 5). A threonine (Thr) residue was identified from the
TOCSY correlations between Thr-NH (dx 7.84)/Thr-Ha (61 4.16), Thr-NH/Thr-HB (34 4.90) and
Thr-HB/Thr-Hy (4 1.16) (Fig. 4d and Supplementary Table 5). The presence of a serine
(Ser) residue was verified based on the COSY correlations between Ser-HB (64 3.73 and
3.87)/Ser-Ha (6n 4.23), together with the TOCSY correlations between Ser-NH (64 7.45)/Ser-
Ha and Ser-NH/Ser-Hp (Fig. 4d and Supplementary Table 5). In addition, we also clarified
the presence of a homoserine (Hse) residue from the COSY correlations between Hse-Ha (ou
4.39)/Hse-HB (61 1.73 and 1.84) and Hse-HpB/Hse-Hy (61 3.41), as well as TOCSY correlations
from Hse-NH (&4 7.56) to Hse-Ha, Hse-HE and Hse-Hy (Fig. 4d and Supplementary Table
5). Two leucine (Leu) residues were verified based on the TOCSY correlations between Leu-
NH/Leu-Ha and Leu-NH/Leu-Hg (i.e., 6n 7.54/61 4.15, &y 7.54/6n 1.49, 64 7.90/64 4.36 and &4
7.90/64 1.13), together with HMBC correlations from Leu-Hg to Leu-Cy, Leu-Cd and Leu-Céd’
(i.e., from &1 1.49 to &¢c 24.05, 21.22, 22.89, and from &y 1.32 and 1.13 to &¢ 36.25, 11.43 and
14.44) (Fig. 4d and Supplementary Table 5). Two isoleucine (lle) residues were identified
based on the TOCSY correlations from lle-NH to lle-Ha, lle-HS and lle-Hy’ (i.e., from &y 7.75

to 64 4.28, o4 1.86 and &n 0.86 and from &y 7.39 to dn 4.42, n 1.89 and 0.80), as well as
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COSY correlations from lle-Hy to lle-HB and lle-Hé (i.e., from &y 1.41 and 1.13 to &4 1.86 and
o1 0.89, and from &4 1.47 and 1.05 to &4 1.89 and &1 0.84) (Fig. 4d and Supplementary Table
5). Three valine (Val) residues were assigned based on TOCSY correlations from Val-NH to
Val-Ha and Val-Hg (i.e., from &y 7.66 to du 4.19 and &n 1.99, from &4 7.71 to 64 4.25 and &u
2.03, and from &4 7.83 to 6w 4.16 and &y 2.06), together with HMBC correlations from Val-Hy
and Val-Hy' to Val-Cg (i.e., from 64 0.79 and 0.83 to ¢ 29.77, from &x 0.81 and 0.83 to &c
30.22, and from &4 0.91 and 0.93 to &c 30.05) (Fig. 4d and Supplementary Table 5). In
addition, we also clarified the presence of seven alanine (Ala) residues from the TOCSY
correlations from Ala-NH to Ala-Ha and Ala-Hg (i.e., from &x 8.34 to 6n 4.32 and oy 1.28, from
O 8.26 to o1 4.20 and 8y 1.27, from &4 8.02 to 61 4.24 and &x 1.23, from &4 7.96 to du 3.99
and 6u 1.24, from 6u 7.95 to 6u 4.33 and ou 1.22, from én 7.91 to on 4.13 and 6u 1.29, and
from &y 7.65 to oy 4.24 and &n 1.23) (Fig. 4d and Supplementary Table 5). The above 1D
and 2D NMR data revealed 22 amino acid residues of Brassicapeptin A, including one
diaminobutyric acid (Dab), one dehydroalanine (Dha), three 2,3-dehydroaminobutyric acids
(Dhb), one threonine (Thr), one serine (Ser), one homoserine (Hse), two leucines (Leu), two
isoleucines (lle), three valines (Val), and seven alanines (Ala). Additionally, four methylene
groups at &c 34.82 (61 2.30 and 2.26), 8¢ 30.77 (On 1.27), ¢ 24.49 (6+ 1.53) and &¢c 21.83 (8
1.28) and one methyl at &¢c 13.78 (&1 0.86) were observed from the HSQC spectrum, together
with another carbonyl group at &c 172.58 detected from the *C NMR spectrum (Fig. 4d and
Supplementary Table 5). These signals were attributed to a fatty acid (FA) chain consisting
of six carbons, thereby including a carbonyl group. This was based on TOCSY correlations
from FA-H: (&n 2.30 and 8 2.26) to FA-H3 (61 1.53), FA-H4 (61 1.27), FA-Hs (On 1.28) and FA-
Hs (61 0.86), as well as HMBC correlations from FA-H2 to FA-CO (6c 172.58), FA-C,4 (8¢ 30.77)
and FA-Cs (6c 24.49), from FA-H4 to FA-C3 and FA-Cs (6c 21.83), and from both FA-H3 and
FA-Hg (61 0.86) to FA-Cs (Fig. 4d and Supplementary Table 5). The fatty acid chain and the
amino acid residues accounted for 27 of the 28 degrees of unsaturation indicated by the
molecular formula. Therefore, it was concluded that brassicapeptin A possesses an additional
ring.
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The connectivity and the sequence of the amino acids for Brassicapeptin A was established
by HMBC and Rotating-frame Nuclear Overhauser Effect Spectroscopy (ROESY) NMR data,
along with the high-resolution electrospray ionization tandem mass spectrometry (HR-ESI-
MS/MS) data. The fatty acid chain was assigned to be linked with a Dhb residue (Dhb,) based
on HMBC correlation from Dhbs-NH (6n 9.38) to FA-CO, which can be confirmed by the
ROESY correlation between Dhb+-NH and FA-H: (Fig. 4d and Supplementary Table 5). The
Dhb+ residue was further supported to be linked with a peptide fragment of Alaz-Alas-Leus-Alas
by ROESY correlations between Dhbs-NH/Alaz-NH (81 8.26), Dhbs-Hp (611 6.07)/Alaz-NH, Alaz-
NH/Alaz-NH (81 7.91), Alas-HB (dx 1.29)/Leus-NH (84 7.54), Leus-Ha (61 4.15)/Alas-NH (54
7.65), as well as by HMBC correlation from Alaz-NH to Dhb4-CO (&¢ 165.93), from Alas-NH to
Alaz-CO (6¢c 172.96), from Leus-NH to Alas-CO (6c 172.25), and from Alas-NH to Leus-CO (6¢c
171.68) (Fig. 4d and Supplementary Table 5). Thus, a FA-Dhb+-Ala;-Alas-Leus-Alas part was
elucidated, which was also supported by the MS/MS fragments b+-bs (Fig. 4a). Key ROESY
correlations were observed between Alas-Ha (&1 4.24)/Vale-NH (dn 7.66), Valg-Ha (6n
4.19)/lle7-NH (81 7.75), llez-NH/Dhbs-NH (&4 9.14), Dhbs-NH/Hseg-NH (&1 7.56), Hses-Ha (61
4.39)Valio-NH (8n 7.71), Valio-Ha (81 4.25)/Leus1-NH (dn 7.90), and Leuq1-NH/Dhaiz-NH (84
9.12), as well as key HMBC correlations of NH signals of Vals, lle7, Dhbs, Hseg, Valio, Leuts
and Dhasz, respectively, to their neighboring carbonyls of Alas (6c 172.21), Vals (6¢c 171.32),
lles (&c 170.46), Dhbs (6¢c 164.11), Hses (0c 171.38), Valio (6c 171.42), and Leus (6¢c 170.68),
which correspond to the peptide fragment of Vals-lle;-Dhbg-Hseg-Valso-Leuss-Dhasz (Fig. 4d
and Supplementary Table 5). This assignment was also evident from the MS/MS fragments
bs-b11 and yz-y14 (Fig. 4a). Further ROESY correlations between Dhas-HB (du 5.97 and
5.52)/Alaia-NH (31 8.34), Alais-Ha (61 4.32)/Alaq4-NH (84 8.02), Alais-Ha (64 4.24)/Alais-NH
(61 7.95), and Alais-Ha (61 4.33)/Valis-NH (&1 7.83), in association with the HMBC correlations
from Valig-NH to Alas-CO (8¢ 172.89), from Alais-NH to Ala14-CO (8¢ 172.04), from Alass-NH
to Alai3-CO (6c 171.94), and from Alas3-NH to Dhaq-CO (6¢c 163.74), established another
partial peptide sequence of Dhajz-Alais-Alais-Alais-Valss, which was in agreement with the

