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ABSTRACT

Over the past few decades, about two-thirds of the small molecule drugs in application are
based on microbial natural products (NPs) and their analogs. The undisputed success
notwithstanding, the continuous increase of antimicrobial resistance and a high rate of
rediscovery of NPs applying traditional cultivation and screening methods pose a serious
threat to modern medicine and agriculture. Modern high-throughput microfluidic-based
approaches as well as omics-based technologies are proven complementary and beneficial
alternatives in order to discover novel NP scaffolds and combat this crisis.

In this study, droplet-based microfluidic approaches have been developed and implemented
for high-throughput microbial cultivation and screening. First, more than a thousand axenic
cultures were retrieved from a soil sample and their antimicrobial activities were evaluated.
The cultured strains were affiliated to five phyla (57 genera) including one member of the
Acidobacteria phylum (genus Edaphobacter). Based on this droplet-based microfluidic
approach and with the aim of setting up a more complex, multi compartment, and high-
throughput microfluidic assay, a technical method to encase the previously generated agarose-
solidified droplets with a further agarose shell has been successfully developed and validated.
In parallel, the traditional activity-based discovery of NPs has been supplemented with
genomics and metabolomics technologies to study the entire phylum of the Bacteroidetes — a
taxonomic branch that has not been intensively explored in relation to the production of NPs.
Computational prediction tools (i.e., antiSMASH, BiG-SCAPE) were used to determine the
biosynthetic gene cluster (BGC) amount, type, distribution, as well as diversity to rate the
biosynthetic potential encoded within the genomes of 600 Bacteroidetes strains. It revealed a
genetic repertoire comparable towards classical NP producer taxa of a few genera, rather than
a general ability of the entire phylum-members. A metabolomics analysis of the outstanding
genus Chitinophaga (25 strains) confirmed the genomic-based prediction by revealing a
chemical space not able to be assigned to any microbial NP identified today, except of the
antimalarial compound Falcitidin. Based on this datasets, several bioactive natural products

have been isolated, characterized and their structures have been elucidated by performing
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Abstract

extensive UHPLC-MS/MS and NMR experiments supplemented by Marfey’s analysis. While
the novel cyclic lipodepsipeptides chitinopeptins A-D exhibit broad antimicrobial activity, the
lipoamino acids are active against Moraxella catarrhalis FH6810, and the identified pentacitidins
(linear pentapeptides with a C-terminal aldehyde) act as parasitic cysteine protease inhibitors
with an additional low-micromolar inhibition of a-chymotrypsin. Putative non-ribosomal
peptide synthetase BGCs corresponding to the structural features of the chitinopeptins and the
pentacitidins have been discovered and similar BGCs have been found in further Chitinophaga
genomes.

This work contributes to the field of NP research as it states the enormous potential of
microfluidic-based high-throughput cultivation and screening assays by establishing and
advancing complex agarose-solidified droplet-based microfluidic approaches. Furthermore,
omics and isolation studies performed as part of this work highlight the phylum Bacteroidetes
as an exciting bioresource capable of producing novel NP scaffolds, many of which await

discovery.



INTRODUCTION

In the early 20" century the discovery of the first antibacterial substances, e.g., Prontosil, a
sulphonamide drug, and penicillin, represented a breakthrough in therapeutic treatment of
bacterial infections that previously frequently resulted in the patient’s death (Domagk, 1935;
Chain et al., 1940). The success of these small molecules promoted the discovery and
development of further anti-infective compounds, especially microbe-derived natural
products (NPs). Many of the nowadays known anti-infective compound classes were found
during the golden age of antibiotics up on the 1970s. Ended by constant rediscovery and high
developing costs, the golden age has been followed by a diminishing number of approved anti-
infective agents for application to this day. Evidently, this development represents a
contradiction to the constant accumulation of non-treatable, multi, and even pan-resistant
pathogens with socioeconomic consequences for human health and global food supply
security (Fair and Tor, 2014; Talebi Bezmin Abadi et al., 2019; Lewis, 2020; Murray et al., 2022).
However, since about two-thirds of the new chemical entities approved by the US Food and
Drug Administration from 1981 to 2019 are associated to NPs (Newman and Cragg, 2020), the
relevance for the discovery and constant supply of NPs for the development of new therapeutic
agents remains high (Atanasov et al., 2021). Fortunately, the renaissance of NP research in both
academia and industry has been witnessed by advances in high-throughput screening and
sequencing, analytical technologies as well as synthetic biology, and bioinformatics (Li and

Vederas, 2009; Bérdy, 2012; Wohlleben et al., 2016; Wright, 2019).
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Introduction

1. Natural product research

NPs are specialized chemical compounds produced in nature and commonly referred to as
‘secondary metabolites’. These low molecular weight molecules are usually taxonomically
restricted compounds not directly involved in cell growth or reproduction with specialized
functions. Their characteristics are shaped by evolutionary adaption to specific environments.
They serve as intra- and inter-species communication and differentiation effectors, as metal
transporting agents or as weapons used against environmental competitors (Demain and Fang,
2000; Davies, 2013). Nature possesses a vast chemical diversity of unique molecules that are
customized and adjusted for interactions with their respective molecular target (Firn and
Jones, 2003). NP scaffolds are diverse, target-affine, and specific, and are therefore an essential
source for drug discovery (Hong, 2011). Historically, most of the anti-infective NPs originate
from intensive studies of rather easily to cultivate and prolific microbial NP producer, i.e. the
Actinobateria, Firmicutes, Proteobacteria and Myxobacteria, covering a limited taxonomical
diversity (Monciardini et al., 2014; Challinor and Bode, 2015). In contrast, technical and
scientific progress today predicts a connection between phylogenetic and genomic divergence
and chemical diversity (Achtman and Wagner, 2008; Medema et al., 2014; Monciardini et al.,
2014; Tracanna et al., 2017; Hoffmann et al., 2018). Along with a not yet-exhausted genetic
potential of traditional prolific microbial NP producers such as Streptomyces and Bacillus (Zhao
and Kuipers, 2016; Adamek et al., 2019; Belknap et al., 2020), biosynthetic richness is found
across various branches of the tree of life (Cimermancic et al., 2014; Challinor and Bode, 2015;
Tracanna et al., 2017). Thus, investigation efforts exploiting the genetic and metabolic
capabilities of underexplored, or even prior uncultivable microbial taxa, revealed a hidden
potential for further unknown NPs (Brady et al., 2009; Piel, 2011; Wilson ef al., 2014; Challinor
and Bode, 2015; Harvey et al., 2015; Dejong et al., 2016; Hoffmann et al., 2018).

In the next decades, scientists will continue to discover new classes of anti-infectives from the
emphasized almost boundless chemical diversity of NPs that is predicted in the large diversity
of biosynthetic gene clusters (BGCs), found in microbial genomes within all branches of the

tree of life.
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1.1. Microfluidic-based anti-infective discovery approaches

Accessibility of taxonomically broad and diverse microbial species is crucial for NP research,
especially those that are underrepresented in this research area or even uncultured today. So
far, the five phyla — Actinobacteria, Bacteroidetes, Cyanobacteria, Firmicutes, and
Proteobacteria — represent 95% of all cultivated and published species. The remaining 5% are
representatives of more than 20 phyla (Keller and Zengler, 2004).

Traditional cultivation approaches are limited in the throughput and the cultivability of most
of these microorganisms in vitro. The development of miniaturized cultivation methods paved
the way to increase the number of culturable microorganisms. Miniature diffusion chambers
of various sizes were designed to retrieve environmental microbial colonies in situ or to rapidly
identify cultivation conditions for target cultivation of representatives of previously
uncultured microbes. Several successfully in situ studies have shown that such devices are
capable of cultivating new species likely because diffusion provides them with their naturally
occurring growth factors. (Manome et al., 2001; Bollmann et al., 2007; Ingham et al., 2007;
Nichols et al., 2010; Ma et al., 2014b; Ma et al., 2014a; Tandogan et al., 2014). One of these new
species, the rare Proteobacteria Eleftheria terrae, was even found to produce the novel antibiotic
teixobactin (Ling et al., 2015).

Other miniaturization approaches focus on even smaller compartments applying droplet-
based microfluidics (Kaminski et al., 2016; Price and Paegel, 2016). Droplet-based systems
create discrete volumes (L to fL) with the use of immiscible phases (Teh et al., 2008; Seemann
et al., 2012). In recent years, simplified systems were commercialized and thus supported the
development of e.g., high-throughput cultivation approaches (Vincent et al., 2010; Nge et al.,
2013; Volpatti and Yetisen, 2014; Jiang et al., 2016; Cao et al., 2017; Terekhov et al., 2017; Mahler
et al., 2018; Villa et al., 2020; Watterson et al., 2020; Mahler et al., 2021). Downscaling and
compartmentalization are advantages of such systems that allow to retrieve a few thousand of
axenic microbial cultures in a single run (Zengler et al., 2002; Akselband et al., 2006; Theberge
et al., 2010; Mahler et al., 2018; Mahler et al., 2021). The extreme small-scale droplets allow cells
to shape their microenvironment towards their specific/individual needs and avoid growth

competition (Martin et al., 2003; Keller and Zeng]ler, 2004; Ben-Dov et al., 2009; Boedicker et al.,
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2009; Ishii et al., 2010; Vincent et al., 2010; Stewart, 2012; Boitard et al., 2015; Jiang et al., 2016;
Cao et al., 2017; Terekhov et al., 2017; Villa et al., 2020; Watterson et al., 2020). In general, these
systems increased the throughput as well as the diversity, and therefore, the probability to

retrieve microorganisms uncultured before (Hengoju et al., 2020a).

1.2. Review — Bioactive natural products from Bacteroidetes
The Bacteroidetes phylum is represented by Gram-stain-negative, chemo-organotrophic, non-
spore forming rod shaped bacteria that are widely distributed in all environments. Most of
them are easy to cultivate, which allows them to be intensively studied under laboratory
conditions (Thomas et al., 2011; Mendes et al., 2013). Interestingly, there is an attributed high
genetic potential for the production of NPs from Bacteroidetes species (Borsetto et al., 2019),
while the number of biologically active compounds is low. Hence, we reviewed the literature
for bioactive molecules from Bacteroidetes to highlight this phylum as an underexplored

microbial source in the field of NP research.
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1 Introduction

Antimicrobial resistance (AMR) is a serious threat to modern
medicine and agriculture." Bacteria and fungi resistant to many
or most antimicrobials have dire socioeconomic consequences
for human health and global food security.> The threat of AMR
is exacerbated by the limited number of candidate antibiotics
entering the development pipeline and thus the declining
number of approvals for new anti-infective drugs.

The AMR crisis is being addressed by efforts to discover
natural products that can serve as new anti-infective leads, and
microbes are a rich source of such compounds.* However,
natural product research is hindered by high rediscovery rates,
especially in classical producers such as Actinobacteria, Firmi-
cutes and Myxobacteria - despite the strong genetic potential
for the biosynthesis of novel molecules.® This limitation can be
circumvented by focusing on underexplored bacterial taxa.

Members of the phylum Bacteroidetes are well-known, abun-
dant and widely distributed sources of natural products, and
many members are easy to cultivate. They colonize all types of

Nat. Prod. Rep.
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habitats, including soil, ocean, freshwater, and the gastrointes-
tinal tracts of animals.® The phylum comprises six classes of gram-
negative, non-spore forming, chemo-organotrophic bacteria.
Gastrointestinal tracts harbor species from the mostly anaerobic
class Bacteroidia, whereas classes Chitinophagia, Cytophagia, Fla-
vobacteriia, Saprospiria and Sphingobacteriia are mainly found in
the environment.” All of them are non-motile (or motile by
¢gliding)® bacteria that can degrade polymeric organic matter.® A
few are pathogenic® or endosymbiotic.* Their promoter structures
feature a unique consensus sequence' recognized by the core
RNA polymerase and an unusual primary sigma factor.'**> The
strong genetic potential for the biosynthesis of natural prod-
ucts'** is enriched in a few genera (e.g., Chitinophaga and Pedo-
bacter) and less abundant in the anaerobic class Bacteroidia.**
However, the number of compounds isolated thus far is rather
low. Known products are structurally diverse and some are
potential antibiotic leads, such as the (iso)pedopeptins that can
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inhibit drug-resistant gram-negative bacteria including World
Health Organization (WHO) top-priority carbapenem-resistant
pathogens, and the dipeptide TAN-1057, with activity against
methicillin-resistant Staphylococcus aureus (MRSA) strains.

In this review, we comprehensively discuss the bioactivity
and biosynthesis of natural products that have already been
isolated from Bacteroidetes.

2 Macrolides

Macrolides are hydrophobic polyketides characterized by
a large macrocyclic lactone ring decorated with variable side
chains and groups. One of the better-known macrolides is
erythromycin," which has bacteriostatic activity based on the
inhibition of bacterial protein biosynthesis.'® Macrolides also
show antifungal, antiparasitic, antiviral, cytotoxic and immu-
nosuppressive activities."”

2.1 Elansolids

The elansolids are unique macrolides produced by Chitinophaga
sancti FXGBF13 (DSM 21134)'*2° and Chitinophaga pinensis DSM
2588.” They share a bicyclo[4.3.0]nonane core originating from
an intramolecular Diels-Alder cycloaddition (Fig. 1).*

Elansolids A1 (1) and A2 (2) are atropisomers featuring a 19-
membered macrolactone ring. They are derived from the
precursor elansolid A3 (3) by lactonization via a intramolecular
Michael addition of the quinone methide group.”*** The side
products elansolids B1-3 (4-6) and D1-2 (7-8) are instead
derived from the highly reactive quinone methide moiety in
elansolid A3.**** The cultivation of C. sancti DSM 21134 in
complex media containing different soy peptones, or synthetic
medium supplemented with anthranilic acid, yielded elansolid
C1 (9).*® This is derived via a nucleophilic addition of the
anthranilic acid amino group to the p-quinone methide carbon
of elansolid A3.*
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his PhD from the University of
Tiibingen, Germany at the
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to the University of Bonn, Ger-
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Elansolids A1/A2 (1/2)
(two atropisomers)

Elansolid A3 (3)

OH

o Elansolid D1 (7)

Fig.1 Chemical structures of elansolids (1-10).

The elansolids are produced by trans-acyltransferase (AT)
polyketide synthases (PKSs) (Fig. 2A).>*** The biosynthetic gene
cluster (BGC) of C. sancti was identified by scanning a cosmid
library.> In parallel, a closely related set of genes (84.6%
nucleotide sequence identity) was identified in C. pinensis DSM
2588, facilitating the isolation of elansolid D2 (8) and the
deduction of its biosynthetic pathway.”* Elansolid A3 is prob-
ably the mature pathway product (Fig. 2B).>"** The two trans-AT
type I polyketide BGCs consist of either 18 or 19 genes (ela/els

Ry=OH R,=O0H Elansolid B1 (4)

R;=OMe R,=O0OH Elansolid B2 (5)

Ry=NH, R,=OH Elansolid B3 (6)

R;=0H Ry=H 20-deoxy-elansolid B1 (10)
OH (o]

OH

Elansolid C1 (9)

PKS) with their assembly line including six multimodular PKS
proteins and two trans-ATs.*"** We also screened 600 publically
available Bacteroidetes genomes in silico to examine the
sequential and compositional similarity of their BGCs,
revealing Chitinophaga sp. YR627 as a third strain carrying
a BGC highly similar to the known elansolid BGCs."* Interest-
ingly, the comparison of all three BGCs suggests the presence of
an additional gene encoding a major facilitator superfamily 1
protein, which may transport elansolids across membranes.
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Major facilitator superfamily proteins are membrane efflux
pumps that contribute to the transport of various substances,
including macrolides.*

Elansolids A1 (1) and A2 (2) are atropisomers, but only the
latter is active against gram-positive bacteria, with minimal
inhibitory concentrations (MICs) of 0.2-64 pug mL~'. This
product also showed moderate cytotoxicity against L929 mouse
fibroblasts, B104 rat cells, SH-SY5Y human neuroblastoma
cells, and HeLa cells.*** Furthermore, the highly reactive p-
quinone methide elansolid A3 (3) can be stabilized as an
ammonium salt, which showed antibacterial and cytotoxic
activity identical to elansolid A2 (2).*° This reactivity was used to
synthesize an elansolid library from crude extracts via Michael-
type conjugate addition, using 21 different nucleophiles. None
of these precursor-directed derivatives was more potent than
elansolids A2 (2) and A3 (3), but all were less cytotoxic than
elansolid A2 (2).*

Elansolids A2 (2) and C1 (9) inhibit the secretion-deficient
Escherichia coli AtolC mutant when combined with the
membrane-permeabilizing cationic cyclic peptide polymyxin B
nonapeptide (PMBN) at 2 or 8 pg mL > indicating that
a molecular target is also present in gram-negative bacteria but
protection is achieved by its outer membrane.

The total chemical synthesis of elansolid B1 (4)** was fol-
lowed by the second-generation total synthesis of the same
compound and the first synthesis of elansolid B2 (5).>” Further
studies to elucidate the biosynthesis of elansolids®*** revealed
a further polyketide, 20-deoxy-elansolid B1 (10), with activity
similar to elansolid A2 (2), showing that the hydroxyl group at
C20 is not essential for antibacterial activity.*®

2.2 YL-02905-A and YL-02905-B

Two Cytophaga strains were found to produce four macro-
lactones with activity against S. aureus.**** First reported in
a patent,* the two 22-membered macrolide ring antibiotics YL-
02905-A (also named YM-32890-B, 11) and YL-02905-B (also

HO OH

YL-02905 OH R
A (11
( )W
CH,
13
Ny T F o
CH,
B (12 —
12 = H— b
H,C
14
W\/\/\
CH,

Fig. 3 Chemical structures of YL-02905 A (11) and B (12) as well as
their structural isomers 13 and 14.
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named YM-32890-A, 12) were isolated from Cytophaga sp. YL-
02905S.** Their natural isomers (13 and 14) complement this
group.®” The four macrolactones differ in the aliphatic chain
attached to the macrolactone ring at C21 (Fig. 3). Accordingly,
molecules 11 and 13 possess a conjugated tetrene system
whereas 12 and 14 contain a conjugated triene system, sepa-
rated by a methylene carbon at C28°"“* Compound 12
undergoes tautomerization to form 11 (ref. 32) and is generally
unstable under light and aerobic conditions.** Only compounds
12 and 14 displayed activity against S. aureus KCTC 1927 with
MICs of ~10-20 pg mL~".%* These data reflect the importance of
the conjugation pattern of the double bonds along the aliphatic
chain.?” The biosynthesis or total synthesis of these compounds
has yet to be reported.

3 Peptides

Peptide natural products are valuable sources of anti-infective
leads and are either synthesized ribosomally or assembled by
multi-modular non-ribosomal peptide synthetases (NRPSs),
allowing the incorporation of non-proteinogenic amino acids.
Optional (multi)cyclization and extensive post-translational
modifications result in remarkable structural diversity.*

3.1 Cyclic depsipeptides

More than 1300 diverse natural cyclic depsipeptides have been
described, and are characterized by the presence of ester and
amide bonds that contribute to a range of biological properties.***
Most cyclic depsipeptides are synthesized by modular NRPSs,*®
but some (e.g., microviridins) are synthesized ribosomally.*”

3.1.1 (Iso)pedopeptins. Natural products that inhibit lipo-
polysaccharide (LPS) binding to the receptor CD14 are useful
leads against sepsis and septic shock. Screening for such
products led to the discovery of pedopeptins A-C (15-17,
patented as B-12489 A-C; Fig. 4).***° These cyclic lip-
odepsipeptides (CLPs) were isolated from the culture broth of
Pedobacter sp. SANK 72003.*>*° They share three cationic amino
acids - two diaminopropionic acid (Dap) and one dia-
minobutyric acid (Dab) residues - among a constituent of nine,
including 2-amino-2-butenoic acid (dehydrobutyrine, Dhb) and
B-hydroxy valine (B-OH-Val), as well as an aliphatic chain.**
UHPLC-MS/MS analysis revealed that similar cyclic and linear
peptides are also produced by several other Pedobacter strains.*>
Detailed investigation of the strain Pedobacter cryoconitis UP508
led to the discovery of isopedopeptins A-H (18-25; Fig. 4).2>**
These are similar to the pedopeptins, but Leu-2 and Phe are
exchanged, Thr replaces Leu-1, and the acyl moieties are
distinct.*

Pedopeptins A (15), B (16) and C (17) inhibit the binding of
LPS to CD14 with half-maximal inhibitory concentrations (ICs)
of 20, 11 and 47 nM, respectively. LPS-induced cytokine release in
cell-based in vitro assays revealed dose-dependent inhibition,
with ICs, values of 0.08-0.33 uM (~1-10 pug mL™'). However,
pedopeptins A and B were also cytotoxic at 100 and 30 ug mL ™,
respectively. Antimicrobial testing of all three peptides revealed
MICs of 2-4 pg mL ™" against two E. coli strains. Interestingly, only

This journal is © The Royal Society of Chemistry 2022

-17 -



Review
Phe
NH;  Dab
H
Dap-1 Aﬂo‘)/&
(E)
j Dhb
) Leu-1
ﬁ/'y Dap-2
,,N \\
R; H ®
Val or -OH Val Leu-2
Pedopeptin A (15) R;=3-hydroxy-7-methyloctanoyl R,=OH
Pedopeptin B (16) R;=3-hydroxy-7-methyloctanoyl R,=H
Pedopeptin C (17) R;=3-hydroxydecanoyl R,=OH

Dap-1
[¢]

Dhb

T
Y”

Dap-2

Val or -OH Val
Phe

Isopedopeptin A (18) R;=6-methylheptyl R,=OH
Isopedopeptin B (19) R;=heptyl R,=OH
Isopedopeptin C (20) R;=2-noneny! R,=OH
Isopedopeptin D (21) R;=heptyl Ry=H
Isopedopeptin E (22) R4=6-methylheptyl Ry=H
Isopedopeptin F (23) R;=8-methylnonyl R,=0OH
Isopedopeptin G (24) R;=8-methyl-4-nonenyl R,=H
Isopedopeptin H (25) R;=8-methyl-2-nonenyl R,=H

Fig. 4 Chemical structures of pedopeptins A-C (15-17) and iso-
pedopeptins A—H (18-25). Dap, diaminopropionic acid; Dab, dia-
minobutyric acid; Dhb, dehydrobutyrine; -OH-Val, B-hydroxy valine.

pedopeptin B showed strong activity (4 pg mL™') against two
gram-positive bacteria: S. aureus ATCC 6538P and S. epidermis
ATCC 14990.* All isopedopeptins show activity against a broad
panel of gram-negative bacteria, including carbapenem-resistant
strains on the WHO top-priority list. Isopedopeptin B (19) is the
most potent representative, with MICs as low as 1 pg mL™". In
contrast to the pedopeptins, isopedopeptins show minimal
activity against gram-positive bacteria (e.g., MIC = 16 pg mL "
against Bacillus cereus CCUG7414), and none against fungi.

This journal is © The Royal Society of Chemistry 2022
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Furthermore, isopedopeptins are cytotoxic against HepG2 liver
cells (ICso = 9-50 uM or 10-56 pg mL™") and are hemolytic
(0.8-52.3%). Isopedopeptin B was therefore the most promising
candidate due to its potent antibacterial activity and acceptable
cytotoxicity.*

The mode of action (MoA) of the cationic pedopeptins is
thought to involve interactions with lipid layers due to struc-
tural similarities with other cationic cyclic peptides such as
polymyxin B and colistin, which are known to interact with
anionic LPS.*>* Interestingly, the polycationic isopedopeptin B
(19) showed activity against colistin-resistant strains of Acine-
tobacter baumannii, E. coli, and Klebsiella pneumoniae with a very
low frequency of resistance (<3 x 10 °).** Using an in vitro
bacterial membrane system based on unilamellar liposomes
prepared from E. coli phospholipid extracts, isopedopeptin F
(23) was shown to cause membrane leakage with a half-maximal
effective concentration (ECs;,) of 2 uM, a similar concentration
to other cyclic peptides such as polymyxin B (ECso = 1 pM) and
LL-37 (ECso = 0.6 uM).*

A putative BGC for the pedopeptins has been identified in
the pedopeptin producer strain Pedobacter lusitanus NL19
(Fig. 5).% The NRPS is composed of a large and a small subunit.
Genes encoding diaminobutyrate-2-oxoglutarate transaminase
and oxygenase (cytochrome P450 family) are found nearby, and
may be responsible for the supply of Dab as well as Val
hydroxylation. The expression of both NRPS genes correlates
with the production of pedopeptins. Furthermore, within this
BGC, the C5 domain shows similarity to C-domains that modify
incorporated amino acids. In this case, it should catalyze the
dehydration of Thr (incorporated by A-domain 4) to Dhb. Genes
encoding glutamate synthase and dehydrogenase were also
found in the genome, and may be responsible for Dap biosyn-
thesis.** A BGC for the isopedopeptins has yet to be described.
However, the discovery of additional (iso)pedopeptin analogs in
several other Pedobacter extracts indicates the existence of
related BGCs, suggesting that small changes in A-domain
specificity and/or module rearrangement within the pedo-
peptin BGC may facilitate the biosynthesis of various natural
analogs, including the isopedopeptins.*” The total synthesis of
these cyclic peptides has not yet been reported.

3.1.2 Chitinopeptins A-D. The chitinopeptins are CLPs
produced by Chitinophaga species. Chitinopeptins A (26) and B
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w
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o o e son
I vres-core gene EEEE Apha/beta hydrolase
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@  Adenylation domain @  Ccondensation domain ®  Peptidyl-carrier protein domain
® c.. domain (@ Epimerizationdomain (%)  Terminal reductase domain
©  TIGRO1720 domain P ] B
Fig. 5 Pedopeptin biosynthetic gene cluster. Non-ribosomal peptide

synthetase biosynthetic gene cluster and assembly line responsible for
the biosynthesis of pedopeptins. In silico predicted amino acids are
indicated in the first row and those confirmed by NMR spectroscopy
are underlined. Dap, diaminopropionic acid; Dab, diaminobutyric acid;
B-OH Val, B-hydroxy valine.
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(27) were isolated from C. eiseniae DSM 22224, whereas chiti-
nopeptins C1, C2, D1 and D2 (28-31) were isolated from C. flava
KCTC 62435. They share many non-proteinogenic amino acids
such as Dap and N-methyl-Val, and a high degree of B-hydrox-
ylation (Asp, Phe and Ile residues). The tetradecalipodepsipep-
tides 26 (2,9-dimethyl-3-amino decanoic acid) and 27 (3-amino-
9-methyl decanoic acid) differ in the fatty acid residue attached
to the peptide core. In contrast, the pentadecalipodepsipeptides
(28-31) carry a 3-hydroxy-9-methyl decanoic acid residue and an
additional Dap residue inserted between the fatty acid and the
cyclized peptide chain, and the Leu-2 present in molecules 26
and 27 is replaced with Ile (28 and 29) or Val (30 and 31). The
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constitution of the Dap-2 residue (peptide bond between the
o or B amino groups and the carbonyl group of Lys) distin-
guishes between molecules 28 and 29 as well as between
molecules 30 and 31 (Fig. 6)."*

Chitinopeptins inhibit gram-negative and gram-positive
bacteria such as Moraxella catarrhalis (MIC = 2 ug mL™') and
Bacillus subtilis (MIC = 4 pg mL ") as well as the yeast Candida
albicans (MICs = 4 pg mL™"). MICs of = 16 pg mL™" were
observed against A. baumannii, Micrococcus luteus and Zymo-
septoria tritici. Interestingly, the chitinopeptins bind iron,
which in the case of chitinopeptin A (26) reduces but does not
abolish its activity."
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Fig. 6 Chemical structures of chitinopeptins A-D (26—31). B-OH Asp, B-hydroxy aspartic acid; p-OH Phe, B-hydroxy phenylalanine; Dap,

diaminopropionic acid; B-OH lle, B-hydroxy isoleucine.
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Putative NRPS-BGCs have been identified for the synthesis of
these CLPs (Fig. 7). The number and predicted substrate spec-
ificity of the A-domains, the overall composition of the NRPS
assembly line, and genes encoding enzymes responsible for
precursor supply and post-assembly modifications matched the
structural composition of the chitinopeptins. A BGC-similarity
networking approach revealed the presence of homologous
BGCs in C. oryziterrae JCM16595 and C. niastensis DSM 24859.*
The total synthesis of chitinopeptins has yet to be disclosed.
The synthesis of the B-hydroxylated amino acids Asp, Phe and
Ile has been described as an attempt to elucidate the absolute
configuration of these amino acids in all chitinopeptin
structures.*

3.1.3 Katanosins A and B. Two groups independently
elucidated the structure of the same cyclic depsipeptide anti-
biotic while searching for novel cell wall inhibitors. This
molecule was isolated from the producer strain Cytophaga PBJ-
5356 and was named katanosin B (32)*”** but was also isolated
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Fig. 8 Chemical structures of katanosins A (33) and B (32). B-OH Phe,
B-hydroxy phenylalanine; B-OH Asn, B-hydroxy aspargine; B-OH Leu,
B-hydroxy leucine.
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from Lysobacter sp. ATCC 53042 and was named lysobactin.
Cytophaga PBJ-5356 also produces the analog katanosin A (33),
which is almost identical to katanosin B but has a Val residue
replaced with Ile.*”** Both compounds consist of 11 amino
acids, six of which are non-proteinogenic, including B-hydrox-
ylated Phe, Asn and Leu (Fig. 8).**** They show moderate activity
against some gram-negative bacteria and strong activity against
a broad panel of gram-positive bacteria including MRSA (MIC =
0.39 pg mL™ ') and vancomycin-resistant enterococci (MIC =
0.78 ug mL—l).47,49,50

Both molecules target peptidoglycan synthesis. To gain
insight into the MoA, staphylococcal transglycosylation and its
preceding reactions were studied by incorporating [**C]GlcNAc
into S. aureus peptidoglycan in whole cells, as well as nascent
peptidoglycan formation in vitro. Both peptides inhibit nascent
peptidoglycan synthesis, but only katanosin B also inhibits lipid
intermediate formation.** Lipid II was identified as the cellular
target of katanosin B.** The MoA of katanosins A and B differs
from that of vancomycin and the peptides show a low frequency
of resistance, making them suitable for further development.
Accordingly, katanosin B and its method of production have
been patented.*

A cloning study with a Lysobacter sp. ATCC 53042 genomic
library revealed a partial NRPS gene (4.6 kb) as part of the BGC.**
The complete BGC containing two multi-modular NRPSs (lybA
and lybB) was discovered by genome sequencing (Fig. 9).® The
termination module showed a tandem thioesterase architecture
and both thioesterases were biochemically characterized in
vitro. Peptide cyclization and simultaneous release is only
mediated by the penultimate thioesterase. The second thio-
esterase fulfills a proofreading function involving the deacyla-
tion of miss-primed peptidyl carrier proteins.*® Synthetic access
was established based on modular, solution-phase
approaches® and by solid-phase peptide syntheses.*®

3.1.4 YM-47141 and YM-47142. The two macrocyclic dep-
sipeptides YM-47141 (34) and YM-47142 (35), carrying
a hydrated vicinal tricarbonyl moiety, were isolated from Flex-
ibacter sp. Q17897.°>%° Their structure comprises a peptide
chain containing the non-proteinogenic amino acid 2,3-dioxo-4-
amino-6-methylheptanoic acid (Dah), which has not been found
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spectroscopy are underlined. B-OH Phe, B-hydroxy phenylalanine; B-OH Leu, B-hydroxy leucine; B-OH Asn, B-hydroxy asparagine.

before in microbial natural products. Five of the six remaining
amino acids were found to have the r-configuration, in addition
to p-Ala. The isovaleryl moiety in YM-47141 (34) is replaced by
a phenylacetyl group in YM-47142 (35) (Fig. 10).*° Total
synthesis of both compounds conformed the r-configuration of
Dah.** Both compounds inhibited human leukocyte elastase
(HLE) with IC5, values of 15 and 30 pM, respectively.” YM-47141
(34) was also tested against porcine pancreatic elastase (PPE;
IC5o = 0.39 pM), and was shown to inhibit other serine prote-
ases, such as a-chymotrypsin and cathepsin G.*> The BGC for
these compounds has yet to be reported.

3.2 Short linear peptides

Short linear peptides also display remarkably diverse biological
activities with biomedical and cosmeceutical applications.®
They tend to have a short in vivo half-life** and many are
immunogenic,®” but generally they are highly selective, can
cross biological membranes, and cost-effective synthesis has

been reported.®
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Fig. 10 Chemical structures of YM-47141 (34) and YM-47142 (35).
Dah, 2,3-dioxo-4-amino-6-methylheptanoic acid.
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3.2.1 TAN-1057 A-D. The dipeptide-like metabolites TAN-
1057 A (36) and B (37) (Fig. 11) are diastereomers first
described by researchers at Takeda Chemical Industries Ltd.***
They are produced by Flexibacter sp. PK-74 and PK-176,°” along
with diastereomers TAN-1057 C (38) and D (39). TAN-1057 A and
B spontaneously epimerize in aqueous solution, whereas TAN-
1057 C and D only transform into TAN-1057 A and B, respec-
tively.**** All four compounds show strong activity against
staphylococci, including MRSA strains, but they are less active
against gram-negative bacteria.*” Subcutaneous treatment of
MRSA-infected mice revealed an effective dose (EDso) of =
0.026 mg kg~ ', which is more potent than vancomycin (EDsy =
2.3 mg kg™'). However, both TAN-1057 A and B are cytotoxic,
with median lethal doses (LDs,) in mice of 50 mg kg™* (intra-
peritoneal) and 100 mg kg~ " (intravenous).”” This has been
addressed by total synthesis to investigate the structure-activity
relationship (SAR).® A synthetic derivative with a methyl group
on the proximal guanidine nitrogen was less potent (10-fold
lower MIC) but the ED, o, was < 0.5 mg kg~ " (intravenous).”
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Fig. 11 Chemical structures of TAN-1057 A-D (36-39).
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MoA studies with the TAN-1057 series showed a negative
effect on protein synthesis at the elongation step in whole-cell
and cellfree translation assays.®””* More detailed analysis
revealed the target was the peptidyl transferase of the 50S
ribosomal subunit, but the binding site appears to differ from
that of other inhibitors.*””*”> Resistance studies indicated
a rapid response based on changes in the transport of cellular
dipeptides, followed by ribosomal alterations later on.”»”* A
BGC congruent with these dipeptide-like metabolites has yet to
be identified.

3.2.2 Falcitidin and pentacitidins A and B. The linear N-
acyl tetrapeptide falcitidin (40) was isolated from Chitinophaga
sp. Y23, and features an unusual C-terminal amidated proline
residue (Fig. 12).”* Together with its synthetic derivatives, it
represents a new class of cysteine protease inhibitors. In
contrast to classical inhibitors, a reactive group such as an
aldehyde that binds the active site Cys residue has not been
identified.”*”®> Metabolic networking analysis revealed the
presence of more than 30 natural analogs of falcitidin,
including further falcitidin-like tetrapeptides.” They are
produced by various Chitinophaga strains and two of these
analogs were isolated from Chitinophaga eiseniae DSM 22224.
Pentacitidins A (41) and B (42) are falcitidin-like pentapeptides
with Phe as an additional C-terminal amino acid with an alde-
hyde group (phenylalaninal, H-Phe-al; Fig. 12). NMR spectros-
copy revealed that both pentacitidins were purified as
diastereomers for the Phe residue.”® Interestingly, a pentapep-
tide and its corresponding falcitidin tetrapeptide analog with
a C-terminal amidated proline were detected by UHPLC-MS,
following the NMR analysis of pure pentacitidins, suggesting
that falcitidin-like tetrapeptides are the degradation products of
the mature natural products - the pentacitidins.” Further
studies are needed to test this hypothesis and elucidate the
degradation mechanism.

Falcitidin displays falcipain-2 enzyme activity in vitro (IC5, =
6 uM)™ but lacks whole-cell activity against Plasmodium falci-
parum 3D7 (ICso > 10 uM).” A liquid-phase synthesis approach
produced an N-acyl trifluoromethyl derivative with a hydro-
phobic N-trityl group on the imidazole residue. In contrast to
the isolated natural product, this molecule exhibits whole-cell
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antimalarial activity (ICso = 0.14 puM).”® Pentacitidins were
produced by solid-phase peptide synthesis.” Aldehydes are
electrophilic warheads that form covalent-reversible hemi-
thioacetal adducts with catalytic Cys residues and covalent-
reversible hemiacetal adducts with Ser residues. Testing pen-
tacitidins against human cysteine proteases (cathepsins B and
L) and related proteases from parasites (falcipain-2/3 and rho-
desain) revealed selective inhibition of the parasitic enzymes
with sub-micromolar ICs, values. In addition, the natural
products were active against a-chymotrypsin. Docking studies
showed favorable distances between the catalytic Cys residue
and the pentacitidin aldehyde in its r-configuration.”®

A pentacitidin BGC was tentatively identified, consisting of
a single NRPS gene (18.5 kb) with five A-domains and a C-starter
unit (Fig. 13).” It is congruent with the pentapeptide structure,
strengthening the degradation hypothesis. The BGC contains
a terminal reductase domain probably involved in the forma-
tion of the C-terminal aldehyde and alcohol analogs via reduc-
tive release. These alcohol analogs of pentacitidins were
detected by molecular networking analysis and synthesized as
pentacitidin intermediates, but showed no bioactivity.”® Similar
BGCs were found in the genomes of four other Chitinophaga
strains.”

3.3 Ribosomally synthesized and post-translationally
modified peptides (RiPPs)

There are more than 20 subclasses of RiPPs, and scientific
interest in these peptides has increased in recent decades.” A
few RiPPs have already been isolated from Bacteroidetes, and
many more can be expected due to development of new genome
mining tools for RiPP discovery.”

3.3.1 Lantipeptides. Lantipeptides are RiPPs containing
the thioether cross-linked amino acids lanthionine and/or
methyllanthionine. Most are produced by gram-positive
bacteria, including the natural food preservative nisin from
Lactococcus species.” Only a few such molecules have been
isolated from gram-negative bacteria but genome analysis of the
Bacteroidetes has revealed abundant putative lantipeptide
BGCs.”®

Fig. 12 Chemical structures of falcitidin (40) as well as pentacitidins A (41) and B (42).

This journal is © The Royal Society of Chemistry 2022
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Fig. 13 Pentacitidin biosynthetic gene clusters. Non-ribosomal
peptide synthetase biosynthetic gene clusters and assembly lines
responsible for the biosynthesis of pentacitidins. /n silico predicted
amino acids are indicated and those confirmed by NMR spectroscopy
are underlined. Identity represents the nucleotide alignment of all five
BGCs using MAFFT.**¢ B-OH Tyr, B-hydroxy tyrosine.

Pinensin A (43) R=Ala-OH
Pinensin B (44) R=OH

(28,3S,6R)-3-methyllanthionine (2)-2,3-dihydrobutyrine

Fig. 14 Chemical structures of pinensins A (43) and B (44). Dhb,
dehydrobutyrine; Abu, a.-aminobutyric acid.

3.3.1.1 Pinensins A and B. Pinensins A (43) and B (44) are
produced by C. pinensis DSM 28390. These two cyclic lantipep-
tides contain 22 and 21 amino acids, respectively, with a rare N-
terminal pyruvic acid. Both incorporate two 3-methyl-
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lanthionine-bridged ring systems with an unusual (25,3S,6R)-
stereochemical configuration (Fig. 14).*

As a 1:1 mixture, pinensins A and B exhibit broad activity
against filamentous fungi and yeast (MIC > 5 pg mL™") but only
weak antibacterial activity. These lantipeptides also inhibit the
growth of higher eukaryotic cells (ICso > 10 uM). The pinensin
BGC predicted in silico consists of at least five genes encoding
the lantipeptide precursor peptide (PinA), two dehydratases
(PinB1 and PinB2), one lanthionine synthetase (PinC) and PinT,
required for export and cleavage of the precursor peptide
(Fig. 15A). An unusual feature of pinensin biosynthesis is the
split dehydratase, with functional domains catalyzing gluta-
mylation and elimination encoded by separate open reading
frames.”®* The precursor peptide PinA has 22 residues like
pinensin A, suggesting that pinensin A is converted into pine-
nsin B by the post-translational removal of the terminal Ala
residue, but the enzyme responsible remains elusive.*
Pinensin-like BGCs have also been identified in the genomes of
other Chitinophaga,'* Cryseobacterium, Elizabethkingia, Pedo-
bacter and Sinomicrobium strains.”® Predicted variations in the
amino acid sequence of the core peptides indicate a yet undis-
covered structural diversity of pinensin-type lantipeptides. A
total synthesis approach for these peptides has not been
reported.

3.3.1.2 PedA peptides. The computational prediction of
precursor peptide sequences revealed several BGCs that may
provide novel lathipeptides.” A BGC from Pedobacter lusitanus
NL19 encoding two precursor peptides (Fig. 15B) could not be
elicited in the native producer, so a heterologous expression
strategy was implemented to gain access to these compounds.
Co-expression of precursor peptide genes pedA15.1 and
pedA15.2 in E. coli, together with their modifying enzymes, led
to the discovery of the PedA15 peptides.** Only the structure of
PedA15.1 (45) was elucidated in detail by NMR analysis (Fig. 16).
This contains a novel 14-membered bis-lanthionine ring system
in the ri-lanthionine stereochemical configuration. The 4-fold
or 5-fold dehydrated peptide carries three lanthionine bridges
between Dha7 and Cys16 nested with the Cys8-Dha15 ring, and
a final ring between Dha18 and Cys21. This lantipeptide ring
pattern has not been described in other lantipeptides. PedA15.1
carries further dehydrated but non-cyclized amino acids as well
as a Ser that escaped dehydration in the heterologous host. The
biosynthetic machinery of E. coli thus allows the production of
modified peptides, but the heterologous products may not be

) ) : pinA pinC pinB2 pinT
A ¢ pinensis psm 255 {0 NONNMNNM b AN\ e—
ey
. s
. lusitanus
(IXRAO1000036.1region001) m( 2.5kb
General
[ vantipeptide prepeptide [ B 7] rons receptor NN\ ABCtransporter || Unknown
A I secretion protein (Hiyp family)  [[[[[I[[ll ms transporter [ olc family protein
B etratricopeptide repeat protein L] Response regulator ] mistidine kinase 0 onA-binding domain-containing protein (LytTR family)

Fig. 15 Biosynthetic gene clusters of the ribosomally synthesized and post-translationally modified peptides pinensin (MIBiG BGC0001392) (A)

and pedA15.1 (B).

Nat. Prod. Rep.

This journal is © The Royal Society of Chemistry 2022

-23-



Review

PedA15.1 (45) aNH ©

LL-lanthionine

Fig. 16 Chemical structure of PedA15.1 (45). Dha, dehydroalanine.

the same as those synthesized in the native host, potentially
explaining why PedA15.1 and PedA15.2 lack antibacterial and
antifungal activity.®* As for the pinensins, the total synthesis of
PedA15.1 has not been described.

3.3.2 Bacteriocin-like peptide FR901451. The elastase
inhibitor FR901451 (46) was isolated from Flexibacter sp. 758.%>
The tri-macrocyclic architecture of this patented compound®
(Fig. 17) is based on 11 proteinogenic L-amino acids that are
cyclized via two lactone bonds and one amide bond.**** A
substrate-competitive mode of inhibition was observed against
PPE and HLE, with in vitro ICs, values of 0.27 and 0.23 uM,
respectively.® In hamsters, FR901451 prevented HLE-induced
lung hemorrhage in vivo and modulated PPE-induced changes
to respiratory mechanics.* Crystallographic studies confirmed
that FR901451 interacts with the substrate-binding site of PPE.**
The BGC is unknown and total synthesis has not been reported
for this compound. However, a BGC has been reported for the
similar protease inhibitors microviridins B and J. A ribosomally
synthesized precursor peptide is modified by two cyclases
related to GRASP-like ligases that introduce two ester bonds and
one amide bond*”
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H
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® 0o HN ”
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©
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“ ©

FR901451 (46)

Fig. 17 Chemical structure of FR901451 (46).

This journal is © The Royal Society of Chemistry 2022
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4 Polyketide — non-ribosomal
peptide hybrids

Modular PKS and NRPS systems present analogous assembly
lines with similar mechanisms used to incorporate building
blocks in the nascent chain. Genes encoding enzymes involved
in either polyketide or non-ribosomal peptide synthesis can be
combined, resulting in hybrid natural products that greatly
expand the potential chemical diversity.*® One example is the
immunosuppressant rapamycin, with a pipecolate group in its
polyketide skeleton.”” Several of these complex polyketide-
amino acid/peptide hybrids, featuring both acyl and aminoacyl
building blocks, have been described in Bacteroidetes.

4.1 Ariakemicins A and B

Ariakemicins A (47) and B (48) were isolated from a marine
gliding bacterium of the genus Rapidithrix and were described
as an inseparable mixture.*® The linear structures carry on one
side an aromatic moiety substituted with one hydroxyl and one
methoxy group, and on the other a methylated oxazol moiety
decorated with a primary amide. The two compounds differ in
the location of the double bond, which is found in position 4"
and 4™ in ariakemicins A and B, respectively (Fig. 18). The
ariakemicin mixture was shown to inhibit gram-positive
bacteria, with MICs ranging from 0.46 pug mL ™" against S.
aureus TFO12732 to 83 pug mL ™' against B. subtilis IFO3134, but
was inactive against gram-negative bacteria and C. albicans.
Cytotoxicity was observed against human lung cancer cell line
A549 and baby hamster kidney (BHK) cells with IC5, values of 25
and 15 pg mL ', respectively.®® We were able to dereplicate
ariakemicin A in extracts from Rapidithrix thailandica s80
(ref. 89) and subsequent isolation yielded pure ariakemicin A
(47). This was active against E. coli ATCC25922 AtolC (our
unpublished results), indicating that a molecular target for this
compound is also present in gram-negative bacteria. One
drawback of the ariakemicins is their rapid decomposition and
loss of activity.*® This may also explain why these compounds
have not yet been synthesized.

5 Quinolines

The heterocyclic aromatic compound quinoline was first
extracted from coal tar in the 18" century, and its structural
motif can be found in many plant alkaloids, including quinine.
However, there are also prominent bacterial examples, such as
the antifungal compound pyrrolnitrin in Pseudomonas spp.”

o
HO s 23 Ariakemicin A (47) A2 HN o
18 Ariakemicin B (48) A"
H3CO o NI N
0
NG
Fig. 18 Chemical structures of ariakemicins A (47) and B (48).
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This aminophenylpyrrole alkaloid became a lead structure for
the development of foliar fungicides. Additional structural
variants have been isolated mainly from marine bacteria of the
order Cytophagales.

5.1 G1499-2

The first quinoline isolated from the genus Cytophaga was 3-
methyl-2-(2-pentylidenecyclopropyl)-4-quinolinone, also known
as G1499-2 (49) (Fig. 19).°* It has weak activity against a few
bacteria, such as Flavobacterium sp. 1980, a marine species, and
no toxicity in mice. The BGC is unknown and total synthesis has
not been reported for this compound.

5.2 Marinoquinolines and marinoazepinones

Several natural products featuring a rarely described 3H-pyrollo
[2,3-c]quinoline ring system have also been identified (Fig. 20),
beginning with marinoquinoline A (50), which was isolated
from Rapidithrix thailandica.*® This product is an acetylcholin-
esterase inhibitor with an IC;, value of 4.9 uM.** Five derivatives
known as marinoquinolines B-F (51-55) are produced by
Ohtaekwangia kribbensis.** All five showed toxicity against three
cancer cell lines in the low micromolar range (0.3-8.0 pg mL ")
and two (51 and 55) showed potent activity against P. falciparum
K1 (ICso = 1.8 and 1.7 pM, respectively).

Several more marine Bacteroidetes were isolated by cultiva-
tion in seawater-based media, leading to the discovery of mar-
inoquinolines G-K (56-60).”° Furthermore, the prolific producer
strain Mooreia alkaloidigena CNX-216" synthesizes the
structurally-related marinoazepinones A (61) and B (62), as well
as other alkaloids.

To investigate quinoline biosynthesis in Bacteroidetes, the
BGCs predicted in silico were expressed in E. coli along with
other key enzymes for in vitro assays.’® This revealed that only
a single enzyme-catalyzed reaction is essential, in which tryp-
tophan (63) is converted to 3-(2’-aminophenyl)-pyrrole (64),
which is another potent acetylcholinesterase inhibitor already
isolated from a Rapidithrix strain.”” This active intermediate can
be coupled to a variety of aldehydes via a spontaneous Pictet—
Spengler-like reaction under physiological conditions,
producing diverse products using a minimal complement of
enzymes (Fig. 21).

The synthesis of a pyrroloquinoline system has been ach-
ieved using several approaches,”®** including the synthesis of
four different marinoquinolines via Heck-Matsuda arylation
and Pictet-Spengler cyclisation.'® Brensted acid-promoted
arene-ynamide cyclization was applied to produce high yields

N
H
G1499-2 (49)

Fig. 19 Chemical structure of G1499-2 (49).
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Fig. 20 Chemical structures of marinoquinolines A-K (50—-60) as well
as marinoazepinones A (61) and B (62).

of marinoquinolines A (50) and C (52).'°* More recently, the total
synthesis of marinoquinoline A was achieved in four steps
starting with the palladium-catalyzed Ullmann coupling of o-
bromonitrobenzene to iodinated pyrrole.'”* Also, an intra-
molecular Diels-Alder oxazole cycloaddition reaction was used
to produce marinoquinoline A from oxazole with an overall
yield of 12%.”

6 Lactams

The clinical introduction of penicillin in the 1940s is a mile-
stone in medical history. Even today, B-lactam antibiotics are

o
HoN OH = =
A NH
— \
— enzymatic spont. g
HN NH, i

3-(2'-aminophenyl)-pyrrole (64)

Tryptophan (63) Marinoquinoline A (50)

Fig. 21 Tryptophan (63) is enzymatically converted to 3-(2’-amino-
phenyl)-pyrrole (64). This intermediate reacts spontaneously with
a variety of aldehydes, resulting in marinoquinolines such as mar-
inoquinoline A (50).
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ranked among the most important antimicrobials. Following
the penicillins, further p-lactam antibiotic classes (e.g., cepha-
losporins, carbapenems and clavams) were discovered in fungi
and actinomycetes. By expanding the search to include Pro-
teobacteria and Bacteroidetes, the global B-lactam discovery
effort culminated in the description of the monobactams in the
early 1980s."* All reports on lactams from Bacteroidetes date
back to a short period between 1982 and 1987, so there is not yet
any information about the genetic or metabolic basis of such
compounds and their total synthesis has not been reported.

6.1 Monobactams

6.1.1 SQ 28332 (also known as PB-5582-A). The Squibb
Institute for Medical Research used a B-lactamase reporter assay
to detect compounds with intact B-lactam rings regardless of
their antibacterial activity. Many new B-lactams were identified
in this manner, including several monobactams that lack an
annulated ring system.'® SQ 28332 or PB-5582-A (65) was the
first B-lactam isolated from a Bacteroidetes strain (Flexibacter
sp. ATCC 35208). It is a desmethoxy monobactam, in which the
terminal B-lactam ring is attached to a branched tetrapeptide
comprising p-alanine, N-methyl-i-serine, glycine and r-2,3-dia-
minopropionic acid, with an N-terminal p-glyceric acid (Fig. 22).
This compound showed weak antimicrobial activity against
gram-positive bacteria (MIC = 6-25 pg mL™") and no activity
against gram-negative bacteria. Enzymatic analysis confirmed
resistance against narrow-spectrum p-lactamases (P99 and
TEM-2) but slight susceptibility to extended-spectrum B-lacta-
mase K1. SQ 28332 is a weak inhibitor of the P99 cepha-
losporinase and does not inhibit TEM-2 or K1.'**

6.1.2 SQ 28502 and SQ 28503. The Squibb screening assay
also identified desmethoxy monobactams decorated with an
oligopeptide side chain (SQ 28502 and SQ 28503), which were
isolated from Flexibacter sp. ATCC 35103. These compounds are
more complex than SQ 28332 and their molecular weight
exceeds 1400,' but their precise structures are not yet known.
Both compounds resist hydrolysis by p-lactamases TEM-2, K1
and P99 and indeed strongly inhibited P99 in a time- and
concentration-dependent manner (TEM-2 and K1 were not
inhibited). SQ 28502 and SQ 28503 showed weak activity against
both gram-positive and gram-negative bacteria with SQ 28503
showing the greatest potency.'*

6.1.3 PB-5266 A-C. Another series of desmethoxy mono-
bactams was isolated from Cytophaga sp. ATCC 43843."°*'” The
three compounds PB-5266 A-C (66-68, Fig. 23) are structurally
similar to SQ 28332 (65), but the terminal B-lactam ring is
attached to a dipeptide, decorated with an N-terminal p-glyceric
acid. All three structures also contain a dehydroasparagine

OH 0 |9
Loy, Nl AN
A0 EG S
o oo "o N
~
o o] “SO5H
$Q 28,332 (65) o//J‘\NH2

Fig. 22 Chemical structure of SQ 28332 (63).

This journal is © The Royal Society of Chemistry 2022
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Fig. 23 Chemical structures of PB-5266 A-C (64-66).

residue. Structural variation can be observed in the second
amino acid of the dipeptide, which is an Ala in 66, Ser in 67 and
Gly in 68. The three compounds weakly inhibit an E. coli mutant
with increased sensitivity to B-lactam antibiotics.'*

6.1.4 Formadicins A-D. Formadicins A-D (69-72, Fig. 24)
are produced by Flexibacter alginoliquefaciens sp. nov. YK-49.'%
Similar to the nocardicidin-type monocyclic B-lactams, the B-
lactam ring of the formacidins includes a phenylacetic acid
group, contrasting with formacidins from the other Bacter-
oidetes monobactams (which are N-sulfonated). In addition,
formacidins A (69) and B (70) are glycosylated B-lactams,
carrying a B-p-glucuronic acid. This sugar, attached to the
phenylacetic acid, is not present in formacidins C (71) or D (72).
The formacidins also contain a rare formylamino group, from
which they get their name. This group is bound directly to the -
lactam ring in formadicins A (69) and C (71) but to the side
chain in formacidins B (70) and D (72).'* Similar substitutions
on the B-lactam ring confer resistance to hydrolysis by B-lacta-
mase, as exemplified by the methoxylated cephamycins.
Accordingly, formadicins A (69) and C (71) were strongly resis-
tant to hydrolysis by penicillinases and cephalosporinases, but
formacidins B (70) and D (72) were not.®® The formacidins
showed antibacterial activity in a narrow spectrum, particularly
against Pseudomonas, Proteus and Alcaligenes species. For-
macidin C (71) was the most potent (MIC = 3.13 pug mL™").
Competitive binding with labeled benzylpenicillin revealed that
formadicins A (69) and C (71) bind with stronger affinity than
the other formadicins to Pseudomonas aeruginosa penicillin-
binding proteins 1a and 1b and offered greater protection to
mice against infections with E. coli and Proteus vulgaris.'*

6.2 Cephems

6.2.1 Desacetoxycephalosporin C. Desacetox-
ycephalosporin C (73, Fig. 25) is an intermediate in the

Ry

H Ry
N OR;
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Formadicin B (70) R1=H R2=NHCHO R3=D-Gluc
Formadicin C (71) R1=NHCHO R2=0OH R3=H
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Fig. 24 Chemical structures of formadicins A-D (67-70).
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Fig. 25 Chemical structure of desacetoxycephalosporin C (71).

synthesis of cephalosporin C produced by several fungi and
Streptomycetes strains. Its synthesis requires the enzyme
deacetoxycephalosporin-C synthase, which converts penicillins
into cephalosporins.'*® This intermediate was also found in the
culture broth of Flavobacterium sp. SC 12,154, revealing that
Bacteroidetes can also synthesize more complex [-lactams,
including those with annulated ring systems.""*

6.2.2 7a-Formylaminocephalosporins (SQ 28516 and SQ
28517). Flavobacterium sp. SC 12154 also produces the 7a-
substituted cephalosporins SQ 28516 (74) and SQ 28517
(75).** These B-lactam ring substitutions increase resistance to
B-lactamase hydrolysis. The B-lactam ring in these compounds
also features a rare formylamino structure (Fig. 26) like that
found in the monocyclic formadicins (69 and 71). SQ 28516 and
SQ 28517 are structurally unstable, so they were isolated as
acetylated derivatives. The proposed structure of SQ 28516
carries a carboxylic group, whereas the minor fermentation
product SQ 28517 is cationic at acidic pH and probably carries
an amide instead. SQ 28516 showed no antibacterial activity
and its ability to inhibit B-lactamase has not been reported.

6.2.3 Chitinovorins A-D. Chitinovorins are  7a-
formylaminocephems in which an a-aminoadipic acid group
is attached to the B-lactam ring. Chitinovorins A-D (76-79)
differ in the nature of the substitutions in their six-membered
dihydrothiazine ring (Fig. 27). Chitinovorin C (78) is the
simplest, featuring a single hydroxymethyl group. In the other
chitinovorins, this is expanded by an ester-linked peptide. In
chitinovorin A, the side chain consists of a guanidine-
containing building block and an Ala residue, whereas in chi-
tinovorin B this expands to two Ala residues (77).*** Chitino-
vorin D (79) is the largest, with two additional N-terminal
constituents.”* Chitinovorins A (76) and B (77) showed very
weak antimicrobial activity (MIC = 25-50 ug mL "), and this
was even lower for chitinovorins C (78) and D (79)."**
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R ®
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Fig. 26 Chemical structures of SQ 28516 (72) and SQ 28517 (73).
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7 Additional Bacteroidetes natural
products
7.1 Pigments

The best-known Bacteroidetes pigments are flexirubin-like
compounds,'*® which are phylogenetically conserved and were
used as chemotaxonomic markers for the phylum (formerly
known as the Cytophaga-Flavobacterium-Bacteroides group)
upon their discovery in Chitinophaga filiformis (formerly Flex-
ibacter elegans Fx e1)."® The total synthesis” and biosyn-
thesis® of these pigments has been reviewed."* Flexirubin
analogs have been evaluated for their antioxidant activity."*
Other pigments, found in many Bacteroidetes, include carot-
enoids such as saproxanthin, myxol, zeaxanthin, flexixanthin
and deoxyflexixanthin, some of which also possess antioxidant
activity.”” The flexixanthin BGC has been identified."**

7.2 Siderophores

Siderophores are iron-chelating compounds. Hydroxamate
siderophores (tenacibactins A-D and bisucaberin B) have been
isolated from Tenacibaculum spp.,'"”*'** and fulvivirgamides
from Fulvivirga sp. W222."** The bisucaberin B and fulvivirga-
mid BGCs have been experimentally validated.*>**2*

7.3 Lipids

Chryseobacterium spp. produce sulfonolipids (sulfobacin A and
B) that are von Willebrand factor (vWF) receptor antagonists'*®
and potential anti-inflammatory'”” and anticarcinogenic
leads. Flavocristamides A and B (whereby flavocristamide B is
structurally identical to the before mentioned sulfobacin A)
were isolated from a marine Flavobacterium species and were
shown to inhibit DNA polymerase a."** Other sulfonolipids (the
capnoids capnine and N-acylcapnine)*®® were shown to be
required for gliding motility in Capnocytophaga spp.*** The N-
acetylated sulfonolipids RIF-1 and RIF-2 (rosette inducing
factors) and IOR-1 (inhibitor of rosettes) isolated from Algo-
riphagus machipongonensis were shown to influence morpho-
genesis in the choanoflagellate Salpingoeca rosetta.** The total
synthesis'** and biosynthesis®** of most of these sulfonolipids
has been investigated.

Other than sulfonolipids, the major lipids isolated from
Bacteroidetes include lipoamino acids (LAAs), phospholipids
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Fig. 27 Chemical structures of chitinovorins A-D (74-77).

and N-acyl amino acids (NAAAs). LAAs consist of a single de-
esterified fatty acid or two fatty acids linked by esterification
at C3 with different degrees of unsaturation. The hydrophobic
fatty acid part is linked via an amide to Gly, Ser and ornithine,
or a combination of two or three of these amino acids. The
physicochemical properties and bioactivities differ significantly
between stereoisomers in many cases, including WB-3559 A-
D;*** the topostins B553, B567 (also known as cytolipin), D640
and D654 (also known as WB-3559D);*****® and flavolipin*****°
(also known as lipid 654 (ref. 141 and 142).*** In terms of bio-
logical properties, these LAAs act as mammalian DNA topo-
isomerase I inhibitors,”**'*” macrophage activators,"*

promoters of hemagglutination,"® bacterial virulence

This journal is © The Royal Society of Chemistry 2022
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factors,'**>'*® N-type calcium channel blockers,**” and ligands for

Toll-like receptor 2.'*%**>'*® Accordingly, they are linked to the
development of two chronic inflammatory diseases (periodon-
titis and atherosclerosis'*®), multiple sclerosis,*® as well as
showing antimicrobial activities.**°

7.4 Others

Other diverse compounds produced by Bacteroidetes include
indole analogs. For example, Cytophaga strain AM13.1 produces
2,5-bis(3-indolylmethyl)pyrazine and pharacine, a natural p-
cyclophane.” Cytophaga johnsonae AJ 12589 produces resorci-
nin, which stimulates the growth of NIH 3T3 mouse fibro-
blasts.'** Furthermore, four neoverrucosane diterpenoids were
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identified as products of Saprospira grandis ATCC 23116,
whereas the algal morphogen thallusin is produced by a Zobel-
lia strain and has been synthesized."**

8 Concluding remarks

The phylum Bacteroidetes produces a wide range of metabolites
that highlight its status as a valuable resource for natural
products research. Although the isolation of interesting
compounds from Bacteroidetes traces back to the golden era of
natural product discovery (1950-1960), the total number of
chemical entities is still remarkably low.

The recent identification of novel natural products is exem-
plified by the isopedopeptins and chitinopeptins, supporting
the hypothesis that the natural product diversity in this phylum
has yet to be exploited comprehensively. Of outstanding
significance are the isopedopeptins, which show potent activity
against gram-negative bacteria on the WHO's top-priority list,
a low frequency of resistance, and acceptable levels of cytotox-
icity, making them promising new candidate antibiotics.****
The B-lactams are a more historical (but still extremely relevant)
class of natural products that were isolated from Bacteroidetes
in the 1980s. Their clinical use as antibiotics that inhibit
bacterial penicillin-binding proteins and also act as -lactamase
inhibitors with the potential to break AMR is of great impor-
tance to international healthcare. Resistance to B-lactam anti-
biotics and fluoroquinolones is a major societal burden that
accounts for more than 70% of all deaths attributed to AMR."
The B-lactams are still an essential drug class and a cornerstone
of the current antibiotics market. Therefore, we must develop
new solutions to counteract the steady loss of existing products.
The naturally evolved strategy of combining B-lactam antibi-
otics with a B-lactamase inhibitor sharing the same warhead is
therefore crucial to address the AMR crisis. There is a constant
need for the development new B-lactamase inhibitors that
maintain or even expand the antibacterial range of our clinical
B-lactam/B-lactamase inhibitor combinations.** Although not
directly pursued as a therapeutic strategy, we also consider B-
lactams from the Bacteroidetes as very much part of this success
story in learning from naturally evolved concepts and trans-
lating microbial diversity (and the corresponding structural and
functional diversity of natural products) into life-saving drugs.
Accordingly, the Bacteroidetes join other B-lactam producers
such as the Actinobacteria, Proteobacteria and fungi.

Even compounds not followed up in the past such, as the
highly active but unstable ariakemicin, may be suitable as
candidates for repurposing strategies that aim to generate more
applicable structures based on a natural scaffold. Following this
approach, our recent omics studies revealed the immense
genomic potential of this phylum that corresponds to
uncharted chemical space, which differs significantly from the
more widely investigated producer taxa.' In our opinion, this
pronounced and unique biosynthetic capacity offers the
potential for groundbreaking new compounds in the near
future. Considering their historically proven role in the
discovery of structurally diverse natural products, the Bacter-
oidetes have not received the attention they deserve during the
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latest renaissance in natural products research. It is therefore
time to reconsider the phylum Bacteroidetes as a source for the
discovery of interesting and valuable natural products to fill the
future drug development pipeline.
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2. Aim of this work

The aim of this work is to develop and establish a microbial cultivation approach based on
agarose-solidified droplet-microfluidics. This technology will then be implemented into a
cultivation and screening platform used to search for novel anti-infective NPs. Therefore,
starting from diverse environmental samples, axenic cultures should be retrieved and
domesticated for in vitro growth, enabling classical bioactivity screening of the resulting

extracts.

Building on this microfluidics method, it should be developed into a more complex two
compartment system to potentially allow new high-throughput screening approaches in the

future.

Furthermore, is aimed to investigate the potential of the microbial phylum Bacteroidetes to

biosynthesize valuable anti-infective NPs.
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CHAPTER 1 - MICROFLUIDICS

Nowadays the cultivability of microorganisms at laboratory conditions is indispensable for the
discovery of NPs that serve as future medical lead structures. Hereby, the taxonomical broad
and diverse accessibility to this valuable resource is of crucial importance. Microfluidic-based
approaches have proven to be applicable to culture microorganisms including previously
uncultured species.

In frame of this work, a microbial cultivation approach based on droplet-microfluidics should
be established and implemented into a cultivation and screening platform used to search for
novel anti-infective NPs. The first goal was to retrieve and screen a high taxonomical diversity
of axenic microbial cultures from environmental samples, including representatives of species
not yet explored. The following publication — “Combination of high-throughput microfluidics and
FACS technologies to leverage the numbers game in natural product discovery” — depicts the potential
and feasibility of the agarose-solidified droplet-microfluidic cultivation approach established
herein. In addition to this miniaturized cultivation approach, which is based on simple water-
in-oil (w/o) emulations, the second goal was to further develop the approach towards a more
complex two compartment system based on agarose-solidified double emulsions (w/w/0). The
scaled-down, high-throughput screening of environmental microorganisms for anti-infective
NPs at this miniaturized droplet-scale could be a possible application thereof. The second
microfluidics publication — “Two-step generation of monodisperse agarose-solidified double
emulsions (w/w/o) excluding an inner oil barrier” — represents the developed microfluidics method

— the first of its kind — to enable the generation of agarose-solidified double emulsions (w/w/o).
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Combination of high-throughput microfluidics and
FACS technologies to leverage the numbers game in
natural product discovery
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Summary

High-throughput platforms facilitating screening
campaigns of environmental samples are needed to
discover new products of natural origin counteract-
ing the spreading of antimicrobial resistances con-
stantly threatening human and agricultural health.
We applied a combination of droplet microfluidics
and fluorescence-activated cell sorting (FACS)-based
technologies to access and assess a microbial envi-
ronmental sample. The cultivation performance of
our microfluidics workflow was evaluated in respect
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to the utilized cultivation media by Illlumina amplicon
sequencing of a pool of millions of droplets, respec-
tively. This enabled the rational selection of a growth
medium supporting the isolation of microbial diver-
sity from soil (five phyla affiliated to 57 genera)
including a member of the acidobacterial subgroup 1
(genus Edaphobacten). In a second phase, the entire
diversity covered by 1071 cultures was used for an
arrayed bioprospecting campaign, resulting in
> 6000 extracts tested against human pathogens and
agricultural pests. After redundancy curation by
using a combinatorial chemical and genomic finger-
printing approach, we assigned the causative agents
present in the extracts. Utilizing UHPLC-QTOF-MS/
MS-guided fractionation and microplate-based
screening assays in combination with molecular net-
working the production of bioactive ionophorous
macrotetrolides, phospholipids, the cyclic lipope-
tides massetolides E, F, H and serratamolide A and
many derivatives thereof was shown.

Introduction

Continuously increasing levels of drug resistance and
the consequent loss of existing drug and control agents
for the treatment of infections poses an enormous threat
to human health care systems and plant disease man-
agement strategies (Lewis, 2013; Lakemeyer et al.,
2018). This crisis has to be counteracted by continued
innovation in discovery campaigns to increase the proba-
bility of finding new anti-infective lead structures
(Schaberle and Hack, 2014; Tacconelli et al, 2018;
Theuretzbacher et al., 2020).

A rich source for new chemical entities are microbial-
derived natural products (NPs), which always has been
a major inspiration for development of drugs and control
agents (Newman and Cragg, 2020). NP evolution
brought forth a vast diversity of unique molecules that
are optimized for interactions with their respective molec-
ular targets; the latter a plethora of biological macro-
molecules themselves (Firn and Jones, 2003; Bon and
Waldmann, 2010; Hong, 2011). Fortunately, the pre-
dicted potential for chemical variety encoded within the
microbial diversity is yet only scarcely exploited. This is

© 2021 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd.
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.
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mainly due to the fact that major NP discovery efforts of
past decades had been focusing on rather easily cul-
tivable microorganisms and consequently on a limited
phylogenetic diversity (Monciardini et al., 2014). Along
with the likely also not yet-exhausted potential of classi-
cal NP producers, for example Streptomyces spp. (Ada-
mek et al, 2019; Belknap et al, 2020), additional
phylogenetic branches of the bacterial kingdom repre-
sent a promising source for discovery of novelty (Gross
and Loper, 2009; Panthee et al., 2016; Tracanna et al.,
2017). Thus, driven by the dogma that phylogenetic and
genomic divergence translates directly into chemical
diversity (Medema et al., 2014; Monciardini et al., 2014),
greater effort is demanded to bring a broader diversity of
genera and families in culture (Hoffmann et al, 2018;
Nicault et al., 2020) while directly exploiting their meta-
bolic capabilities. The still valid functionality of the
methodology to valorize bacterial derived NPs was
recently shown by the development and market introduc-
tion of fenpicoxamid, derived from the antifungal com-
pound UK-2A produced by Streptomyces sp. 517-02.
This NP provides a new target site for the control of
Zymoseptoria tritici (SEPTTR), the causative agent of
Septoria tritici Blotch (STB) (Butler and Paterson, 2020)
by inhibiting the mitochondrial complex IIl at a target site
distinguished from the one attacked by the strobilurin
class (Owen et al, 2017). The trend towards the val-
orization and application of naturally derived fungicides
continues to rise, predicted to obtain further attention in
the next decades (Umetsu and Shirai, 2020). In antibac-
terial research, success in discovery of novel NPs with
unique modes of action was recently mainly achieved
with the isolation of novel anti-infective lead structures
from rare Proteobacteria, particularly darobactin (from
Photorhabdus sp.), a heptapeptide antibiotic targeting
the gram-negative outer membrane protein BamA (Imai
et al., 2019) and teixobactin (from Eleftheria sp.), which
was made accessible by a novel cultivation technique
(Ling et al., 2015).

The basis for all such findings is the fundamental
accessibility to a broad, thus diverse phylogenetic space
of the bacterial kingdom. The challenging task to bring
an additional layer of today’s microbial dark matter into
culture is mainly a numbers game that has to be
approached by the development and implementation of
new and efficient methods (Lok, 2015). Microbial cultiva-
tion strategies, with their common theme in mimicking
environmental conditions in laboratory settings (Kaeber-
lein, 2002), require massive miniaturization and brute
force cultivation techniques while still considering the
microorganisms’ metabolic needs (Keller and Zengler,
2004). Advanced miniaturization approaches are
microfluidics-based strategies, posing a rapidly emerging
technology for cultivation of microbial diversity that were
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also already utilized in the field of NP discovery (Zinch-
enko et al., 2014; Mahler et al., 2015; Terekhov et al.,
2017). Droplet microfluidics is based on converging
aqueous and oil phases in a laminar flow with the addi-
tion of surfactants as stabilizing agents. Pressurized in
microchannels with a diameter ranging from 30 to
500 um, this ultimately results in aqueous droplets in nl
to pl scale (Leman et al., 2015). The production of mil-
lions of droplets per hour was improved over years, and
simplified systems are nowadays on the market (Nge et
al., 2013; Volpatti and Yetisen, 2014). Their combination
with further technologies, such as fluorescence-activated
cell sorting (FACS), enables the direct identification of
desired events and their arrayed sorting (Zinchenko et
al., 2014). An advantageous value of these technologies
is the downscaling and compartmentalization which
allows single cells to be physically separated into distinct
vessels while maintaining the overall microbial complex-
ity (Zengler et al., 2002; Theberge et al, 2010). This
separation is mandatory to avoid growth competition
between different species while also allowing single cells
to utilize and shape their microenvironment according to
their specific needs and at their own pace (Keller and
Zengler, 2004; Boitard et al., 2015). The pico-litre scaled
droplets display an environmental mimicry themselves,
since the extremely small scale enables even single
cells to adapt their environment by, for example accumu-
lating self-mediating growth factors eventually breaking
microbial dormancy (Boedicker et al., 2009; Ishii et al.,
2010; Stewart, 2012). In principal, high-throughput
microfluidic-based platforms increase the microbial cul-
tures in amount but also diversity and consequently the
probability to cultivate and identify also underexplored
microorganisms (Akselband et al., 2006; Baret et al.,
2009).

In this study, we succeeded in isolating an extended
taxonomic diversity and accessing microorganisms con-
sidered as under- or even unexploited for NP discovery.
We implemented a biphasic workflow consisting of (i) an
efficient cultivation of microbial diversity using microflu-
idics and FACS-based technologies, followed by (i) a
miniaturized bioactivity-guided NP discovery process on
the obtained isolates focused on the two devastating
pathogens, that is Mycobacterium tuberculosis (MTB)
and SEPTTR. Our here described cultivation platform is
based on long-term stable agarose-solidified micro-
droplets (~ 40 um in size, volume of ~ 33 pl). Droplets
were generated up to rates of ~ 1.3 kHz; thereby,
exceeding the dimensions for an application to be affili-
ated as ultra-high throughput (Payne et al., 2020). At a
cell distribution of 10.1, this set up allowed the parallel
encapsulation of ~ 500 000 cells h™! with a statistical
probability below 0.5% to obtain co-cultures. In total, we
brought 1071 microorganisms into culture, from which
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~ 74% could be identified by 16S rRNA gene sequenc-
ing. The isolated bacteria belong to five different phyla
affiliated to 57 different genera. Besides classical NP
producing taxa a representative of fastidious Acidobacte-
ria and certain proteobacterial genera which are under-
represented in public strain libraries (e.g. Luteibacter and
Variovorax) were brought into culture. The entire
obtained microbial diversity was eventually integrated
into a bioactivity-guided NP discovery process. After
redundancy curation of initially active extracts, the
organic extracts of Erwinia, Pseudomonas and Strepto-
myces which most strongly inhibited the growth of MTB
and/or SEPTTR were followed up by bioassay- and
UHPLC-QTOF-MS/MS-guided  fractionation. ~Comple-
mented by extensive metabolomic analysis via molecular
networking, this led to the identification of serrata-
molides, massetolides, phospholipids and macrotetro-
lides as the bioactivity causing agents.