MS/MS fragments ys-ys (Fig. 4a,d and Supplementary Table 5). These data corroborated
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the linear chain of brassicapeptin A as FA-Dhb1-Alaz-Alas-Leus-Alas-Valg-lle7-Dhbs-Hses-Val1o-
Leuqs-Dhaqz-Alais-Alais-Alais-Valis. Similarly, the observed ROESY correlation of llezz-NH (dk
7.39)/Sera-Ha (61 4.23), Ser24-NH (61 7.45)/Dabzg-Ha (61 3.82) and Dabzo-NH (61 9.20)/Alae-
Ha (6n 3.99) suggested the fragment of Alaig-Dabzo-Serzi-llezz, which was evident from the
MS/MS fragment y+ (Fig. 4a,d and Supplementary Table 5). Further ROESY correlations
between Dhbig-NH (6n 9.27)/Alase-Ha, and Dhb1g-NH/Thri7-NH (64 7.84), along with the
HMBC correlations from Dhb4s-NH to Thr7-CO (&¢ 170.53), established the partial structure
of Thri7-Dhbsg-Alase, which was confirmed by the fragments y, and ys; (Fig. 4a,d and
Supplementary Table 5). Moreover, the ROESY correlation observed for lles-Ha (On
4.42)/Thriz-Hy (61 1.16), in addition to the HMBC correlation from Thriz-HB (dn 4.90) to lles-
CO (6c 169.45), established the nature of the cyclization of brassicapeptin A via the connection
of the Thrs7 unit with llez, fulfilling the degrees of unsaturation and further supported by the
detected MS/MS fragment ys (Fig. 4a,d and Supplementary Table 5). Thus, the cyclic
substructure was established as cyclo(Thrq7-Dhbg-Alase-Dabzg-Serzi-llezz). Finally, the
connectivity of the cyclic part and the linear chain was established through the HMBC
correlation from Thry7-NH to Valis-CO (8¢ 172.86), which was further corroborated by the
fragments y; and y4 from the MS/MS data (Fig. 4a,d and Supplementary Table 5). Hence,
the planar structure of brassicapeptin A was elucidated. Comparison of the HR-ESI-MS/MS
fragments of brassicapeptins A and B revealed the high similarity from b4 to b7 and from ys-
y10, except for the differences from bz to byy and from y41-y14 (Fig. 4a,b). These differences
indicated that the Hseg residue present in brassicapeptin A was replaced by a Gly residue
(Fig. 4c). Thus, the planar structure of brassicapeptin B was elucidated as FA-Dhb;-Alaz-Alas-
Leus-Alas-Vals-lle7-Dhbg-Glye-Valio-Leus1-Dhasz-Alasz-Alass-Alais-Valig-cyclo(Thrq7-Dhbqg-
Alaig-Dabzo-Serai-llezz). We were not able to get the NMR data of brassicapeptin B due to the
limited amount of sample.

Marfey’s analysis and ROESY data was used to determine the absolute configuration.
Brassicapeptins A and B were first hydrolyzed, followed by chemical derivatization with Ng-
(2,4-dinitro-5-fluorophenyl)-L-valinamide (.-FDVA, Marfey's reagent), then comparing the
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retention time with the reference substrates using UPLC-MS analysis (Supplementary Fig.
8j). Marfey's analysis revealed that the homoserine residue (Hses), serine residue (Serz1) and
valine residues (Vals, Valio, and Valis) were present in p-configuration, whereas the
diaminobutyric acid residue (Dabz) and threonine residue (Thry7) were present in -
configuration (Supplementary Fig. 8j). The observed ROESY correlation for Thriz-Ha/Thr7-
Hy and llez2-Ha /Thrs7-Hy indicated the r-configuration for Thri7-C8 and p-configuration for llezz
(Fig. 4d and Supplementary Table 5). The lle; was further assigned as .-configuration due
to the fact that a mixture of both, p- and -configuration of isoleucines were observed from
Marfey's analysis (Supplementary Fig. 8j). Further detected ROESY correlations between
Alaig-HB/Thri7-HB and Alass-HB/Dabag-Hy allowed the assignment of -configuration for Alasg
(Fig. 4d and Supplementary Table 5). The ROESY correlations between Ala+s-Ha/Alass-Ha,
Alaz-Hp/Leus-Ha and Alas-HB/Leus-Ha suggested the same configuration for Alass and Alass,
same configuration for Alaz and Alas and different configuration for Alaz and Leus. Additionally,
a 2:5 ratio of .- and p-alanine was observed, indicating the p-configuration of Alaz, Alas, Alas
and Alass and (-configuration of Leus (Fig. 4d, Supplementary Table 5 and Supplementary
Fig. 8j). Marfey's analysis also indicated the presence of both, - and p-leucine, which allowed
us to assign the p-configuration for Leuis (Supplementary Fig. 8j). Additional ROESY
correlations observed between Alass-Ha/Leuq1-H&’ allowed the assignment of a .-configuration
for Alass (Fig. 4d and Supplementary Table 5). The Alas was then deduced as p-configuration
from the observed 2:5 ratio of - and p-alanine. The same absolute configuration of
brassicapeptin B was established based on the same results of the Marfey's analysis, except
the Hses residue was replaced by a glycine (Gly) residue (Fig. 4d and Supplementary Fig.
8j). Thus, the structure of brassicapeptins A and B were elucidated as shown (Fig. 4c).

Besides brassicapeptin A and B, another two minor derivatives (i.e., brassicapeptins C and D)
were also elucidated based on the HR-ESI-MS/MS data. In the HR-ESI-MS spectrum of
brassicapeptin C, two double-charged ion peaks at at m/z 1020.1176 [M+2H]** and 1031.1058
[M+Na+H]** were observed (Supplementary Fig. 8k), suggesting a molecular formula of

CosH1seN23026. The HR-ESI-MS/MS data of brassicapeptin C revealed high similarity to
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brassicapeptin A (Supplementary Fig. 8k and Supplementary Table 6). The fragments bs-
b1 were similar, while the fragments y+-y11 exhibited a 14 Da difference to brassicapeptin A.
These differences suggested that the amino acid residues from position 19 to 22 of the cyclic
substructure in brassicapeptin C were different. A proposed sequence of Glyjg-Dabao-Seraq-
llez2 was supposed based on the 14 Da difference. The molecular formula of brassicapeptin
D was suggested to be CosH1s50N23026, which is identical to brassicapeptin C, based on the two
double-charged ion peaks [M+2H]** at m/z 1020.0997 and [M+Na+HJ** at m/z 1031.0908
(Supplementary Fig. 8l). However, the fragments yi-y11 of brassicapeptin D were similar,
while the fragments b+-b1o exhibited a 14 Da difference, when compared the HR-ESI-MS/MS
data of brassicapeptin A (Supplementary Fig. 8| and Supplementary Table 6). This
suggests the same amino acid residues from position 3 to 22 (Alas-Leus-Alas-Vals-lle7-Dhbg-
Glys-Valig-Leus-Dhasz-Alaiz-Alais-Alais-Valis-cyclo(Thriz-Dhbys-Alaig-Dabzo-Serzq-llezz)

except for the fatty acid chain and the first two amino acid residues, which supposed to be
CsH11O-Dhb+-Gly; based on the 14 Da difference. We were not able to assign the substructure
of the amino acid residues from position 19 to 22 and the first two amino acid residues for
brassicapeptin D based on NMR data or Marfey's analysis, since we could not isolate these
minor variants. Brassicapeptins A-D are new cyclic lipopeptides containing 22 amino acid
residues, which show similarity to previously described syringopeptins (Supplementary Fig.

9)
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Mono- and Dimeric chromone derivatives isolated from fungus Palmiascoma qujingense

ST006189.

Lei Wang, Sergei Ivlev, Yang Liu and Till F. Schéberle

(in preparation)

In this project it was aimed to isolate and identify new chromone derivatives from the culture of
Palmiascoma qujingense ST006189. Preliminary data suggested the presence of new natural
products in ths strain. Therefore, an OSMAC approach was used, aiming at enhancing the chemical
diversity of P. qujingense ST006189. The structures of the isolated secondary metabolites were
elucidated by 1D, 2D NMR spectroscopy and by HR-ESI-MS, as well as by X-ray crystallographic
analyses. In summary, HR-ESI-MS-guided isolation yielded four new monomeric chromone

derivatives and three new dimeric chromone derivatives, together with 3 known compounds.
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Chromone derivatives are a group of oxygen-containing heterocyclic compounds bearing a
benzo-y-pyrone skeleton (Mohsin et al., 2020). Chromone containing natural and synthetic
molecules are well known for their diversity of pharmacological properties, such as anticancer,
antiviral, antibacterial, antifungal, anti-inflammatory, antiallergenic, antioxidant, antimalarial and
neuroprotective (Mohsin et al., 2020). These derivatives play an important role in medicinal
chemistry and can be considered a privileged structure for drug discovery due to their synthetic
accessibility and structural diversity (Reis et al., 2017).

The genus Palmiascoma was first introduced by Liu et al. in 2015 (Liu et al., 2015). A species
of this genus, i.e. P. qujingense, was reported as a pathogenic fungi, which can cause branch blight
on Juglans regia (Wang et al., 2022). Up to now, there is no report about natural products produced
by this genus. In a continuous effort to search for new bioactive molecules, we first studied the
secondary metabolites from P. qujingense. LC-MS analysis revealed that P. qujingense ST006189
contains a variety of chromone derivatives. Herein, we present the isolation and structure

elucidation of chromone derivatives from P. qujingense ST006189.

Figure 5A. Structures of compounds 1-10.
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Results

Palmiascoma qujingense ST006189 was cultivated at 28 °C and 140 rpm for 26 days. It was
subsequently extracted with EtOAc to yield 29.89 g of crude extract. The crude extract was
subjected to chromatographic purification, using reversed phase flash, followed by
semipreparative high-performance liquid chromatography (HPLC) to yield four new monomeric
chromone derivatives (1-4) and three new dimeric chromone derivatives (5-7), together with 3
known compounds (8-10).