Results and discussion

Cultivation of microbial diversity using microfluidics and
FACS

In this study (platform scheme see Fig. S2), we aimed to
bring microbial diversity into culture to expand our strain
collection (Fox, 2014) and to exploit the bacterial propor-
tion in a bioactivity-guided NP discovery programme.
Known for their highly diverse bacterial communities
(Delgado-Baquerizo et al, 2016), we selected a com-
bined soil sample as starting material for our study.
Upfront the main droplet cultivation and screening
campaign, we examined the general cultivation success
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using our microfluidics platform and explicitly the specific
impact of the chosen growth media on the bacterial com-
munity. Specifically adapted towards soil and previously
shown to be suitable to transfer a high diversity of sail
microorganisms into culture, we selected ISEM (Nguyen
et al., 2018) as benchmark medium for this study. Con-
sidering the importance of using buffered media as well
as mimicking neutral and acidic soils for the cultivation
success (Overmann et al., 2017), we buffered the media
to pH 7.2 and pH 5.5 (Tovar et al, 2020). In order to
identify an additional media suitable to access a broad
microbial diversity of the bioresource used in this study,
we encapsulated the retrieved microorganisms (10.1) in
eight different media (VL55-xyl, VL55-cello, 1:20 CY,
1:20 NB, M13b, 1:20 TSB, 1:10 R2A and M9). Then, we
comparatively determined the cultivation success by lllu-
mina amplicon sequencing of the sorted droplet popula-
tions among themselves and towards the starting
material. The sequencing was conducted on DNA
directly isolated from the eight different droplet popula-
tions. lllumina amplicon sequencing of isolated DNA
yielded in total 1 947 118 classified sequences, of which
0.04% could not be classified and were defined as No
Relative. The data revealed that cultivation in VL55-xyl
resulted in the overall highest diversity on genus level
resolution (Shannon index [Sl]: 4.1), followed by M9 (SI:
3.5) and 1:20 CY (SI: 3.5) (Fig. 1). Compared to the
starting material, the microbial diversity covered by
VL55-xyl was not significantly reduced (P > 0.5). In con-
trast, the exchange of the sole C-source xylan by cel-
lobiose led to a significant reduction in diversity
(P <0.01) and a lower SI (SI: 2.3). While showing an
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Fig. 1. Microbial diversity grown in agarose-solidified droplets by lllumina amplicon sequencing proves VL55-xyl as best cultivation media to
obtain highest diversity. Isolated environmental cells (starting material) were encapsulated in droplets (10.1) and incubated at 28°C for seven
days before total DNA was directly extracted from the droplet populations and sequenced with lllumina 300-bp paired-end 16S V3-V4 amplicon
next-generation sequencing, respectively. VL55-xyl outperformed with the highest number of phylogenetic groups (491) and Shannon index on
genus level of 4.1. A significant difference between media sample medians was observed on phylum level (P > 0.005). Dunn’s post hoc test
was performed on all samples on phylum level compared to the starting material (***P < 0.001; **P < 0.01; *P < 0.1; ns: not significant).
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overall lower diversity, the media (1:20 CY, 1:20 NB,
M13b, 1:20 TSB and 1:10 R2A), which contained com-
plex components such as yeast or peptone showed an
increased proportion of Proteobacteria (up to 77.7%) in
comparison with the VL55-based media (up to 39.2%)
and the starting material (36.7%). A similar diversity and
an increased proportion of Proteobacteria were observed
by using M9. While 1:10 R2A appears to be suitable to
enrich Firmicutes (20.8% vs 0.06% in starting material),
all other media buffered at pH 7.2 do not show a remark-
able difference within their cultivated microbial commu-
nity (P > 0.7; Fig. 1).

Overall, VL55-xyl with its complex C-source and its pH
favourable for acidophilic and acid-tolerant bacteria was
shown to be the most suitable medium for our soil mate-
rial and selected it to be included in all subsequent
experiments. Considering the observed effects of the lllu-
mina analysis, particularly the impact of the provided C-
source and the altered pH profile, we supplemented
ISEM with a variation of six complex C-sources including
xylan (mISEM") and buffered it to pH 5.5 and pH 7.2.

In this study, we applied a micron-scaled cultivation
platform to receive axenic cultures from a complex biore-
source, adapted for the purpose to also cultivate slow-
growing microorganisms. This necessitates the analysis
of droplets in high-throughput fashioned manner and the
reliable discrimination between droplets harbouring grown
microorganisms with manifold morphologies and the

Publication I

empty droplet background. Therefore, we used a FACS
approach utilizing the carbocyanine dye DiOC»(3) to stain
microorganisms with a membrane potential grown inside
the agarose-solidified droplets. DiIOC»(3) is a potentiomet-
ric probe that exhibited green fluorescence in all bacterial
cells; however, the fluorescence shifts towards red emis-
sion as the dye molecules self-associate at the higher
cytosolic concentrations caused by larger membrane
potentials (Shapiro, 2000; Biener et al., 2017). To show
the feasibility of using DiOC,(3) for this process step, a
mixed droplet population containing 50% droplets har-
bouring grown microcolonies of E. coli (*10) incubated for
4 h at 37°C and 50% empty droplets was stained and
subsequently measured using FACS while analysing the
ratio of green (FL1-H) and red (FL3-H) fluorescence. The
FL1-H to FL3-H scatter exposed 49.7% of all analysed
events in the defined gate, congruent with the adjusted
50.0% of the droplet population containing grown E. coli
microcolonies (Fig. 2A). This verified the applicability of
DiOC,(3) as a fluorescent dye for staining microorgan-
isms grown in agarose-solidified droplets. Based on these
distinguishable populations, the FACS settings (e.g. sort-
ing gates for events of interest) were defined and later on
applied for the cultivation campaign.

The cell suspension from the used soil sample retrieved
using nycodenz gradient centrifugation had an estimated
living cell count of ~ 4.2 x 10° cells mI~" determined via
FACS [considering live/dead ratio (~ 70:30; Fig. S3)].
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Fig. 2. Sorting of microcolonies grown in agarose-solidified droplets stained using DiOC»(3).

A. Differentiation of a 50:50 mixture of empty droplets and those containing grown microcolonies of E. coli ATCC 25922 (110). 15 000 events
were analysed by FACS considering granularity (SSC-H) to size (FSC-H) and green (FL1-H) to red fluorescence (FL3-H) after staining.

B. Sorting of droplets containing grown microcolonies of environmental soil microorganisms (10.1) in VL55-xyl pH 5.5, mISEM' pH 5.5 and
mISEM' pH 7.2 (10 000 events displayed). The background noise was 0.06% (empty = control without cells encapsulated). After seven days of
incubation at 28°C, grown microcolonies as determined by membrane potential dye were sorted and recovered. Red dots = droplets containing

fluorescently labelled cells; grey dots = empty droplets.
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This was taken into consideration, while cells were encap-
sulated in different media (AL0.1 each) and subsequently
incubated at 28°C, respectively. The microbial growth
within droplets was frequently monitored over time by
microscopy, exemplarily showing the processing of
microorganisms with various morphologies (Fig. 3A). After
seven days of incubation, the samples were sorted by
using DiIOCy(3) staining. We could affiliate 2.30% (VL55-xyl
pH 5.5), 2.89% (MISEM? pH 5.5) and 4.02% (mISEM? pH
7.2) of all evaluated events to droplets containing grown
microcolonies (Fig. 2B). These events were sorted and dis-
tributed into 384-well MTPs, and microbial growth was
again monitored by turbidimetry and microscopy, respec-
tively (Fig. 3B). After automatic transfer of grown cultures
into 96-deep well MTPs and further incubation for up to
14 days, this up-scaling procedure provided 1071 cultures
in total. Sample aliquots of each culture were taken to gen-
erate cryo-conserved cultures and cell lysates for taxo-
nomic identification by 16S rRNA gene sequencing (partial
sequencing using primer 1492R). This revealed the pro-
cessing of 57 different genera affiliated to five different
phyla (Fig. 3C and Table S1). Comparing the cultivation,
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success of mISEM? at pH 5.5 and pH 7.2 clearly shows the
worth of modulating this parameter to increase the culti-
vated diversity. Together, 55 genera were isolated using
mISEM?, while only 15 of them could be found under both
pH conditions. Medium mISEM? pH 7.2 led to the success-
ful cultivation and affiliation of 46 genera (462 strains, Sl:
2.4) while 31 genera were unique to this condition. In con-
trast, at pH 5.5 a total of 24 genera (108 strains, Sl: 2.7)
and 9 unique ones were identified. While use of acidified
media led to an overall decreased amount of genera, this
condition showed a higher diversity and expanded the culti-
vation success towards a fifth phyla (Acidobacteria) not
present at the neutral pH set-up. Within both media com-
prising pH 5.5, we found eight representatives of the
Acidobacteria, all belonging to the genus Edaphobacter.
A representative thereof was recovered on plate and incor-
porated into our strain collection. As judged on nearly full-
length 16S rRNA sequence comparison, this particular
strain, namely FHG 110552, is phylogenetically affiliated to
the subgroup 1 of Acidobacteria and most closely related to
Edaphobacter modestus Jbg-1T (~ 98.8% similarity) iso-
lated from alpine and forest soils (Koch et al, 2008;
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Fig. 3. Successful cultivation of microbial diversity after incubation of solidified-agarose droplets verified by 16S rRNA gene sequencing (1492R

primer) and microscopy.

A. Examples of grown microcolonies in agarose-solidified droplets were microscopically examined. Scale bar: 20 pm.

B. Inverse microscopy of exemplary 384-well MTPs containing arrayed droplets and liquid medium. Different morphologies from microcolonies,
which grew out of droplets are indicated, representing a section of the final retrieved and conserved bacterial diversity. Scale bar: 40 um.

C. In total, 1071 MOs affiliated to 5 phyla were brought into culture, whereas ~ 74% were initially identified by 16S rRNA gene sequencing (par-
tial sequence using primer 1492R, mISEM? pH 7.2: 462, mISEM? pH5.5: 106, VL55-xyl pH5.5: 225). Numbers in square brackets indicate the
amount of 16S rRNA gene sequencing affiliations. For further information and data used for the figure caption, see Table S1.
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Fig. S4). The phylum Acidobacteria is postulated to be a
promising bioresource for the field of NP discovery based
on its predicted biosynthetic potential encoded in their gen-
omes (Kielak et al, 2016; Crits-Christoph et al, 2018).
Though, the description of Acidobacteria NPs is yet limited
to hopanoids (Damsté et al., 2017).

On phylum level, a major difference between the neutral
and acidified media is the ratio between Actinobacteria
and Proteobacteria, which is at pH 7.2 shifted towards the
Actinobacteria, while towards Proteobacteria at pH 5.5.
The same is seen in VL55-xyl covering in total 23 genera
(223 strains, Sl: 1.9) including Edaphobacter but also
unique genera such as Labrys and Rothia, not covered by
mISEM?. In total, 17 Actinobacteria genera were brought
into culture using MISEM? pH 7.2, whereas 8 genera in
mISEM? pH 5.5 and 6 genera in VL55-xyl. This is particu-
larly biased by the genus Agromyces, which was strongly
enriched in mMISEM? pH 7.2 (151 strains) while present in
low abundance at pH 5.5 (7 strains).

Within the Proteobacteria, such an opposite pH-
dependent shift occurs within the class of Alphapro-
teobacteria. At pH 7.2, the genus Ancylobacter repre-
sents almost half of all Proteobacteria (112 strains) while
being significantly less abundant at pH 5.5. In contrast,
the genus Phyllobacterium represents > 30% of the Pro-
teobacteria at acidic condition while < 1% at neutral pH.
In total, the isolated Proteobacteria proportion comprises
member of 33 different genera belonging to the classes
of Alpha-, Beta- and Gammabacteria and include also
representatives of nine scarcely cultured genera accord-
ing to our definition (namely Ancylobacter, Buttiauxella,
Inquilinus, Kaistia, Labrys, Luteibacter, Polaromonas,
Reyranella and Variovorax).

Bioactivity-guided bioprospecting process

To prospect the here cultured microbial diversity for NPs
with desired bioactivity, we integrated all arrayed
microbes in a downscaled bioactivity-guided NP discov-
ery process. Each culture was grown in its respective
isolation medium and in addition in ISP2 and BSM for
four and seven days. This process aimed to more
sophistically provoke expression of the microbial sec-
ondary metabolite production potential. Using 96-deep
well Duetz systems and 1 ml culture volumes, 6426
organic extracts were generated and used for bioactivity
screenings and metabolome analysis.

In first line, the extracts were screened for their antimy-
cobacterial activity against M. smegmatis, the opportunis-
tic microbial pathogen S. aureus and for their antifungal
activity against Z tritici, C. albicans and A. flavus. Extracts
that showed growth inhibitory properties underwent a sub-
sequent diversity assessment by cosine similarity compar-
ison of features detected within each corresponding
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UHPLC-UHR-MS chromatogram. This quality control step
was included to rule out extensive analysis of redundant
samples, unavoidably appearing in every microbial isola-
tion project. After screening the methanolic extracts, 64
cultures were assigned to bioactivity by either inhibiting
the growth of M. smegmatis and/or the fungal indicator
strains. The cosine similarity of their associated UHPLC-
UHR-MS chromatograms were determined. After exclud-
ing samples with less than 50 features, the remaining 60
samples clustered into eight distinct groups applying the
cosine similarity threshold 0.9 (Fig. 4A, Table S2). From
the most dominant group, we recovered Penicillium sp.
(FHG110518). With no focus on fungal metabolites in this
project, we decided to discontinue the work on this abun-
dant strain causing the major fractions of observed bioac-
tivities (~ 70%). In order to now identify the bacterial
strains in this dataset, we complemented the redundancy
curation process by genotyping the cultures using
BOX-PCR (Fig. 4B). By superimposing the patterns of
both grouping technologies, we identified and subse-
quently recovered strains of the genera Pseudomonas
[FHG110502, FHG110523 and FHG110524 (each
unique)], Xanthomonas (FHG110521), Rhizobium
(FHG110501), Sphingomonas (FHG110503), Phyllobac-
terium (FHG110504), Ancylobacter [FHG110512,
FHG110513, FHG110514 (equal)], Agromyces
[FHG110505, FHG 110506, FHG110507 (equal)], Erwinia
(FHG110488) and Streptomyces (FHG110508).

In order to identify the causative NP beyond the
observed crude extract activities, the cultivation of the
unique strains was scaled-up to 50 ml volumes. The
resulting culture broths were extracted by methanol and
reconstituted in DMSO for bioactivity screenings. The
extracts from the three strains Pseudomonas sp.
(FHG110502), Erwinia sp. (FHG110488) and Strepto-
myces sp. (FHG110508) exhibited the severest growth
inhibitory potency and were selected for further analysis.
Their crude extract complexity was strongly reduced by
their separation into 159 fractions. After rescreening all
fractions, the compounds present in the active fractions
were identified by their exact masses, characteristic UV
absorption spectra and fragmentation signature.

Erwinia sp. FHG110488. Based on the primary activity
of the crude extract against M. smegmatis and Z. tritici,
the corresponding extract was fractionated and
rescreened. Compound 1 with a m/z of 515.3329
[M + H]", corresponding to the molecular formula
CosH4eN20g was dereplicated within an active fraction
(Fig. S5). On the basis of the molecular formula and the
observed MS/MS fragmentation pattern, the bioactive
compound was dereplicated as the known serratamolide
A (Wasserman et al., 1961; Dwivedi et al., 2008). Using
MS/MS networking, six additional derivatives were
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Fig. 4. Metabolic grouping of extracts based on the cosine similarity of their associated UHPLC-UHR-MS chromatograms and the respective
genetic fingerprinting by BOX-PCR applied to reduce the redundancy of active strains.

(A) Metabolic clustering of extracts of all bioactive strains was analysed via LC-MS. The cosine similarities between samples were calculated.
Cosine similarity values for strain-condition pairs were extracted. Samples were sorted according to clustering results, and pairwise similarities
were used to define metabolic groups. If the pairwise similarity between two subsequent clustered samples was at the threshold 0.9 or higher,
they were assigned to one metabolic group. Figure caption can be found in Table S2.

(B) Repetitive genome sequences of all strains initially found to be bioactive were targeted by BOX-PCR to identify unique strains.

[Correction added on 01 July 2021, after first online publication: Figure 4 legend has been amended for clarity in this version]

identified (measured 2 m/z 541.3480 [M + H]",
CogH4gN2Og, theoretical m/z 541.3483; 3 m/z 543.3635
[M + H]", CgHs0N20g, theoretical m/z 543.3639; 4 m/z
533.3430 [M + H]", C,gH4gN,Og, theoretical m/z
533.3432; 5 m/z 547.3588 [M + H]", Cux;HsoN20g,
theoretical m/z 547.3589; 6 m/z 575.3896 [M + H],
CogH54N50, theoretical m/z 575.3902; 7 m/z 573.3745
[M + H]", Co9Hs2N20, theoretical m/z 573.3745 (Fig. S6).
Serratamolide A is a biosurfactant with plant protecting
properties (Thies et al., 2014), additionally alleviating
uptake of substances due to its amphiphilic wetting effect,
lowering surface and interfacial tensions (Mulligan, 2005).
It is known to show antioomycetous activity with particular
efficacy against Pythium ultimum and Phytophthora
parasitica (Strobel et al., 2005), a further devastating pest
with lack in effective control measures under investigation
(Poppel et al., 2014).

Pseudomonas sp. FHG110502. The antimycobacterial
activity caused by Pseudomonas strain FHG110502 was
associated to three cyclo-lipo-nonadepsipeptide 8-10
(8 m/z 1112.6811 [M # H]+, C53H93N9016, theoretical m/
z 1112.6813; 9 m/z 1126.6966 [M + H]", CssHgsNgOys,
theoretical m/z 1126.6969; and 10 m/z 1154.7288
[M + H]", CsgHgoNgO16, theoretical m/z 1154.7282)
perfectly matching the MS/MS fragmentation signature of
massetolide E, F and H, respectively. Massetolide E and
F differ in AA9 by incorporation of valine and leucine,
respectively. Massetolide H differs in the fatty acid chain.
The hydroxydecanoic acid residue of E and F is
replaced by a hydroxylauric acid residue (Fig. S7). At

position AA9, the known antimycobacterial massetolide
family is known to be prone to natural variations, with
indications in a general correlation between greater
lipophilicity and increased potency (Gerard et al., 1997).

Furthermore, three phospholipids dereplicated as lyso-
palmitoyl-phosphoethanolamine (11), palmitoleoyl-
palmitoyl-phosphoetanolamine (12) and palmitoleoyl-
oleoyl-phosphoethanolamine (13) (measured 11 m/z
4542931 [M + H]", Cs1H4sN;O,P4, theoretical m/z
454.2928; 12 m/z 690.5073 [M + H]", Cs;H;5N;OgP4,
theoretical m/z 690.5068; and 13 m/z 716.5237
[M + H]+, C39H74N108P1, theoretical m/z 7165224),
respectively, were assigned the other active fractions
(Fig. S8). The bioactivity of phospholipids against serval
indicator strains has been reported, for example bacily-
socin as an antifungal active phospholipid isolated from
Bacillus subtilis (Tamehiro et al., 2002).

Streptomyces sp. FHG110508. A classical NP producer
organism that was isolated during our process is
Streptomyces FHG110508. lts organic extracts showed
pronounced activity against S. aureus and the fungal
indicator strains. Dereplication of active fractions revealed
the presence of the macrotetrolides nonactin, monactin,
dinactin and macrotetrolide G (Fig. S9, 14-17) (Phillies,
1975; Rezanka et al., 2010). Additionally, the presence of
macrotetrolide D (18) was shown by molecular networking
(Fig. S10). lonophore antibiotics of the macrotetrolide
family are beyond the most commonly observed bioactive
metabolites from actinomycetes passing in various
screening disciplines having antibacterial, antifungal,
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antiprotozoan, antiparasitic, insecticidal and acaricidal
activity (Zizika, 1998).

Conclusive remarks. Our study represents a combination
of applied microfluidics and FACS technologies for the
cultivation of microorganisms in agarose-solidified
droplets. The combination of streamlined high-throughput
technologies facilitated the generation and analysis of
thousands of droplets within seconds. This paved the
way to a fast isolation and characterization of diverse
axenic cultures, followed by downstream identification
of bioactive natural products. There are no limits on
a particular bioresource, organism types or cultivation
conditions (media, nutrient limitation, temperature,
incubation method, +oxygen supply, etc.), since
especially all parameters towards cultivation in solidified
droplets are highly customizable. Microfluidic platforms
are already today a core element to access and assess
microbial diversity from environmental samples. Their
efficient application on a diversity of bioresources will be
of steadily increasing importance for various research
disciplines, with particular (but not exclusive) regard to the
field of environmental microbiology.

Experimental procedures
Sampling procedure of forest soil

Forrest soil samples (soil) were taken from the ‘Nature
Conservation Area’ Bergwerkswald at 50.564032 N
8.672555 E (Hasenkoeppel, Giessen, Germany). Five
samples within a radius of ten metres (max. 10 cm in
depth) including rhizosphere, lichen, humus soil and
sandy loam were pooled. Samples were taken in
December 2018 (lllumina approach) and January 2019
(cultivation campaign). Microorganisms were retrieved by
Nycodenz density gradient centrifugation (Barra Caracci-
olo et al., 2005; Oberpaul et al., 2020). All samples were
directly chilled and stored at 4°C until processing for the
cultivation or at —50°C for lllumina amplicon sequencing.

Encapsulation of microorganisms using microfluidic
devices

The cell concentration of retrieved microorganisms was
determined using the Bacteria Counting Kit (B7277, Invit-
rogen, Carlsbad, CA, USA) on a FACSCalibur (BD Bio-
science, San Jose, CA, USA) according to the
manufacturer’'s protocol. The live/dead ratio was esti-
mated using the LIVE/DEAD BacLight Bacterial Viability
and Counting Kit (L7007, Invitrogen).

The commercially available nEncapsulator microfluidics
set-up, described in detail elsewhere (Caballero-Aguilara et
al., 2021), consisting of three pulse-free pressure pumps
(Mitos P-Pump), a temperature control unit (TCU-100),
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diverse microfluidic chips, polytetrafluoroethylene (PTFE)
tubing (1/16” OD, 0.25 mm ID and 0.5 mm ID) and connec-
tors were purchased from Dolomite Microfluidics, a brand
of Blacktrace Holdings Ltd (Royston, UK). A high-speed
CMOS camera PL-D721CU (Navitar, Rochester, NY, USA)
on a stereomicroscope Stemi SV 11 (Carl Zeiss, Oberko-
chen, Germany) equipped with a halogen light source KL
2500 LCD (Schott AG, Mainz, Germany) was used to
image microfluidic operations. Samples for encapsulation
were loaded onto the pEncapsulator Sample Reservoir
Chip. Droplet generation was realized on a fluorophilic
50 um pEncapsulator 2 Reagent Droplet Chip with an
applied water to water to oil ratio of 1:1:20 at 30°C for
~ 30 min (Video S1). Pico-Surf 1 (2% (w/w) in FC-40)
(Sphere Fluidics, Cambridge, UK) was used as the continu-
ous oil phase. Both aqueous phases consisted of cultiva-
tion media with adjusted environmental or E.coli cell
concentrations to obtain target cell distributions following
Poisson (Fig. S1; Collins et al., 2015). All liquids except cell
suspensions were filtered through a 0.2 pm CA syringe fil-
ter (Coming, Coming, NY, USA) to prevent blocking of the
chip. Prior chip loading, media were mixed 50:50 with lig-
uid, pre-warmed 3% (w/v) SeaPlaque agarose (Lonza,
Basel, Switzerland) in water. The droplets were collected in
1.5 ml reaction tubes and cooled at 4°C for 10 min to facili-
tate gelling of the agarose. Thereafter, droplets were incu-
bated at 28°C in a humidity chamber for seven days for the
llumina amplicon sequencing and for the cultivation experi-
ments. Neubauer chambers (0.1 mm depth, Paul Marien-
feld GmbH KG, Lauda-Konigshofen, Germany) were used
for imaging of stationary droplets on a fluorescence micro-
scope DM2000 LED equipped with a DFC450 C camera
and Las V4.7 software (Leica Microsystems, Wetzlar, Ger-
many) for picture analysis.

Cell staining and droplet sorting via FACS

Analysis and sorting of droplets were performed using a
FACSCalibur. Surrounding oil was de-emulsified upfront
fluorescence staining and FACS analysis using Pico-
Break 1 (Dolomite Microfluidics) added in a ratio of
1:200 to a sample diluted with 1x PBS to adjust towards
an analysis of 2000 events s~'. Fluorescence labelling
of microorganisms was achieved by adding 30 pM
DiOC»(3) (B34950, Invitrogen) to the samples and an
incubation time of 5 min. Sorting via FACS (laser ex:
488 nm, em: 530 + 30 nm [FL1-H] and 670 + 30 nm
[FL3-H]) was carried out using the single-cell mode and
1x PBS as sheath fluid.

Cultivation media

Media used for the growth of microorganisms in droplets,
and the subsequent lllumina 16S V3-V4 gene amplicon
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sequencing were as follows: VL55 supplemented with
0.05% (w/v) xylan (VL55-xyl) or 0.05% (w/v) cellobiose
(VL55-cello), including selenite—tungstate solution and
trace elements SL-10 (Oberpaul et al., 2020) and buf-
fered to pH 5.5. In addition, 1:10 diluted Reasoner’s 2A
medium (71:10 R2A, DMSZ medium 830), Minimal med-
ium M9 (DMSZ medium 382), 1:20 diluted Casitone-
Yeast medium (7:20 CY, DMSZ medium 67), 1:20
diluted Nutrient Broth (7:20 NB, DMSZ medium 1), M13
with 200 mg I-" ampicillin  (M13b; (Wiegand et al.,
2019)) and 1:20 diluted Tryptic Soy Broth medium (7:20
TSB, Sigma-Aldrich, St. Louis, MO, USA) were used.

For the cultivation campaign of microbial diversity
using microfluidics and FACS, either VL55-xyl or modi-
fied intensive soil extract medium (ISEM) (Nguyen et al.,
2018) were used. ISEM was modified by addition of 1%
(w/v) C-source solution consisting of arabinogalactan, p-
(+)-cellobiose, p-(+)-melezitose, xylan, galacto-b-mannan
from  Ceratonia siliqua and N-acetylglucosamine
(25 mg I”" of each in deionized water) (mISEM’). For
the cultivation of sorted and arrayed events in 384-well
microplates (MTPs), we exchanged the soil extract with
0.1 g I"! yeast extract (Oxoid) and 0.1 g I™! casamino
acids (Difco), 0.1 g|1~' proteose peptone (Roth, Karl-
stuhe, Germany) (mISEMP). Trace elements SL-10 and
selenite-tungstate solution (each 2 ml I-") were added to
all media used for the cultivation experiments.

For the bioprospecting campaign, cultures were fer-
mented in small-scaled 96-well Duetz system (Duetz
et al., 2000) (Adolf Kuhner AG, Birsfelden, Switzer-
land) using VL55-xyl, ISP2 (DSMZ medium 987),
basal salt medium (BSM) supplemented with glycerol
(Marner et al., 2020) and mISEM?, adjusted to pH 5.5
and 7.2.

lllumina amplicon sequencing and statistical analysis

In order to evaluate the relative cultivation success,
we encapsulated the retrieved environmental microor-
ganisms (A0.1) considering the live/dead ratio in eight
different media and incubated the droplets for seven
days at 28°C. Environmental DNA was extracted using
the NucleoSpin® Soil DNA purification kit (Macherey
Nagel, Duren, Germany) according to manufacturer's
protocol. The bacterial community composition of sam-
ples was assessed by lllumina 300-bp paired-end 16S
V3-V4 amplicon next-generation sequencing using the
degenerate primer pair 341F (3'-CCTACGGGNGGC
WGCAG-5') and 785R (3-GACTACHVGGGTATCTAA
KCC-5'). Sequencing was performed by LGC Geno-
mics GmbH (Berlin, Germany) on a MiSeq (lllumina,
San Diego, CA, USA), and data evaluation was sup-
ported by the SILVAngs pipeline (SILVA SSU Ref
dataset; release 132; http://www.arb-silva.de; SILVA
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Incremental Aligner (SINA SINA v1.2.10 for ARB SVN
[revision 21008] Ribocon GmbH, Bremen, Germany))
and Brastn v2.2.30+ as previously described (Ober-
paul et al., 2020). Phylogenetic groups with a relative
abundance < 0.001% of total were excluded. Statistical
calculations were done by using Past v4.03 (Hammer
et al., 2001)) including the several-sample one-way
ANOVA test on ranks (Daniel, 1990) followed by a
Dunn’s post hoc test (Dunn, 1964) to judge on signifi-
cances among samples.

Microbial cultivation and extract preparation

Sorted droplets were concentrated using a 0.5 pm CA
membrane filter (Whatman plc, Little Chalfont, UK) and a
laboratory vacuum filtration system (Sartorius AG, Gottin-
gen, Germany). Concentrated droplets were recovered
in the respective growth medium (VL55-xyl, mISEM? pH
5.5 or pH 7.2) and arrayed into 384-well MTPs with a
distribution probability of approx. 0.25 droplets per well
using a Matrix Wellmate microplate dispenser (Thermo
Fisher Scientific, Waltham, MA, USA). After incubation
as static cultures at 28°C in a humidity chamber for up
to seven days, growth detection was assessed via tur-
bidimetry (OD) at 600 nm using a Wallac 1420 Victor2
Microplate Reader (Perkin Elmer, Waltham, MA, USA)
and by microscopy using a Zeiss Axiovert 200M (Carl
Zeiss Microscopy GmbH, Jena, Germany) equipped with
an SPOT RT Monochrome 2.1.1 camera (Diagnostic
Instruments, Sterling Heights, MI, USA). All cultures
exceeding our defined turbidity threshold (determined
based on media control blanks present on each pro-
cessed microplate) were automatically transferred into
96-deep well MTPs pre-filled with media (Corning, New
York, NY, USA) using a Precision XS liquid handling
system (BioTek Instruments GmbH, Bad Friedrichshall,
Germany). These plates were incubated using the Duetz
system at 28°C for seven days, shaking at 220 rpm, and
2.5 cm deflection. Sample aliquots were taken for DNA
preparation (for 16S rRNA gene sequencing) and to gen-
erate a cryo-conserved culture for long-term conserva-
tion at —80°C.

For preparation of cryo-conserved samples, 70% (v/v)
glycerol and 5% (v/v) DMSO were filled into 96-deep
well MTPs and mixed with grown culture broths (ratio
2:3) using a VIAFLO 384 (Integra Biosciences, Biebertal,
Germany).

Cryo-conserved strains were recovered by agar plating
and integrated into our strain collection. Bioprospecting
campaigns were conducted either in 1 ml culture volume
using 96-well Duetz systems or in 50 ml culture volume
using 300 ml Erlenmeyer flasks, respectively. Incubation
of Erlenmeyer flasks occurred at 28°C using an RC-406
orbital shaker (Infors, Bottmingen, Switzerland) with
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5 cm deflection at 180 rpm for four and seven days. Fer-
mentations were stopped by cooling microbial cultures
and medium controls to —50°C. Frozen samples were
lyophilized using a delta 2-24 LSCplus (Martin Christ
Gefriertrocknungsanlagen GmbH, Osterode am Harz,
Germany), and an equal volume of methanol (related to
the culture volume) was added. Extracts were further
concentrated in vacuo (50-fold in relation to the culture
volume) for UHPLC-QTOF-MS/MS analysis. For screen-
ing purposes, extract aliquots were reconstituted in
DMSO (100-fold in relation to the culture broth).

Phylogenetic classification and genotyping of isolated
strains

DNA extraction was carried out by transferring 200 pl of
each grown culture supernatant into Collection Micro-
tubes (Qiagen, Hilden, Germany) containing three zirco-
nia beads (2.3 mm, Carl Roth, Karlsruhe, Germany).
Cells were disrupted (twice, 30 Hz for 1 min) by using a
TissueLyser Il (Qiagen). Plates were centrifuged at
4000 x g for 5 min, incubated at 70°C for 45 min and
again centrifuged. The supernatants were transferred
into fresh 96-V-bottom plates and used as template for
16S rRNA gene amplification following the PCR proto-
col described by (Kampfer et al., 2014) using the primer
pair E8F (5-GAGTTTGATCCTGGCTCAG-3') and
1492R (5'-AGAGTTTGATCCTGGCTCAG-3') and for
18S rRNA gene amplification using the primer pair NS1
(5'-GTAGTCATATGCTTGTCTC-3') and FR1 (5-
AICCATTCAATCGGTAIT-3') following the protocol
described by (Panzer et al., 2015). Genera belonging to
Proteobacteria were defined as rarely cultured if less
than ten representatives are recorded in the List of
Prokaryotic names with Standing in Nomenclature
(Parte, 2018, 2018; https://lpsn.dsmz.de/ access date:
01/2021).

All cultures affiliated to Acidobacteria were propagated
on buffered R2A pH 5.5 agar to receive higher culture
densities. All recovered nearly full-length 16S and rRNA
sequences were affiliated to the most similar sequences
of type strains using Brastn (version: BLAST+ 2.11.0;
http://blast.ncbi.nim.nih.gov/Blast.cgi) with the NCBI Ref-
erence Sequence Database (version: RefSeq Release
202; https://www.ncbi.nim.nih.gov/refseq/). All recovered
nearly full-length 18S rRNA sequences were affiliated to
the most similar sequences of type strains using the
pairwise alignment tool from MycoBank (https://www.myc
obank.org/page/Pairwise_alignment). Representatives of
different subgroups of Acidobacteria were included to
visualize the phylogenetic relationship towards isolated
Acidobacteria of this study. Therefore, multiple sequence
alignment was done by CrustaLw. Using the maximum-
likelihood method, a phylogenetic tree was calculated in
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MeGa v7.0.26 (https:/www.megasoftware.net) under the
Tamura—Nei model (Kumar et al., 2016) performing 1000
bootstrap replications. Graphical modifications and anno-
tations were made with itoL v5.6.3 (https://itol.embl.de/;
Letunic and Bork, 2019).

BOX-A1R-based repetitive extragenic palindromic
sequence PCR (5-CTACGGCAAGGCGACGCTGACG-
3’) was used to amplify repetitive elements to perform
molecular genotyping (Koeuth et al., 1995). Genomic fin-
gerprinting patterns (BOX-pattern) were analysed by
LabChip GX Touch HT using DNA 5K Assay (Cat. No.
CLS760675, PerkinElmer, Waltham, MA, USA) and GeL-
compARr |l software version 6.5 (Applied Maths, Sint-
Martens-Latem, Belgium) for data interpretation. A hierar-
chical cluster of the obtained data was calculated based
on Dice similarity matrix data by applying Ward’s method
(Ward, 1963) to discriminate genotypic redundancies
within pure cultures.

Bioassays

Crude extract screening was done by microplate broth
dilution assays in final assay conc. 0.25-fold, 0.5-fold
and onefold (in relation to the culture volume) against
pathogenic bacteria and fungi (Staphylococcus aureus
ATCC25923, Mycobacterium smegmatis ATCC 607,
Aspergillus flavus ATCC 9170, Zymoseptoria campaign
ici Roberge in Desmaziéres MUCL 45407 and Candida
albicans FH 2173).

To evaluate the growth inhibitory effect of microbial
extracts, a seeding cell suspension of the indicator
strains was prepared from pre-cultures or previously
prepared spore solutions: for S. aureus, an overnight
culture (37°C, 18 h, 180 rpm) was diluted to
2 x 10* cells mlI~" in cation adjusted Mueller Hinton I
medium (MHIl). M. smegmatis was cultured in brain-
heart infusion medium (BD) supplemented with 1% (w/
v) Tween-80 (Sigma) for 48 h, before the assay cell
concentration was adjusted (1 x 10° cells mI~"). The
pre-culture of C. albicans was incubated for 48 h at
28°C before a 1 x 10° cells ml~" suspension was pre-
pared in MHIIl. Spore solutions of A. flavus and Z. tritici
were diluted to 1 x 10° spores ml~". A dilution series
of gentamycin, isoniazid or nystatin was used as posi-
tive control and cell suspensions without extract or
antibiotic as negative control. Test plates were incu-
bated in the dark (37°C, 180 rpm, 85% rH) for 18 h (A.
flavus, S. aureus), 48 h (C. albicans, M. smegmatis)
and 72 h at 25°C (Z. tritici). End-point detection towards
optical density was determined using a LUMIstar®
Omega (BMG Labtech GmbH, Ortenberg, Germany) by
measuring the turbidity at 600 nm or by ATP quantifica-
tion using BacTiter-Glo™ according to manufacturer’s
protocol (Promega Corporation, Fitchburg, WI, USA).
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Mass spectrometry

All mass spectrometry experiments were performed on a
1290 UHPLC system (Agilent, Santa Clara, CA, USA)
equipped with DAD, ELSD and maXis II™ (Bruker, Biller-
ica, MA, USA) ESI-QTOF-UHRMS with the 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: H20O, 0.1% formic acid (FA); B:
acetonitrile, 0.1% FA; flow: 600 pl min"). Column oven
temperature: 45°C. Column: Acquity UPLC BEH C18
1.7 um (2.1 x 100 mm) with Acquity UPLC BEH C18
1.7 um VanGuard Pre-Column (2.1 x 5 mm). Injection
volume was either 1 or 2 pl.

Cosine similarity calculations

Data processing was performed with Data Analysis 4.4
(Bruker, Billerica, MA, USA) using recalibration with
sodium formate. RecalculateLinespectra with threshold
10 000 and subsequent FindMolecularFeatures (0.5—
25 min, S/N =0, correlation coefficient threshold = 0.7,
minimum compound length = 8 spectra, smoothing
width = 2) was performed. Bucketing was performed
using ProfileAnalysis 2.3 (Bruker, Billerica, MA, USA)
(30-1080 s, 100-1600 m/z, Advanced Bucketing with
12's, 5 ppm, no transformation, Bucketing basis = H").
Samples with less than 50 features were excluded from
further analysis. The generated bucket table was subse-
quently used as input for analysis via R (version 3.6.0) (R
Core Team, 2020) with libraries readr (https:/CRAN.R-
project.org/package=readr), coop (https://cran.r-project.
org/package=coop), gplots (https://CRAN.R-project.org/
package=gplots), data.table (https://CRAN.R-project.org/
package=data.table), and parallelDist (https:/CRAN.R-
project.org/package=parallelDist). The cosine similarities
(dot product of vectors) between samples were calcu-
lated. Samples were sorted according to clustering
results, and pairwise similarities were extracted and sub-
sequently used to define metabolic groups. The script
used in this publication was deposited in a GitHub reposi-
tory (Hartwig, 2020). If the pairwise similarity between two
subsequent clustered samples is at the threshold 0.9 or
higher, they were assigned to one metabolic group.

Dereplication of bioactive extracts using UHPLC-UHR
MS/MS

Crude extracts showing at least 70% growth inhibition
were considered as bioactive and were subjected to
microfractionation. Five or ten microliter of concentrated
methanolic extracts (50-fold relative to the culture volume)
were partitioned into 159 fractions (~ 7 s each) in a 384-
well MTP. UHPLC-UHR-MS analysis was performed
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(settings see Section Mass spectrometry). For microfrac-
tionation, 90% of the flow was collected with a custom
made fraction collector (Zinsser—Analytic, Eschborn, Ger-
many) while the rest was analysed in MS/MS mode in
maXis [I™. Collision induced dissociation was performed
at 28.0-35.05 eV using argon at 102 mbar. Additionally
to the chromatographically separated 159 fractions, crude
extract was applied as fraction 160 in the same amount
as the injection volume serving as positive control. All
extracts were evaporated in a GeneVac HT-12 (SP Indus-
tries Warminster, PA, USA) and were rescreened against
the same test strain. Correlation between bioactive frac-
tions and the corresponding MS data of analytes detected
in those fractions was performed. Dereplication was facili-
tated by comparison of mass to charge ratios, retention
time and fragmentation signatures with our in-house refer-
ence database containing ~ 1700 structurally character-
ized microbial metabolites at the time of data processing.
Molecular formula assignment was done manually for all
compounds present in the active fractions, allowing a
mass accuracy tolerance of + 2 ppm. Annotation of the
MS/MS spectra was performed manually for all the com-
pounds present in active fractions, whenever no hits were
found in the in-house compound database. Molecular for-
mula searches were performed on AntiBase 2017
(Laatsch, 2017) and Dictionary of Natural Products (http://
dnp.chemnetbase.com/faces/chemical/ChemicalSearch.
xhtml; accessed on Nov 16, 2020).

Molecular networking

Based on published protocols, molecular networking with
a cosine similarity cut-off of > 0.7 was performed (Yang
et al., 2013; Allard et al., 2016). The tool MSConvert (Pro-
teoWizard package32) was used to convert the raw data
(*.d files) into plain text files (*.mgf), wherein all detected
fragment ions are expressed as a list of mass/intensity
value pairs sorted according to their parent ions (peak
picking: vendor MS level = 1-2; threshold type = absolute
intensity, value = 1000, orientation = most-intense). Shar-
ing at least six fragments (tolerance Appm 0.05) with at
least one partner ion those ions were included in the final
network (Riyanti et al., 2020). Known NPs were high-
lighted by including deposited compounds from the in sil-
ico fragmented (Allen et al., 2015) commercial database
AntiBase 2017 (Laatsch, 2017) and our in-house refer-
ence compound MS/MS database. The data were visual-
ized with Cytoscape v3.6.0 (Shannon, 2003) as described
elsewhere (Marner et al., 2020).
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Fig. S1. Poisson distribution of 10.1 and A10 showing the
probability of the amount of cells encapsulated per droplet.
Fig. S2. Work scheme of this study showing the microflu-
idics workflow, the subsequent cultivation, screening and
dereplication

Fig. S3. Live/dead staining using the LIVE/DEAD BacLight
Bacterial Viability and Counting Kit (L7007, Invitrogen). Man-
ufacturer’'s protocol was applied on the cells retrieved by
nycodenz densitiy gradient centrifugation (A: SYTO 9, B:
propidium iodide, C: merged) directly after bacterial isola-
tion. Exemplary pictures are shown, ten independent stains
were done and considered for the calculation. Live:dead
ratio was estimated resulting in ~ 70:30 £ 6.7%.
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Fig. S4. Phylogenetic classification of FHG110511 within
the phylum Acidobacteria clustering into subgroup 1. The
tree is based on a ClustalW alignment of available 16S
rRNA gene sequences from the ref_seq database between
positions 113 and 1357 [based on Escherichia coli 16S
rRNA gene numbering (Brosius et al., 1978)] from the most
similar sequences to the isolated strains, and also includes
representatives of Acidobacteria subgroups 1, 3, 4, 6, 7, 8,
and 10. The tree was calculated using Meca v7.0.26 with
the maximum-likelihood method and GTR-Gamma model.
Circles on the tree branches indicate values of 1000 boot-
strap replicates with a bootstrap support of more than 50%.
Subgroup affiliations are indicated by colors. The new iso-
late is indicated by a black arrow. The tree is drawn to
scale, with branch lengths measured in the number of sub-
stitutions per site.

Fig. S5. (A) Assay read-out of p-fractionation plates of strain
FHG110488 against M. smegmatis ATCC 607. Fractions
are numbered and those causing at least 70% rel. growth
inhibition were considered “active” and marked red. Column
1: medium control; Column 2+3: antibiotic standard (isoni-
azid); Column 4: growth control. Area AH05-AH24 top: 5 pl
injection volume; Area AH05-AH24 bottom: 10 pl injection;
Crude: crude extract as a control. (B) Overlaid Base peak
Chromatogram (grey), fraction collector analog signal (light
blue bars) and extracted ion chromatogram of m/z
515.3329+0.005 [M+H]" (1, red) of the 50 fold concentrated
extract (in MeOH) with 5 pl injection volume. (C) UV and
MS spectrum of fractions 84-87. (D) MS/MS fragmentation
of the precursor ion at m/z 515.3330 [M+H]" (dereplicated
as Serratamolide A, displayed in red) with manual annota-
tion of the neutral losses.

Fig. S6. (A) MS2-network of “active” extract of FHG110488
against Septoria tritici MUCL45407 focusing on the cluster
representing all seven detected serratamolide derivatives and
their literature known structures (dots of parent ions found as
hits in our internal database or AntiBase are marked in gold).
(B) Overlaid Base peak Chromatogram (grey) and extracted
ion chromatograms of serratamolides 1-7 (1 m/z 515.3327
[M+H]", CueH47N2Og" (red); 2 m/z 541.3483 [M+H],
C28H49N208Jr (blue), 3 m/z 543.3640 [M+H]+, C;ngs‘[NgOBJr
(black); 4 m/z 533.3433 [M+H]", CosH49N2Og" (cyan); 5 m/z
547.3598 [M+H]", C,7Hs1NoOg" (yellow); 6 m/z 575.3902
[M+H]", CogHssN2Og" (light green); 7 m/z 573.3746 [M+H]",
CagHs3N20g" (dark green)) of the 50 fold concentrated extract
(in MeOH) with 5 pL injection volume. (C) MS/MS fragmenta-
tion of the precursor ions 1-7.

Fig. S7. (A) Assay read-out of p-fractionation plate of strain
FHG110502 against Mycobacterium smegmatis ATCC 607.
Fractions are numbered and those causing at least 70% rel.
growth inhibition were considered “active” and marked red.
Column 1: medium control; Column 2+3: antibiotic standard
(isoniazid); Column 4: growth control. Area AHO05-AH24:
2 pl injection volume; Area IP05-IP24: 5 l injection; Crude:
crude extract as a control. (B) Overlaid Base peak Chro-
matograms (grey), Fraction collector analog signals (light
blue bars) and extracted ion chromatogram s of m/z
1112.6814+0.005 [M+H]" (8, red) with corresponding m/z
556.8446+0.005 [M+2H]?" (green), m/z 1126.6973+0.005
[M+H]" (9, yellow) with corresponding m/z 563.8524 +
0.005 [M+2HP?" (blue), and m/z 1154.7288+0.005 [M+H]" (10,
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purple) with corresponding m/z 577.8680-0.005 [M+2H*" (ma-
genta) of the 50 fold concentrated extract (in MeOH) with 5 pl
injection volume. (C) UV and MS spectrum of fractions 105-106
(left), 108—118 (middle) and 116 (right). (D) MS/MS fragmenta-
tion of the precursor ion at m/z 1112.6814 [M+H]", m/z
1126.6973 [M+H]", and m/z 1154.7288 [M+H]" (dereplicated as
massetolide E, massetolide F and massetolide H, respectively),
manual annotation of the neutral losses and proposed struc-
tures of the fragment ions at m/z 284.2229 and m/z 312.2533.
(E) Structures of all three dereplicated compounds 8-10.
Fig. S8. (A) Assay read-out of p-fractionation plate of strain
FHG110502 against Mycobacterium smegmatis ATCC 607.
Fractions are numbered and those causing at least 70% rel.
growth inhibition were considered “active” and marked red. Col-
umn 1: medium control; Column 2+3: antibiotic standard (isoni-
azid); Column 4: growth control. Area AH05-AH24: 2 pl injection
volume; Area IP05-IP24: 5 pl injection; Crude: crude extract as
a control. (B) Overlaid Base peak Chromatograms (grey), Frac-
tion collector analog signals (light blue bars) and extracted ion
chromatogram s of m/z454.2931 + 0.005 [M+H]" (11, red), m/z
690.5073 &+ 0.005  [M+H]" (12, blue)  and m/z
716.5237 + 0.005 [M+H]" (13, green)of the 50 fold concen-
trated extract (in MeOH) with 5 pl injection volume. (C) UV and
MS spectrum of fractions 93-94 (left) and 130-136 (right). (D)
MS/MS fragmentation of the precursor ion at m/z 454.2931
[M+H]", m/z 690.5073 [M+H]", and m/z 716.5237 [M+H]"
(dereplicated as lyso-palmitoyl-phosphoethanolamine, palmi-
toleoyl-palmitoyl-phosphoetanolamine and palmitoleoyl-oleoyl-
phosphoetanolamine, respectively), manual annotation of the
neutral losses and proposed structures of the fragment ions. (E)
Putative structures of all three dereplicated compounds 11-13.
Fig. S9. (A) Assay read-out of p-fractionation plate of strain
FHG110508 against Staphylococcus aureus ATCC 25923.
Fractions are numbered and those causing at least 70% rel.
growth inhibition were considered “active” and marked red.
Column 1: medium control; Column 2+3: antibiotic standard
(gentamycin); Column 4: growth control. Area AH05-AH24:
2 pl injection volume; Area IP05-1P24: 5 pl injection; Crude:
crude extract as a control. (B) Overlaid Base peak Chro-
matograms (grey), Fraction collector analog signals (light
blue bars) and extracted ion chromatogram s of mi/z
737.44754+0.005 [M+H]" (14, red), m/z 751.4636+0.005
[M+H]" (15, green), m/z 765.4794+0.005 [M+H]" (16, blue),
and m/z 779.4956+0.005 [M+H]" (17, yellow) of the 50 fold
concentrated extract (in MeOH) with 5 pl injection volume.
(C) UV and MS spectrum of fractions 120, 124, 128 and
131-132 (from left to right). (D) MS/MS fragmentation of the
precursor ion at m/z 737.4462 [M+H]', m/z 751.4618
[M+H]*, m/z 765.4779 [M+H]", and m/z 779.4933 [M+H]"
(dereplicated as nonactin, monactin, dinactin and macrote-
trolide G, respectively) with manual annotation of the neutral
loss and proposed structure of the fragment ion at m/z
213.1482 of parent ion at m/z 779.4933 indicating the pre-
sents of macrotetrolide G instead of trinactin. (E) Structures
of all four dereplicated macrotetrolides. Me: methyl; Et:
ethyl; iPr: isopropyl.

Fig. S10. (A) MS2-network of “active” extract of
FHG110508 against Staphylococcus aureus ATCC 25923
with focus on the cluster representing all five detected
macrotetrolide derivatives and their adduct ions (dots of par-
ent ions found as hits in our internal database or AntiBase
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are marked in gold). (B) Overlaid Base peak Chromatogram
(grey) and extracted ion chromatograms of macrotetrolide
14-18 (14 m/z 737.4462 [M+H]", C4oHes012" (red); 15 m/z
751.4618 [M+H]", C4Hgs7012" (green); 16 m/z 765.4779
[M+H]", CuoHggO12" (blue); 17 m/z 779.4933 [M+H]',
C43H71O12+ (ye“OW), 18 m/z 793.5104 [M+H]+, (:'44H73O124r
(black)) of the 50 fold concentrated extract (in MeOH) with
5 pl injection volume. (C) MS/MS fragmentation of the pre-
cursor ions 14-18 dereplicated as nonactin, monactin, din-
actin, macrotetrolide G, and macrotetrolide D, respectively,
with manual annotation of the neutral loss and proposed
structure of the fragment ion at m/z 213.1482 of parent ion

Publication I

at m/z 779.4933 indicating the presents of macrotetrolide G
instead of trinactin and fragment ion at m/z 213.1487 of par-
ent ion at m/z 793.5104 indicating the presents of macrote-
trolide D instead of tetranactin.

Table S1. Overview of the cultured genera in mISEM? pH
7.2, pH 5.5 and VL55-xyl pH 5.5. 16S rRNA gene sequenc-
ing was applied using the primer 1492R on mechanically
disrupted culture broth grown for 7 days.

Table S2. Cosine Similarity table — Data for Fig. affiliation.
Video S1. Video showing the production of droplets with the
pEncapsulator from Dolomite.

© 2021 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd., Microbial

Biotechnology, 15, 415-430
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ABSTRACT

Miniaturization of biomedical and chemical research areas is performed using microfluidic techniques. Droplet-
based microfluidic applications are of high interest for various applications, e.g., high-throughput screening
assays. Many of them are based on simple water-in-oil (w/o) or oil-in-water (o/w) emulsions that are easily
to produce. More complex assays based on separate compartments require the use of multiple emulsions, such
as water-in-oil-in-water (w/o/w) or oil-in-water-in-oil (o/w/o) emulsions. In this study an easy, fast to establish
method to generate agarose-solidified (w/w/o) double emulsions with ~55 pm in diameter, in which both
agarose-phases are not separated by a surfactant stabilized oil is described. An off-chip emulsion-breaking and
washing step of the inner agarose droplets based on density gradient centrifugation was designed, offering new
possibilities for high-throughput assays on picoliter scale. In brief, this paper reports:

e the protocol to generate agarose-solidified (wfw/o) double emulsions non-seperated by surfactant stabilized
oil;
« an off-chip washing protocol of agarose-solidified emulsions based on density gradient centrifugation.

© 2021 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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Specifications table

Subject Area: Materials Science

More specific subject area: Microfluidic double emulsion

Method name: Twao-step generation of monodisperse agarose-solidified double emulsions
(w/w/o) excluding an inner oil barrier

Name and reference of original Combination of high-throughput Microfluidics and FACS technologies to

method: leverage the numbers game in natural product discovery
http://doi.org/10.1111/1751-7915.13872

Resource availability: Microfluidic hardware/software: htips:

| jwww.dolomite- microfluidics.com/microfluidic-systems/%C2%B5encapsulator/

Background

The field of microfluidics set new standards in miniaturization of biomedical and chemical research
areas. Droplet-based microfluidics is used as a tool for small scale single-cell or cell culture analysis,
chemical synthesis as well as high-throughput screening [1]. Achieved by dispersions of stabilized
liquids within continuous immiscible fluids, thousands of emulsions are generated within minutes,
which subsequently are used as micro compartments suitable for such experiments [2]. Beside simple
water-in-oil (w/o) or oil-in-water (o/w) emulsions, more complex ones, carrying single or multiple
emulsions that represent more compartments, enable the build-up of systems with higher complexity.
However, the latter are more difficult to generate. Widely used are water-in-oil-in-water (w/o/w) and
oil-in-water-in-oil (o/w/o) emulsions, which can be employed for applications such as drug delivery
vehicles, cell carriers, barcoding of droplets, microscale sensors, and more [3]. Other combinations of
phases such as w/w and w/w/w are challenging, however applicable using aqueous phases of different
properties, e.g., density, viscosity, and refractive index [4,5]. With millions of emulsions generated
within minutes, powerful high-throughput analysis and sorting tools are required to retrieve events
of interest. Optofluidic setups [6,7], fluorescence-activated droplet sorter (FADS) [8,9] or commercially
available multichannel fluorescence-activated cell sorter (FACS) [10,11] are such tools. They differ
in the analyzable emulsion-types, sample throughput and sorting capabilities, assay readout, and
biocompatibility.

In this protocol (Fig. 1), we demonstrate the generation of agarose-solidified (w/w/o) double
emulsions (diameter: ~55 pm, volume: ~87 pL) building on agarose-solidified (w/o) emulsions
(first phase; diameter: ~40 pm, volume: ~33.5 pL) that are produced beforehand with the same
microfluidic setup. The workflow includes an emulsion-breaking step of the first phase that results
in the release of all compartments of the first phase into an aqueous phase. This is followed by
a density-gradient washing step thereof to wash the first phase droplets and while working with
e.g., cell cultures or bacteria to separate them from motile cells that did not get stuck within the
agarose droplets. Subsequently, a second phase of liquid agarose is added. This procedure enables
that both agarose phases are not compartmentalized by the fluorocarbon oil (Novec™ 7500), which
is stabilized with a surfactant (Pico-Surf™ 1), necessary for emulsion stability. The emulsion-breaking
step is essential, since the oil and surfactant are known to function as a barrier, which however is
not completely understood until today, for several molecules with slow diffusion properties [12,13].
Moreover, with no diffusion barrier and the second phase to be added any time after incubation of
the first phase, this method allows various applications for e.g., two-layer high-throughput cell culture

Work package 1: Work package 2: Work package 3: Work package 4:

Protocel steps 1.1-1.13 Protocol steps 2.1-2.12 Protocol steps 3.1-3.11 Pratocal steps 4.1-4.4

Fig. 1. Overview of the complete workflow to generate agarose-solidified (w/w/o) double emulsions.
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and screening assays that rely on an intermediate washing step. This is supported by the use of a
low-melting agarose that allows operations at low temperatures feasible for cell culture experiments.
Applicable for e.g., fluorescence-activated cell sorting (FACS)-based technologies, a variable high-
throughput readout of an envisaged assay, based on such double emulsions, is given. To the best
of our knowledge, this is the first report of successful generated agarose-solidified double emulsions
not separated by an inner oil barrier. Designated to run on the commercially available microfluidic
‘wEncapsulator System’ (Dolomite Microfluidics, Royston, UK), trained microfluidic users can easily
implement this method in any lab.

Overview of the method

Fig. 1 depicts the general procedure to generate agarose-solidified (w/w/o) double emulsion using

the commercially available microfluidic ‘itEncapsulator System’ (Dolomite Microfluidics), including
solution and microfluidics system preparation (work package 1), generation of agarose-solidified (w/o)
emulsion (first phase, work package 2), an emulsion-breaking and washing step of the first phase
(work package 3), and the generation of the final agarose-solidified (w/w/o) double emulsions (work
package 4). Work package 3 is critical for this application, especially while working with cell cultures.
The emulsion of the solidified agarose and the fluorocarbon oil Novec™ 7500 stabilized with Pico-
Surff™ 1 (first phase) needs to be de-emulsified, since otherwise in the end both agarose phases
would be separated by a diffusion barrier not fully understood [12,13]. The emulsion-breaking results
in release of the first phase content into the aqueous phase that did not get stuck within the agarose,
e.g., still motile cells. As a solution to separate agarose-solidified droplets of the first phase from
other compartments, we designed a washing step based on density gradient centrifugation using
Nycodenz®.

Materials

Chemicals

Pico-Surf™ 1 (5% (w/w) in Novec™ 7500) (Sphere Fluidics, Cambridge, UK, prod. no. C022)
Novec™ 7500 (lolitec Ionic Liquids Technologies GmbH, Heilbronn, GER, prod. no. FL-0004-HP)
Pico-Break™ 1 - Emulsion Breaking Solution (Sphere Fluidics, Cambridge, UK, prod. no. C081)
SeaPrep agarose (Lonza, Basel, Switzerland, prod. no. 50,302)

Nycodenz® (Axis-Shield Poc AS, Oslo, Norway, prod. no. 1,002,424)

2-Propanol (Honeywell International Inc., Morristown, New Jersey, US, prod. no. 34,965)

Equipment

Temperature control unit, Meros TCU-100 (TCU, Dolomite Microfluidics, Royston, UK, prod. no.
3,200,428)

pEncapsulator Top Interface (Dolomite Microfluidics, Royston, UK, prod.no. 3,200,569)

Linear Connector (Dolomite Microfluidics, Royston, UK, prod. no. 3,000,024)

pEncapsulator 1 Sample Reservoir Chip (Dolomite Microfluidics, Royston, UK, prod. no. 3,200,444)
pEncapsulator 1 - 2 Reagent Droplet Chip (50 um etch depth), fluorophilic, (Dolomite Microfluidics,
Royston, UK, prod. no. 3,200,445)

Pressure pumps, Mitos P-Pump (Dolomite Microfluidics, Royston, UK, prod. no. 3,200,176)

o Mitos Flow Rate Sensor (Dolomite Microfluidics, Royston, UK, prod. no. 3,200,098, 3,200,099)
o Mitos Sensor Interfaces (Dolomite Microfluidics, Royston, UK, prod. no. 3,200,200)

Four-way connector (Dolomite Microfluidics, Royston, UK, prod. no. 3,200,454)
Air compressor Fengda AS-189

High-speed CMOS camera PL-D721CU (Navitar Inc., Rochester, NY, USA)
Stereomicroscope Stemi SV 11 (Carl Zeiss, Oberkochen, Germany)
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Halogen light source KL 2500 LCD (Schott AG, Mainz, Germany)

Fluorescence microscope DM2000 LED equipped with a DFC450 C camera (Leica Microsystems,
Wetzlar, Germany)

Centrifuge 5810 R (Eppendorf AG, Hamburg, Germany)

Centrifuge 5424 R (Eppendorf AG, Hamburg, Germany)

Fridge

Neubauer chambers (0.1 mm depth, Paul Marienfeld GmbH & CO. KG, Lauda-Kdnigshofen, Germany)
Adjustable 10, 100 and 1000 pL pipettes

Consumables

1 mL NORM-JECT syringes (Henke-Sass, Wolf GmbH, Tuttlingen, Germany prod. no. 4010.200V0)

¢ 30 mL syringes (Becton, Dickinson and Company, Franklin Lakes, New Jersey, US, prod. no. 309,650)

e Needles - Sterican® Gr. 14, G 23 x 1 1/4"" | @ 0,60 x 30 mm, blue (B. Braun SE, Melsungen,
Germany, prod. no. 4,657,640)

« 15 mL centrifuge tubes (Greiner Bio-One International GmbH, Frickenhausen, Germany, prod. no.

188,261)

0.2 nm CA syringe filter (Corning Inc., Corning, NY, USA, prod. no. 431,224)

1.5 mL reaction tubes (SARSTEDT AG & Co. KG, Niimbrecht, Germany)

Sterile pipette tips

Microorganisms used as showcases in this study:

o Environmental microorganisms isolated in our previous study [13]
o E. coli DH5« pFU95 (expressing gfpmus1)
o E. coli DH5« pFU96 (expressing dsRed2)

Software

* Dolomite Flow Control Center (Dolomite UK, prod. no. 3,200,475)
 Pixelink Capture Software (Navitar Inc., Rochester, NY, USA)
 Leica Application Suite v4.8.0 (Leica Microsystems CMS GmbH, Heerbrugg, Switzerland)

Experimental protocol

In this section each work package and therein the individual tasks (protocol steps) are described
step-wise and in detail.

1. Work package - Preparation of chemicals and microfluidic system

The commercially available microfluidic ‘uEncapsulator System’ (Dolomite Microfluidics) is very
user-friendly (Fig. 2). The assembly of all parts, the cleaning and sterilization of chips as well as the
troubleshooting of blockages is described in the ‘wEncapsulator System User Manual’ (https://www.
dolomite- microfluidics.com/support/downloads/). Prior to each experiment, prepare and perform the
following chemicals and steps:

11 Prepare 20 mL Novec™ 7500 containing 1% (w/w) Pico-Surf™ 1 (mix 4 mL Pico-Surf™ 1 5%
(w/w) in Novec™ 7500 with 16 mL Novec™ 7500).

1.2 Prepare 40 mL water.

1.3 Prepare 3% (w/v) SeaPrep agarose in water (3 g SeaPrep in 100 mL water) and autoclave. NOTE
Add a magnetic stirrer because after autoclaving the agarose is not dissolved well. Stir it at
60 °C until a homogeneous solution is obtained.

1.4 Prepare 20% and 30% (w/v) Nycodenz® solution in water (10 g and 15 g Nycodenz® in 50 mL
water each).

1.5 Prepare 70% isopropanol (HPLC grade).
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Fig. 2. Overview of the hardware setup (a), the temperature control unit (b) and the 2-Reagent microfluidic chip (c) used for
the generation of the agarose-solidified 1st and 2nd phase.

Important Filter all solvents through 0.2 pm CA syringe filters to prevent blockage of microfluidic
channels.
Microfluidic system (Fig. 2a):

1.6 Fill reservoirs with water (pump 1 and 3) and Novec™ 7500 with 1% (w/w) Pico-Surf™ 1
(pump 2).

1.7 Turn on the air compressor for pressure supply and operate it at 500-700 kPa.

1.8 Turn on all three pressure pumps, the TCU (temperature control unit), light source, and
computer.

1.9 Open the Flow Control Center (FCC) Software (Dolomite Microfluidics) and Pixelink Capture
Software (Navitar).

IMPORTANT The FCC software needs to be opened after the hardware is switched on to ensure
connection.

110 Set the temperature of the TCU to 30 °C to prevent solidification of the low-melting agarose
during encapsulation.

1.11 Priming the system (Fig. 2b) is done with the Linear Connector connected to the reservoir chip.
Apply flow rates of 5 pL/min on each channel for 5 min. This is necessary to prime all channels
with their respective fluids and to push e.g., air bubbles out of the system.

1.12 Set the flow rates to 0 pL/min and disconnect the Linear Connector. NOTE This ensures no
backflow of fluids into their reservoirs without using valves.

113 Empty both sample reservoirs on the sample reservoir chip.

— The system is now ready to be used for the generation of the first phase or for the generation
of double-emulsions in the second step.

2. Work package - Generation of agarose-solidified 1st phase

We previously used the following protocol steps for encapsulation and cultivation of environmental
microorganisms [13]. To obtain the here described agarose-solidified (w/w/o) double emulsions, it was
necessary to use SeaPrep agarose instead of the previously used SeaPlaque one. Agarose-solidified
(w/w/o) double emulsions were not possible to be obtained from a first phase produced with
SeaPlaque agarose, probably due to different material properties.
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2.1, Prepare the loading suspension to obtain a first phase of 1.5% (w/v) agarose droplets in a 1.5 mL
reaction tube as following:
e 200 pL 3% (w/v) SeaPrep in water
¢ 200 pL water

NOTE Working with cell cultures, the water can be exchanged with the cells in their specific
medium and other components. It is also possible to prepare the agarose with medium
in advance to prevent dilution after mixing the liquid agarose and the water phase
(cells + medium).

2.2 Vortex the solution for 10 s.

2.3 Load ~90 pL into each reservoir of the reservoir chip.

2.4 Pipet 5 pL of Novec™ 7500 post each loaded sample. NOTE This keeps the loaded sample
separated from the water pushing it towards the 2-Reagent Droplet Chip (Fig. 2c).

2.5 Close the lid and connect the Linear Connector.

2.6 Set the flow rates for both pumps 1 and 3 supplying the loaded sample towards the 2-Reagent
microfluidic chip to 2 pL/min and the flow rate for the oil (pump 2) to 40 pL/min. NOTE The
pressure of the oil pump will be in the range of 350-550 mbar and of the water pumps
between 550 and 800 mbar. A single pump should not exceed 1200 mbar, otherwise the
channel of this pump is blocked. For the troubleshooting of blockages see the ‘y«Encapsulator
System User Manual’ (https://www.dolomite-microfluidics.com/support/downloads/).

2.7 Wait 2-3 min for pressures to stabilize and then start to collect the generated droplets in a
1.5 mL reaction tube for about 25 min. NOTE A pressure drop indicates an emptied reservoir
and therefore the end of the encapsulation.

2.8 Set the flow rate of all three pumps to 0 pL/min.

2.9 Incubate the first phase at 8 °C for 20 min to solidify the liquid agarose-in-oil emulsions.

2.10 Disconnect the Linear Connector and empty both reservoirs of the reservoir chip.

2.11 Clean and sterilize the reservoir chip and the 2-Reagent microfluidic chip as following:

» To solve remaining residues pipet water up and down in each reservoir a few times followed

by 70% isopropanol.

» Load both reservoirs with 70% isopropanol.

 (Close the lid and connect the Linear Connector.

« Set all pumps to 7 pL/min and run the system for 10 min.

e Load both reservoirs with water.

» Close the lid and connect the Linear Connector.

« Set all pumps to 7 pL/min and run the system for 10 min.

2.12 After cleaning and sterilization, stop the flow of all three pumps. NOTE For long term storage
all channels are dried/emptied.

— At this point the microfluidic system is on hold. A shut down can be done by disconnecting the
power of all individual parts, releasing the pressure from the air compressor and shutting down
the computer.

3. Work package - Emulsion-breaking and washing step using density gradient centrifugation

The generation of agarose-solidified double emulsions with both agarose phases not separated
by the surfactant (Pico-Surf™ 1) stabilized fluorocarbon oil (Novec™ 7500) requires an emulsion-
breaking step of the first phase. Otherwise, both agarose phases are oil-separated - a barrier
probably unwanted for some high-throughput assays, since diffusion properties for several
molecules are not completely understood today [12,13]. The emulsion-breaking step is performed
using Pico-Break™ 1, according to the manufacturer's instruction with minor adaptations
(https://spherefluidics.com/wp-content/uploads/2019/03/Pico-Break _User-Guide-March-2019.pdf).
This results in non-oil/surfactant-separated agarose-solidified droplets in an aqueous phase. Separated
environments are still preserved, e.g., for cell cultures, or as in our case bacteria, that have been
encapsulated and got stuck in the solidified agarose of the first phase. However, while working
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A ' Aquedus phase after Pico-Break™ B

Wash 5 G

L% !

Fig. 3. Aqueous phase before (a), in-between (b-g) and after six washing steps consisting of centrifugation and supernatant
exchange. Scale bar: 40 pm.

with bacteria, we observed a huge problem of free swimming non-agarose-attached cells in the
aqueous phase after emulsion-breaking (Fig. 3a). Applying this mixed aqueous phase to the second
encapsulation to add the outer agarose layer, resulted in cross contamination of all solidified droplet-
compartments by free swimming cells. A simple washing step by centrifugation and supernatant
exchange resulted in a reduction of free swimming cells (Fig. 3b-g); however, even after six
repetitions a few of them were observed in the aqueous phase (Fig. 3h). Therefore, a density gradient
centrifugation protocol based on Nycodenz® (Figs. 4, 5a-i) was established to completely separate
the free swimming cells (Fig. 5h) from the agarose-solidified droplets (Fig. 5i) containing non-motile
cells with the following protocol steps:

3.1 Take the 1.5 mL reaction tube containing the first phase (agarose-solidified droplets and oil,
Fig. 5f) and remove as much of the Pico-Surf™ 1 oil (bottom layer) as possible using a standard
pipet. NOTE This reduces the amount of Pico-Break™ 1 necessary to break the w/o-emulsion.

3.2 The droplet layer has a volume of approximately 100 pL. Add 250 pL Pico-Break™ 1 and gently
agitate the mixture by inverting. NOTE The solution turns orange and starts to disperse.

3.3 Centrifuge the sample at 1000 x g for 1 min to disperse the aqueous (clear) and fluorous
(orange) phase.

3.4 Tilt 1.5 mL reaction tube to an angle of 45° and remove most of the orange fluorous phase
using a standard pipet.

Add 500 pL water to the remaining solution in the 1.5 mL reaction tube and transfer it to a
15 mL centrifuge tube. NOTE While working with cell cultures, the water can be exchanged
with specific medium and other components.

3.5 Carefully pipet 2 mL 20% Nycodenz® solution underneath this aqueous phase.

3.6 Carefully pipet 1 mL 30% Nycodenz® solution underneath the 20% Nycodenz® solution. Fig. 5a
depicts how the solution should look like at this step.

3.7 Centrifuge at 2000 x g for 1 min. IMPORTANT Do not centrifuge at higher speed or elongate
this step, otherwise the cell-layer will not be separated from the droplet-layer (Fig. 5b).

3.8 To extract the droplet-layer, place a needle on top of a 1 mL syringe, pierce slowly through
the centrifuge tube beneath the droplet-layer, which is situated on top of the 30% Nycodenz®
solution, and pull out the droplets (Fig. 5¢).

3.9 Transfer the clear content to a fresh 1.5 mL reaction tube.

3.10 Centrifuge the solution at 1000 x g for 1 min and discard the supernatant until 200 mL remain.
NOTE The droplet-layer is hard to spot in a clear solution (Fig. 5d).

3.11 Wash the droplet-layer by adding 1000 mL water (or medium), centrifugation at 1000 x g for

1 min (Fig. 5e) and discard the supernatant until 100 mL are left.

-61 -



Chapter 1 — Microfluidics Publication IT

8 S. Brinkmann, M. Oberpaul and J. Glaeser et al./ MethodsX 8 (2021) 101565

Aqueous phase

| 20% Nycodenz®

: 30% Nycodenz®

Fig. 4. Successful separation of free-swimming cells and agarose-solidified droplets of the first phase using density gradient
centrifugation based on Nycodenz®.

Fig. 5. Droplet-layer extraction after density gradient centrifugation (before (a) and after (b) centrifugation, pierced needle on
droplet-layer level (c), milky droplet pellet in water (d), milky droplet pellet in medium (e)). Microscopic picture of the wjo
emulsion of the first phase before (f) and after Pico-Break™ 1 treatment (g), the cell-layer (h) and the droplet-layer (i) after
density gradient centrifugation. Scale bar: 40 um.
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Fig. 6. Examples of agarose-solidified double emulsions with both phases empty (a), first phase carrying a microcolony of E.
coli DH5¢ derived from a single cell (b-e), and one with dsRed producing E. coli DH5« pFU96 cells in the first phase and GFP

producing E. coli DH5« pFU95 cells in the outer layer (f). Scale Bar: 20 pm.

— At this point, the emulsion of the first phase is broken, the droplet-layer is washed and
potentially free-swimming cells are discarded. The droplet-layer can now directly be used to
be encapsulated a second time to add the second agarose layer.

4. Work package — Generation of double emulsions with an agarose-solidified 2nd phase

This work package is highly similar to the second one, since the same system and chips are used.
The main difference for the production of double emulsions is that a different flow rate on the oil

pump (pump 2) is applied.

4.1 Prepare the loading suspension to obtain double emulsions in a 1.5 mL reaction tube as
following:

e 100 pL 3% (w/v) SeaPrep in water
e ~100 pL droplet-layer of the first phase after work package 3 (oil-free and washed)

4.2 Perform the previously described protocol Steps 2.2 to 2.5.

4.3 Set the flow rates for both pumps 1 and 3 supplying the loaded sample towards the 2-Reagent
microfluidic chip to 2 pL/min and the flow rate for the oil (pump 2) to 15 pL/min. NOTE The
pressure of the oil pump will be in the range of 450-650 mbar and of the water pumps
between 800 and 1100 mbar. A single pump should not exceed 1400 mbar, otherwise the
channel of this pump is blocked. For the troubleshooting of blockages see the ‘iEncapsulator
System User Manual’ (https://www.dolomite-microfluidics.com/support/downloads/).