Compound 1 was obtained as s a white amorphous powder. The HRESIMS spectrum exhibited
a prominent ion peak at m/z 295.1179 [M+H]" consistent with the molecular formula C15HisOs,
accounting for 7 degrees of unsaturation. The '*C NMR spectrum of 1 (Table 5A) displayed
signals for one carbonyl carbon at dc 202.2, six aromatic carbons at dc 160.5, 160.2, 149.65, 108.9,
108.1 and 107.2 of which two were oxygenated (dc 160.5 and 160.2), four oxygenated carbons at
oc 83.2,76.6, 71.7 and 70.9, two methylene carbons at dc 28.1 and 24.6, and two methyl carbons
at 6c 22.0 and 17.0. The "H NMR spectroscopic data showed the presence of four hydroxy protons
at on 11.53 (1H, s), 5.73 (1H, s), 4.75 (1H, s) and 4.70 (1H, s), two aromatic protons at ou 6.23
(1H, s) and 6.22 (1H, s), two oxymethine protons at du 3.64 (1H, s) and 3.59 (1H, dd), four
methylene protons at du 2.14 (1H, q), ou 1.90 (1H, t), ou 1.57 (1H, dd) and Jun 1.49 (1H, dd), and
two methyl groups at oun 2.22 (3H, s) and 1.26 (3H, s) (Table 5A). In HMBC spectrum, one
hydroxy proton (du 11.53) was assigned to be linked to C-1 based on its correlations to C-1 (dc
160.2), C-2 (6c 108.1) and C-9a (oc 107.2) (Figure 5B). One methyl group (du 2.22) was located
at C-3 in the aromatic ring due to the HMBC correlations from H-10 to C-3 (Jc 149.5), C-2 and
C-4 (Figure 5B). The above NMR data established a 1,2,3,5-tetrasubstitued benzene moiety (ring
A). the HMBC correlations from H-2 and H-4 to C-9, and the chemical shift of C-4a at dc 160.5
established a y -pyrone ring (ring B) in the structure (Figure SB). The above spectroscopic data
accounted for six degrees of unsaturation, and the remaining one degree of unsaturation were
represented by a bicyclic carbon skeleton. Further COSY correlations between OH-8 (on 4.70)/H-
8 (on 3.64), H-8/H-7 (6n 1.90 and 1.57), H-7/H-6 (Jn 2.14 and 1.49), H-6/H-5 (Ju 3.59), and H-
5/0OH-5 (0u 4.75), together with the HMBC correlations from H-11 (du 1.26) to C-5 (dc 70.9), C-
5a (oc 83.2) and C-8a (dc 76.6), from H-5 to C-11 (dc 17.0), C-6 (dc 24.6), C-7 (oc 28.1) and C-
5a (oc 83.2), from H-8 to C-5a, C-8a and C-6, and from both H-6b (du 1.49) and H-7b (on 1.57) to
C-5 and C-8 (dc 71.7) (Figure 5B), established a 1,2,3,4-tetrasubstitued cyclohexane moiety (ring
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C) with one methyl substituent at C-5a and three hydroxy groups at C-5, C-8 and C-8a, respectively.
Rings A and C were further determined to be linked via the ketone C-9 and an ether linkage
between C-4a and C-5a (ring B), as deduced by HMBC correlations from H-8 to C-9 (Figure 5B).
The relative configuration of 1 was established on the basis of the NOESY spectrum. The NOESY
correlations between OH-8a (du 5.73)/H-5, H-11/H-5 and H-11/H-8 suggested that H-5, H-8, H-
11 and OH-8a were on the same face of the ring, while OH-5 and OH-8 were on the opposite side
(Figure 5C). The absolute configuration of 1 was determined as a (55,5aS,8R,8aS) configuration
by single-crystal X-ray diffraction analysis (Figure 5D). Thus, the structure of 1 was elucidated,

representing a new chromone derivative, and named as palmiachromone A.

Table SA. 'H (700 MHz) and '3C NMR (175 MHz) data of compounds 1 and 2.

- 1 2
Position  75° S, multi (/ in Hz) Sc S, multi (/ in Hz)
1 1602, C 163.5,C
2 108.1, CH 6.23, s 93.8, CH 6.01,d (2.27)
3 149.5,C 167.1,C
4 108.9, CH 6.22,s 942, CH 5.94, d (2.76)
4a 160.5,C 160.0, C
5 70.9, CH 3.59, dd (1.7, 3.5) 68.9, CH 4.35, 1 (4.70)
5a 83.2,C 85.5, C
6 24.6, CHa 2.14, q (12.0); 33.2,CH 213%m
1.49, dd (12.3, 3.4)
7 28.1, CH» 1.90, t (13.9); 322, CHs 213%m
1,57, dd (13.9, 2.2) 1.5, dd (12.6, 2.1);
8 71.7,CH 3.64, s 67.1,CH 427,d 2.1)
8a 76.6,C 749, C
9 2022,C 1953, C
9a 1072, C 101.4,C
10 22.0, CH; 222, 55.6, OCHs 378,
1 17.0, CHs 1.26, s 15.5, CHs 145,
12 15.1, CHs 113, d (7.4)
13
14
15
1-OH 11.53, 11.73, s
3-OH
5-OH 4.5, s 4.90,d (4.5)
8-OH 4.70,s 4.84,d (4.7)
8a-OH 5.73, s 5.95,s

Compound 2 was obtained as s a white amorphous powder. The HR-ESI-MS spectrum exhibited
a prominent peak [M+H]" at m/z 325.1284 consistent with the molecular formula CicH2007.
Detailed analysis of the 1D and 2D NMR spectra revealed a same molecular skeleton as compound
1 (Table 5A), except a methoxy group (dc 55.6) instead of methyl group at C-3, and the appearance

of an additional methyl group (Jc 15.1) at C-6 in compound 2. These differences were confirmed
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by HMBC correlations from H-10 (du 3.78) to C-3 (oc 167.1), from H-12 (oun 1.13) to C-5 (dc
68.9), C-6 (oc 33.2) and C-7 (dc 32.2), as well as by COSY correlations between H-12/H-6 (du
2.13), H-6/H-5 (on 4.35), and H-6/H-7 (ou 1.55) (Figure SB). The relative configuration of 2 was
established on the basis of the NOESY spectrum, the NOESY correlations observed between H-
11 (on 1.45)/H-12, OH-8a (dn 5.95)/H-11, OH-8a /H-5 and OH-8/H-8 ((du 4.27) suggested that H-
5, H-8, H-11, H-12 and OH-8a were on the same face of the ring, while H-6, OH-5 and OH-8 were

on the opposite side (Figure 5C), therefore compound 2 was named as palmiachromone B.

H-'H COSY /7 T\ HMBC
Figure 5B. Key '"H-'"H COSY and HMBC correlations of compounds 1-7.

Compound 3 was obtained as a yellow amorphous powder. The molecular formula of 3 was
determined as C21H24010 on the basis of HR-ESI-MS data (m/z 437.1444 [M+H]"). The *C NMR
spectrum (Table 5B) displayed four carbonyl carbons at dc 204.9,186.6, 172.4, and 175.0, six
aromatic carbons at dc 160.8, 158.7, 147.1, 110.4, 106.6 and 105.2, two oxygenated sp> quaternary
carbons at dc 85.7 and 77.4, one oxymethine at dc 68.4, two methoxy carbons at dc 55.6 and 51.3,
and two methyl carbons at dc 21.8 and 19.2, as well as two methylene carbons at oc 36.4 and 33.2,
and two methine carbons dc 37.7 and 42.9. The 'H NMR spectra (Table 5B) showed signals of
two aromatic protons at on 6.50 (1H, s) and 6.42 (1H, s), one hydroxy proton at du 6.26 (1H, s),
one oxymethine proton at du 4.40, two methoxy protons at du 3.79 and 3.58, two methyl protons
at on 2.28 and 1.53, two sets of methylene protons at on 2.77, 2.08, 2.73, 2.57, and two sets of

methine protons at on2.91 and 2.62. The above spectroscopic data revealed a similar core structure
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to compound 1. However, a methoxy group (du 3.79) instead of a hydroxy group located at C-1
(dc 160.8) in compound 3, which was confirmed by HMBC correlations from H-10 (Ju 3.79) to
C-1 (6c 160.8) and C-9a (on oc 106.6) (Figure 5B), and a carbonyl group in compound 3 was
formed at C-5 instead of a hydroxy group based on the HMBC correlations from both H-12 and
H-6 to C-5 (dc 204.9) (Figure 5B). The remaining signals were assigned to a 2-monosubstituted
monomethyl succinate moiety based on HMBC correlations from H-17 (du 3.58) to C-16 (Jc
172.4), from H-14b (on 2.57) to C-13 (dc 42.9), C-15 (éc 175.0) and C-16, and from H-6a to C-
13, this monomethyl succinate moiety located at C-7 based on the HMBC correlation from H-14b
(on 2.57) to C-7, as well as COSY correlations between H-7/H-13 (Figure 5B). The relative
configuration of 3 was established on the basis of "H/'H coupling constant analysis and NOESY
spectrum, the observation that H-6b had a 3.6 Hz coupling with H-7 suggested that H-6b and H-7
were on the same side of the ring C, further NOESY correlations observed between H-6a/H-12,
H-8/H-13, H-8/OH-8a, and between OH-8a/H-7 suggested that H-7, H-8, H-13 and OH-8a were
on the same side of the ring, while H-12 and OH-8 were on the opposite side (Figure 5C). Thus,

a name as palmiachromone C was given to compound 3.

Figure 5C. Key 'H-'"H NOESY correlations of compounds 1-7.

171



Chapter 5. Publication 4

Table 5B. 'H (700 MHz) and *C NMR (175 MHz) data of compounds 3 and 4.

- 3 4
Position 175~ Jn, multi (J in Hz) Jc on, multi (J in Hz)
1 160.8, C
2 105.2, CH 6.50, s 82.9,C
3 147.1,C 71.6, CH 442,
4 110.4, CH 642, 190.3, C
4a 158.7, C 106.5, C
5 204.9, C 159.4, C
5a 85.7,C
6 36.4, CHa 2.77, 1 (14.0) 105.3, CH 6.51,s
2.08, dd (14.2, 3.6)
7 37.7,CH 2.62,m 147.7,C
8 68.4, CH 4.40,d(1.2) 110.1, CH 6.38, s
8a 77.4,C 159.0, C
9 186.6, C 822, CH 470, (7.27)
% 106.6, C
10 55.6, OCHs 3.79, s 21.4, CH 2.45, m;
224, m
1 21.8, CHs 228, 27.9, CHa 2.57,m
12 19.2, CH; 1.53,s 176.9, C
13 429, CH 291, m 55.8, OCH3 3.79, s
14 332, CH, 2.73,dd (16.7, 3.5) 217, CHs 227,s
2.57,dd (16.5, 10.2)

15 175.0, C 13.5, CHs 120, s
16 172.4, C
17 51.3, OCHs 3.58, s

3-0H 572,s

8-OH n.d.

8a-OH 6.26, s

Compound 4 was obtained as s a white amorphous powder. The molecular formula was deduced
to be C16H180s on the basis of HR-ESI-MS (m/z 307.1173 [M+H]"). The '"H NMR spectra (Table
5B) showed signals of two aromatic protons at ou 6.51 (1H, s) and 6.38 (1H, s), one hydroxy proton
at on 5.72 (1H, s), two oxymethine protons at on 4.70 (1H, t) and 4.42 (1H, s), one methoxy group
at on 3.79 (3H, s), two methylene groups at ou 2.57 (2H, m), on 2.45 (1H, m) and ou 2.24 (1H, m),
and two methyl groups at 1 2.27 (3H, s) and 1.20 (3H, s). The '*C NMR, HSQC and DEPT spectra
(Table 5B) displayed 16 carbon signals including two carbonyl carbons at dc 190.3 and 176.9, six
aromatic carbons at dc 159.4, 159.0, 147.7, 110.1, 106.5 and 105.3 with two oxygenated (dc 159.4
and 159.0), three oxygenated carbons at oc 82.9, 82.2 and 71.6, one methoxy carbon at oc 55.8,
two methylene carbons at dc 27.9 and 21.4, and two methyl carbons at 6c 21.7 and 13.5. Comparing
the above NMR data with those of ascherlactone B from from Aschersonia confluens BCC53152
suggested that compound 4 was also a chromone derivative (Sadorn et al., 2020). The main
differences between them were the presence of an additional hydroxy group (du 5.72) at C-3 and
the absence of a methoxy group at C-10 in compound 4. These differences can be confirmed by

COSY correlations between OH-3 (du 5.72)/H-3 (on 4.42), H-9 (ou 4.70)/H-10 (on 2.45 and 2.24)
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and H-10/H-11(dn 2.57), as well as by HMBC correlations from OH-3 to C-2 (Jc 82.9) and C-3
(0c 71.6), from H-9 and H-11 to C-10 (dc 21.4), and from H-10 to C-9 (dc 82.2) and C-11 (dc 27.9)
(Figure 5B). The ROESY correlations between H-15 (du 1.20)/H-9, OH-3 (ou 5.72)/H-15 and
between H-3/H-10 (dn 2.45 and 2.24) suggested that H-15, H-9 and OH-3 were on the same side,
while H-3 was on the opposite side (Figure 5B). Thus, the structure of 4 was elucidated and named

as palmiachromone D.

Figure 5D. X-ray structures of compounds 1 and 5.

Compound 5 was obtained as s a colourless crystal, and its molecular formula (C31H30011) was
determined by HR-ESI-MS (m/z 579.1860 [M+H]"), requiring 17 degrees of unsaturation. The 'H
NMR and HSQC spectra of 5 exhibited one chelated enol proton at ou 13.22 (1H, br s), one
phenolic proton at 11.22 (1H, s), three hydroxyl protons at 6.31 (1H, s), 5.65 (1H, s) and 5.14 (1H,
s), four aromatic protons at ou 6.50 (1H, s), 6.46 (1H, s), 6.33 (1H, s) and 6.32 (1H, s), one
oxymethine proton at ou 4.64 (1H, t), one methoxy group at ou 3.79 (3H, s), three methine protons
at on 3.65 (1H, d), 2.80 (1H, dd) and 2.77 (1H, d), one methylene group at on 2.48 (1H, dd) and
2.17 (1H, d), and four methyl groups at ou 2.29 (3H, s), 2.26 (3H, s), 1.50 (3H, s) and 1.39 (3H, s)
(Table 5C). The *C NMR, HSQC and DEPT spectra of 5 displayed 31 signals including four
aromatic methine carbons at dc 110.7, 109.9, 109.3 and 105.3, one oxymethine carbon at dc 65.9,
one methoxy carbon at dc 55.8, three methine carbons at oc 51.3, 45.5 and 42.3, one methylene
carbon at dc 38.1, four methyl carbons at oc 22.0, 21.9, 20.7 and 17.8. The remaining 17 carbons
were non-protonated, of which were assigned as four carbonyl carbons at oc 202.8, 186.5, 186.1
and 180.1, four oxygenated aromatic carbons at dc 160.9, 160.9, 159.1 and 158.8, five sp? tertiary
carbons at 5c 149.5, 147.5, 106.3, 104.5 and 104.2, and four oxygenated sp® quaternary carbons at
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oc 85.0,84.7,82.2 and 76.6 (Table 5C). Comparing the above NMR data with those of compounds
1-4 indicated that compound 5 was also a chromone derivative, of which rings A and B showed
identical chromone core structure with compound 3, and rings F and G were identical with
compound 1, except the oxygenated sp® quaternary carbon at dc 76.6 shift to downfield at ¢ 104.2
(Figure 5B). Comparing the NMR data of ring C with 3, the only difference is the methylene
group at on 2.77 and 2.08 changed to methine group at du 3.65 in compound 5, which is confirmed
by COSY correlations between H-6 (on 3.65)/H-7 (on 2.80), H-7/H-8 (on 4.64), and H-8/OH-8 (on
5.65), together with HMBC correlations from H-6 to C-5, C-5a, C-7 (dc 45.5) and C-8 (dc 65.9),
from H-8 to C-5a, C-6 (dc 51.3), C-7 and C-8a. The remaining two COSY correlations between
H-6"a (ou 2.48)/H-7" (ou 2.77) and H-7°/H-7, together with HMBC correlations from H-7 to C-5’
(oc 82.2), C-6’ (oc 38.1) and C-7’ (dc 42.3), from H-6"a to C-7’and C-5’, from H-6’b (dn 2.17) to
C-6 and C-7, and from OH-5’ (Jn 5.14) to C-5°, C-6" and C-6 recommendeda five membered ring
D fused with ring C in the structure. The remaining HMBC correlations from H-7’ to C-8’ (dc
180.1) and C-8a’, from H-6’ to C-5a’, C-8” and C-8a’, from OH-5" to C-5a’, and from H-11" to C-
5’ suggested the formation of ring E.

The relative configuration of 5 was determined based on NOESY spectrum. The NOE
correlations between OH-8a/H-6, OH-8a/H-7, OH-8a/H-8, OH-8/H-7’, OH-8/H-12, OH-5’/H-12
and OH-5’/H-11" revealed that H-6, H-7, H-8 and OH-8a were on the same side of the ring, while
OH-8, OH-5’, H-7°, H-12 and H-11" were on the opposite side (Figure 5C). These NOESY data
also revealed that there is a cis-ring fusion between rings C and D. Moreover, the absolute
configuration of compound 5 was determined as 5aR, 6S, 7S, 8S, 8aR, 5’R, 5a’S and 7’R by single-
crystal X-ray diffraction analysis (Figure 5D). Therefore, compound S was elucidated as a new

dimeric chromone derivative, and named as Palmiadimericchromone A.
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Table 5C. 'H (700 MHz) and '*C NMR (175 MHz) data of compounds 5-7.