4.4 Perform the previously described protocol Steps 2.7 to 2.12.

— At this point, agarose-solidified double emulsions (w/wj/o) without an inner oil barrier are
generated and can be analyzed, e.g., using FACS, as previously described for agarose-solidified
droplets of the first phase [13].
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Method validation

Some agarose-solidified double emulsion examples are shown in Fig. 6. They are ~55 pm in
diameter with a volume of ~87 pL and they can be empty (Fig. 6a) or e.g., carry bacteria. In our
case we did experiments with first phases carrying single E. coli DH5« cells, incubated for a few
hours and engulfed with a second agarose layer (Fig. 6b-e). An encapsulation of dsRed producing E.
coli DH5« pFU96 cells in the first phase and GFP producing E. coli DH5« pFU95 cells in the outer layer
(Fig. 6f) shows how cells are distributed in both compartments. Usually the microfluidics setup and
all chemicals are prepared within half an hour. A single encapsulation generating the first or second
phase takes with preparation about 45 min. To safe time between experiments, the emulsion-breaking
and washing step on the next sample can be applied while the microfluidics system runs with another
sample. Therefore, several encapsulation are possible on one day.
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CHAPTER 2 - BACTEROIDETES

Many of the nowadays known anti-infective compound classes were found while screening
microorganisms belonging to the Actinobateria, Firmicutes, Proteobacteria and Myxobacteria.
While many of them are easily accessible under laboratory conditions, NP research faces

constant rediscovery of known anti-infective molecules.

In the scope of this work, the Bacteroidetes phylum, a taxonomic branch not yet intensively
explored in relation to the production of NPs, should be investigated for its potential to
biosynthesize valuable bioactive NPs. Within the publication — “Genomic and Chemical
Decryption of the Bacteroidetes Phylum for Its Potential to Biosynthesize Natural Products” —
genomics and metabolomics technologies have been applied to uncover and highlight multiple
Bacteroidetes genera for extended NP production capabilities. Based on this large in silico and
in vitro generated datasets, the following two publications — “Novel Glycerophospholipid, Lipo-
and N-acyl Amino Acids from Bacteroidetes: Isolation, Structure Elucidation and Bioactivity” and
“Identification, Characterization and Synthesis of Natural Parasitic Cysteine Protease Inhibitors —
Pentacitidins are More Potent Falcitidin Analogs” — depict the large untapped chemical space of
the Bacteroidetes genus Chitinophaga. In total, the identification and characterization of several

novel bioactive NPs has been archived.
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ABSTRACT With progress in genome sequencing and data sharing, 1,000s of bacterial
genomes are publicly available. Genome mining—using bioinformatics tools in terms of
biosynthetic gene cluster (BGC) identification, analysis, and rating—has become a key tech-
nology to explore the capabilities for natural product (NP) biosynthesis. Comprehensively,
analyzing the genetic potential of the phylum Bacteroidetes revealed Chitinophaga as the
most talented genus in terms of BGC abundance and diversity. Guided by the computa-
tional predictions, we conducted a metabolomics and bioactivity driven NP discovery pro-
gram on 25 Chitinophaga strains. High numbers of strain-specific metabolite buckets con-
firmed the upfront predicted biosynthetic potential and revealed a tremendous uncharted
chemical space. Mining this data set, we isolated the new iron chelating nonribosomally
synthesized cyclic tetradeca- and pentadecalipodepsipeptide antibiotics chitinopeptins with
activity against Candida, produced by C eiseniae DSM 22224 and C flava KCTC 62435,
respectively.

IMPORTANCE The development of pipelines for anti-infectives to be applied in plant,
animal, and human health management are dried up. However, the resistance develop-
ment against compounds in use calls for new lead structures. To fill this gap and to
enhance the probability of success for the discovery of new bioactive natural products,
microbial taxa currently underinvestigated must be mined. This study investigates the
potential within the bacterial phylum Bacteroidetes. A combination of omics-technolo-
gies revealed taxonomical hot spots for specialized metabolites. Genome- and metabo-
lome-based analyses showed that the phylum covers a new chemical space compared
with classic natural product producers. Members of the Bacteroidetes may thus present
a promising bioresource for future screening and isolation campaigns.

KEYWORDS natural products, antifungal, NRPS, metabolomics, genomics,
Bacteroidetes

he steady utilization of antimicrobials in all areas affected by human and animal dis-

eases, but also in agriculture, supports the distribution of resistance across all environ-
mental niches (1-4). Consequently, mortality rates accumulate—caused by multiresistant
pathogens not treatable with approved anti-infectives (5). At the same time, approxi-
mately 15% of all crop production is lost to plant pathogen diseases nowadays (6). With
devastating socioeconomic consequences for human health and food supply security, the
increase of antifungal drug resistances has become a global problem (7). To sustain the
medical care and the food supply for a growing population, continued innovation in dis-
covery of new lead anti-infectives with improved activities and/or novel mechanisms of
action is of greatest need (8, 9). Small molecules from biological origin—natural products
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(NPs)—are a rich source of new chemical entities and have always been a major inspira-
tion for the development of anti-infectives and control agents. Between 1981 and 2019,
36.3% of new medicines based on small molecules and approved by the U.S. Food and
Drug Administration (FDA) were NPs, derivatives of those or synthetic compounds that
utilize an NP pharmacophore (10).

A promising NP group is represented by the cyclic lipopeptides (CLPs), sharing a
common structural core composed of a lipid tail linked to a cyclized oligopeptide (11).
CLP biosynthesis is phylogenetically dispersed over the bacterial kingdom. This trans-
lates into an immense structural diversity arising from differences in amino acid
sequences (length, type, configuration, and modification) and the composition of the
fatty acid moiety. Again, these variations result in heterogeneous biological activities
of CLPs and promote their investigation in several research fields (11). For example,
recently isolated isopedopeptins (12) overcome multidrug resistance of Gram-negative
pathogens, while daptomycin (13) (Cubicin), an FDA-approved drug, is marketed for
the treatment of complicated skin and soft tissue infections caused by Gram-positive
bacteria (14). Today, further promising CLPs are already under clinical investigation
and attack multiple molecular targets (11). In contrast, other CLPs like fengycin (15) ex-
hibit an intrinsic antifungal activity (16, 17) and several CLP-producing bacteria have
been registered with the U.S. Environmental Protection Agency (EPA) for their applica-
tion as biocontrol agents (18). Their biosynthesis and production is mostly investigated
in the genera Pseudomonas, Bacillus, and Streptomyces spp. (19). These taxa belong to
the best-studied NP producers. Traditionally, antimicrobial NPs from bacterial origin
had been isolated within large cultivation campaigns on those talented microorgan-
isms. While those genera have delivered the vast majority of structurally different NPs
over the last decades, they represent only a limited phylogenetic diversity (20). In addi-
tion to classical approaches, computational evaluation of genomic data paved the way
to discover novel NPs in a target oriented manner by applying bioinformatics tools for
biosynthetic gene cluster (BGC) identification, analyzation, and rating (21-26). These
approaches provided evidence of a yet not fully exploited biosynthetic potential in
terms of chemical novelty (27-31) certified with complementary metabolomics studies
(32, 33). The predicted level of novelty increases by shifting from classical NP produc-
ing taxa toward a currently still underexplored phylogenetic and chemical space (34,
35). The validity of this dogma in NP discovery was recently shown, e.g., by the discov-
ery of teixobactin (36) and darobactin (37), both produced by rare Proteobacteria.

The Bacteroidetes phylum represents such an underexplored phylogenetic space,
too (34). Although, easy to cultivate and widely spread through all environments (38,
39), there are only a few biologically active molecules described from this taxonomic
clade (e.g., isopedopeptins [12], elansolids [40], pinensins [41], formadicins [42], TAN-
1057A-D [43], katanosins [44], and ariakemicins [45]). Whereas environmental studies
already allowed a first glance at the genetic potential of the phylum (46), there is no
systematic investigation of their actual genetic and metabolic repertoire and the over-
all number of isolated compounds remains low.

Motivated by this gap, we examined the NP biosynthesis potential of the Bacteroidetes
phylum by computational analysis of 600 publicly available genomes for their BGC
amount, type, and diversity. This revealed the accumulation of NP production capability in
terms of BGC amount in certain taxonomic hot spots. The vast majority of Bacteroidetes
BGC of the RiPPs, NRPS, PKS, and hybrid NRPS/PKS classes are unique compared with
BGCs of any other phylum, in turn providing strong evidence of an overall high potential
to discover novel scaffolds from these phylum’s hot spots. Particularly, the genus
Chitinophaga represents an outstanding group, on average encoding 15.7 BGCs per strain
and enriched in NRPS and PKS BGCs. Based on this analysis, we selected 25 members of
this genus for a cultivation and screening program. Our systematic chemotype-barcoding
matrix pointed toward a tremendous chemical space of new NPs within this data set.
Almost no known NPs were identified, strengthening the upfront-performed computa-
tional strain evaluation and selection. Eventually, this process led to the discovery of new
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nonribosomally synthesized cyclic tetradeca- and pentadecalipodepsipeptides with iron
chelating properties and candicidal activity. Those CLPs named chitinopeptins A, B,
C1+C2, and D1+D2 were isolated from C. eiseniae DSM 22224 and C. flava KCTC 62435.
The structures as well as the absolute stereochemistry of all amino acids were elucidated
by extensive NMR studies and advanced Marfey’s Analysis.

RESULTS

Bioinformatics analysis of the phylum Bacteroidetes. The large and diverse phy-
lum Bacteroidetes harbors Gram-stain-negative, chemo-organotrophic, non-spore
forming rod shaped bacteria (47), graded into six so-called classes (48, 49). Members
have colonized all types of habitats, including soil, ocean, freshwater, and the gastroin-
testinal tract of animals (38). Species from the mostly anaerobic Bacteroidia class are
predominantly found in gastrointestinal tracts, while environmental Bacteroidetes
belong primarily to the Flavobacteriia, Cytophagia, Chitinophagia, Saprospiria, and
Sphingobacteriia classes (48, 49). Environmental studies based on amplicon diversity of
adenylation and ketosynthase domains gave a first glance to the genetic potential of
the phylum for the biosynthesis of NPs (46). In order to map the Bacteroidetes phylum
systematically in terms of their BGC potential, we selected publicly available, closed,
and annotated genomes in addition with some whole genome shotgun (WGS) projects
at the time of data processing. In total, 600 genomes were analyzed using the “antibi-
otics and secondary metabolite analysis shell” (antiSMASH 5.0) (50). The determined
total BGC amount as well as specific amount of NRPS, PKS, and hybrid BGCs was
assigned to each single strain and set to the taxonomic context of the Bacteroidetes
phylum, based on a phylogenetic tree calculated on complete 16S rRNA gene sequen-
ces (Fig. 1A). Assigning their BGC amount and types over the phylogenetic tree
enabled comparisons between different classes and genera in terms of BGC amount
and type. In most cases, a small linear positive correlation between genome size and
number of secondary metabolite BGCs per genome is given, a phenomenon known
from other bacteria (51) (Fig. 1A and B).

Mainly bacteria of the classes Bacteroidia and Flavobacteriia, with the smallest average
genome size (3.78 and 3.51 Mbps) and an average BGC amount per strain (1.15 and 3.19
BGCs), display less significance for NP discovery. Exceptions are found in the genera
Kordia (5.33 Mbps and 10 BGCs on average, three unique genomes analyzed [n = 3]) and
Chryseobacteria (4.43 Mbps and 6.19 BGCs on average, n = 48) with up to five BGCs of the
NRPS and/or PKS type. Many strains of these classes are pathogens and inhabit environ-
ments that are characterized by higher stability and lower complexity (e.g., guts) (38). NP
production is an adaptive mechanism providing evolutionary fitness upon changing envi-
ronmental conditions and in the presence of growth competitors (52). In accordance, the
most talented bacterial NP producers, like the Actinomycetes (30) and Myxobacteria (53)
are mainly found in highly competitive environments as e.g., soils. This correlation can
also be seen within the Bacteriodetes phylum. In contrast to the anaerobic and patho-
genic species, a higher BGC load was observed in the freely living and aerobic classes. The
Sphingobacteriia and Cytophagia classes have an average genome size of 5.55 Mbps and
5.57 Mbps respectively, and an average BGC load of 5.79 and 4.63 per strain. An outlier is
the genus Pedobacter with up to 22 BGCs on a single genome. Nevertheless, our analysis
revealed that the Chitinophagia class outcompetes the other phyla members in respect to
BGC amount per genome. Summarized, the class matched up with 11.4 BGCs per strain
and genomes of an average size of 6.64 Mbps. Within this class, the genus Chitinophaga
(n = 47) accumulates a enriched amount of 15.7 BGCs per strain on an average genome
size of 7.51 Mbps. Thirty percent of their BGCs belong to the classes of NRPS and PKS,
including rare trans-AT PKS BGCs. The genus with the second highest BGC load within the
Bacteroidetes phylum is Taibaiella that also belongs to the Chitinophagia class, with a 27%
smaller genome size and on average 19% less BGCs (Fig. 1C and D).

In order to discover novel chemistry, the pure amount of BGCs is of subordinate im-
portance in comparison to the BGCs divergence, predicted to translate into structural
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FIG 1 Bioinformatics analysis of 600 genomes of the phylum Bacteroidetes points toward high biosynthetic genetic potential of the Chitinophagia class. (A)
Consensus tree based on maximume-likelihood method (RAXML model v8 [108], GTR GAMMA with 1,000 bootstraps) of 600 16S rRNA gene sequences color
coded on class level. For each strain the genome size and biosynthetic gene cluster amount and types are depicted. Tree is annotated using iTOL v4 (110).
(B) Correlation of the total gene cluster amount with the genome size of each stain. (C) Analysis of the BGC types in the individual classes. BGC types:

NRPS, nonribosomal peptide; PKS, polyketide; hybrid, cluster containing more than one BGC type; and

other, remaining BGC types not separately listed. (D)

Detailed look onto the most essential BGC types responsible for the production of bioactive NPs. Partial BGCs on contigs <10 kb of WGS projects are not

included in all graphs.

diversity within the encoded metabolites (20, 54). Thus, we expanded the computa-
tional analysis by examining the sequential and compositional similarity of the BGCs
detected in the 600 genomes using the “biosynthetic gene similarity clustering and
prospecting engine” (BiG-SCAPE v1.0.0) (26). BiG-SCAPE creates a distance matrix by
calculating the distance between every pair of BGC in the data set. The distance matrix
combines three metrics, the percentage of shared domain types (Jaccard index), the
similarity between aligned domain sequences (Domain sequence similarity) and
the similarity of domain pair types (Adjacency index). The comparative analysis of the
Bacteroidetes BGCs with the integrated MIBIG (Minimum Information about a
Biosynthetic Gene cluster, v1.4) database (55) enabled their correlation to 1,796-depos-
ited BGCs and consequently the correlation of their synthesized metabolites. In total,
in 415 of the 600 genomes analyzed, 2,594 BGCs were detected and grouped with a
default similarity score cutoff of c = 0.6 into a sequence similarity network with 306
gene cluster families (GCFs). Only 12 GCFs clustered with MiBIG reference BGCs of
known function. Together, those 12 GCFs comprise 11.5% (298 BGCs) of all detected
Bacteroidetes BGCs. Nine of them belonged to the BiG-SCAPE BGC classes of
“PKSother,” “Terpenes,” or “Other.” These GCFs encode known NP classes like biotin,
ectoine, N-acyl glycin, and eicosapentaenoic acid, as well as products of the NRPS-inde-
pendent siderophore (NIS) synthetase type, precisely desferrioxamine and bisucaberin
B (56), forming two connected though distinct clouds (Fig. 2). A Cytophagales specific
GCF of the terpene class includes the MIBiG BGC0000650, encoding the carotenoid
flexixanthin (57). The Bacteroidetes are well known producer of flexirubin-like pig-
ments (aryl polyenes), which is reflected in a conserved biosynthesis across several
genera (58, 59). The flexirubin gene cluster cloud (GCC) covers 268 BGCs from 252
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FIG 2 BiG-SCAPE (26) analysis of the phylum Bacteroidetes highlights a giant uncovered genetic potential. (A) A global network of all depicted gene
cluster families with a cutoff of 0.6. Known ones are marked, named and are identified by known biosynthetic gene cluster (BGC) deposited at MIBIG (all
known and deposited Bacteroidetes BGCs are found). (B) Same BGCs sorted by taxonomy. BiG-SCAPE BGC classes: NRPS, nonribosomal peptide; PKS,
polyketide; and RiPPs, ribosomally synthesized and posttranslational modified peptides. Singeltons (unique BGCs without any connection) are not shown.
Visualization and manipulation by Cytoscape v3.4.0 (113).

individual strains and five of six analyzed classes. In our analysis, only the newly formed
Saprospiria class (49) was an exception. However, considering that the analysis included
only two Saprospiria strains it does not yet allow any integral assessment of its capabilities
to produce these yellow pigments. The flexirubin GCC can be divided into at least five
distinct GCFs. Resolved on class level this revealed a specific Flavobacteriia family including
BGC0000838 from Flavobacterium johnsoniae UW101 (58) as well as a specific Chitinopha-
gia family including BGC0000839 from Chitinophaga pinensis DSM 2588 (59). The latter in
turn being directly connected to a third GCF, in majority covering BGCs from its genus
Chitinophaga while not including a reference BGC.

In addition, the reference BGCs described to encode the bioactive NPs monobactam
SQ 28,332 (60, 61), elansolids (40, 62), and pinensins (41), are annotated to three dis-
tinct GCFs (Fig. 2A). The monobactam BGC (BGC0001672) was unique and only identi-
fied in its described producer strain Flexibacter sp. ATCC 35103. Elansolids and pine-
nsins represent patent protected chemical entities active against Gram-positive
bacteria and filamentous fungi and yeasts, respectively. The complete elansolid encod-
ing BGC (BGC0000178), almost 80 kbp in size, was identified in the genomes of strain
Chitinophaga sp. YR627 and Chitinophaga pinensis DSM 2588 (=DSM 28390 [63]) with
the genetic potential to produce elansolid already proposed for C. pinensis (64) (Fig.
S1A). Besides the original producer strain, Chitinophaga sancti DSM 21134 (65), these
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strains provide alternative bioresources to access these polyketide-derived macrolides.
In addition, both strains also harbor the pinensin BGC directly co-localized with the
elansolid-type BGC. This co-localization leads to an artificial connectivity between both
GCFs by using the chosen BiG-SCAPE parameters. Manual curation revealed six strains
carrying a pinensin-like BGC in their genome in total (Fig. S1B). The alignment of the
RiPP core peptide revealed that only the amino acid sequence from strain
Chitinophaga sp. YR627 was identical to the described pinensin sequence. The other
strains show amino acid sequence variations, pointing toward structural variance (Fig.
S10).

With >200 GCFs identified and only 12 of them annotated toward known BGCs and
their metabolites, the sequential and compositional similarity analysis revealed a BGC
diversity within the Bacteroidetes phylum, differing from the composition of known
BGCs deposited in the MiBIG database.

Extension of this similarity network analysis toward taxonomic relations on phylum
level showed that Bacteroidetes BGC of the RiPPs, NRPS, PKS, and hybrid NRPS/PKS
classes are unique compared with BGCs of any other phylum (Fig. 2B). This in turn pro-
vides a strong evidence of a general high potential to discover novel metabolites from
this phylum. The majority (~66%) of all GCFs belonging to the above-mentioned BGC
classes are found in the Chitinophagia class, only representing 13.7% of the analyzed
strains. Within this class, the genus Chitinophaga can be prioritized in terms of BGC
amount and composition. In respect to many more complete unique and novel RiPP,
NRPS, PKS, and hybrid BGCs thereof (not depicted in the network), this is a strong indi-
cation that the biosynthetic potential within this genus is far from being fully
exploited. It can be considered as the most promising starting point for the discovery
of novel metabolites within this phylum.

Metabolomics of the Chitinophaga. Based on the genomic data evaluation, we
selected the Chitinophaga for performing a bioactivity guided NP discovery program.
NPs are considered to be nonessential metabolites for bacterial growth and reproduc-
tion but rather providing evolutionary fitness, thus, being expressed as adaptive
response to changing environmental conditions. Consequently, the discovered BGC
potential is not expected to translate into the actually produced metabolite pattern
under laboratory conditions (22). A common theme of strategies to approach this chal-
lenging link is the cultivation in several media variants exposing the strains to various
stress conditions, e.g., nutrient depletion (66, 67). As a consequence of nutrient deple-
tion, bacteria enter the stationary phase and reduce or even cease growth, often found
to coincide with induction of secondary metabolite production (66, 68). To trigger
these events, we cultivated a diversity of 25 Chitinophaga strains (Table S1) in five dif-
ferent media for 4 as well as 7 days.

The metabolites were extracted from freeze-dried culture broths with methanol
and the organic extracts were subsequently analyzed by ultra-high performance liquid
chromatography-high resolution mass spectrometry (UHPLC-QTOF-HR-MS). LC-MS
data sets from a total of 250 extracts (and media controls) were examined allowing the
definition of strain-specific molecular features. In an initial step, features (represented
by m/z, retention time, isotope pattern) were calculated within all extracts. Curation of
all data sets was necessary to filter background noise and confirm the authenticity of
defined features. This curation step helped to avoid false uniqueness due to concentra-
tions near the corresponding detection limit and to reduce the possibility of picking
up background noise. Furthermore, the possibility of multiple mass spectrometric fea-
tures for any NP contributes to the complexity of those data sets, e.g., by the formation
of different ion adducts and in-source-generated fragment ions of single molecules.
The final data set consisted of 93,526 features. Those were aligned into 4,188 buckets
with a bucket being defined as an m/z and retention time (RT) region hosting all fea-
tures with matching m/z and RT (69). We created a chemotype-barcoding matrix of
this complex data set, allowing its visualization and evaluation (Fig. 3A). After normal-
ization of the data set by buckets congruent with the media controls (in total 1,452),
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FIG 3 Taxonomical arrayed chemotype-barcoding matrix reveals an uncharted chemical space within the genus Chitinophaga. (A) The tree is based on a
Clustal W alignment (111) of available 16S rRNA gene sequences of 25 Chitinophaga strains available for cultivation. The tree was calculated using MEGA
v7.0.26 with the maximum-likelihood method and GTR-Gamma model (112). Percentage on the tree branches indicate values of 1,000 bootstrap replicates
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unique “metabolite” buckets of each strain. (C) Bar blot depicting the occurrence of “metabolite” buckets in the data sets.

we determined in total 2,736 buckets as representing produced metabolites of the
investigated Chitinophaga set.

The detected buckets were analyzed for presence in all combinations considering
utilized cultivation media and incubation time. They were put in order according to
165 rRNA sequence similarity on strain level. In order to facilitate data interpretation
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and to identify strain specific as well as conserved metabolites, all buckets were sorted
according to their frequency of appearance. Comparative visualization of the short (4 days)
and prolonged (7 days) incubation time revealed differences on the chemotype profile of
the strains. Most strains metabolize the majority of media components within the first 4
days of cultivation, recognized by only a small number of “media buckets” still present in
the extracts after this incubation period. A second population of rather slow-growing
strains appeared to shift the metabolic profile only after 7 days of incubation in compari-
son to the respective media control (e.g., C. caeni KCTC 62265, C. dinghuensis DSM 29821,
C. niastensis DSM 24859, C. barathri, and C. cymbidii). Especially Chitinophaga sp. DSM
18078 required a prolonged incubation time to metabolize the media ingredients, produc-
ing 77.4% more metabolite buckets after 7 days of incubation in comparison to the earlier
sampling time. Within the whole data set, on average 26.6% (92.4) more metabolite buck-
ets were detected after seven than after 4 days of incubation. In contrast, a fraction of bac-
terial metabolite buckets disappeared within the extracts of five strains after prolonged
incubation, showing the necessity to vary cultivation conditions to access a possibly com-
prehensive metabolite profile of each investigated strain. The many media-specific buckets
(colored) compared with the ones being produced in various media (black) also show the
effect of variations of the bacterial nutrient supply (Fig. 3A). In combination with the varied
cultivation period, this led to an average of approximately 46 unique buckets per strain.
Especially C. flava KCTC 62435 and its close relative C. eiseniae DSM 22224 outcompeted
the others by producing 305 and 150 unique metabolite buckets respectively (Fig. 3B), indi-
cating their status as best-in-class producers. In total 1,154 buckets (~42%) of the entire
data set were identified only in one respective strain data set, representing strain-specific
metabolites (Fig. 3C). This high level of strain-specific metabolites shows the heterogeneity
of the investigated strain set. In parallel, this experiment depicts a structural diversity in
terms of molecular size up to 5145.051 Da and covered polarity range (Fig. S2).

Analysis of the conserved metabolites (which includes primary and secondary metabo-
lites) revealed 357 buckets to be present in at least 10 out of the 25 total analyzed strains
while only the low number of seven buckets could be detected within samples of all
Chitinophaga strains investigated. Based on their MS>-fragmentation patterns sharing the
loss of long carbon chains, we postulated a structural relationship between four of them
and assigned them as hitherto unknown (@amino/phospho) lipids.

Next, the complete LC-MS data set was examined for the presence of structurally
characterized microbial NPs (~1,700) deposited in our in-house database on the basis
of accurate m/z, RT, and isotope pattern. The frequency of rediscovery was zero.
Considering the known bias of the database for natural products from classical NP pro-
ducing taxa such as Actinobacteria, Myxobacteria, and fungi, this confirmed the low
congruency toward these taxa, which was also found by our BGC categorization study.
A complementary scan of LC-MS/MS data of the entire data set was compared with in
silico fragments of >40k NPs deposited in the commercial database AntiBase (70).
Congruently, no database-recorded NP was identified within our data set besides falci-
tidin (71), an acyltetrapeptide produced by a Chitinophaga strain. Although this finding
shows the general applicability of this workflow, the underrepresentation of NPs iso-
lated from the phylum Bacteriodetes also in public databases is still a severe limitation
for comprehensive categorization of their omics-data today.

However, as a consequence, these data provided a high confidence level in the investi-
gated strain portfolio and showed that the metabolite spectrum produced by these strains
is largely underexplored and different from the metabolites produced by classical NP pro-
ducer taxa. Even though strains of the genus Chitinophaga are phylogenetically closely
related, they produce a heterogeneity of metabolites; thereby, showing a high number of
strain-specific metabolites, associated with a likelihood for chemical novelty.

Chitinopeptins, new CLPs from C. eiseniae and C. flava. A correlation of those
untapped buckets with antibacterial activity was performed by screening the organic
crude extracts against a panel of opportunistic microbial pathogens. In particular,
methanol extracts of Chitinophaga eiseniae DSM 22224 and Chitinophaga flava KCTC
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FIG 4 Chemical structures of the chitinopeptins A-D. Compounds 1 and 2 are produced by C. eiseniae DSM 22224, compounds 3 to 6 by C. flava KCTC
62435,

62435, the two strains with the highest level of metabolic uniqueness, exhibited strong
activity against Candida albicans FH2173. Bioactivity assay and UHPLC-HR-ESI-MS
guided fractionation led to the identification of six new cyclic lipodepsipeptides. C.
eiseniae produced the two tetradecalipodepsipeptides chitinopeptins A and B (1 and
2) with molecular formulae Cg,H,5,N;,0,4 (1, [M+H]* 1809.0052) and Cg,H;35N;,0,5 (2,
[M+H]* 1794.9907). Whereas C. flava assembled the four pentadecalipodepsipeptides
chitinopeptins C1+C2 and D1+D2 (3 to 6) with molecular formulae CgyH40N;505, (3
and 4, [M+H]* 1882.0177) and Cg3H,3N1505 (5 and 6, [M+H]* 1868.0059) (Fig. 4). All
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compounds were present in the MS spectra as pairs of [M + 3H]** and [M + 2H]?>"
ions (Fig. S3A). All six native peptides appeared to be highly stable, because only poor
yields of fragment ions arose using electrospray ionization source (Fig. S3B), even under
elevated collision energy conditions (up to 55 eV), thereby preventing MS/MS based struc-
ture prediction and structural relationship analysis using molecular networking.

The chemical structures of the six compounds were determined by extensive NMR
studies using 1D-'H, 1D-"3C, DQF-COSY, TOCSY, ROESY, multiplicity edited-HSQC, and
HMBC spectra (Fig. 4). The analysis of the compounds in most “standard” NMR solvents
was hampered by either extreme line broadening (DMSO, MeOH, pyridine) or poor sol-
ubility (H,O, acetone). However, a mixture of H,O and CD,CN (ratio 1:1) gave rise to
NMR spectra of high quality and confirmed the presence of peptides. In order to obtain
a good dispersion of the amide resonances, 'H-spectra were acquired at different tem-
peratures between 290 and 305 K. A temperature of 299 K or 300 K, respectively, was
found to be the best compromise considering signal dispersion and line broadening
(Fig. S4 to 31 and Table S2 and S3).

The first compound to be studied was chitinopeptin A. The analysis of the NMR
spectra revealed the presence of several canonical amino acids (1 Thr, 1 Ala, 1 lle, 1 Ser,
1 Lys, and 2 Leu), and several hydroxylated amino acids (3 8-OH Asp, 1 B-OH Phe, 1
B-OH lle). In addition, one N-methyl Val and one 2,3-diaminopropionic acid (Dap) moi-
ety could be assigned. The sequence of the amino acids was established by correla-
tions in the ROESY (NH/NH,, ;, NH,, ;/Hea;) and HMBC spectrum (C'/NH, ,). The forma-
tion of a cyclic peptide was indicated by the 'H-chemical shift of the B-proton of the
Thr residue in position 2 (5.23 ppm) and the correlation in the HMBC spectrum
between the carbonyl carbon of the C-terminal B-OH lle (position 14) and the B-pro-
ton of the Thr residue.

Aside from the amino acids, a modified fatty acid residue was identified which
could be described as 2,9-dimethyl-3-amino decanoic acid. Correlations in the HMBC
spectrum between the carboxyl carbon (C1) and the N-methyl group of the N-methyl
Val proved its position at the N-terminus of the peptide. The structure of chitinopeptin
B was almost identical to the structure of CLP 1. The only difference was the substitu-
tion of the 2,9-dimethyl-3-amino decanoic acid by 3-amino-9-methyl decanoic acid.

CLPs 3 and 4 were isolated as a 5:4 mixture of two components. One of the main
differences compared with the structures above was an additional Dap residue, which
was inserted between the fatty acid moiety and N-methyl Val. Both components con-
tain an lle instead of a Leu (CLPs 1 and 2) at position 10. Furthermore, the 2,9-di-
methyl-3-amino decanoic acid is replaced by a 3-hydroxy-9-methyl decanoic acid. The
two components 3 and 4 differ in the constitution of the Dap in position 9. In one com-
ponent 4, the peptide bond between the a-amino function and the carbonyl group of
Lys is formed, while in the other component 3, the 8-amino group (side chain) is con-
nected to the carbonyl group of Lys. The same pair of structures as for CLPs 3 and 4 is
obtained in the case of CLPs 5 and 6. In contrast to the previous ones, both compo-
nents contain a Val in position 10 instead of Leu or lle, respectively.

The absolute stereochemistry of the amino acids in the CLPs was determined by using
advanced Marfey’s Analysis (72). Comparison of the RTs with (commercially available) refer-
ence amino acids allowed identification of nine out of 14 (CLPs 1 and 2) and 10 out of 15
amino acids (CLPs 3-6), respectively. RTs of N-methyl--Val, p-allo-Thr, p-Ala, p-allo-lle (2 x for
CLPs 3 and 4), .-Ser, p-Lys, 1-Dap (2x for CLPs 3 to 6), p-Leu (only CLPs 1 and 2), L-Leu, and
p-Val (only CLPs 5 and 6) matched the reference ones. Assigning - as well as p-leucine within
structures 1 and 2 to position 13 and 10, respectively, was possible because position 10 was
the only variable position in all six depsipeptides. Either lle (CLPs 3 and 4) or Val (CLPs 5 and
6) were identified at this position with all amino acids having p-configuration. Therefore, it
can be assumed that p-Leu is present at position 10 in CLPs 1 and 2 (Fig. S32 and 33).

Authentic samples of the B-hydroxyamino acids or suitable precursors were synthe-
sized utilizing modified literature known procedures. All four stereoisomers of B-hydrox-
yaspartic acid were obtained from (—)-dibenzyl p-tartrate or (+)-dibenzyl L-tartrate,
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respectively, according to a procedure described by Breuning et al. (73). While the anti-
isomers are directly accessible, the syn-isomers were obtained by selective base-induced
epimerization of the azido-intermediates and separation of the two isomers by HPLC. Cbz-
protected -isomers of the B-hydroxyphenylalanines and B-hydroxyisoleucines were syn-
thesized starting from an orthoester protected L-serine aldehyde, initially described by
Blaskovich and Lajoie (74-76). To cover the corresponding p-isomers for analytical pur-
poses, racemic samples of the amino acids were produced by racemization of the
orthoester protected L-serine aldehyde by simple chromatography on silica (74). Advanced
Marfey's Analysis determined (25,35)-3-hydroxyaspartic acid, (25,3R)-3-hydroxyphenylala-
nine and (2S,3R)-3-hydroxyisoleucine as the absolute stereochemistry of B-hydroxyamino
acids for all six CLPs (Fig. S34 to 36).

To the best of our knowledge, these represent the first CLPs described from the genus
Chitinophaga and after the recently described isopedopeptins (12), the second CLP family
of the entire phylum. They contain a high number of non-proteinogenic amino acids (i.e.,
12 of 14 amino acids in CLPs 1 and 2, and 13 of 15 in CLPs 3 to 6). Beta-hydroxylations of
Asp, Phe, and lle are the most abundant modifications and N-methyl Val and Dap are
incorporated into the peptide backbone. Furthermore, during LC-MS analysis, a mass shift
of 52.908 Da accompanied with an emerging UV maximum at 310 nm, as well as a shift
in RT was observed for compounds 1 to 6. This traced back to the coordination of the
compounds to iron impurities during LC-analysis, which was confirmed by the addition of
Fe(ll)-citrate to the compounds prior to LC-MS analysis (Fig. S37). We postulated that the
RT shift is due to a conformational change and altered polarities as a consequence of iron
complexation. Iron coordination is a known feature of siderophores, produced by bacteria
upon low iron stress (77). To investigate the impact of iron on the CLPs production, CLP
1C. eiseniae was cultured in 3018 medium (for composition see Materials and Methods
section) supplemented with different iron concentrations. However, the overall produc-
tion of CLPs 1 and 2 and their iron complexes was not repressed by increased iron levels,
contrasting the iron-responsive productivity of classical siderophores (Fig. S38).

Chitinopeptins A to D were tested against eight Gram-negative and five Gram-posi-
tive bacteria, as well as against three filamentous fungi and C. albicans (Table S4). For
all tested CLPs, activity was observed against M. catarrhalis ATCC 25238 and B. subtilis
DSM 10, exhibiting MICs down to 2 ug/mL. The tetradecalipodepsipeptides 1 and 2
exhibited activity at 4 to 8 ug/mL against C. albicans FH2173, while the pentadecalipo-
depsipeptides exhibited MICs of only 16 wg/mL. Screenings against filamentous fungi
revealed MICs of 16 ug/mL against Z. tritici MUCL45407, while no activity was observed
against A. flavus ATCC 9170 and F. oxysporum ATCC 7601. To investigate the impact of
iron-binding on the bioactivity, CLP 1 was tested as a representative also in its iron com-
plexed form confirmed by LC-MS analysis (Fig. S37). This revealed that the bioactive po-
tency of the iron complex is reduced in comparison to its iron free form, although not com-
pletely suppressed (Table S4).

BGCs corresponding to chitinopeptins. In order to identify the BGCs encoding
the chitinopeptins’ biosynthesis, we scanned the genomes of C. eiseniae (FUWZ01.1)
and C. flava (QFFJ01.1) for NRPS-type BGCs matching the structural features of the mol-
ecules. The number and predicted substrate specificity of the A-domains, the overall com-
position of the NRPS assembly line, as well as precursor supply and post-assembly modifi-
cations were taken into account. We identified the BGCs in C. eiseniae and C. flava
congruent to the CLP structure in each case (Fig. 5A). Furthermore, the positioning of all
epimerization domains within the detected NRPS genes, encoding the conversion of - to
p-amino acids, is in agreement with the determined stereochemistry of the molecules.
Thereby, the domains are classically embedded in the NRPS assembly lines. No racemase(s)
encoded in trans or C domains catalyzing the conversion of amino acids, are observed as it
is the case e.g., in the BGC of the stechlisins, CLPs produced by Pseudomonas sp. (78).