L 5 6 7
Position =5- o, multi Jin Hz) | oc Su,multi JinHz) | dc Ju, multi (J in Hz)
1 160.9, C 161.6, C 160.8, C
2 105.3,CH | 6.50,s 109.3,CH | 6.36,s 105.2,CH | 6.50,s
3 147.5,C 150.6, C 147.4,C
4 110.7,CH | 6.46,s 109.1, CH | 6.40,s 110.6,CH | 6.45,s
4a | 159.1,C 157.7,C 159.1,C
5 202.8,C 201.9,C 2029, C
sa | 85.0,C 85.8, C 84.9,C
6 51.3,CH 3.65,d (9.9) 51.5,CH 3.71,d (10.0) 51.2, CH 3.65, d (10.0)
7 45.5,CH 2.80,dd (9.2,7.5) | 44.6,CH 2.66,dd (9.6,7.1) | 44.7,CH 2.65,dd (9.5,7.2)
8 65.9, CH 4.64,1(6.6) 65.4, CH 470, (6.8) 66.0, CH 4.63,1(6.2)
8a | 76.6,C 76.3,C 76.5,C
9 186.5, C 1943, C 186.5, C
9a | 106.3,C 103.7,C 1063, C
10 | 558 0CHs |3.79,s 22.0,CH; | 227, 55.9,0CH; | 3.81,s
11 | 219,CH: | 229,s 179,CH; | 1.42,s 21.8,CH; | 2.29, s
12 | 17.8,CHs | 1.39,s 17.8,CHs | 1.38,s
1-OH 11.43,brs
8-OH 5.65,d (6.5) 6.00, d (6.9) 5.64,d (6.2)
8a-OH 6.31,s 6.70, s 6.29, brs
g 160.9, C 159.9, C 159.9, C
2 109.9,CH | 6.32,s 106.1,CH | 6.55,s 106.1,CH | 6.54,s
3 149.5, C 1472, C 1472, C
e 109.3,CH | 633, 110.8,CH | 6.45,s 110.8,CH | 6.45,s
42> | 158.8,C 159.2,C 159.2,C
5 82.2,C 82.4, C 82.3,C
520 | 84.7,C 83.7,C 83.8,C
6 38.1,CH, | 2.48,dd (123,42) | 37.5,CH: | 2.46,dd (12.5,42) | 37.5,CH: | 2.45,dd (12.4, 4.1)
2.17,d (12.3) 2.18,d (12.3) 2.16,d (12.4)
7 | 423,CH 2.77,d (4.1) 452, CH 2.76,d (4.1) 453,CH 2.74,d (4.0)
8 180.1, C 1919, C 192.2,C
8a° | 104.2,C 104.2, C 1042, C
9 186.1, C 175.7,C 175.6,C
9a" | 104.5,C 1057, C 105.8, C
100 | 219,CHs | 226,s 55.9,0CH; | 3.81,s 55.7,0CH; | 3.79,s
11" | 207,CHs | 1.50, s 219,CHs | 2.32,s 219,CH; | 232,s
122 194,CH; | 1.44,s 19.5,CHs | 1.44,s
1’-OH 11.22,s
5’-OH 5.14,s 5.19, s 5.07,brs
8-OH 13.22, brs 15.62 n.d.

The molecular formula of compound 6, C31H30011, which was determined by HR-ESI-MS (m/z
579.1863 [M+H]"), was identical with compound 5. The 'H and '*C NMR data of compound 6
were close similar to those of compound 5 (Table 5C), suggesting a dimeric chromone derivative
skeleton for 6. The main difference of the NMR data between them was that the methoxy group
(OCH3-1, du 3.79) and the aromatic hydroxy group (OH-1’, du 11.22) in 5 was replaced by an
aromatic hydroxy group (OH-1, du 11.43) and a methoxy group (OCHs3-1°, du 3.81) in 6,
respectively. This difference can be confirmed by the HMBC correlations from H-10" to C-1" (dc
159.9) and C-9a’ (dc 105.7) (Figure 5B). The NOESY correlations between OH-8/H-7°, OH-
8/OH-5°, OH-8/H-11, OH-5’/H-12°, OH-8a/H-6 and OH-8a/H-8 revealed that H-6, H-7, H-8 and
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OH-8a were on the same side of the ring, while OH-8, OH-5’, H-7’, H-12 and H-11" were on the
opposite side (Figure 5B), suggesting the same or opposite absolute configuration for compound
6. Thus, compound 6 was elucidated and named as Palmiadimericchromone B.

Compound 7 was obtained as a white amorphous powder. The HR-ESI-MS spectrum (m/z
593.2016 [M+H]") indicated a 14 Da more compared to compound 5, supporting the molecular
formula of C32H32011. The NMR data of 7 revealed a close similarity to those of 5, except for one
additional methoxy group at on 3.79 (OCH3-1") linked to C-1" (Table 5C), which is confirmed by
HMBC correlations from H-10" to C-1" (dc 159.9) and C-9a’ (dc 105.8) (Figure 5B). The relative
configuration of 7 was established on the basis of the NOESYspectrum, the NOESY correlations
between OH-8/H-12, OH-8/OH-5’, OH-8/H-7°, H-7/H-12, H-7°/H-12’, OH-8a/H-8 and H-6/H-8
suggested that H-6, H-8 and OH-8a were on the same side of the ring, while H-7, OH-8, OH-5,
H-7°, H-12 and H-11" were on the opposite side (Figure 5B). Therefore, compound 7 was also
elucidated as a new dimeric chromone derivative, and named as Palmiadimericchromone C.

The known compounds (8-10) were identified as diversonol (8) (Siddiqui et al., 2011),
blennolides L (9) (Maha et al., 2018) and 14-O-demethylsulochrin (10) (Du et al., 2018) by
comparing their NMR data.

Compounds 1, 2, 4, 5§ and 7-10 were tested for their bioactivity against bacteria (Escherichia
coli ATCC35218, Staphylococcus aureus ATCC25923, Mycobacterium smegmatis ATCC607 and
Mycobacterium tuberculosis ATCC 9431") and fungi (Candida albicans FH2173 and Septoria
tritici MUCL45408). Among them, only compound 5 exhibited moderate activity against S. aureus
ATCC25923, M. smegmatis ATCC607 and M. tuberculosis ATCC 9431" with minimum
inhibitory concentration (MIC) value of 32 pg/mL.

Experimental section
General Experimental Procedures

The 1D and 2D NMR spectra were recorded in DMSO-ds using a Bruker Avance Neo 700 MHz
spectrometer equipped with a 5 mm CryoProbe Prodigy TCI (‘H,'*C Z-GRD) (Bruker, Ettlingen,
Germany). The LC-HRMS data for all compounds were recorded on a micrOTOF-QII mass
spectrometer (Bruker, Billerica, MA, USA) equipped with an ESI-source coupled to an Agilent
Infinity 1290 UHPLC system using an ACQUITY UPLC BEH C18 Column, 130 A, 1.7 um, 2.1
mmx100 mm (Waters, Eschborn, Germany) with an ACQUITY UPLC BEH C18 VanGuard Pre-
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column, 130 A, 1.7 um, 2.1 mm x 5 mm (Waters, Eschborn, Germany). The LC-HR-MS and
MS/MS data were recorded on a quadrupole time-of-flight spectrometer (LC-QTOF maXis II,
Bruker Daltonik) equipped with an electrospray ionization source in line with an Agilent 1290
infinity LC system (Agilent). C18 RP-UHPLC (ACQUITY UPLC BEH C18 column [130 A,
1.7 pm, 2.1 x 100 mm]) was performed at 45°C with the following linear gradient: 0 min: 95% A;
0.30 min: 95% A; 18.00 min: 4.75% A; 18.10 min: 0% A; 22.50 min: 0% A; 22.60 min: 95% A;
25.00 min: 95% A (A: H20, 0.1% HCOOH; B: CH3CN, 0.1% HCOOH; flow rate: 0.6 mL/min).
Mass spectral data were acquired using a 50 to 2,000 m/z scan range at 1 Hz scan rate. MS/MS
experiments were performed with 6 Hz and the top five most intense ions in each full MS spectrum
were targeted for fragmentation by higher-energy collisional dissociation at 25 eV or 55 eV using
N2 at 10-2 mbar. Precursors were excluded after two spectra, released after 0.5 min and
reconsidered if the intensity of an excluded precursor increased by factor 1.5 or more. Shimadzu
LC-20A HPLC system (Shimadzu Deutschland GmbH, Duisburg, Germany) was used for HPLC
analysis. The analytical column (250%4.6 mm) employed was prefilled with EC Nucleodur C18
(Gravity-SB, 5 um; Macherey-Nagel, Diiren, Germany), and the following gradient was used (0.1%
formic acid in ACN, 0.1% formic acid in H20): 0 min (10% ACN); 10 min (10% ACN); 40 min
(100% ACN); 50 min (100% ACN). The Semi-preparative HPLC was performed using Shimadzu
LC-20A HPLC system (Shimadzu Deutschland GmbH, Duisburg, Germany) or Hewlett-Packard
Agilent 1100 HPLC System (Agilent Technologies, CA, USA), The semi-preparative column (VP
250/10 Nucleodur C18 Gravity-SB, 5 um; Macherey-Nagel, Diiren, Germany) was used with a
mixture of CAN (0.1% formic acid) and H20 (0.1% formic acid) as mobile phases. MPLC was
performed on the Interchim Puriflash 4125 chromatography system (Interchim, Montlugon,

France).

OSMAC Approach

The medium used for preculture of strain P. qujingense ST006189 was Medium 5189 (20 g malt
extract, 2 g yeast extract, 10 g glucose, 0.5 g (NH4)2HPOs4, 20 g agar, 1 L of distilled water, PH
6.0). The media used for one strain many compounds (OSMAC) approach were Medium 5189A
(20 g malt extract, 2 g yeast extract, 10 g glucose, 0.5g (NH4)2HPOs, 1 L of distilled water, PH
6.0), Medium 5189B (100 g rice in 110 mL Medium 5189A), Medium 5367A (24 g potato dextrose
broth, 2 g yeast extract, 1 L of distilled water, PH 5.1), Medium 5367B (100 g rice in 110 mL
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Medium 5367A), Medium 5332A (5 g soluble starch, 5 g corn starch, 10 g glucose, 5 g yeast
extract, 7.5 g cornsteep liquid, 2 g CaCOs, 1 L of distilled water, PH 6.0) and Medium 5332B (100
grice in 110 mL Medium 5332A). The pre-culture was incubated at 28 °C for 7 days, a volume of
1 m? of this preculture was used to inoculate in 300 mL flasks that contained 100 mL media for
OSMAC approach at 28 °C and 140 rpm. An amount of 5 mL of medium was harvested and
extracted with EtOAc every 3 days after the sixth day of cultivation and analysed by UPLC—HR-
MS/MS. The results of the OSMAC approach showed that most chromone derivatives was

observed from the extract of 26 days fermentation in Medium 5367A.

Fermentation, Extraction and Isolation

A total volume of 38 L of fermentation was performed in 220 flasks (300 mL) that contained 100
mL Medium 5367A and 20 flasks (2 L) that contained 800 mL Medium 5367A and 28 °C and 140
rpm. The fermentation was harvested after 26 days and extracted with EtOAc with the volume
ratio of 1:1 three times, thereby generating 29.89 g of crude extract. The EtOAc crude extract was
fractionated by reversed-phase flash chromatography (Interchim Puriflash 4125 chromatography
system with a Puriflash C18-AQ30 um F0120 column) with an elution gradient starting from 10%
MeOH/H:0 to 100% MeOH over 1.5 h and yielded 30 fractions (Fr. 1-30). Fractions 8-10 (Fr.
8—10) was further subjected to reversed-phase flash chromatography (Interchim Puriflash 4125
chromatography system with a Puriflash C18-HP30 um F0080 flash column) using an elution
gradient from 10%ACN/H20 to 100% ACN over 2 h and yielded 30 subfractions (Frr. (8-10)-1-
30). Subfraction Frr. (8-10)-4 was further purified by semipreparative HPLC (0—1 min, 20% ACN;
1—-18 min, gradient increased from 20% to 37% ACN; 18—20 min, gradient increased from 37%
to 95% ACN; 20—28 min, 95% ACN) to yield compound 1 (9.7 mg, tr = 15.5 min). Subfraction
Frr. (8-10)-5 was purified by semipreparative HPLC (0—1 min, 15% ACN; 1-41 min, gradient
increased from 15% to 42% ACN; 41—42 min, gradient increased from 42% to 95% ACN; 42—50
min, 95% ACN) to yield compound 2 (13.5 mg, tr = 18.9 min), compound 3 (2 mg, tr =21.8 min),
compound 9 (10.0 mg, tz = 17.2 min) and compound 10 (7.0 mg, tzr = 19.8 min). Subfraction Frr.
(8-10)-7 was purified by semipreparative HPLC (0—1 min, 17% ACN; 1-45 min, gradient
increased from 17% to 35% ACN; 45—46 min, gradient increased from 35% to 95% ACN; 46—42
min, 95% ACN) to yield compound 4 (3.5 mg, tz = 44.5 min) and compound 8 (3 mg, tr = 39.1
min). Fractions 16-19 (Fr. 16—19) was further subjected to reversed-phase flash chromatography
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(Interchim Puriflash 4125 chromatography system with a Puriflash C18-HP30 xm F0080 flash
column) using an elution gradient from 10%ACN/H20 to 100% ACN over 2 h and yielded 20
subfractions (Frr. (16-19)-1-20). Subfraction Frr. (16-19)-6 was purified by semipreparative HPLC
(0—1 min, 35% ACN; 1-30 min, gradient increased from 35% to 64% ACN; 30—31 min, gradient
increased from 64% to 95% ACN; 31-38 min, 95% ACN) to yield compound 5 (32.0 mg, tz =
28.6 min), compound 6 (1.5 mg, tz = 26.2 min) and compound 7 (1.1 mg, tz = 21.6 min).

Palmiachromone A (1): white amorphous powder; the 'H NMR (DMSO-ds, 700 MHz) and '*C
NMR (DMSO-ds, 175 MHz) data are given in Table 4A; HR-ESI-MS m/z 295.1176 [M+H]"
(calculated for CisHi190s, 295.1176, Figure S1).

Palmiachromone B (2): white amorphous powder; the 'H NMR (DMSO-ds, 700 MHz) and *C
NMR (DMSO-ds, 175 MHz) data are given in Table 4A; HR-ESI-MS m/z 325.1284 [M+H]"
(calculated for Ci6H2107, 325.1282, Figure S8).

Palmiachromone C (3): yellow amorphous powder; the 'H NMR (DMSO-ds, 700 MHz) and '*C
NMR (DMSO-ds, 175 MHz) data are given in Table 4B; HR-ESI-MS m/z 437.1444 [M+H]"
(calculated for C21H25010, 437.1442, Figure S16).

Palmiachromone D (4): white amorphous powder; the 'H NMR (DMSO-ds, 700 MHz) and '*C
NMR (DMSO-ds, 175 MHz) data are given in Table 4B; HR-ESI-MS m/z 307.1173 [M+H]"
(calculated for Ci6H190s, 307.1176, Figure S24).

Palmiadimericchromone A (5): colourless crystal; the 'H NMR (DMSO-ds, 700 MHz) and '*C
NMR (DMSO-ds, 175 MHz) data are given in Table 4C; HR-ESI-MS m/z 579.1860 [M+H]"
(calculated for C31H31011, 579.1861, Figure S32).

Palmiadimericchromone B (6): white amorphous powder; the 'TH NMR (DMSO-ds, 700 MHz)
and 3C NMR (DMSO-ds, 175 MHz) data are given in Table 4C; HR-ESI-MS m/z 579.1863
[M+H]" (calculated for C31H31011, 579.1861, Figure S40).

Palmiadimericchromone C (7): white amorphous powder; the 'H NMR (DMSO-ds, 700 MHz)
and ’C NMR (DMSO-ds, 175 MHz) data are given in Table 4C; HR-ESI-MS m/z 593.2016
[M+H]" (calculated for C32H33011, 593.2017, Figure S48).

X-ray crystallographic analysis

Compound 1: A suitable crystal of CisH1sOs¢ was selected under inert oil and mounted using a

MiTeGen loop. Intensity data of the crystal were recorded with a STADIVARI diffractometer. The
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diffractometer was operated with Cu-Ka radiation (1.54186 A, microfocus source) and equipped
with a Dectris PILATUS 300K detector. Evaluation, integration and reduction of the diffraction
data was carried out using the X-Area software suite. Multi-scan and numerical absorption
corrections were applied with the LANA and X-RED32 modules of the X-Area software suite.
The structure was solved using dual-space methods (SHELXT-2018/2) and refined against F°
(SHELXL-2019/1 using ShelXle interface) (Hiibschle et al., 2011; Sheldrick, 2015a, 2015b). All
non-hydrogen atoms were refined with anisotropic displacement parameters. The hydrogen atoms
were refined using the “riding model” approach with isotropic displacement parameters 1.2 times
(1.5 times for the methyl groups) of that of the preceding carbon atom. These data can be obtained
free of charge from The Cambridge Crystallographic Data  Centre via
www.ccdc.cam.ac.uk/structures.

Compound 5: A suitable crystal of C31H30011 was selected under inert oil and mounted using a
MiTeGen loop. Intensity data of the crystal were recorded with a STADIVARI diffractometer. The
diffractometer was operated with Cu-Ka radiation (1.54186 A, microfocus source) and equipped
with a Dectris PILATUS 300K detector. Evaluation, integration and reduction of the diffraction
data was carried out using the X-Area software suite. Multi-scan and numerical absorption
corrections were applied with the LANA and X-RED32 modules of the X-Area software suite.
The structure was solved using dual-space methods (SHELXT-2018/2) and refined against F°
(SHELXL-2019/1 using ShelXle interface) (Hiibschle et al., 2011; Sheldrick, 2015a, 2015b). All
non-hydrogen atoms were refined with anisotropic displacement parameters. The hydrogen atoms
were refined using the “riding model” approach with isotropic displacement parameters 1.2 times
(1.5 times for the methyl groups) of that of the preceding carbon atom. A few parts of the molecules
were refined disordered. The residual electron density in the solvent accessible voids could not be
satisfactorily modelled and was eliminated using the SQUEEZE algorithm in the PLATON
software (Spek, 2015; Spek, 2019). These data can be obtained free of charge from The Cambridge

Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures.