In our BiG-SCAPE network, these BGCs from C. eiseniae and C. flava were part of a GCF,
and manual inspection confirmed two further related BGCs within the genomes of C. oryzi-
terrae JCM16595 (WRXO01.1) and C. niastensis DSM 24859 (PYAWO1.1) (Fig. 5B). Besides the
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FIG 5 Biosynthetic gene clusters responsible for the production of chitinopeptin A to Dand further derivatives. (A) BGCs of strains C. eiseniae, C. flava,
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structural NRPS genes, further genes are conserved between all four BGCs, predicted to
encode an ATP-binding cassette (ABC) transporter, a transcription factor, an S8 family ser-
ine peptidase, a thioester reductase domain, and a metal B-lactamase fold metallo-hydro-
lase. The biosynthesis of these CLPs requires a B-hydroxylation tailoring reaction of the
precursor Asp, Phe, and lle. This structural feature is also present in chloramphenicol and
its biosynthesis was shown to be catalyzed by the diiron-monooxygenase CmlA that cata-
lyzes substrate hydroxylation by dioxygen activation. CmIA coordinates two metal ions
within a His-X-His-X-Asp-His motif and possesses a thioester reductase domain (79). Both
features are also present in all four detected BGCs, encoded by two separate genes anno-
tated as thioester reductase domain and metal S-lactamase fold metallo-hydrolase (gene
3 and 4) (Fig. 5B and Table S5). Moreover, all four BGCs contain genes with sequence simi-
larity to sbnA and sbnB, encoding enzymes that catalyze the synthesis of the non-proteino-
genic amino acid Dap (80, 81) (Table S6). The presence of genes encoding for supply with
precursor amino acid(s) is a common feature in BGCs corresponding to NPs described in
the Firmicutes and Actinobacteria phyla (82-87). Interestingly, within the BGC of C. eiseniae
a sbnB homologue is missing. To rule out an error during genome sequencing, assembly,
and annotation, we amplified the respective section by PCR and confirmed the published
genome sequence. However, not encoded in cis, C. eiseniae carries further sbnA and sbnB
homologues. These are encoded in other NRPS-type BGCs (FUWZ01000006, location:
555,550 to 557,479 and FUWZ01000004, location: 273,583 to 275,522) and potentially func-
tion in trans to compensate the absence of the gene within the chitinopeptin A and B
BGC. In general, we observed that the Dap subcluster sbnA/B is an abundant genetic fea-
ture of Bacteroidetes secondary metabolism, present in many BGCs. This is not restricted to
Chitinophaga, but expanded to different genera and in consequence, a structural feature
of Bacteroidetes NPs predictively found with high frequency. Indeed, Dap moieties are
present in the known antibacterial Bacteroidetes compounds isopedopeptins (12) and
TAN-1057 A to D (43).

Considering the composition of the structural NRPS genes in terms of A domain
number as well as predicted A domain substrate specificity (88), we propose that C.
oryziterrae and C. niastensis carry the potential to provide additional structural variety
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to the chitinopeptins (Table S7). The NRPS gene of C. niastensis encodes 16 A-domain-
containing modules, predictably producing hexadecapeptides. Furthermore, an initial
PKSI module replaces the C-starter domains present in the three other BGCs of this
GCF. This points toward to an attachment of carboxylic acid residues to the peptide
scaffold, resulting in further compound diversification. While C. oryziterrae was not
available for cultivation, we inspected the extracts of C. niastensis for putative further
CLPs. Indeed, although only detected in traces, possible products could be identified
based on comparable RTs and isotope patterns with m/z of 680.9817 [M + 3H]** and
685.6545 [M + 3H]*" (Fig. S39).

DISCUSSION

Mining microbes for their secondary/specialized metabolites continues to be an
essential and valuable part of drug discovery pipelines. With the constant rediscovery
of already known NPs, the past decades are representative for the limitations of classi-
cal approaches focusing on the most talented producer taxa that only represent a lim-
ited phylogenetic space of the bacterial kingdom (34). However, the microbial diversity
is growing with each new phylum added to the tree of life (20). In parallel, rapid
improvements of resolution and accuracy allowed us to apply technologically more
complex metabolomics- and genomics-guided methods to mine nature (24, 25, 31,
33). Genomics-guided methods predict the strains phenotype and their theoretical
ability to produce metabolites, based on identified BGCs and their consecutive prioriti-
zation (23). Complementary omic-technologies, especially metabolomics enable the
sophisticated characterization of the strains’ chemotypes, the actually detected metab-
olites. Standalone or applied sequentially, both technologies already made a strong
impact on the field of NPs. (Semi)automatized combinations of genomics and metabo-
lomics are under development and aim to establish a direct link between the biosyn-
thetic potential of microbial strains and their actually expressed metabolites (29, 33,
89). The basis for this was built over the last years and gave evidence that those tools
are as powerful as their underlying training data sets (90).

In the future, these approaches will likely support the field by promoting reduction of
rediscovery rates and in turn allowing efficient sample prioritization with respect to the tar-
get molecules of the respective studies (91). Until today, these approaches were primarily
applied on big data sets from well-known NP producing taxa such as Actinobacteria or
Myxobaceria (29, 30). These studies enabled technology development, while directly
expanding the overall knowledge on the still available chemical space of these taxa as well
as the identification of novel secondary metabolites or derivatives of known ones. Here, we
translated this approach of application of complementary omics-technologies for the first
time to the currently still underexplored Bacteroidetes phylum. The comprehensive com-
putational analysis of publicly available Bacteroidetes genomes revealed the Chitinophaga
as the most promising genus in terms of NP production capabilities. The genome-wide
evaluation of 47 Chitinophaga strains showed the presence of 15.7 BGCs on average, with
a minimum of six and a maximum of 31 BGC. Although the number of detected BGCs is
strongly dependent on the utilized bioinformatics tools and chosen settings, the most tal-
ented Chitinophaga competed with the BGC loads of some Actinobacteria (92). Moreover,
the variation of BGC amount within a genus is a known phenomenon and also observed
e.g., in the Amycolatopsis genus (93).

The Dictionary of Natural Products (DNP) (94) (status 01/2021) contains only 14 entries
ascribed to the genus Chitinophaga. This does not reflect their predicted genetic potential,
because e.g,, for the genus Streptomyces, 8,969 chemical entities are deposited. The extrapola-
tion of the approximately doubled BGC load of Streptomyces (25-70 BGCs) (51) results in ~650
times more chemical entries, a theoretical gap that justifies efforts to investigate the metabolic
repertoire of the genus Chitinophaga. Our metabolomics analysis of 25 Chitinophaga strains
confirmed the genomic and database-based prediction by empirical data. The identified
chemical space is represented by more than 1,000 unique and unknown candidates that
could not been associated to any microbial NP known today. Specialized metabolites do not
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have a pivotal role in the survival of the microorganism. They are considered not essential for
vegetative growth, as well as reproduction, but to give a fitness advantage in specialized
growth conditions. As a consequence of that, these metabolites are not constantly expressed,
but rather as a specific response to defined environmental conditions. Their production occurs
generally in a growth-phase dependent manner and often coinciding with reduction in bacte-
rial growth rate or even growth cessation mainly based on nutrient depletion (68). The strat-
egy to challenge the microorganisms by varying cultivation conditions and incubation times
successfully translated also in the genus Chitinophaga toward an increased metabolite diver-
sity. This shows the need to adjust the cultivation time to the specific growth pace of the
investigated strains. The uniqueness and value of this data set compares with data sets gath-
ered by metabolomics studies of well-known NP producer taxa. Although comparability of
such extensive approaches is challenging due to different data set size, composition as well as
technical devices and settings, the detection of bucket/metabolite numbers per strain in our
Chitinophaga strain set shows a similar range compared with the ones described for different
Myxobacteria genera (32). One striking difference however, is the lack of dereplicated known
metabolites, which can be explained by their underrepresentation in all reference databases
utilized in this study for data categorization. This is likely due to the fact that investigations of
the genus Chitinophaga and the Bacteroidetes phylum itself have just started.

In conclusion, our analysis reveals that the Bacteroidetes phylum has a distinct met-
abolic repertoire compared with classical NP producer taxa, indicated by the small
overlapping taxonomic relationship of their GCFs. Eventually, our combinatorial
approach in utilizing genomics and metabolomics facilitated the genus and strain pri-
oritization and paved the way for the discovery of the chitinopeptins A to D. These
NRPS-assembled CLPs exhibit primarily activity against Candida albicans and were
found to coordinate iron. Binding of metal ions is a feature also described for other
CLPs such as pseudofactin I, which displays an increased antimicrobial activity upon
metal-coordination due to disruption of the cytoplasmic membrane in its chelated
state (95). In general, it is known that individual CLPs possess multiple functions such
as iron chelation, antimicrobial activity, and interaction in bacterial motility (19).

Incidences of fungal infections, including candidiasis caused by Candida species,
are increasing (96). Currently, clinically used antifungals are limited to four classes:
azoles, polyenes, echinocandins, and pyrimidine analogs. Associated with occurrence
and spreading of resistances, this leads to alarmingly decreased treatment success and
increased possibilities of fatal outcomes (97). This development clearly demands coun-
teraction. One possible way to use is the constant discovery of NPs with novel antifun-
gal activity. The chitinopeptins share properties with the NP family of CLPs that exhibit
an intrinsic antifungal activity. Mode of action studies for these compounds suggest a
membrane interaction and leakage effects up to pore-forming properties (98-101).
Although certain pharmacological properties, such as metabolic stability and cell per-
meability, represent major challenges for drug development (102), their application as
e.g., biocontrol agents and food preservatives is under investigation or already reached
commercialization (16, 103). The chitinopeptins thereby exhibit similar activities
against Candida as CLPs of the surfactin or iturin (104) and fengycin (15) group. Further
studies are necessary to investigate their specific activity profile.

MATERIALS AND METHODS

Genomic data processing. Genomic data were collected until January 2021. To that date, almost all
publicly, complete, and annotated genomes in addition with some WGS projects (<100 scaffolds) of the
phylum Bacteroidetes (600 genomes in total, Table S8) were analyzed using antiSMASH 5.0 (50) and BiG-
SCAPE v1.0.0 (26). All Bacteroidetes genome sequences used in this study were downloaded from the
National Center for Biotechnology Information (NCBI) database or the Department of Energy (DOE) Joint
Genome Institute-Integrated Microbial Genomes & Microbiomes (JGI IMG) database (105, 106). The data
set consists of all six phylogenetic classes with the following distribution: Bacteroidia 18% (n = 108),
Chitinophagia 13.7% (n = 82), Cytophagia 11.5% (n = 69), Flavobacteriia 50.2% (n = 301), Saprospiria 0.3%
(n = 2), Sphingobacteriia 6.3% (n = 37).

Phylogenetic tree reconstruction. For the phylogenetic tree of the complete Bacteroidetes phylum,
we aligned the extracted 165 rRNA genes from each genome assembly using MAFFT (107). A maximum
likelihood phylogeny was built based on the 165 rRNA genes using the program RAXML v.8.2.11 (108) with
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a general time reversible (GTR) nucleotide substitution model (109) and 1,000 bootstrap replicates. We used
the Interactive Tree of Life (iToL v4) (110) to visualize the phylogenetic tree. The labels of each branch are
color-coded by class level. A strip data set represents the genome size of each strain, from light gray for
small sizes to black for large genomes. A multivalue bar chart placed around the tree displays the total BGC
amount of each strain, in parallel highlighting the specific amount of NRPS, PKS, and the hybrid BGCs of
both types. Partial BGCs on contigs <10 kb of WGS projects are not included in this analysis.

The phylogenetic tree of the genus Chitinophaga is based on a clustal W alignment (111) of available
16S rRNA gene sequences of 25 Chitinophaga strains available for cultivation. The tree was calculated
using MEGA v7.0.26 with the maximum-likelihood method and GTR-Gamma model (112). Percentage on
the tree branches indicate values of 1,000 bootstrap replicates with a bootstrap support of more than
50%. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site.

BiG-SCAPE-CORASON analysis. Individual .gb files were processed using antiSMASH 5.0, including
the ClusterFinder border prediction algorithm to automatically trim BGCs where gene cluster borders were
possible to predict (23, 50). The “hybrids” mode of BiG-SCAPE v1.0.0 (26), which allows BGCs with mixed
annotations to be analyzed together, was enabled. Several cutoffs of 0.1 to 0.9 were tested. After manual
inspection, the network with a cutoff of 0.6 was visualized and annotated using Cytoscape v3.6.0 (113).

Mass spectrometric analysis. 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) was used for all UHPLC-QTOF-HR-MS and MS/MS measurements. C18 RP-UHPLC (ACQUITY
UPLC BEH C18 column [130 A, 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: H,0, 0.1% HCOOH; B: CH,CN, 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 N, at
1072 mbar. Precursors were excluded after two spectra, released after 0.5 min and reconsidered if the in-
tensity of an excluded precursor increased by factor 1.5 or more.

Chemotype-barcoding matrix. (i) Raw data processing. Raw data processing was performed with
DataAnalysis 4.4 (Bruker) using recalibration with sodium formate. RecalculateLinespectra with two
thresholds (10,000 and 20,000) and subsequent FindMolecularFeatures (0.5 to 25 min, S/N = 0, minimal
compound length = 8 spectra, smoothing width = 2, correlation coefficient threshold = 0.7) was per-
formed. Bucketing was performed using ProfileAnalysis 2.3 (Bruker; 30 to 1,080 s, 100 to 6,000 m/z,
Advanced Bucketing with 24 s 5 ppm, no transformation, Bucketing basis = H).

(ii) Data management. The complete data set was copied and processed with both line spectra
thresholds (10,000 and 20,000). Bucketing was performed on both sets at the same time, resulting in
one table containing all buckets deemed identical for every sample (under both thresholds). This table
was subsequently curated: Buckets were only deemed present, if they were detected in the 20,000 sam-
ples (4,707 buckets did not meet this criteria and were deleted). To avoid “uniqueness” due to com-
pounds being just above the detection threshold, entries from the 10,000 set were used for these buck-
ets, the 20,000 entries were deleted. Eight buckets were not filled in this table and were subsequently
deleted, resulting in a final table of 278 samples with 4,188 buckets.

For preparation of the barcode, for each strain (and combined control) and fermentation length (4
and 7 days) how often each bucket was present was analyzed. Because media controls were repeated
several times (instead of once per strain/duration combination), they were combined first. Each bucket
present in one of the control/time/media combinations was deemed present.

Classifications were “more than one” for buckets present in two or more media; “media X" for buck-
ets present in only one media and “none” for all not present at that strain/duration combination. This ta-
ble is the input table for the barcode matrix. For each strain, it was calculated if a bucket was present in
at least one of its media/duration combinations. Subsequently, how many strains (excluding media con-
trols) each bucket was present was calculated.

To achieve a readable representation, the buckets in the input table were sorted (after transforma-
tion/rotation) (i) (alphabetically) for each sample (for defragmentation of media), (ii) (decreasing) for the
number of strains in which the bucket is present, and (iii) presence in any of the control conditions.
Visualization was performed with the R-script deposited in the SI. All MS and MS/MS-raw data and used
data sets are deposited at http://dx.doi.org/10.24406/fordatis/188.

Cultivation and screening conditions. (i) Bacterial strains and culture conditions. All 25
Chitinophaga strains used for this study (Table S1) were purchased from Deutsche Sammlung von
Mikroorganismen und Zellkulturen (DMSZ) and Korean Collection for Type Cultures (KCTC). Strains were
inoculated in 50 mL R2A (114) (HiMedia Laboratories, LLC.) in 300-mL flasks and incubated for 3 days,
then 2% (vol/vol) culture volume was used to inoculate the main cultures (50 mL media/300 mL flask),
incubated at 28°C with agitation at 180 rpm for 4 or 7 days. R2A, 3018 (1 g/L yeast extract, 5 g/L
Casitone, pH 7.0, 24 mM N-acetylglucosamine added after autoclaving), 5294 (10 g/L soluble starch, 10 g/
L glucose, 10 g/L glycerol 99%, 2.5 g/L liquid corn steep, 5 g/L peptone, 2 g/L yeast extract, 1 g/L NaCl, 3
g/L CaCO3, pH 7.2), 3021 (10 g/L glucose, 10 g/L chitin, 5 g/L soy flour, 5 g/L casein peptone, pH 7.0),
and 5065 (15 g/L soluble starch, 10 g/L glucose, 10 g/L soy flour, 1 g/L yeast extract, 0.1 g/L K2HPO4, 3
g/L NaCl, pH 7.4) supplemented with 1 mL/L SL-10 trace element solution (115) and 3 mL/L vitamin solu-
tion (added after autoclaving, VL-55 medium, DSMZ) were used as main culture media.

(ii) Screening conditions. Freeze-dried cultures were extracted with 40-mL MeOH, dried and resus-
pended in 1-mL MeOH to generate 50x concentrated extracts, partially used for extract analysis by
UHPLC-HR-MS (details in MS analysis part). An aliquot of 150 ulL of each extract was dried again and

Month YYYY Volume XX Issue XX

Publication III

Microbiology Spectrum

10.1128/spectrum.02479-21 15

-81-



Chapter 2 — Bacteroidetes

Natural Products—Decryption of the Bacteroidetes

resuspended in 75 L DMSO, resulting in 100x concentrated extracts. Four concentrations (1x, 0.5x, and
0.25x twice) of each extract were screened in 384-well plate format (20 uL assay volume) supported by
liquid handling robots (Analytik Jena CyBio Well 96/384 CYBIO SW-CYBI, Thermo Fisher Scientific Matrix
Wellmate and Multidrop). Assay plates were inoculated with 20,000 CFU/mL from overnight precultures
(100-mL flasks filled with 30-mL cation adjusted Mueller-Hinton Il Broth [MHIIB, BD Difco], 37°C) diluted
in MHIIB of Escherichia coli ATCC 35218, E. coli ATCC 25922 ATolC, Pseudomonas aeruginosa ATCC 27853,
Klebsiella pneumoniae ATCC 13883, or Staphylococcus aureus ATCC 25923 and incubated at 37°C over-
night. The protocol was adapted to an inoculum of 100,000 CFU/mL for Mycobacterium smegmatis ATCC
607, Candida albicans FH2173, and 50,000 spores/mL from a spore solution for Aspergillus flavus ATCC
9170. Brain heart infusion (BHI) broth supplemented with 1% (vol/vol) Tween 80 for M. smegmatis and
MHIIB for A. flavus and C. albicans were used. Pre-cultures and main-cultures were incubated at 37°C for 2
days, except the pre-culture of C. albicans was incubated at 28°C. All assay plates and pre-cultures were
incubated with agitation at 180 rpm and controlled humidity (80% RH) to prevent evaporation. Active
extracts were defined as >80% growth inhibition compared with the controls. Optical density (600 nm) or
for A. flavus, C. albicans, and M. smegmatis a quantitative ATP assay (BacTiter-Glo, Promega) based on the
resulting relative light units, both measured with a LUMIstar OPTIMA Microplate Luminometer (BMG
LABTECH), was used according to the manufacture’s protocol to detect growth inhibition. UHPLC-HR-ESI-
MS guided fractionation helped to identify and dereplicate possible active molecules within crude extracts.

Strain fermentation and purification of chitinopeptins. C. eiseniae DSM 22224 and C. flava KCTC
62435 were inoculated from plate (R2A) in 300-mL Erlenmeyer flasks filled with 100 mL R2A and incu-
bated at 28°C with agitation at 180 rpm for 3 days. Followed by 20 L fermentations (separated in 500 mL
culture volume per 2 L flasks) in 3018-medium inoculated with 2% (vol/vol) pre-culture, incubated under
the same conditions for 4 days, and subsequently freeze-dried. Dried cultures were extracted with one-
time culture volume MeOH. The extracts were evaporated to dryness using rotary evaporation under
reduced pressure, resuspened in 3 L of 10% MeOH/H,O, and loaded onto a XAD16N column (1 L bed
volume). Step-wise elution with 10%, 40%, 60%, 80%, and 100% MeOH (two-times bed volume each)
was performed. The 80% and 100% fractions containing chitinopeptins were subjected to preparative
followed by semi-preparative reverse-phase high-performance liquid chromatography (RP-HPLC) on C18
columns (preparative HPLC: Synergi 4 um Fusion-RP 80 A [250 x 21.2 mm]; semi-preparative-HPLC:
Synergi 4 um Fusion-RP 80 A [250 x 10 mm], mobile phase: CH,CN/H,0 + 0.1% HCOOH) using linear
gradients of 5% to 95% organic in 40 min. Final purification was achieved using UHPLC on a ACQUITY
UPLC BEH C18 column (130 A, 1.7 um, 100 x 2.1 mm) with the same mobile phase and a linear gradient
of 30% to 60% organic in 18 min. After each step, fractions containing chitinopeptins were evaporated
to dryness using a high performance evaporator (Genevac HT-12).

Chitinopeptin A (1). White, amorphous powder; [ oz]éo = —27.6° (c = 0.11, CH,0H); LC-UV (CH;CN in
H,O + 0.1% HCOOH) Amax 220 nm; ""NMR and "3C-NMR data, see Table S2 and S3; HR-MS (ESI-TOF) m/z
(M+H)* calcd for Cg,H, 6N, ,0,, 1809.0037, found 1809.0052.

Chitinopeptin B (2). White, amorphous powder; | a]éo =-21.0° (c = 0.16, CH,0H); LC-UV [(CH,CN in
H,0 + 0.1% HCOOH)] Amax 222 nm; "HNMR 3nd 13C-NMR data, see Table S2 and S3; HR-MS (ESI-TOF) m/z
[M+H]™ caled for CgH,5¢N,,0,5 1794.9880, found 1794.9907.

Chitinopeptin C1+C2 (3 and 4). Slightly yellowish, amorphous powder; LC-UV [(CH,CN in
H,O + 0.1% HCOOH)] Amax 219 nm; '"NMR and *C-NMR data, see Table S2 and S3; HR-MS (ESI-TOF) m/z
[M+H]* calcd for Cg,H, N, 40,, 1882.0061, found 1882.0177.

Chitinopeptin D1+D2 (5 and 6). Slightly yellowish, amorphous powder; LC-UV [(CH,CN in
H,O + 0.1% HCOOH)] Amax 221 nm; ""NMR and '*C-NMR data, see Table S2 and S3; HR-MS (ESI-TOF) m/z
[M+H]™ calcd for Cg3H,30N,505, 1867.9905, found 1868.0059.

Structure elucidation. (i) NMR studies. NMR spectra of chitinopeptin A (1) were acquired on a
Bruker AVANCE 700 spectrometer operating at a proton frequency of 700.13 MHz and a '*C-carbon fre-
quency of 176.05 MHz. NMR spectra of the remaining compounds were recorded on a Bruker AVANCE
500 spectrometer operating at a proton frequency of 500.30 MHz and a '*C-carbon frequency of
125.82 MHz. Both instruments were equipped with a 5 mm TCl cryo probe. For structure elucidation and
assignment of proton and carbon resonances 1D-'H, 1D-"3C, DQF-COSY, TOCSY (mixing time 80 ms),
ROESY (mixing time 150 ms), multiplicity edited-HSQC, and HMBC spectra were acquired. The raw data
is deposited at http://dx.doi.org/10.24406/fordatis/188.

Homonuclear experiments (1D-'H, DQF-COSY, TOCSY, ROESY) were acquired in a mixture of H,0 and
CD,CN in a ratio of 1:1. 1D-"3C, HSQC, and HMBC spectra were acquired in a mixture of D,0 and CD,CN
in a ratio of 1:1. In the case of CLP 1 the HMBC spectrum has also been acquired in H,0/CD,CN. "H-chem-
ical shifts were referenced to sodium-3-(Trimethylsilyl)propionate-2,2,3,3-d,. "*C-chemical shifts were ref-
erenced to the solvent signal (CDsCN, "*C: 1.30 ppm).

(ii) Advanced Marfey’s analysis. The absolute configuration of all amino acids was determined by
derivatization using Marfey’s reagent (72). Stock solutions of amino acid standards (50 mM in H,0),
NaHCO, (1 M in H,0), and N_-(2,4-dinitro-5-fluorophenyl)-L-valinamide (L-FDVA, 70 mM in acetone) were
prepared. Commercially available and synthesized standards were derivatized using molar ratios of
amino acid to FDVA and NaHCO, (1/1.4/8). After stirring at 40°C for 3 h, 1 M HCl was added to obtain
concentration of 170 mM to end the reaction. Samples were subsequently evaporated to dryness and
dissolved in DMSO (final concentration 50 mM). L- and p-amino acids were analyzed separately using
C18 RP-UHPLC-MS (A: H,0, 0.1% HCOOH; B: CH,CN, 0.1% HCOOH; flow rate: 0.6 mL/min). A linear gradi-
ent of 15% to 75% B in 35 min was applied to separate all commercially available amino acid standards
except of - and p-allo-lle. Separation of p- and p-allo-lle was archived using chiral HPLC (CHIRALPAK IC,
1 mL/min, 75% n-hexane, 25% isopropyl alcohol, 0.2% HCOOH). Prepared Marfey’s adducts of synthesized
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B-hydroxyaspartic acids were analyzed using C18 RP-UHPLC-MS with a linear gradient of 5% to 20% B in
18 min. For the determination of stereochemistry of B-hydroxyphenylalanines and B-hydroxyisoleucines,
Cbz-protected intermediates were directly subjected to acidic hydrolysis (6 M HCl, 2h, 120°C) and subse-
quent treatment with Marfey’s reagent on analytical scale as described before after drying. Marfey’s adducts
were analyzed using C18 RP-UHPLC-MS with 5% to 40% B in 18 min.

Total hydrolysis of the chitinopeptins A to D was carried out by dissolving 250 ug of each peptide in
6 M DCl in D,O and stirring for 7 h at 160°C. The samples were subsequently evaporated to dryness.
Samples were dissolved in 100 uL H,O, derivatized with I-FDVA and analyzed using the same parameters
as described before.

(iii) Synthesis of B-hydroxyaspartic acids, B-hydroxyphenylalanines, and B-hydroxyisoleucines.
The syntheses of the B-hydroxyamino acids were achieved by modified literature known procedures. The
enantiomeric excess of all synthesized amino acids were determined by chiral HPLC on selected intermedi-
ates. The synthesized compounds were fully characterized and/or compared with literature known referen-
ces. For details of syntheses and characterization see supplemental materials.

Optical rotation. Specific rotation was determined on a digital polarimeter (P3000, A. Kriiss
Optronic GmbH, Germany). Standard wavelength was the sodium d-line with 589 nm. Temperature, con-
centration, (g/100 mL) and solvent are reported with the determined value.

MIC. The MIC was determined by broth microdilution method in 96-well plates with 100 uL assay
volume per well following EUCAST instructions (116, 117) for E. coli ATCC 35218, E. coli ATCC 25922
ATolC, E. coli MG1655, Pseudomonas aeruginosa ATCC 27853, P. aeruginosa PAO750, Klebsiella pneu-
moniae ATCC 13883, Moraxella catarrhalis ATCC 25238, Acinetobacter baumannii ATCC 19606, Bacillus
subtilis DSM 10, Staphylococcus aureus ATCC 25923, and Micrococcus luteus DSM 20030. Listeria mono-
cytogenes DSM 20600 (1 day of incubation at 37°C) and Mycobacterium smegmatis ATCC 607 (2 days
of incubation at 37°C) were grown in BHI broth supplemented with 1% (vol/vol) Tween 80. Candida
albicans FH2173 was grown in MHIIB over 2 days of incubation at 37°C (pre-culture 2 days at 28°C).
Approximate inoculation cell density for all strains was 500,000 CFU/mL, except 1,000,000 CFU/mL
were used for M. smegmatis and C. albicans. For all fungal screenings 100,000 spores/mL were used
and incubated at 37°C for Aspergillus flavus ATCC 9170 (MHIIB) and 25°C for Z. tritici MUCL45407
(4 g/L yeast extract, 4 g/L malt extract, 4 g/L sucrose) and Fusarium oxysporum ATCC 7601 (potato
dextrose broth, Sigma). Growth inhibition was detected by optical density (600 nm) or for M. luteus,
L. monocytogenes, C. albicans, M. smegmatis, and all fungi by quantification of free ATP using
BacTiter-Glo after 24 to 48 h (72 h for Z. tritici). All MIC assays were performed at least in triplicate. FE
(Il)-citrate was added at molar ratios of 1:1 to samples in DMSO to test compounds in their iron
bound conformation.

Data availability. MS, MS/MS, and NMR data are deposited at Fordatis - Research Data Repository of
Fraunhofer-Gesellschaft (http://dx.doi.org/10.24406/fordatis/188).
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Abstract: The ‘core’ metabolome of the Bacteroidetes genus Chitinophaga was recently discovered
to consist of only seven metabolites. A structural relationship in terms of shared lipid moieties
among four of them was postulated. Here, structure elucidation and characterization via ultra-high
resolution mass spectrometry (UHR-MS) and nuclear magnetic resonance (NMR) spectroscopy of
those four lipids (two lipoamino acids (LAAs), two lysophosphatidylethanolamines (LPEs)), as well
as several other undescribed LAAs and N-acyl amino acids (NAAAs), identified during isolation
were carried out. The LAAs represent closely related analogs of the literature-known LAAs, such as
the glycine-serine dipeptide lipids 430 (2) and 654. Most of the here characterized LAAs (1, 5-11)
are members of a so far undescribed glycine-serine-orithine tripeptide lipid family. Moreover, this
study reports three novel NAAAs (N-(5-methyl)hexanoyl tyrosine (14) and N-(7-methyl)octanoyl
tyrosine (15) or phenylalanine (16)) from Olivibacter sp. FHG000416, another Bacteroidetes strain
initially selected as best in-house producer for isolation of lipid 430. Antimicrobial profiling revealed
most isolated LAAs (1-3) and the two LPE ‘core” metabolites (12, 13) active against the Gram-negative
pathogen M. catarrhalis ATCC 25238 and the Gram-positive bacterium M. luteus DSM 20030. For
LAA 1, additional growth inhibition activity against B. subtilis DSM 10 was observed.

Keywords: linear lipoamino acid; lipid 430; lipid 654; N-acyl amino acid; lysophosphatidylethanolamine;
bacteroidetes; Chitinophaga; Olivibacter; LC-MS/MS; antimicrobial lipids

1. Introduction

Lipids are a diverse group of natural biomolecules. Thousands of distinct lipids, such
as glycerolipids, sterol lipids, sphingolipids, lipoamino acids (LAAs), and phospholipids,
are ubiquitous in all organisms. Each of them is chemically unique, and they exhibit
different biological functions. Given the diversity in both the chemical and physical
properties of lipids and the fact that each lipid type is involved at various stages of cellular
processes, the definition of lipid function besides their primary biological role, i.e., the
formation of cell membrane matrixes, is challenging. Described functions in cellular
signaling, energy storage, or an implication as substrate for metabolite or protein lipidation
are only examples [1].
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Bacterial membrane composition differs among bacterial species and depends on
the exposed environmental conditions [2]. In most cases and conditions studied, am-
phiphilic lipids such as glycerophospholipids are composed of two fatty acids, a glycerol
moiety, a phosphate group, and variable head groups. Common examples are phos-
phatidylethanolamine (PE), phosphatidylglycerol (PG), cardiolipin (CL), lysyl-phosphatidy-
Iglycerol (LPG), phosphatidylinositol (PI), phosphatidic acid (PA), and phosphatidylserine
(PS). Additionally, a small fraction of the bacterial membrane consists of lysophospho-
lipids (LPLs). They are metabolic intermediates of bacterial phospholipid synthesis or
they derive from membrane degradation. The most abundant member of this class is
lysophosphatidylethanolamine (LPE). LPLs result from partial hydrolysis of phospho-
lipids mediated by phospholipase A [3]. Other phosphorus-free lipids, such as sulfolipids,
LAAs [2,4-14], or the growing lipid class of the N-acyl amino acids (NAAAs), are also
reported [15]. The latter are found in all biological systems, but their functions remain
unclear. It is hypothesized that these lipids are putative signaling molecules with a wide
range of biological activities [16-23].

In general, a variety of physicochemical properties and bioactivities have been as-
sociated with all kinds of bacterial lipids, including hemagglutination [9], macrophage
activation [10], bacterial virulence factors [24], involvement in the development of multiple
sclerosis [25], and antimicrobial activities [26,27]. Moreover, simple representatives of the
LAAs such as the glycine-serine dipeptide lipid 654 (also referred to as flavolipin [28],
topostin D654 [29], and WB-3559 D [6,7]) and glycine-serine dipeptide lipid 430 were
isolated from pathogenic Bacteroidetes strains associated with chronic periodontitis [30].
They account for osteoclast formation from RAW cells [31] and TLR2-dependent inhibition
of osteoblast differentiation and function [32], and they are implicated in dendritic cell
release of IL-6 mediated through engagement of TLR2 [33,34]. Furthermore, antimicrobial
activity was reported for lipid 430 [35], the de-esterified enzymatic hydrolysis product of
lipid 654 hydrolyzed by phospholipase A2 (PLA2) [36].

For enabling doubtless structure elucidation, various analytical methods such as MS
and NMR are well established and intensively used in the field of natural product research
in general. For lipids as one important sub-class, first, gas or liquid chromatography cou-
pled to diverse mass spectrometry methods represent two key analytical techniques [37-39].
Second, NMR spectroscopy is not only widely utilized for structure elucidations of single
lipids, successful applications regarding qualitative and quantitative analysis of lipids in
complex mixtures are also reported in this context [40—45].

In a previous study, we identified the ‘core’ metabolome of the Bacteroidetes genus
Chitinophaga, consisting of only seven metabolites [46]. We postulated a structural relation-
ship among four of them based on their MS/MS fragmentation pattern, which suggested
them to be unknown LAAs and LPEs. Here, we report the identification in total of 16 di-
verse lipids (11 LAAs, 2 LPEs, 3 NAAAs) produced by Chitinophaga spp. and Olivibacter sp.
FHGO000416, the ‘core” ones included. Isolation and structure elucidation of nine of those
lipids isolated from Chitinophaga eisenine DSM 22224 [47] and FHG000416 was successfully
achieved. Based on the four Chitinophaga core lipids, the known lipid 430, several novel
LAA analogs thereof, and three undescribed NAAAs were characterized. In this context,
we identified a novel glycine-serine-ornithine LAA family that is closely related to the
previously described glycine and glycine-serine LAA families that lipid 430 and 654 be-
long to. Investigating them for their antimicrobial activity revealed a common growth
inhibition effect against the Gram-negative pathogen M. catarrhalis ATCC 25238 and the
Gram-positive bacterium M. luteus DSM 20030, with LAA 1 as the most potent one, also
showing growth-inhibiting activity against B. subtilis DSM 10.
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2. Results
2.1. Lipoamino Acids

A previous study revealed a small core metabolome of the Bacteroidetes genus
Chitinophaga, identified as a genus of underexplored talented producers of natural products.
The analyzed 25 strains commonly share only 7 of the 2736 identified metabolite buckets.
Four of those seven ‘core” metabolites correspond to the UHR-ESI-MS ion peaks at m/z
545.3908 [M + HJ*, 452.2769 [M + H]*, 440.2767 [M + H]*, and 767.5896 [M + H]*, with
retention times (RTs) of 11.2, 11.7, 12.1, and 17.4 min, respectively (Table S1). Based on
their MS/MS fragmentation pattern, similar lipid moieties were postulated, suggesting a
structural relationship [46].

For the first core metabolite, the molecular formula Cp7H5,N407 (1) was assigned ac-
cording to the UHR-ESI-MS ion peak at m/z 545.3908 [M + H]*. The MS/MS fragmentation
of 1 revealed neutral losses of H,O, followed by the three amino acids ornithine, serine,
and glycine, resulting in the fragment ion of m/z 251.2366 [M + H]*. The corresponding
ion formula of Ci7H3;0* indicated a fatty acyl group based on the molecular compo-
sition and apparent carbon-to-hydrogen ratio (Figure 1A). A missing hit in a database
search indicated the potential novelty of LAA 1, containing a glycine-serine-ornithine
tripeptide. However, very close relatives, such as lipid 430 (2) and lipid 654, belong to
the glycine-serine dipeptide LAA family, known to be biosynthesized by several bac-
teria, including representatives of the phylum Bacteroidetes [14,30,34]. Therefore, the
metabolomics data generated in our previous study was examined for the presence of
both dipeptide lipids. A corresponding ion peak for lipid 430 (2) at m/z 431.3114 [M + H]*
with a RT of 13.0 min was identified in 23 of the analyzed 25 Chitinophaga metabolomes
(Table S1). Similar serial neutral losses of HyO, serine, and glycine, together with the
same remaining fragment ion of n/z 251.2367 [M + H]*, strongly suggested 1 being a close
derivative of 2, expanded by an additional ornithine residue (Figure 1B). To provide a
sufficient amount of the compounds for structure confirmation via NMR, our in-house
Bacteroidetes-based extract library was examined for enhanced production of 1 and 2.
Lipid 430 (2) was enriched in extracts of strain FHG000416, which was assigned by 165
rRNA sequence analysis to the Bacteroidetes genus Olivibacter due to a sequence identity
of ~94.5% towards Olivibacter domesticus DSM 18733 [48,49]. Extracts from both strains,
C. eiseniae DSM 22224 and FHG000416, were considered as starting points for compound
isolation. NMR analysis confirmed compound 2 to be lipid 430 since the data were in
good agreement with the literature (Table 1) [35]. Compared thereto, 'H and 2D spectra
of 1 were highly similar. Accordingly, the fatty acyl motif linked to glycine and serine
was identified as iso-heptadecanoic acid (is0-C17). An additional amide proton 2'/'-NH
(6u 7.66-7.59 ppm) was observed showing COSY correlation to methine proton H-2""
(611 3.82-3.75 ppm, é¢ 53.6 ppm). Further correlations to methylene protons H-3", H-
4", and H-5"" confirmed the presence of a C-terminal ornithine residue, as postulated
based on the MS/MS fragmentation, identifying lipid 1 as 5-amino-2-(3-hydroxy-2-(2-(3-
hydroxy-15-methylhexadecanamido)acetamido)propanamido)pentanoic acid (Figure 2;
Table 1).

The stereochemistry of the chiral amino acids incorporated in LAA 1 and lipid 430
(2) was determined by advanced Marfey’s analysis, using N -(2,4-dinitro-5-fluorophenyl)-
L-valinamide (L-FDVA) as Marfey’s reagent [50]. D- and L-enantiomers of serine and
ornithine served as RT references. In agreement with published data, the serine residue of
lipid 430 (2) was identified as L-serine (Figure S1) [34]. This was also true for lipid 1, which
furthermore contains L-ornithine (Figure S1; Figure S2).

During processing, the extracts of FHG000416, two further derivatives of 1 and 2,
were recognized and identified based on their similar MS/MS fragmentation patterns. The
two ions of m/z 344.2802 [M + H]* and m/z 376.2696 [M + H]* were assigned to putative
lipids with molecular formulae C19H37NOy (3) and Cy9H37NOg (4). Compared with 1
and 2, the MS/MS fragmentation of 3 showed the identical resulting fragment ion at m/z
251.2370 [M + H]" after neutral losses of two water and one glycine molecule (Figure 1C).
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Therefore, we assumed that 1, 2, and 3 share the same acyl chain and glycine residue. In
contrast, the MS/MS fragmentation pattern of 4 also showed admittedly the neutral loss of
a glycine but also the loss of several water molecules. The resulting fragment ion at m/z
265.2162 [M + H]" corresponded to the formula of C;7;H»O,", indicating modifications
in the acyl residue (Figure 1D). Finally, 1D and 2D-NMR spectra confirmed an iso-Cq7.g
aliphatic acyl group linked to glycine via a peptide bond (Table 1). In the case of lipid 3, the
a-methylene protons of the acyl group H-2 (dy 2.19 ppm) showed COSY correlation with
the single methine proton H-3 (3} 3.79-3.74 ppm), suggesting substitution. The chemical
shift of the HSQC-correlating carbon atom C-3 (¢ 67.4 ppm) furthermore supported
the hypothesis of a hydroxyl group being attached in -position (Table 1). Thus, 3 was
identified as (3-hydroxy-15-methylhexadecanoyl)glycine (Figure 2). For derivative 4, NMR
spectra undergirded the expected similarities, except for the methine proton H-3 (éy; 3.44
ppm, dc 74.5 ppm) showing COSY correlations with methine instead of methylene protons
in «- (H-2, 6i 4.19 ppm) and y-position (H-4, §iy 3.40-3.35 ppm) of the acyl chain. In
agreement with the chemical shift of the HSQC-correlating carbon atoms C-2 and C-4 (6c.»
70.9 ppm, dc.4 69.5 ppm), hydroxylation was determined at both sites, thereby identifying
4 as (2,3 4-trihydroxy-15-methylhexadecanoyl)glycine (Figure 2; Table 52).
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Figure 1. MS5/MS spectra of lipoamino acids 1-4 (A-D) and 7 (E) produced by Chitinophaga eiseniae DSM 22224 (1, 7) and
Olivibacter sp. FHG000416 (2-4).

In contrast with its de-esterified hydrolysis product lipid 430 (2) [36], lipid 654
(m/z 655.525 [M + H]") carrying an additional ester-linked iso-pentadecenoic acid (iso-
Cis5:) was not observed in our previously generated Chitinophaga extracts (Table S1) [46].
Nevertheless, we searched for corresponding lipid 654 analogs because LAA 1 repre-
sents a close derivative of lipid 430 (2) containing an additional ornithine amino acid
attached to the glycine-serine dipeptide. In 8 of 25 Chitinophaga metabolomes, the cor-
responding parent ion at m/z 769.6051 [M + H]* with molecular formula CsHgyN4Og
(5) was found (Table S1). Neutral losses of ornithine-serine-glycine and the resulting
fragment ion at m/z 251.2372 [M + H]* were identical to the MS spectrum of compound 1
(Figure 3A). Moreover, the MS/MS fragmentation pattern containing the characteris-
tic fragment ion at m/z 527.3814 [M + HJ* (loss of 242.2251 Da (Cy5H30O2)) proved the
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presence of the expected ester-linked fatty acyl moiety (iso-Cys,) at C-3. Therefore, com-
pound 5 (2-(3-aminopropyl)-5-(hydroxymethyl)-26-methyl-12-(12-methyltridecyl)-4,7,10,14-
tetraoxo-13-oxa-3,6,9-triazaheptacosanoic acid) was clearly identified as the ornithine ana-
log of the literature-known lipid 654 [34] (Figure 4).

Table 1. 'H and 3C data of compounds 1-3 (1: 500 MHz/126 MHz, DMSO-d;; 2: 400 MHz/101 MHz, MeOD-dy; 3: 600

MHz /101 MHz, DMSO-d;).
1 2 3
Position Ju, (J in Hz) dc, Type® dy, (J in Hz) d¢, Type dy, (J in Hz) dc, Type
1 171.1,C 175.0,C 171.1,C
2.41, dd (14.0,4.3),
2 220,d (6.1) 43.3, CH, 234, dd (14.0,8.6) 448, CH, 2.19,d (6.4) 43.6, CHa
3 3.82-3.75, m 67.2, CH 4.02-3.94, m 70.0, CH 3.79-3.74, m 67.4, CH
1.40-1.34, m,
4 1.39-1.31, m 36.7, CH 1.53-1.46, m 384, CHa 133127 m 36.8, CH»
1.39-1.31, m ", 1.50-1.43, m, 1.40-1.35, m,

5 131-126, m® 24.8, CH, 138132 m 26.7, CH, 131125 m 25.1, CH,

6 126-122,mb 28.0-28.9¢, CH, 1.36-1.25, m ¢ 30.7-31.0 1, CH, 1.26-1.21, m & 29.0-29.3 1, CH,
7 126-122,m" 28.0-28.9¢, CH, 1.36-1.25,m*® 30.7-31.0f, CH, 1.26-1.21, m 8 29.0-29.3 ", CH,
8 126-1.22,mb 28.0-28.9¢, CH, 1.36-125, m*© 30.7-31.0f, CH, 1.26-1.21, m & 29.0-29.3 1, CH,
9 126-122, mb 28.0-28.9¢,CH; 1.36-1.25, m © 30.7-31.0 f, CH, 1.26-1.21, m 8 29.0-293", CH,
10 126-122, mb 28.0-28.9¢, CH, 1.36-1.25, m®© 30.7-31.01, CH, 1.26-1.21, m & 29.0-293", CH,
11 126-122,mb? 28.0-28.9¢, CH, 1.36-1.25, m ¢ 30.7-31.0 f, CH, 1.26-1.21, m & 29.0-29.3 1, CHa
12 126-122,mb? 28.0-28.9¢,CH, 1.36-1.25, m © 30.7-31.0 1, CH, 1.26-1.21, m & 29.0-29.3", CH,
13 126-122,m" 26.4, CH, 1.36-1.25,m*® 28.5, CHa 1.26-1.21, m & 26.8, CHa

14 1.16-1.11, m 38.1, CH, 117, q (6.7) 402, CH, 1.15-1.11, m 38.5, CH,

15 1.50, non (6.6) 27.0, CH 1.50, sept (6.6) 292, CH 1.49, non (6.6) 274,CH

16 0.85, d (6.6) 22.2,CH; 0.88,d (6.7) 23.0, CH; 0.84,d (6.6) 22.5, CHs

it 168.6, C 171.6,C no. 4

; 3.98,d (16.8), 3.70,dd (17.4,5.7),

2 3.73,d (4.6) 41.5,CHs 3.90.d (167) 435, CH, 365, dd (174.5.7) 41.0, CH,

2-NH 8.10-8.04, m 8.30, t (5.6) 8.01,t(5.7)

L no. ¢ 173.4,C

o 4.25,dd (12.6, 6.2) 54.7, CH 4.50, t (4.3) 56.2, CH

2"-NH 791-7.83, m 8.04,d (7.7)

57 3.56, m, 3.91,dd (115, 45),

8 346, m 620,y 383,dd (11.3,3.8) 680,k
l/!f n.o. d
] 3.82-3.75, m 53.6, CH

2/""-NH 7.66-7.59, m

i 1.80-1.71, m, i
8 1.69-1.61, m TLO:
441 1.66-1.56, m 24.0, CH,
51 2.80-273, m 38.4, CH,

@ Extracted from HSQC spectra; ¢! Signals are overlapping; ¢ Not observed due to extreme line broadening.
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Figure 2. Chemical structures of lipoamino acids 14 and 7 produced by C. eisenize DSM 22224 (1, 7)
and Olivibacter sp. FHG000416 (2—4). The COSY (in bold) and key H—C HMBC (arrows) correlations
observed for lipids 1, 3, and 4 are indicated.

m‘; A Chitinaphag_aseniac_DSW 22224 A2n WWRZ(769.6051) 3454318, 15.1min o776
x
- 7695065
o8 GO 5, 0 p0m e
G+o00e TT — s Qnt 00005 — 20251
02
& m_Luas " . 87317 543443 . fs"
X B Chitincphag_ssenias_D5W 22224 A0 & fNEZ[767.5885), 34 423,08V, 17.4min#6153]
4 CieH D- 7715846
HO- HO = KL,
G00003 — $+00029 Qn-00014 51139 f
2021188 P | 5133657
o bl 1 I\
X10%; C Oitincphags_aiseniac_DSW] 22224 A2 & #VE2(785.5997), 34.9-43 54V, 16.9min #5985 |
3 "
2 GO o, 0om 100009
G002 ‘ 500006 I Q00007 2820 ebots
Y e 308550 smaiz
XI0% - Chitincphagp. sisaniae. DSV 22224 A00.d WWEZ[771 5835} 34 543 18V, 15 7rin #5513
GieHisO Tnhes2
4 FRO+ 0004 1
G001 T S+00001 —'— Qn-0gopz —EE2-00001 zmmm
2
e augizs S sazess
X0: Cr¥inophag_ Ssenias DM, 22224700 & WSS 5051, 14 242 7%, L6.6min 5887
- GsHA
a0 comoi 22 5 ooms Qun+0p037 —H2O-000E8 282193 il
! 00025 ————— Qine 07 2
025 znz.Luus 02368 4993491
i I 2 v i
XT0°. F Chitinaphags_eiseniac_DSW] 22224_A2. fNE2(755.5894), 34.1 42,76V, 17.5min #6195|
4 GHO 190, 0008 Gl e
5 GHoomL | 5400003 Q- o0 ~— F20-00088 2025
2021188
g v 873116 437 e
B B & ES ED L iz

Figure 3. MS/MS spectra of lipoamino acids 5 (A), 6 (B), and 8-11 (C-F) produced by Chitinophaga
eiseniae DSM 22224.
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Figure 4. Postulated chemical structures based on UHR-ESI-MS/MS spectra of lipoamino acids 5, 6,
and 8-11, produced by Chitinophaga eiseniae DSM 22224,
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Based on this finding, the second Chitinophaga core metabolite with a UHR-ESI-MS
ion peak at m/z 767.5896 [M + H]* was assigned the molecular formula CyHzsN4Og (6).
Compared with compound 5, a difference of 2.0155 Da indicated a double bond in one of the
fatty acid residues. The MS/MS fragmentation pattern revealed the amino acid sequence
ornithine-serine-glycine. Furthermore, compared with lipid 5, a fragment ion at m/z
513.3657 [M + H]" resulted from the loss of an ester-linked fatty acid residue (254.2239 Da)
with additional 11.9988 Da (1 x C) at C-3. Together with the remaining fragment ion at m/z
237.2212 (IM + HJ*, C;5H90", 14.0160 Da less compared with 1-3 and 5), we postulate
lipid 6 to carry two ise-palmitic acid (iso-Cy¢) residues, a saturated amide-linked iso-Cyg.0,
and an ester-linked mono-unsaturated iso-Cy¢ (Figure 3B). In line with reported glycine
and glycyl-serine analogs [13], we assume the double bond to be in AY position and with
Z configuration for lipid 6, identifying it as (Z)-2-(3-aminopropyl)-5-(hydroxymethyl)-27-
methyl-12-(11-methyldodecyl)-4,7,10,14-tetraoxo-13-oxa-3,6,9-triazaoctacos-17-enoic acid
(Figure 4). However, structural confirmation by NMR was not possible due to a low
production titer in large-scale fermentation of C. eisenize DSM 22224.

With lipid 6 carrying a different amide-linked fatty acid residue than 5, we assumed to
find a correlating close derivative of lipids 1-3 that carried an amide-linked iso-C fatty
acid residue instead of an is0-C17y. In total, 18 Chitinophaga strain data sets contained the
matching positive parent ion at m/z 531.3754 according to molecular formula CpcHzoN4O7
(7) (Table S1). A missing ester-linked fatty acid residue and an otherwise identical UHR-
ESI-MS/MS spectrum of compound 7 compared with lipid 6 confirmed the presence of
an is0-Cygyp fatty acid residue amide linked to a glycine-serine-ornithine amino acid motif
(Figure 1E). Therefore, lipid 7 was identified as 5-amino-2-(3-hydroxy-2-(2-(3-hydroxy-14-
methylpentadecanamido)acetamido)propanamido)pentanoic acid (Figure 2).

In addition to lipids 5 and 6, we observed four closely related metabolites with similar
masses and RTs: 8 (m/z 785.6016 [M + H]*, C4oHgoN4 Oy, 16.9 min), 9 (m/z 771.5852 [M + H],
C40H78N409, 16.7 min), 10 (m/z 757.5681 [M + H]+, C40H76N409, 16.6 ijl), and 11 (m/z
755.5894 [M + HJ*, C41HygN4Og, 17.5 min) in the extract of C. eisenize DSM 22224. Sharing
the same tripeptide moiety of glycine-serine-ornithine, these lipid 654 analogs vary in the
length and hydroxylation of their acyl chains. The analysis of the UHR-ESI-MS /MS spectra
of LAAs 8-10 revealed a neutral loss of 258.2204 Da (C35H3303). Compared with the neutral
loss of 242.2251 Da (Cy5H2805) of LAA 5, the additional 15.9953 Da depicted the presence of
an additional oxygen atom in the ester-linked is0-Cy5, fatty acid residue (Figure 3C-E). In
accordance with the isolated LAAs 2 and 3, the corresponding hydroxyl group was assigned
to C-3' position. With all other fragment ions identical to LAA 5, the structure of LAA
8 was postulated as 2-(3-aminopropyl)-16-hydroxy-5-(hydroxymethyl)-26-methyl-12-(12-
methyltridecyl)-4,7,10,14-tetraoxo-13-oxa-3,6,9-triazaheptacosanoic acid (Figure 4). LAA 9
shared the characteristic fragment ion at m/z 237.2213 [M + H]", identified as an unsaturated
amide-linked iso-Cygy fatty acid residue with LAA 6 (Figure 3D). Therefore, 9 was identified
as 2-(3-aminopropyl)-16-hydroxy-5-(hydroxymethyl)-26-methyl-12-(11-methyldodecyl)-
4,7,10,14-tetraoxo-13-oxa-3,6,9-triazaheptacosanoic acid (Figure 4). For LAA 10, a charac-
teristic fragment ion was detected at m/z 223.2059 ([M + H]*, C15Hy,O") with 14.0154 Da
less compared with the one of 9 (Figure 3E). This indicated lipid 10 to be a LAA with
an ornithine-serine-glycine tripeptide amide linked to an iso-Cs, fatty acid residue that
carries another C-3 ester-linked hydroxylated iso-Cys, fatty acid residue. The chemical
structure of the new compound 10 is 2-(3-aminopropyl)-16-hydroxy-5-thydroxymethyl)-
26-methyl-12-(10-methylundecyl)-4,7,10,14-tetraoxo-13-o0xa-3,6 9-triazaheptacosanoic acid
(Figure 4). The analysis of the UHR-ESI-MS/MS spectrum of the last derivative of this
lipid family revealed the ester-linked fatty acid to have an is0-Cy5.9 and the amide-linked
one an is0-Cjg moiety without further modifications (Figure 3F). Thus, the new LAA 11
was identified as 2-(3-aminopropyl)-5-(hydroxymethyl)-26-methyl-12-(11-methyldodecyl)-
4,7,10,14-tetraoxo-13-oxa-3,6,9-triazaheptacosanoic acid (Figure 4).
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2.2. Phospholipids

In addition to the aforementioned LA As, dereplication of the last two Chitinophaga
core buckets with m/z 452.2769 [M + H]* and 440.2767 [M + H]* suggested the closely
related molecular formulae Cy;Hy oNO7P (12) and CoyHy»pNOZP (13), respectively. A
database query for 12 provided LPE 451 as a structural hypothesis, based on similar
MS and MS/MS spectra in accordance with the literature [51]. Neutral losses of the phos-
phatidylethanolamine group (141.018 Da) followed by the CH,OH group (30.994 Da) or
the glycerol moiety (74.037 Da), which are reported for phospholipids such as the iden-
tified LPE [52,53], resulted in a key fragment ion at ni/z 237.2210 [M + H]* (C15H90",
DBE = 3). Highly similar MS/MS fragmentation of 13 led to the fragment ion at m/z
225.2212 [M + H]* (Cy5H9O", DBE = 2), indicating the structural variance to be located
in the acyl motif. For NMR analysis, the isolation of these compounds was again carried
out from extracts of Olivibacter sp. FHG000416, as higher production titers were observed
compared with C. eisenine DSM 22224. For 12, NMR data confirmed the occurrence of
lysophosphatidylethanolamine (Cyg.1), as postulated by dereplication. According to pub-
lished data for LPE 451, the double bond (Jp1.15/16 5.24-5.12 ppm) of the mono-unsaturated
palmitoyl motif was assigned to A? position with Z configuration, with the acyl chain being
attached to the glycerol moiety at sn-1 position (Table S3) [51]. Thus, 12 was identified as
1-(9Z-palmitoyl)-2-hydroxy-sn-glycerol-3-phosphoethanol-amine (Figure 5). In compari-
son, 1D and 2D-NMR data acquired for 13 revealed the double bond of the acyl chain to
be missing. Instead, an isopropyl moiety (61119 1.29 ppm, dc.op 27.7 ppm/biy.00 0.63 ppm,
dcp 22.2 ppm) was observed, identifying the acyl chain as is0-Cy5,9 attached to the other-
wise identical molecule (Table S3). Therefore, 13 was identified as 1-isopentadecanoyl-2-
hydroxy-sn-glycerol-3-phosphoethanolamine (Figure 5).
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Figure 5. Chemical structures (A) and MS/MS spectra of LPE 451 (12, B) and its new derivative
(13, C), isolated from Olivibacter sp. FHG000416.

2.3. N-acyl Amino Acids from Olivibacter sp. FHG000416

During processing extracts from Olivibacter sp. FHG000416, three additional metabo-
lites with lipid-like properties (e.g., surface activity) were observed. For compound 14,
the molecular formula CygHp3NOy (m1/z 294.1696 [M + H]") was determined by UHR-ESI-
MS. The MS/MS fragmentation pattern showed a fragment at m/z 182.0811, matching
the protonated form of tyrosine ([M + H]*, CoH;3NO3%). This hypothesis was further
supported by neutral losses of NHz and H,O, commonly known for the fragmentation
of amino acids (Figure S3A) [15]. Furthermore, the neutral loss of 112.0885 Da (C7H;,0)
implied the loss of a saturated acyl group. The 1D and 2D NMR experiments confirmed
this structural proposal (Table 2), showing an isopropyl group at the end of the iso-C7 acyl
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moiety, which was attached to tyrosine via a peptide bond. Therefore, 14 was identified as
N-(5-methyl)hexanoyl tyrosine (Figure 6).

Table 2. 'H and '3C data of compounds 14-16 (1H: 400 MHz, 13C: 101 MHz, MeOD-dy).

14 15 16

Position Sy, (Jin Hz) dc, Type Oy, (J in Hz) ¢, Type dy, (J in Hz) d¢, Type
1 157.3,C 1572, C 723717, m 127.8, CH
ol 6.69, dd (6.6, 1.9) 116.1,CH 6.68,dd (6.5,2.1) 116.1, CH 7.30-7.22, m 129.4, CH
3 7.04, dd (6.6,1.9) 131.2,CH 7.03, dd (6.6, 1.5) 131.3,CH 7.26-7.21, m 130.3, CH
4 129.2,C 1294, C 1387, C
Y Smadaaney TR SGinsese  T9CR 3wiiiigcs  85CH:
6 459, dd (9.3, 4.6) 55.3, CH 457,dd (8.9,4.9) 55.7, CH 4.66,dd (9.4, 4.8) 55.1, CH
7" 175.3. C 1759, C 1752, C
1 176.1, C 1759, C 176.1,C
2 2.13,t(7.5) 37.1,CH, 215, t(7.4) 37.0, CH, 214, t(7.4) 369, CHy
3 1.55-147, m 24.8, CH, 1.56-1.48, m 27.0, CHy 1.55-1.46, m 26.9, CH,
4 1.14-1.05 m 394, CHz 1.32-1.24, m 28.2, CHy 1.32-1.23, m 28.2, CHy
B 1.52-1.46, m 29.0,CH 1.24-118, m 304, CHy 1.23-1.14, m 304, CH,
6 0.86, d (6.6) 228/229, CH, 120112, m 40.0, CH, 122-1.10,m 40,0, CH,
7 1.57-1.49, m 29.1,CH 1.55-149, m 29.1, CH
8 0.88,d (6.6) 23.0, CHj 0.87,d (6.6) 23'(1:;233'0'

TN 57~ TN o i b &
NS | NG "]
- - "
— Cosy —_« HMBC

(selected)

Figure 6. Chemical structures of N-acyl amino acids (14-16) isolated from Olivibacter sp. FHG000416,
with observed COSY (in bold) and key H—C HMBC (arrows) correlations.

Based on UHR-ESI-MS analysis, compounds 15 (m/z 322.2013 [M + H]*, C15H7NOy)
and 16 (m/z 306.2063 [M + H]*, C1gHyyNOj3) shared the same saturated acyl group indicated
by the neutral loss of 140.1201 Da (CgH350). The difference of 28.0317 Da compared with 14
is equivalent to two additional methylene groups matching an iso-Cy,j acyl group. Identical
to NAAA 14, the acyl group of 15 was attached to tyrosine (Figure S3B). In contrast, the
fragment ion of NAAA 16 at m/z 166.0862 ([M + HJ*, CoH12NO, ") corresponded to one
oxygen atom less and was thereby assumed to be phenylalanine (Figure S3C). NMR analysis
confirmed both structural proposals based on the MS data. NAAA 15 was determined as
N-(7-methyl)octanoyl tyrosine and 16 as N-(7-methyl)octanoyl phenylalanine (Figure 6,
Table 2). Finally, advanced Marfey’s analysis of NAAAs (14-16) revealed that all three
compounds had been isolated as an enantiomeric mixture. The D/L-ratio was determined
by UV signal integration as 1:16 for 14, 1:1.7 for 15, and 1.6:1 for 16 (Figure 54-56).
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2.4. Antimicrobial Activity of Lipids Isolated from Bacteroidetes

The antimicrobial activity of compounds 1-4 and 12-16 isolated either from C. eiseniae
DSM 22224 or Olivibacter sp. FHG000416 was determined by microbroth dilution assay
against a panel of 12 indicator strains up to a test concentration of 64 ug/mL. No growth
inhibition effect was observed for LAA 4 and the NAAAs 15 and 16. N-(5-methyl)hexanoyl
tyrosine (14) exhibited very low effect against Gram-negative M. catarrhalis ATCC 25238
and Gram-positive M. luteus DSM 20030 at the highest concentration of 64 ug/mL. In
contrast, LAAs 1-3 and both LPEs (12 and 13) showed growth inhibiting activity in a range
of 4-16 pg/mL and 16-64 ug/mL against M. catarrhalis ATCC 25238 and M. luteus DSM
20030, respectively. Moreover, LAA 1 inhibited B. subtilis DSM 10 up to 8 pug/mL and
C. albicans FH2173 as well as E. coli ATCC 35218 up to 64 ug/mL—the latter only when
tested in bicarbonate-supplemented screening medium (MHC) (Table 3).

Table 3. MIC values (ug/mL) of compounds 1-4 and 12-16. MHC = cation-adjusted Mueller-Hinton
II medium supplemented with 3.7 g/L bicarbonate, n.d. = not determined.

Compounds
1 2 3 4 12 13 14 15 16

E. coli ATCC 35218 (MH-II) >64 >64 >64  >64 >64 >64 >64 >64 >64
E. coli ATCC 35218 (MHC) 64 >64 >64  >64  >64  >64  >64  >64  >64
E. coli ATCC 25922 ATolC >64 >64 >64 >64 >64 >64 >64 >64 >64
P. aeruginosa ATCC 27853 >64 >64 >4  >64 >64 =64 =64 >64 >64
K. pneumoniae ATCC 13883 >64 >64 >64  >64  >64  >64  >64  >64  >64
M. catarrhalis ATCC 25238 48 16-32 8 >64 4-8 16 64 >64  >64
A. baumannii ATCC 19606 n.d. n.d. >64 >64 nd. nd >64 >64 >64

B. subtilis DSM 10 8 >64 >64  >64 >64 >64 >64 >64 >64
S. aureus ATCC 25923 >64 >64 >64  >64 >64 >64 >64 >64 >64
M. luteus DSM 20030 64 32-64 >64 >64 16 16 64 >64  >64

L. monocytogenes DSM 20600  n.d. n.d. >64 >64 >64 nd. >64 >64 >64
M. smegmatis ATCC 607 >64 n.d. >64 nd. >64 nd >64 >64 >64
C. albicans FH2173 64 >64 >64  >64  >64  >64 >64  >64  >64

3. Discussion

Bacterial small molecules are of great importance for medicinal, industrial, and agri-
cultural applications [54]. Within this class of compounds, lipids represent a structurally
diverse class of metabolites with a variety of biological functions [2,26,30]. Advances in
LC-MS emerged the field of lipidomics, allowing high-throughput detection and sophisti-
cated analysis of complex lipid samples. Identification of abundant known lipid classes
and structure predictions of lipids new to science are possible. However, compared with
NMR techniques, LC-MS measurements that require lower amounts of sample will not
provide enough data to deduce the planar structure unambiguously [39].

In the current study, we described the characterization and structure elucidation of the
unknown previously determined core lipids of the Bacteroidetes genus Chitinophaga [46].
Interestingly, we observed the highest production titers of three of the four lipids in
extracts of Olivibacter sp. FHG000416, a strain belonging to another Bacteroidetes genus.
Therefore, compound isolation was carried out from these two strains: Olivibacter sp.
FHGO000416 and Chitinophaga eisenine DSM 22,224. Two of the four lipids are identified as
LPEs, with 13 being an undescribed derivative of the literature-known LPE 451 (12). The
remaining ones (1 and 6), together with several further derivatives thereof, are novel lipids
classified as LAAs. The literature frequently described the production of LAAs by various
bacteria, with some of them being isolated and chemically fully characterized [5]. These
are often mono- or dipeptide lipids containing glycine, serine, ornithine, or glycine-serine
as amino acid residues amide-linked to an iso-fatty acid ester at C-3 with different degrees
of unsaturation [6-12]. Based on MS/MS and NMR experiments, the lipids 3 and 4 were
identified as new LAA glycine derivatives. The Chitinophaga core lipids 1 and 6, as well
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as lipids 5 and 8-11 form a LAA family with an undescribed tripeptide moiety of glycine-
serine-ornithine. This novel tripeptide LAA family is most closely related to the intensively
studied glycine-serine dipeptide lipids 654 and 430 (2). Interestingly, with lipid 430 (2),
only the de-esterified hydrolysis product of lipid 654 [34] was detected in the methanolic
extracts of 23 of 25 Chitinophaga strains generated in our previous study [46]. Recent
intensive studies of human pathogenic Bacteroidetes such as P. gingivalis revealed both
dipeptide lipids to engage TLR2 [34]. They are involved in the development of two chronic
inflammatory diseases, including periodontitis and atherosclerosis [30]. Furthermore,
studies implicated lipid 654 to be involved in the development of multiple sclerosis [25].
Therefore, further studies are necessary to investigate the effects of the here described novel
tripeptide LAAs in terms of immune response and whether they might also be part of the
cell membrane of pathogens such as P. gingivalis.

The same applies to the new N-acyl tyrosine and phenylalanine analogs. They be-
long to a growing family of microbial secondary metabolites isolated from bacteria [22,23],
fungi [21], or from environmental DNA expressed in heterologous hosts such as E. coli [16-20].
It is hypothesized that these lipids are possible signaling molecules with a wide range
of biological activities from anti-cancer therapy targets to antimicrobial lipids [16-23].
With no antimicrobial activity observed, further studies are necessary to elucidate their
biological function.

In addition to the structure-associated as well as the target organism-oriented antimi-
crobial activities of lipids, a membrane destabilization mechanism has been investigated
for several decades [26,55]. In this context, a ‘carpet” mechanism is suggested, which results
in a detergent-like membrane permeation and/or disintegration [55,56]. Based on the re-
ported findings, we selected a panel of 12 microorganisms to cover a wide range of possible
targets for the herein described NPs. The antimicrobial profiling of the herein tested lipids
revealed a frequent growth inhibitory effect towards M. catarrhalis, with lipid 1 additionally
showing growth inhibiting activity against B. subtilis. The more hydrophobic cell surface of
M. catarrhalis, compared with the surfaces of, e.g., E. coli and P. aeruginosa, is believed to be
the reason for high accessibility of hydrophobic agents to the cell surface [57-59]. There-
fore, we assume M. catarrhalis to be the most susceptible pathogen towards a suggested
membranolytic mode of action mediated by LAAs carrying a hydrophobic lipid moiety
and a short hydrophilic amino acid moiety. The mode of action needs to be confirmed in
further studies.

4. Materials and Methods
4.1. Isolation of Olivibacter sp. FHG000416

Olivibacter sp. FHG000416 is incorporated into the Fraunhofer strain collection. This
strain was isolated in 2016 from termite carton nest material of Coptotermes gestroi kindly
provided by Prof. Dr. Rudy Plarre (Bundesanstalt fiir Materialforschung und —priifung,
Berlin). In brief, living cells were retrieved using nycodenz density gradient method, as
described elsewhere [60]. Diluted cell suspensions (10-2-107%) were plated on R2A Agar
(DMSZ medium 830) and incubated for seven days at 28 °C. In order to isolate single
strains, single colonies were propagated four times, then affiliated by using 165 rRNA
gene sequencing with the primer pair E8F (5-GAGTTTGATCCTGGCTCAG-3') and 1492R
(5'-AGAGTTTGATCCTGGCTCAG-3') [61]. Asjudged on nearly full-length 16S rRNA
sequence (MZ073637) comparison, FHG000416 is phylogenetically most closely related to
Olivibacter domesticus DSM 18733 [48,49], with only ~94.5% identity.

4.2. Mass Spectrometric Analysis

For all UHPLC-QTOF-UHR-MS and MS/MS measurements, a quadrupole time-of-
flight spectrometer (LC-QTOF maXis II, Bruker Daltonics, Bremen, Germany) equipped
with an electrospray ionization source in line with an Agilent 1290 infinity LC system
(Agilent Technologies, Santa Clara, CA, USA) was used. C18 RP-UHPLC (ACQUITY UPLC
BEH C18 column (130 A, 1.7 um, 2.1 x 100 mm)) was performed at 45 °C with the following
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linear gradient (A: H,O, 0.1% HCOOH; B: CH5CN, 0.1% HCOOH; flow rate: 0.6 mL/min):
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 50 to 2000 m/z scan range at 1 Hz scan rate was used
to acquire mass spectral data. The injection volume was set to 5 pL.. MS/MS experiments
were performed at 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 using
N, at 102 mbar. Precursors were excluded after 2 spectra, released after 0.5 min, and
reconsidered if the intensity of an excluded precursor increased by a factor of 1.5 or more.
Data were analyzed using the Bruker Data Analysis 4.0 software package.

4.3. Isolation of Lipids

C. eisenine DSM 22224 and Olivibacter sp. FHG000416 were inoculated from plate (R2A)
in 300 mL Erlenmeyer flasks filled with 100 mL R2A and incubated at 28 °C with agitation
at 180 rpm for 3 d. A 20 L fermentation (separated in 500 mL culture volume per 2 L flasks)
of C. eisenige in medium 3018 (1 g/L yeast extract, 5 g/L casitone, pH 7.0) was inoculated
with 2% (v/v) pre-culture and incubated under the same conditions for 4 d. Using the
same conditions, 7 and 20 L fermentations of Olivibacter sp. were performed in medium
5065 (15 g/L soluble starch, 10 g/L glucose, 10 g/L soy flour, 1 g/L yeast extract, 0.1 g/L
K;HPOy, 3 g/L NaCl, pH 7.4) and 5294 (10 g/L soluble starch, 10 g/L glucose, 10 g/L glyc-
erol 99%, 2.5 g/L liquid corn steep, 5 g/L peptone, 2 g/L yeast extract, 1 g/L NaCl, 3 g/L
CaCOj3, pH 7.2), respectively. An additional 40 L cultivation of Olivibacter sp. in medium
5294 was carried out using the same conditions as before. Cultures were subsequently
lyophilized using a delta 2-24 LSCplus (Martin Christ Gefriertrockungsanlagen GmbH,
Osterode am Harz, Germany).

The dried culture of C. eiseniae and the 7 L culture of Olivibacter sp. were extracted
with one-time culture volume MeOH for the isolation of lipid 1, lipid 430 (2), and 3,
respectively. The extracts were evaporated to dryness using rotary evaporation under
reduced pressure, resuspended in 3 L of 10% MeOH/H,O, and separately loaded onto
a XADI16N column (1 L bed volume). Step-wise elution with 10%, 40%, 60%, 80%, and
100% MeOH (2-times bed volume each) was performed. The 80% and 100% fractions
containing the lipids were further fractionated by preparative (Synergi™ Fusion-RP 80 A,
10 pm, 250 x 21.2 mm) and/or semi-preparative HPLC (Nucleodur® C18 Gravity-SB,
3 um, 250 x 10 mm) using gradients of 60-95% and 50-95% CH3CN (0.1% HCOOH) in
water (0.1% HCOOH), respectively. Final purification was achieved by analytical HPLC
(Synergi™ Fusion-RP 80 A, 4 um, 250 x 4.6 mm) or UHPLC fractionation (Acquity UPLC®
BEH C18, 1.7 um, 100 x 2.1 mm) using a custom-made fraction collector (Zinsser-Analytik,
Eschborn, Germany).

The 20 L fermentation of Olivibacter sp. was the starting point for the isolation of
lipid 4. Due to the enlarged volume, LLE was performed as an additional purification
step after MeOH extraction using ethyl acetate and water. In addition to that, the isolation
procedure was highly identical for lipid 3. For semi-preparative HPLC, an adapted gradient
of 55-95% CH3CN in water was used.

Extraction of the dried 40 L culture of Olivibacter sp. with MTBE/MeOH [62] was
performed to isolate LPE 451 (12), 13, and NAAAs 14-16. Combined organic layers were
subsequently fractionated by preparative and semi-preparative HPLC using gradients
of 40-95% and 60-95% CH3CN (0.1% HCOOH) in water (0.1% HCOOH), respectively.
Again, final purification was achieved by UHPLC fractionation. After each step, fractions
containing compounds of interest were evaporated to dryness using a high performance
evaporator (Genevac HT-12).

(25)-5-Amino-2-((25)-3-hydroxy-2-(2-(3-hydroxy-15 methylhexadecanamido)acetamido) prop
anamido)pentanoic acid (1). Colorless solid; [cx]z,f)‘6 +21.1 (¢ 0.19, MeOH); LC-UV (CH3CN/
H;0) Amax 223 nm; 'H-NMR (500 MHz, DMSO-dg) data and 2D spectra, see Table 1,
Figure 57-510; UHRMS (ESI-TOF) m/z [M + H]* caled for CpyHsoNyO7™ 545.3909,
found 545.3914.
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Lipid 430 (2). Colorless solid; [a]5” +16.3 (¢ 0.37, MeOH); LC-UV (CH3CN/H20) Amax
220 nm; '"H-NMR (400 MHz, MeOD-d,) and "*C-NMR (101 MHz, MeOD-d,) data, see
Table 1; UHRMS (ESI-TOF) m/z [M + H|* caled for CopHyoN»Og ™ 431.3116, found 431.3115.

(3-Hydroxy-15-methylhexadecanoyl)glycine (3). Colorless solid; [0(]2‘[,]‘7 +66.7 (c 0.02,

MeOH); LC-UV (CH3CN/H20) Apay 224 nm; 'H (600 MHz, DMSO-dg) and *C-NMR
(151 MHz, DMSO-d,) data, see Table 1, Figure S11-515; UHRMS (ESI-TOF) m/z [M + H]*
caled for C19H37NO4* 344.2795, found 344.2802.