180



Chapter 5. Publication 4

References

Du, X., Liu, D., Huang, J., Zhang, C., Proksch, P., & Lin, W. (2018). Polyketide derivatives from
the sponge associated fungus Aspergillus europaeus with antioxidant and NO inhibitory
activities. Fitoterapia, 130, 190-197.

Hiibschle, C. B., Sheldrick, G. M., & Dittrich, B. (2011). ShelXle: a Qt graphical user interface
for SHELXL. Journal of applied crystallography, 44, 1281-1284.

Liu, J. K., Hyde, K. D., Jones, E. G., Ariyawansa, H. A., Bhat, D. J.,, Boonmee, S.,
Maharachchikumbura, S. S., McKenzie, E. H., Phookamsak, R., & Phukhamsakda, C.
(2015). Fungal diversity notes 1-110: taxonomic and phylogenetic contributions to fungal
species. Fungal diversity, 72, 1-197.

Maha, A., Phainuphong, P., Rukachaisirikul, V., Saithong, S., Phongpaichit, S., Hadsadee, S.,
Jungsuttiwong, S., Preedanon, S., & Sakayaroj, J. (2018). Blennolide derivatives from the
soil-derived fungus Trichoderma asperellum PSU-PSF14. Tetrahedron, 74, 5659-5664.

Mohsin, N. u. A., Irfan, M., Hassan, S. u., & Saleem, U. (2020). Current strategies in development
of new chromone derivatives with diversified pharmacological activities: a review.
Pharmaceutical chemistry journal, 54, 241-257.

Reis, J., Gaspar, A., Milhazes, N., & Borges, F. (2017). Chromone as a privileged scaffold in drug
discovery: recent advances: miniperspective. Journal of medicinal chemistry, 60, 7941-
7957.

Sadorn, K., Saepua, S., Punyain, W., Saortep, W., Choowong, W., Rachtawee, P., &
Pittayakhajonwut, P. (2020). Chromanones and aryl glucoside analogs from the
entomopathogenic fungus Aschersonia confluens BCC53152. Fitoterapia, 144, 104606.

Sheldrick, G. M. (2015a). Crystal structure refinement with SHELXL. Acta Crystallographica
Section C: Structural Chemistry, 71, 3-8.

Sheldrick, G. M. (2015b). SHELXT-Integrated space-group and crystal-structure determination.
Acta Crystallographica Section A: Foundations and Advances, 71, 3-8.

Siddiqui, I. N., Zahoor, A., Hussain, H., Ahmed, I., Ahmad, V. U., Padula, D., Draeger, S., Schulz,
B., Meier, K., & Steinert, M. (2011). Diversonol and blennolide derivatives from the
endophytic fungus Microdiplodia sp.: absolute configuration of diversonol. Journal of

natural products, 74, 365-373.

181



Chapter 5. Publication 4

Spek, A. L. (2015). PLATON SQUEEZE: a tool for the calculation of the disordered solvent
contribution to the calculated structure factors. Acta Crystallographica Section C:
Structural Chemistry, 71, 9-18.

Spek, A. L. (2019). PLATON. A Multipurpose Crystallographic Tool. Utrecht University, The
Netherlands. In.

Wang, F., Zeng, Q., Lv, Y., Xu, X., Han, S., Yang, H., Li, S., Lin, T., Yang, H., & Liu, Y. (2022).
Branch blight of Juglans regia caused by Palmiascoma qujingense in China. Plant Disease,

106, 2992.

182



Chapter 5. Publication 4

Supporting Information of Publication 4
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Fig. S1. The HR-ESI-MS of compound 1.
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Fig. S2. 'H-NMR (700 MHz, DMSO-ds) spectrum of compound 1.
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Fig. S8. The HR-ESI-MS of compound 2.
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Fig. S12. The HSQC (700 MHz, DMSO-ds) spectrum of compound 2.
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Fig. S13. The COSY (700 MHz, DMSO-ds) spectrum of compound 2.
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Fig. S14. The HMBC (700 MHz, DMSO-ds) spectrum of compound 2.
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Fig. S15. The NOESY (600 MHz, DMSO-ds) spectrum of compound 2.
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Fig. S16. The HR-ESI-MS of compound 3.
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Fig. S18. The *C-NMR (175 MHz, DMSO-ds) spectrum of compound 3.
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Fig. S20. The HSQC (700 MHz, DMSO-ds) spectrum of compound 3.
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Fig. S24. The HR-ESI-MS of compound 4.
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Fig. S28. The HSQC (700 MHz, DMSO-ds) spectrum of compound 4.
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Fig. S31. The NOESY (600 MHz, DMSO-ds) spectrum of compound 4.
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Fig. S32. The HR-ESI-MS of compound 5.
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Fig. S34. The *C-NMR (175 MHz, DMSO-ds) spectrum of compound 5.

199



Chapter 5. Publication 4

LE
2858 B #3995 e -
S | | || l“|1 / { o)
‘ w o w T e " pm
Fig. S35. The DEPT135 (175 MHz, DMSO-ds) spectrum of compound 5.
a
o \ 1 . L A o H ; 1 \ _
i
— s 5 lg
= g 8 7 o
— ]
] ° lg
e | X
g
= %s
o 8

T T T T T T T T T T T T T T T T

e

11 4 3

Fig. S36. The HSQC (700 MHz, DMSO-ds) spectrum of compound 5.

F2 [ppm]

200



Chapter 5. Publication 4

. L&
— [
— ! .
- - L] -
_-1 -
— -
— »* -
L] -
- *
— - -
=0
- ."
= a0
Le
— L4
U T T T T T T T T T T T T T T T T T T T T
12 10 8 2 F2 [ppm]

Fig. S37. The COSY (700 MHz, DMSO-ds) spectrum of compound 5.
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Fig. S38. The HMBC (700 MHz, DMSO-ds) spectrum of compound 5.
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Fig. S39. The NOESY (600 MHz, DMSO-ds) spectrum of compound 5.
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Fig. S40. The HR-ESI-MS of compound 6.

202



Chapter 5. Publication 4

b
: : 5833933 geeepersmefunaghanezay [
| | R PV

||

N C W - K
14 12 10 8 8 4 2 [ppm]
Fig. S41. 'H-NMR (700 MHz, DMSO-ds) spectrum of compound 6.
| E
& §§ g 3886 8% S8EEE3E  gEI R & 9299 le  Rase "
I 1 AN AN N A N R AR VA RN
'3
|yl | [ TR l”l | ll.ﬂ (- JH g
i o T - A -

Fig. S42. The *C-NMR (175 MHz, DMSO-ds) spectrum of compound 6.
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Fig. S44. The HSQC (700 MHz, DMSO-ds) spectrum of compound 6.
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Fig. S45. The COSY (700 MHz, DMSO-ds) spectrum of compound 6.
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Fig. S46. The HMBC (700 MHz, DMSO-ds) spectrum of compound 6.
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Fig. S47. The NOESY (600 MHz, DMSO-ds) spectrum of compound 6.
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Fig. S48. The HR-ESI-MS of compound 7.
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Fig. S50. The *C-NMR (175 MHz, DMSO-ds) spectrum of compound 7.
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Fig. S51. The DEPT135 (175 MHz, DMSO-ds) spectrum of compound 7.
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Fig. S52. The HSQC (700 MHz, DMSO-ds) spectrum of compound 7.
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Fig. S54. The HMBC (700 MHz, DMSO-ds) spectrum of compound 7.
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Chapter 6. Results and Discussion

The marine flavobacteria revealed a rich biosynthetic potential to produce
arylamine-containing alkaloids

The genus Tenacibaculum is mainly obtained from marine environments, such as sea water,
tidal flat, and aquaculture systems, as well as from marine organisms like bryozoan, sea anemone,
oyster, sponge and green algae. Except for the isolation of several siderophores, research about
natural products produced by these bacteria is rare. In our ongoing efforts to discover new bioactive
natural products from bacteria, thirteen novel alkaloids with four different skeletons were isolated
from the marine flavobacterium 7. discolor sv11. The isolated compounds are the imidazolium-
containing alkaloids discolins A—H, the pyrrolopyridine alkaloids dispyrrolopyridine A and B, the
pyridinium-containing alkaloids dispyridine and dispyridine A and the pyrrolium-containing
alkaloid dispyrrole (Figure 6A). Our work indicated that the genus Tenacibaculum holds a
tremendous potential to produce diverse nitrogen-containing heterocycles with different skeletons,

which are mainly obtained through chemical synthesis until now.
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Figure 6A. Compounds isolated from 7. discolor sv11.

Imidazolium-containing alkaloids are mainly reported as secondary metabolites of some
sponges or products of chemical synthesis. Their reported bioactivities are mostly focused on the
cytotoxic activity. Eight alkaloids with the same imidazole nucleus were obtained from our project,
of which, the aromatic diamine (i.e. phenethylamine, tryptamine and tyramine) located at position
1 and 3 of the central imidazolium ring are different with each other, and the length of the carbon
chains linked to position 2 and 4 are also different. These structural differences result indifferent
bioactivities: discolins A—C and H exhibited stronger inhibitory activity against the tested Gram-
positive bacteria than the discolins D-G. These structural differences and changes in the bioactivity
give us some insights into the structure-activity relationship of the discolins: the length of the
carbon chain at position 2 can be altered without affecting the activity, while the substructures at
position 1 and 3 of the central ring instead play an important role concerning antibacterial activity.

Comparable evidence of some chemical synthesized imidazolium salts indicated that their
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bioactivity is highly dependent upon the substituents on the nitrogen atoms of the imidazolium

cation, which is in agreement with our observation.

Despite that an antimicrobial, antifungal, and nematicidal activity could be assigned to aromatic
diamine-containing alkaloids, their real ecological role in the marine ecosystems is still unknown.
Further studies, for instance, associating the expression of DisA homologues with several
environmental conditions using transcriptomics or metabolomics, could provide additional

insights about the ecological role of these natural products.

A novel sub group of cyclic lipopeptides was identified from Pseudomonas
brassicacearum Root401

Pseudomonas brassicacearum Root401 was previously shown to be detrimental in mono-
association experiment with Arabidopsis thaliana in an agar-based gnotobiotic system (Ma et al.,
2021). This strain was also recently shown to produce exometabolites which can inhibit its
bacterial competitors at bay and promote strain colonization success in roots (Getzke et al., 2023).
Getzke’s work indicated that P. brassicacearum Root401 is non-pathogenic on plants grown in
natural or gnotobiotic peat-based soil systems and that NaCl treatment promotes P.
brassicacearum Root401 disease symptoms in these soil-grown plants, providing evidence for
environmental conditions that conditionally promote plant disease. Sequencing of the A. thaliana
root and shoot transcriptomes reveals a root-specific response to combinatorial treatment of P.
brassicacearum Root401 and NacCl that associate with disease emergence. In P. brassicacearum
Root401, we identified a homologous biosynthetic gene cluster (BGC) to the syp-syr BGC that is

responsible for syringopeptin biosynthesis in P. syringae B728a (Feil et al., 2005). Using targeted
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mutagenesis, we demonstrate that this locus is sufficient to transition P. brassicacearum Root401
from being beneficial to being detrimental on salt-treated plants. Subsequently, a mass
spectrometry—guided isolation lead to the discovery of Brassicapeptins A to D, four new cyclic
lipopeptides from the culture broth of P. brassicacearum Root401. Their structures were
determined using mass spectrometry including HR-ESI-MS and HR-ESI-MS/MS, 1D and 2D
NMR data and Marfey’s analysis. The isolated brassicapaptins represent a novel sub group of
cyclic lipopeptides, with notable structural differences including a different fatty acid starter unit
and a smaller ring structure that is formed intramolecularly between the six C-terminal amino acid
residues, comparison to the previously described syringopeptins which are also produced by

Pseudomonas strains (Grgurina et al., 2005; Grgurina et al., 2002; Isogai et al., 1995) (Figure 6B).
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brassicapeptin A CHj.(CHz)4-CO-Dhb,-Ala,-Alas-Leuy-Alas-Val-lle;-Dhbg-Hsey-Val -Leu, -Dhay ,-Ala, 3-Ala, 4-Ala, s-Val - Thr ,-Dhb g-Ala, g-Dab,-Ser;  -le,,
(0]
brassicapeptin B CHj-(CHa)4-CO-Dhb,-Alay-Alas-Leu-Alas-Valg-lle;-Dhbg-Glyg-Val, y-Leu, -Dha, -Ala, 3-Ala, 4-Ala, 5-Val - Thr) ;-Dhb g-Ala, g-Dab,-Ser,, -lle,,
0]
brassicapeptin C CH;-(CH2)4-CO-Dhb,-Ala,-Alas-Leuy-Alas-Valg-lle,-Dhbg-Hseg-Val -Leu, | -Dha, -Ala, 3-Ala, 4-Ala, s-Val - Thr, ,-Dhb ¢-Gly  g-Dab,-Ser, - Ile,,
O
brassicapeptin D CHj.(CH2)4-CO-Dhb,-Gly,-Alay-Leuy-Alas-Valg-lTle,-Dhbg-Hseq-Val -Leu, | -Dha, -Ala, 3-Ala, 4-Ala, 5-Val - Thr ;-Dhb, g-Ala, o-Dab, -Ser,,-Ile,,
O
SPp,A

CH3-(CH2)6-CH(OH)-CH,-CO-Dhb,-Pro,-Valy-Val-Alas-Alag-Val;-Valg-Dhby-Ala, -Val -Alay-Ala; -Dhb, - Thr; 5-Ser -Ala, ;-Dhb, g-Ala, g-Dab,-Dab, - Tyr,,

o}
SPy,B CH;-(CHa)s-CH(OH)-CH>-CO-Dhb -Pro,-Val;-Val,-Alas-Alag-Val,-Valg-Dhby-Ala, -Val, | -Ala, ,-Ala; 3-Dhb .- Thr s-Ser, -Ala, -Dhb ¢-Ala g-Dab,;-Dab,  -Tyr,,
O
SP(SC)-1 CH3-(CH2)6-CH(OH)-CH,-CO-Dhb,-Pro,-Valy-Leu,-Alas-Alag-Leus-Valg-Dhpy-Ala, -Val, -Ala, ,-Ala3-Dhby - Thr, s-Ser -Ala; -Dhb, g-Ala  -Dab, -Dab, - Tyr,,
o}
SP(SC)-2 CH;-(CHa)s-CH(OH)-CH,-CO-Dhb)-Pro,-Valy-Leu,-Alas-Alag-Leus-Valg-Dhpy-Ala, -Val, -Ala ,-Ala, 3-Dhb - Thr, 5-Ser -Ala; ;-Dhb, g-Ala, g-Dab,-Dab, - Tyr,,
O
SP22PhvA CHj-(CH2)6-CH(OH)-CH2-CO-Dhb,-Pro,-Valy-Leuy-Alas-Alag-Ala;,-Valg-Dhby-Ala, -Val| | -Ala,,-Ala 3-Dhb, - Thr, s-Ser -Ala, -Dhb ¢-Ala  g-Dab,-Dab,  -Tyr,,
O
SP22PhvB CH;-(CH2)s-CH(OH)-CH2-CO-Dhb, -Pro,-Vals-Leu,-Alas-Alag-Ala;,-Valg-Dhby-Ala, -Val, | -Ala,-Ala 3-Dhb, 4-Thr, s-Ser -Ala, ,-Dhb  ¢-Ala, g-Dab,-Dab, - Tyr,,
0]
SP508A CH;-(CHa)s-CH(OH)-CH,-CO-Dhb,-Pro,-Valy-Leu,-Alas-Alag-Leus-Valg-Alag-Ala, -Val  -Ala, -Ala 3-Dhb, ,-Thr, s-Ser; -Ala, ,-Dhb ¢-Ala, -Dab,-Dab,, - Ty,
0]
SP508B CH;-(CH2)10-CH(OH)-CH2-CO-Dhb;-Pro,-Valy-Leu,-Alas-Alag-Leu;-Valg-Alag-Ala, o-Val, -Ala ,-Ala; 3-Dhb - Thr, s-Ser -Ala; ;-Dhb, g-Ala, g-Dab,-Dab, - Tyr,,
O

Figure 6B. Structural comparison between P. brassicacearum Root401 brassicapeptins and

previously identified syringopeptins.
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Chromone derivatives is a widespread characteristic within the fungi
Palmiascoma qujingense ST006189

The genus Palmiascoma was first introduced by Liu et al. in 2015 (Liu et al., 2015). A species
of this genus, i.e. P. qujingense, was reported as a pathogenic fungi, which can cause branch blight
on Juglans regia (Wang et al., 2022). Until now, there is no report about natural products produced
by this genus. In the present work (Chapter 5), we investigated the potential of P. qujingense
ST006189 for the production of structurally diverse chromone derivatives. An OSMAC approach
revealed that a high yield of chromone derivatives was observed in the extract after 26 days
fermentation in Medium 5367A. Subsequently, a mass spectrometry—guided isolation resulted in
the discovery of four new monomeric chromone derivatives and three new dimeric chromone
derivatives, together with 2 known monomeric chromone derivatives and one polyketide

derivative (Figure 6C).

Figure 6C. Compounds isolated from P. qujingense ST006189.
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In summary, 23 novel metabolites were obtained using a traditional bioactivity-guided (Chapter
2) and mass spectrometry-guided strategy (belongs to chemical signature-guided strategy, Chapter
3 and 5). A novel sub group of cyclic lipopeptides, i.e. brassicapeptins, was discovered, using a
combination of mass spectrometry-guided strategy and genome-guided strategy from a strain of
the genus Pseudomonas, which has been well researched (Chapter 4). Undoubtedly, traditional
strategies continued to provide lead compounds for the discovery of novel natural products from
microorganisms, which have not yet been fully researched. These include for example 7. discolor
svl1 (Chapter 2 and 3) and P. qujingense ST006189 (Chapter 2), since not much was known about
natural products produced by these microorganisms when we start our research. On the other hand,
the limitations of conventional strategies may be addressed by modern genomics-based discovery

approaches.
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