(2,3 4-Trihydroxy-15-methylhexadecanoyl)glycine (4). Colorless solid; [&]5 7 —76.9 (¢ 0.03,
MeOH); LC-UV (CH5CN/H50) Apax 224 nm; 'H (600 MHz, DMSO-d;) and *C-NMR
(151 MHz, DMSO-dg) data, see Table S2, Figure 516-520; UHRMS (ESI-TOF) m/z [M + H]*
caled for C19H37NOg™ 376.2694, found 376.2696.

1-(9Z-Palmitoyl)-2-hydroxy-sn-glycerol-3-phosphoethanol-amine (12). Colorless solid; LC-
UV (CH3;CN/H30) Amax 223 nm; 'H (600 MHz, CDCl3/MeOD-d, 2:1) and *C-NMR
(151 MHz, CDCl;/MeOD-d, 2:1) data, see Table S3, Figure 521-523; UHRMS (ESI-TOF)
m/z [M + H]* calcd for CoyHypNO7P 452.2772, found 452.2769.

1-Isopentadecanoyl-2-hydroxy-sn-glycerol-3-phosphoethanolamine (13). Colorless solid;
LC-UV (CH3CN /Hy0) Amayx 224 nm; 'H (600 MHz, CDCl3/MeOD-dy 2:1) and 1*C-NMR
(151 MHz, CDCl3 /MeOD-d, 2:1) data, see Table S3, Figure 524-529; UHRMS (ESI-TOF)
m/z [M + H]* caled for CooHypNO7P+ 440.2772, found 440.2767.

N-(5-Methyl)hexanoyl tyrosine (14). Yellowish solid; LC-UV (CH3CN/H;0) Amax 224,
277 nm; 'H and *C-NMR data, see Table 2, Figure $30-534; UHRMS (ESI-TOF) m/z
[M + H]" caled for C1sH23NO4* 294.1700, found 294.1698.

N-(7-Methyl)octanoyl tyrosine (15). Yellowish solid; LC-UV (CH3zCN/H3O) Amax 225,
277 nm; 'H and C-NMR data, see Table 2, Figure 535-539; UHRMS (ESI-TOF) m/z
[M + H]" caled for C1gHoyNO4™ 322.2013, found 322.2009.

N-(7-Methyl)octanoyl phenylalanine (16). Off-white solid; LC-UV (CH3CN/H0) Apax
217 nm; 'H and '3C-NMR data, see Table 2, Figure S40-544; UHRMS (ESI-TOF) m/z
[M + I‘I]+ caled for C18H27NO3+ 3062064, found 306.2062.

NMR Studies

NMR spectra of LAA 1 were recorded on a Bruker AVANCE I1I 500 spectrometer ('H:
500 MHz, 13C: 125 MHz) equipped with a 10 mm MNP cryo probe. For all remaining
compounds, NMR spectra were acquired on a Bruker AVANCE II/TII HD 400 spectrometer
("H: 400 MHz, '3C: 101 MHz) or an AVANCE III HD 600 spectrometer ('H: 600 MHz,
13C: 151 MHz). Chemical shifts () given in parts per million (ppm) are referenced to the
residual solvent signals of DMSO-d; (611 2.50 and d¢ 39.5), CD30D (6 3.31 and é¢ 49.0),
and CDClj3 (81 7.26 and ¢ 77.2, in a 2:1 mixture with CD3;0D).

4.4. Optical Rotation

Specific rotation was determined on a digital polarimeter (P3,000, A. Kriiss Optronic
GmbH). Standard wavelength was the sodium D-line with 589 nm. Temperature, concen-
tration (g/100 mL), and solvents are reported with the determined value.

4.5. Advanced Marfey's Analysis

The absolute configuration of all amino acids was determined by derivatization using
Marfey’s reagent [50]. Stock solutions of amino acid standards (50 mM in H,O), NaHCO3
(1 M in H,0), and L-FDVA (70 mM in acetone) were prepared. Commercially available
standards were derivatized using molar ratios of amino acid to FDVA and NaHCOj3;
(1/1.4/8). After stirring at 40 °C for 3h, 1 M HCl was added to obtain a final concentration
of 170 mM to end the reaction. Samples were subsequently evaporated to dryness and
dissolved in DMSO (final concentration 50 mM). L- and D-amino acids were analyzed
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separately using C18 RP-UHPLC-MS with the standard gradient (for details see Section 4.2)
at a flow rate of 0.6 mL/min.

Total hydrolysis of compounds 1, lipid 430 (2), and 1416 was carried out by dissolving
250 pg of each compound in 6 M deutero-hydrochloric acid (DCl in D;O) and stirring for
7hat160 °C. The sample was subsequently evaporated to dryness. Samples were dissolved
in 100 uL. H,O, derivatized, and analyzed using the same parameters as described before.

4.6. Minimal Inhibitory Concentration (MIC)

Microbroth dilution assays were performed in 96-well plates to determine the mini-
mum inhibitory concentrations (MIC) of purified compounds dissolved in DMSO and were
tested in triplicate following EUCAST instructions with minor adaptions [63,64]. A cell
concentration of 5 x 107 cells/mL was adjusted for all bacteria from an overnight culture
(37 °C, 180 rpm) in cation-adjusted Mueller-Hinton I medium (BD). All tested organisms
are summarized in Table 3. Dilution series of rifampicin, tetracycline, and gentamicin were
used as control antibiotics (64-0.03 pg/mL) to ensure that concentrations achieved a range
of effects from none to complete growth inhibition of the test strain. Negative controls were
cell suspensions without test sample or antibiotic control. The turbidity was measured
with a microplate spectrophotometer at 600 nm (LUMIstar Omega BMG Labtech) to assess
cell growth after overnight incubation (18 h, 37 °C, 180 rpm, 85% rH).

Mycobacterium smegmatis ATCC 607 was grown in brain-heart infusion broth supple-
mented with Tween 80 (1.0% v /v) at 37 °C and 180 rpm for 48 h before the cell density
was adjusted in cation-adjusted Mueller—-Hinton I medium. The gentamicin control was
replaced with isoniazid. Assay read out was done by cell viability assessment after 48 h
(37 °C, 180 rpm, 85% rH) by ATP quantification (BacTiter-Glo, Promega), according to the
manufacturer’s instructions.

Candidn albicans FH2173 was incubated at 28 ©C for 48 h before diluting to 1 x 10° cells/mL
in cation-adjusted Mueller-Hinton II medium. Assays were incubated at 37 °C for 48 h with
nystatin as positive control and were evaluated by ATP quantification (BacTiter-Glo, Promega).

Pre- and main cultures of Micrococcus luteus DSM 20030 and Listeria monocytogenes DSM
20600 were incubated for two days, and the assay readout was done by ATP quantification,
as described before.

Supplementary Materials: The following are available online, Figure S1: L-FDVA adducts of serine,
Figure 52: L-FDVA adducts of ornithine, Figure 53: MS/MS spectra of NAAAs 14-16 (A-C) including
postulated M5/MS fragmentation pathway, Figure 54: Double L-FDVA adducts of tyrosine, Figure S5:
Integrated UV signals corresponding to double L-FDVA adducts of tyrosine for hydrolyzed NAAA
14 (top) and hydrolyzed NAAA 15 (bottom), Figure S6: L-FDVA adducts of phenylalanine, Figure S7:
TH-NMR (500 MHz, DMSO-dj) of lipid 1, Figure $8: 1 H-'H COSY (500 MHz, DMSO-dg) spectrum
of lipid 1, Figure $9: 'H-13C HSQC (500 MHz, DMSO-d) spectrum of lipid 1, Figure S10: 'H-13C
HMBC (500 MHz, DMSO-dg) spectrum of lipid 1, Figure 511: TH-NMR (600 MHz, DMS50-dg) of
lipid 3, Figure S12: 'H-'"H COSY (600 MHz, DMSO-dg) spectrum of lipid 3, Figure S13: 'H-13C
HSQC (600 MHz, DMSQ-dg) spectrum of lipid 3, Figure S14: 'H-13C HMBC (600 MHz, DMSO-ds)
spectrum of lipid 3, Figure S15: 13C-NMR (151 MHz, DMSO-dg) of lipid 3, Figure $S16: "H-NMR
(600 MHz, DMSO-dg) of lipid 4, Figure $17: 'H-'H COSY (600 MHz, DMSO-dg) spectrum of lipid
4, Figure S18: 'H-'3C HSQC (600 MHz, DMSO-d;) spectrum of lipid 4, Figure $19: 'H-'3C HMBC
(600 MHz, DMSO-dg) spectrum of lipid 4, Figure 520: '>*C-NMR (151 MHz, DMSO-d;) of lipid
4, Figure S21: TH-NMR (600 MHz, CDCl3/MeOD-d, 2:1) of LPE 451 (12), Figure $22: 13*C-NMR
(151 MHz, CDCl3/MeOD-d, 2:1) of LPE 451 (12), Figure $23: 31P-NMR (243 MHz, CDCl3 /MeOD-d,
2:1) of LPE 451 (12), Figure S24: "H-NMR (600 MHz, CDCl3/MeOD-dy 2:1) of LPE 13, Figure S25:
TH-'H COSY (600 MHz, CDCl3/MeOD-d, 2:1) of LPE 13, Figure 526: 'H->C HSQC (600 MHz,
CDCl3/MeOD-d, 2:1) of LPE 13, Figure 527: 'H-13C HMBC (600 MHz, CDCly /MeOD-dy 2:1) of
LPE 13, Figure $28: 1*C-NMR (151 MHz, CDCls /MeOD-d, 2:1) of LPE 13, Figure $29: 3'P-NMR
(243 MHz, CDCl; /MeOD-d, 2:1) of LPE 13, Figure S30: 'H-NMR (400 MHz, MeOD-dy) of NAAA 14,
Figure S31: 'H-'"H COSY (400 MHz, MeOD-dy) of NAAA 14, Figure $32: 'H-13C HSQC (400 MHz,
MeOD-d4) of NAAA 14, Figure 533: 1H-13C HMBC (400 MHz, MeOD-d,) of NAAA 14, Figure 534:
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BBC-NMR (101 MHz, MeOD-dy) of NAAA 14, Figure $35: 'H-NMR (400 MHz, MeOD-dy) of NAAA
15, Figure 536: 'H-' H1 COSY (400 MHz, MeOD-d,) of NAAA 15, Figure S37: 'H-'3C HSQC (400 MHz,
MeOD-d,) of NAAA 15, Figure S38: 'H-'3C HMBC (400 MHz, MeOD-d;) of NAAA 15, Figure S39:
1BCNMR (101 MHz, MeOD-dy) of NAAA 15, Figure S40: "H-NMR (400 MHz, MeOD-dy) of NAAA
16, Figure S41: 'H-'H COSY (400 MHz, MeOD-d,) of NAAA 16, Figure $42: 1H-13C HSQC (400 MHz,
MeOD-dy) of NAAA 16, Figure 543: TH-13C HMBC (400 MHz, MeOD-d,) of NAAA 16, Figure S44:
BCNMR (101 MHz, MeOD-dy) of NAAA 16, Table S1: Overview of all lipids with their molecular
formula, predicted and found masses within the metabolomics data of our previous study, and in
how many of the investigated 25 Chitinophaga metabolomes each lipid is present, Table S2: 'H and
13C data of compound 4 (1H: 600 MHz, 13C: 151 MHz, DMSO-d), Table S3: 1H and 13C data of
compounds 12 and 13 (*H: 600 MHz, 13C: 151 MHz, CDCl3 /MeQD-dy 2:1).
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ABSTRACT: Protease inhibitors represent a promising therapeutic option for the treatment of parasitic diseases such as malaria
and human African trypanosomiasis. Falcitidin was the first member of a new class of inhibitors of falcipain-2, a cysteine protease of
the malaria parasite Plasmodium falciparum. Using a metabolomics dataset of 25 Chitinophaga strains for molecular networking
enabled identification of over 30 natural analogues of falcitidin. Based on MS/MS spectra, they vary in their amino acid chain length,
sequence, acyl residue, and C-terminal functionalization; therefore, they were grouped into the four falcitidin peptide families A—D.
The isolation, characterization, and absolute structure elucidation of two falcitidin-related pentapeptide aldehyde analogues by
extensive MS/MS spectrometry and NMR spectroscopy in combination with advanced Marfey’s analysis was in agreement with the
in silico analysis of the corresponding biosynthetic gene cluster. Total synthesis of chosen pentapeptide analogues followed by in
vitro testing against a panel of proteases revealed selective parasitic cysteine protease inhibition and, additionally, low-micromolar
inhibition of @-chymotrypsin. The pentapeptides investigated here showed superior inhibitory activity compared to falcitidin.

H INTRODUCTION mens that are the standard treatment for falciparum malaria, is
Parasitic diseases such as malaria and sleeping sickness (human of great concern. Hence, there is a great need to discover new
African trypanosomiasis, HAT) are poverty-associated diseases ]

that have a massive impact on human life, especially in tropical active compounds to serve as lead structures for the

areas."” Protozoan parasites of the Trypanosoma genus,
transmitted by tsetse flies, are responsible for HAT.” With
fewer than 3000 cases in 2015, the number of reported cases of
HAT has reached a historically low level in recent years.” On
the contrary, 229 million malaria cases and 409,000 deaths
were estimated in 2019.” Plasmodium falciparum is the most
virulent malaria parasite, causing nearly all deaths® as well as
most drug-resistant infections.”” Resistance to most available
antimalarials, including artemisinin-based combination regi-

development of new antimalarial drugs.>*
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Figure 1. MS*networking analysis revealed more than 30 natural falcitidin analogues. (a) Complete MS*-network based on extracts of 25
Chitinophaga strains. (b) Close view of the falcitidin network color-coded according to the four molecule families A—D. (c) Molecular structure,
formula, and calculated mass of falcitidin (1), which was putatively annotated for the parent ion of m/z 548.357 [M + H]".

Papain-family cysteine proteases represent interesting
therapeutic targets against several infectious diseases, including
malaria (falcipains) and HAT (rhodesain).® Synthetic or
natural product-based small molecule inhibitors were inves-
tigated and proved falcipains and rhodesain to be promising
targets.”* However, developing compounds that target these
cysteine proteases into drugs has proved challenging, in part
due to the difficulty of achieving selectivity.” The acyltetrapep-
tide falcitidin and its synthetic analogues were described as first
members of a new class of cysteine protease inhibitors. In a
falcipain-2 assay, the natural compound showed an ICs, value
in the low micromolar range, and the optimized synthetic
analogues showed sub-micromolar ICg, activity against
Plasmodium falciparum in a standard blood-cell assay. Instead
of reactive groups that covalent-reversibly or covalent-
irreversibly bind to active-site cysteines, these compounds
share a C-terminal amidated proline.'”"’

High structural diversity in combination with diverse
biological activities make natural products a valuable source
in the search for new lead candidates for drug development.
Technological improvements in resolution and accuracy of
spectrometry methods followed by complex and large dataset
analysis allow the application of metabolomics techniques
based on, for example, ultrahigh-performance liquid chroma-
tography in line with high-resolution tandem mass spectrom-
etry (UHPLC-HRMS/MS) for the discovery and character-
ization of these metabolites present in a given sample.'” Data
visualization and interpretation using tandem mass spectrom-
etry (MS/MS) networks (molecular networking) allow the

577

automatic annotation of MS/MS spectra against library
compounds as well as the identification of signals of interest
and their analogues."

In this study, molecular networking was applied to analyze a
previously generated dataset based on bacterial organic extracts
originated from 25 Chitinophaga strains (phylum Bacteroi-
detes) in which falcitidin was putatively annotated."* We
aimed to investigate if additional natural analogues were
produced by these strains and discovered more than 30 natural
analogues. A gene encoding a multimodular nonribosomal
peptide synthetase was identified and linked in silico to the
production of the pentapeptide aldehydes. After isolation and
structure elucidation of two natural aldehyde analogues, total
synthesis of all four pentapeptide aldehydes and their
carboxylic acid and alcohol derivatives was successfully
achieved. In activity testing against a panel of proteases, they
performed better than the reference falcitidin and revealed low-
micromolar ICg, activity against a-chymotrypsin, falcipain-2,
and falcipain-3. Three of them also showed activity against
rhodesain.

B RESULTS AND DISCUSSION

Discovery of Falcitidin Analogues. Exploration of the
genomic and metabolomic potential of the Bacteroidetes genus
Chitinophaga revealed a high potential to find chemical
novelty." In the framework of this previous metabolomic
study of Chitinophaga, an inhibitor of the antimalarial target
falcipain-2, falcitidin (1),'® was detected.'* Originally wrongly
described as myxobacterium-derived tetrapeptides produced

https://doi.org/10.1021/acschembio.1c00861
ACS Chem. Biol. 2022, 17, 576589
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Table 1. Overview of Molecular Features of all Identified Natural Falcitidin Analogues Aligned into Four Protein Families

amino acid chain

fatty acid C-terminal
family residue 1 2 3 4 S group
A iVal H V COOH
iVal H v \' P CHO
iVal H v \' P CONH,
iVal H A\ \' P COOH
iVal H \' \' P L CHO
iVal H v A% P L CH,0OH
iVal H VvV VvV P F CHO
iVal H \' \ P F CH,OH
iVal H \' \' P F COOH
iVal H \' \' P E CHO
B ival H 1 COOH
iVal H I \% P CHO
iVal H i \' P CONH,
iVal H I \ P COOH
iVal H I \' P L CHO
iVal H I \' P L CH,0OH
iVal H 1 \' P E CHO
iVal H 1 A\ P F CH,OH
iVal H 1 vV P F COOH
iVal H I \' P F CHO
c PA H \' COOH
PA H \' \' COOH
PA H \' \% P CHO
PA H v A% P CONH,
PA H Vv VvV P COOH
PA H \' v P F CHO
PA H v \' P F CH,0H
PA H \' \' P E COOH
PA H \" \' P F CHO
D PA H 1 COOH
PA H 1 A% COOH
PA H I \' P CHO
PA H i \' P CONH,
PA H 1] \' P COOH
PA H 1 A\ P L CHO
PA H I A% P L CH,0OH
PA H 1 vV P F CHO
PA H 1 \' P F CH,OH
PA H I \' B F COOH
PA H 1 \' P E CHO

molecular mass

molecular MS? cpd
formula caled network found ion no.

CiH,N,O, 3392027  339.204 3392030  [M+H]*
CyHiNeO, 5193289 519.329 5193297  [M+H]*
C,6H 4N, O; 5343398 534341 5343402  [M+H]"
C,6H,;3N¢O4 §35.3239  §35.325 5353244  [M+H]"
CyuHN,Os 6324130 632414 6324148 [M+H]*
CyoHN,Op 6344287 634430 6344298  [M+H]*
C;35Hs,N,Oq 666.3974  666.398 666.3982  [M+H]" 15
C;3sH,N,Oq 6684130  668.413 6684117 [M+H]* 12
C;5Hy,N-0, 682.3923 682.393 682.3918 [M+H]* 8
CiHoN,O, 6844079  684.408 6844085  [M+H,O+H]*  15°
C,,H,,N,0, 3532183 353219 3532185  [M+H]*
CpH, NGO, 5333446  533.346 5333442 [M+H]*
CHN,O; 5483555 548357 5483563  [M+H]* 1
Cy;H,sN¢Og 549.3395 549.340 549.3397 [M+H]* 17
CuHN,Op 6464287  646.430 6464305 [M+H]"
C;3HgN,Oq 6484443 648.445 6484445  [M+H]"
CiHouN,Os 6804130  680.414 6804131  [M+H]* )
CyHN,Os 6824287  682.429 6824270  [M+H]* 14
CiHouN,O, 6964079  696.410 6964072 [M+H]* 10
CiHN,O, 6984236  698.424 6984238  [M+H,0+H]*  2¢
CuH;N,O, 3731870  373.188 373.1874  [M+H]*®
CyH3,N;O5 4722554  not present 4722560  [M+H]"
CyoH, 1 N4Oy 553.3133 553.314 553.3135 [M+H]*
CpHpN,O, 5683242  568.325 5683248  [M+H]*
CooH,NeOs 5693082  569.310 569.3101  [M+H]*
CyHN,O; 7003817 not present  700.3806  [M+H]* 16
CyHoN,Os 7023974 702.398 7023956  [M+H]* 13
CyHN,0, 7163766 716377 7163765  [M+H]* 9
CywHuN,O, 7183923 718.392 7183923  [M+H,0+H]* 167
CyHpN,0, 3872027 387203 3872033  [M+H]*
CpHyNO, 4862711 486272 4862715 [M+H]*
C30H43N¢O5 5673289  567.330 567.3300 [M+H]*
C3H,N,O; 582.3398 582.341 582.3408 [M+H]*
C30H43NO4 5833239  583.325 5833252  [M+H]*
CyHyN,O5 6804130  680.414 6804115 [M+H]*
CyHN,Og 6824287  not present  682.4288 [M+H]"
CyuHoN,Op 7143974 714.399 7143975 [M+H]* 3
C39H,N,Oq 7164136  not present 7164132  [M+H]" 4
C;3oHs,N,0, 7303923 not present  730.3939  [M+H]* 11
CyuHN,O, 7324079  732.408 7324082 [M+H,0+H]* 3¢

“Nodes found in MS* network, no MS/MS spectra found due to water ion adduct.

by Chitinophaga sp. Y23, falcitidin and its synthetic analogues
are first members of a new class of cysteine protease inhibitors
without a reactive group that covalent-reversibly or covalent-
irreversibly binds to the active-site cysteine residue.'”"" Based
on extracts of all 25 previously cultured Chitinophaga strains,"*
here, a complementary molecular networking study was carried
out to analyze the chemical profiles (Figure la). This
facilitated the discovery of more than 30 natural analogues of
falcitidin (1, m/z 548.3563 [M+H]*, molecular formula
Cy;H,4¢N,O;) (Figure 1b,c and Table 1) biosynthesized by
Chitinophaga eiseniae DSM 22224, Chitinophaga dinghuensis
DSM 29821, and Chitinophaga varians KCTC 52926. Analysis
of the corresponding MS/MS spectra led to the assignment of
four peptide families that differed in the amino acid chain at
position 2 and the acyl residue of the peptide. Members of
families A and B shared a fragment ion of m/z 222.1237 [M
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+H]* corresponding to the molecular formula C;;H;(N;0,".
The fragment can be assigned to the described isovaleroyl
(iVal) residue attached to the first amino acid histidine.'’ In
contrast, a fragment ion of m/z 256.1084 [M+H]",
corresponding to the molecular formula C,,H;,N;0,", was
detected in peptides of families C and D (Figures S1—S4). A
difference within the acyl moiety was assumed due to the
identical number of three nitrogen atoms, also indicating a
histidine at position one. Moreover, the MS/MS fragmentation
pattern of family members A and B as well as C and D varied
in position 2 of the amino acid chain, either carrying valine or
isoleucine. Within each peptide family, members differed in
chain length from two to five amino acids and their C-terminal
functional group (Table 1). Interestingly, a corresponding
falcitidin analogue with the unusual C-terminal amidated
(CONH,-group) proline, indicated by a neutral loss of

https://doi.org/10.1021/acschembio.1c0086 1
ACS Chem. Biol. 2022, 17, 576—589

- 109 -



Chapter 2 — Bacteroidetes

ACS Chemical Biology

pubs.acs.org/acschemicalbiology

Publication V

Table 2. NMR Data Comparison for Pentacitidin A (2) in DMSO-d; for the Natural Isolated Compound (700 MHz, 176 MHz)

and the Synthetic Compound (600 MHz, 151 MHz)“”

4 °C (ppm) 8 'H (ppm) (m, /, ))
natural natural
position isolated synthetic isolated synthetic
phenylalaninal
CHO 200.3 200.3 9.47, 947 (s, 0.2H)
941 941 (s, 02H)
NH 838 836 (d, 0.2H, |
=7.7 Hz)
834 (d, 02H, J
= 7.0 Hz)
a-CH 59.5 59.7/59.5 430 4.35-4.24 (m,
2H, overlay)
424-4.16 (m,
2H, overlay)
B-CH, 335 33.6/333 313, 3.15-3.07 (m,
2.74 1H)
291-2.83 (m,
2H, overlay)
2.78-2.69 (m,
2H, overlay)
#-Couart 137.6 137.6
CH,om 1293,  1293,1292,129.1, 723,  729-7.12 (m,
128.1, 1289, 1282, 1281,  7.27, SH)
126.3 126.24, 126.19 n.a.
126.2
proline
co 1720°  172.1/172.0
a-CH 59.1” 59.1/59.0 429 4.35-424 (m,
2H, overlay)
p-CH, 293 2931/29.28 192,  2.02-183 (m,
1.54 SH, overlay)
1.83—1.70 (m,
2H, overlay)
1.60—1.51 (m,
1H)
/-CH, 244" 24.44/2438 179,  2.02-183 (m,
1.74 SH, overlay)
1.83—1.70 (m,
2H, overlay)
5-CH,N 470" 47.00/46.96 375, 3.78—3.68 (m,
353 1H)3.57—
347 (m, 1H)
valine
co 169.6 169.58/169.55
NH 8.05 8.00—7.94 (m,
2H, overlay)
a-CH 55.8 §8.7 4.25 4.35-4.24 (m,
2H, overlay)
f-CH 297 297 1.98 2.02-1.83 (m,
SH, overlay)
7-CH;3 19.0 19.03/19.00 0.88 0.90—0.84 (m,

6H, overlay)

6 °C (ppm) 4 'H (ppm) (m, / J)
natural natural
position isolated synthetic isolated synthetic
18.5 18.45/18.41 0.86
isoleucine
CcO 170.7 170.7
NH 7.82 7.69—7.63 (m,
1H)
a-CH 563" 56.32/56.29 425 424—4.16 (m,
2H)
p-CH 369" 36.9/36.8 1.65 1.70—1.60 (m,
2H)
7-CH, 24.0 24.0 1.25 1.30—1.22 (m,
1H)
0.93 0.98—0.90 (m,
1H)
7-CH; 152 152 0.71 0.76—0.67 (m,
6H, overlay)
0-CHj, 11.0 11.0 0.74 0.76—0.67 (m,
G6H, overlay)
histidine
CO 170.0 170.9
NH 8.16 8.00—7.94 (m,
2H, overlay)
a-CH s17” 52.7 4.71 4.61—4.55 (m,
1H)
p-CH, 279" 29.9% 3.03 2.91-2.83 (m,
2H, overlay)
2.85 2.78-2.69 (m,
2H, overlay)
¥-Coae na. 134.2
8-CH,yom 1167°  no. ~72 6.76 (s, 1H)
&-CH,,,, 1338 134.5 ~87  7.50 (s, 1H)
&NH n.o.
isovaleroyl
CO 171.6 1714
CH, 443 445 1.96 2.02-1.83 (m,
SH, overlay)
CH 25.4 25.5 1.89 2.02—1.83 (m,
SH, overlay)
CH, 2272, 222 0.80 0.81 (d, 3H, J =
6.4 Hz)
CH, 22.1 22.1 0.77 078 (d, 3H, J =
6.4 Hz)

“Due to the presence of two diastereomers (see above), two sets of
signals are obtained. Therefore, for some signals, two chemical shift
values are given. n.o., not observed; n.a., not assigned due to line
broadening; asterisks denote data obtained from the HMBC or
HSQC spectrum; overlay means that the signal overlaps with another
signal. ®Broad signal.

114.0794 Da, was found in each family. Falcitidin (iVal-H-I-V-
P-CONH,) itself belongs to family B. Its analogues with the
same neutral loss were assigned to the UHR-ESI-MS ion peaks
at m/z 534.3402 [M+H]* (C,cHyuN,O;, family A), m/z
568.3248 [M+H]" (CyoH,,N, Oy, family C), and m/z 582.3408
[M+H]* (C30H4N,O;, family D). Additionally, within all
families, tetrapeptide analogues carrying a C-terminal-unmodi-
fied (COOH-group) proline and analogues with an aldehyde
moiety (CHO-group) indicated by a neutral loss of 99.0686
Da (CsHgNO) were found. Besides these tetrapeptide
analogues of falcitidin, truncated di- or tripeptides with C-
terminal COOH-groups and larger pentapeptide analogues
were predicted based on MS/MS spectra. The spectra of the
pentapeptides, which were found in all families, revealed either
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phenylalanine or leucine/isoleucine in the C-terminal position.
Besides an unmodified C-terminal phenylalanine (COOH-
group), additional analogues carrying a C-terminal phenyl-
alaninal (CHO-group) and phenylalaninol (CH,OH-group)
were predicted. The last two analogues were proposed based
on the neutral losses of 149.0841 Da (CyH;;NO) and
151.1006 Da (CyH,3NO), respectively. For analogues with a
leucine/isoleucine at position 5, only analogues with a CHO-
and CH,OH-group were detected, with neutral losses of
115.1031 Da (CgH;NO) and 117.1164 Da (C¢H,NO),
respectively (Table 1 and Figures S1—S4).

Natural Compound Isolation and Spectroscopic
Analysis. In order to confirm the proposed structures of the
pentapeptide falcitidin analogues, their functional C-terminal

https://doi.org/10.1021/acschembio.1c00861
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Figure 2. Chemical structures of isolated novel pentacitidin A (2) and B (3) as well as their possible degradation analogues, falcitidin (1) and the
corresponding tetrapeptide to pentacitidin B. Black represents synthesized structures; gray represents MS” spectra-confirmed structures.

groups and the unknown acyl chain of peptide families C and
D, isolation and spectroscopic analysis of natural pentapeptides
with m/z 680.4131 [M+H]* (2, C3H,N,Oy), m/z 714.3975
[M+H]" (3, C3H,N,Oy), and m/z 7164132 [M+H]" (4,
C3H,N,O;) were achieved. Isolation was performed by the
adsorption of the metabolites on XAD16N resin and sequential
C18-RP-HPLC followed by C18-RP-UHPLC fractionations
starting from a 20 L fermentation of C. eiseniae DSM 22224.
Based on the analysis of several two-dimensional NMR spectra,
including DQF-COSY, TOCSY, ROESY, multiplicity-edited
HSQC, and HMBC experiments, the structure of the isolated
compound 2 was determined to be the phenylalaninal
extended version of falcitidin (iVal-H-I-V-P-F-CHO) deter-
mined from the additional aromatic signals oy = 7.27 and 7.23
ppm as well as the aldehyde protons at 8y = 9.47 and 9.41 ppm
and 6¢ = 200.3 ppm (Table 2 and Figure SS5). We proposed
the name pentacitidin A. The presence of two signals for
several protons and carbon atoms indicated an epimerization
of the stereogenic center of the C-terminal phenylalaninal
(Figure 2). The analysis of the NMR data of the isolated
compound 3 revealed the same peptide sequence. However,
instead of the isovaleroyl moiety, 3 contains a phenyl acetyl
(PA) residue at the N terminus, leading to the final sequence
PA-H-I-V-P-F-CHO (Table 3 and Figure S6). Again, the
protons of the terminal aldehyde moiety gave rise to a set of
two signals (e.g., 6y of aldehyde proton = 9.46 and 9.41 ppm),
indicating the epimerization of its stereogenic center (Figure
2). Accordingly, we proposed the name pentacitidin B for
compound 3. The NMR sample of compound 4 contained a
mixture of 4 and aldehyde 3, not allowing for a complete
assignment of the NMR signals. The phenylalaninol moiety, as
indicated by MS/MS results, was confirmed by the presence of
a second methylene group adjacent to C,, (8 = 3.27 ppm, §;5¢
= 61.8 ppm), which in the COSY spectrum is correlated with
an exchangeable proton at 4.7 ppm (OH). The reduction of
the aldehyde function also leads to a significant high-field shift
of the H, and the amide proton (Figure S7), verifying the
structure of compound 4 to be PA-H-I-V-P-F-CH,OH
(Scheme 1).

Finally, advanced Marfey’s analysis was conducted to
determine the absolute configuration of the amino acids.'®
Total hydrolysis of a sample containing 3 and 4 followed by
chemical derivatization with N,-(2,4-dinitro-S-fluorophenyl)-L-
valinamide (Marfey’s reagent) and UHPLC-MS comparison to
reference substrates confirmed the literature-known p-His-L-
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Val/Ile-1-Val-L-Pro configuration'® and the incorporation of -
phenylalanine at position S by verifying the presence of 1-
phenylalaninol (Figure S9). All stereogenic centers were
further confirmed by total synthesis and comparison of NMR
data to natural isolated compounds (Tables 2 and 3).
Identification of the Biosynthetic Gene Cluster. The
publicly available genomes of all three producers, C. eiseniae
DSM 22224 (FUWZ01000000), C. dinghuensis DSM 29821
(QLMA01000000), and C. varians KCTC 52926
(JACVFB010000000), were scanned with antiSMASH'® for
NRPS-type biosynthetic gene clusters (BGCs) matching the
structural features of the molecules. The number and predicted
substrate specificity of the A-domains (Table S1) as well as the
precursor supply and post-assembly modifications were taken
into account. BGCs congruent to the pentapeptide structure
were identified in each case. Furthermore, an epimerization
domain to catalyze the conversion of L- to D-amino acids is
positioned in agreement with the determined stereochemistry
of the molecules. Interestingly, manual search of other publicly
available Chitinophaga genomes revealed the presence of
similar BGCs in genomes of C. varians Ae27 (JA-
BAIA010000000) and C. niastensis DSM 24859
(PYAW00000000) (Figure 3a), the latter also being included
in the molecular networking analysis. For C. niastensis,
however, no production of pentacitidins was observed, which
could correlate with the small differences in the A-domain
specificity for amino acids 3 (His instead of Val) and § (beta-
hydroxy-tyrosine (Bht) instead of Phe) (Table S1). The
MAFFT alignment'” of all five BGCs allowed clear cluster
boarder prediction and revealed minor variations in the
upstream region. In conclusion, pentacitidin biosynthesis is
putatively encoded by a single NRPS core gene of 18.5 kbp in
length. No additional genes encoding proteins involved in
further modifications or transportation were conserved
between all five BGCs (Figure 3a). The NRPS starts with a
starter condensation (C-starter) domain responsible for the
addition of iVal or PA to the peptide core. A terminal
reductase domain (TD) at the C-terminal end in four BGCs
should be responsible for the reductive release process (Figure
3b)."* The presence of alcohol and aldehyde pentapeptides
suggests a similar reduction as shown for exam[ple in the
biosynthesis of the siderophore myxochelin."”™>' The
(peptidyl)acyl thioester attached to the carrier protein could
be reduced first to an aldehyde and then to an alcohol via a
four-electron reduction during the product release.””** The

https://doi.org/10.1021/acschembio.1c00861
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Table 3. NMR Data Comparison for Pentacitidin B (3) in DMSO-d; for the Natural Isolated Compound (500 MHz, 126 MHz)
and the Synthetic Compound (600 MHz, 151 MHz)“*

position
phenylalaninal
CHO

NH

v Cquan
CH,

arom

proline
Cco
a-CH

p-CH,

5-CH,N

valine
CcO
NH
a-CH

p-CH
7-CH;

isoleucine
co

NH
a-CH

p-CH
7-CH,

7-CH;
6-CH;,

histidine
CcO

NH
a-CH
f-CH,

8 °C (ppm) 6 'H (ppm) (m, /)
natural isolated
natural isolated (major) synthetic (major) synthetic
200.3, 200.5 2003 9.46, 9.41 9.47 (s, 0.2H)
9.41 (s, 0.2H)
8.38, 8.36 836 (d, 0.25H, ] = 7.7
Hz)
834 (d, 0.25H, J = 7.0
Hz)
59.5, 59,8 59.1 / 59.0 4.29, 4.17 424—4.16 (m, 2H,
overlay)
33.5, 33,3 335 /333 3.12/2.74, 3.09/ 3.15-3.06 (m, 1H,
2.85 overlay)
2.93-2.83 (m, 2H,
overlay)
2.78-2.71 (m, 1H,
overlay)
137.7 137.6

129.3, 129.2128.1,
128.2126.2, 126.3

172.0
59.0, 59.1

29.3, 294

244, 245

46.98, 47.02

169.58

29.7

19.0
18.5

170.75

56.39

36.79
23.9

153

11.0

170.8

52.9

n.a.

129.3, 129.2, 129.14, 129.09, 129.0, 128.2, 128.1, 128.0, 126.25,

126.20, 126.16

172.1 / 172.0
59.5

29.32 / 2929

24.5 / 244

47.01 / 46.97

169.61 / 169.58

55.8
29.7

19.03 / 19.00
18.5 / 184

170.7

56.40 / 56.37

36.8 / 367
239

153

11.0

170.8

52.9
30.1%
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7.21,7.24,7.18

429, 430

1.91/1.54, 1.97/
1.74

1.78/1.74, 1.91/
1.80

3.75/3.50, 3.75/
3.54

7.98, 7.96
426

1.97

0.87, 0.85

7.76
421

1.64
1.22, 0.88

0.69

0.72

8.29
4.58
2.89, 2.75

7.29—7.13 (m, 10H,
overlay)

433-4.24 (m, 2H,
overlay)
2.02-1.84 (m, 2H,
overlay)
1.84—1.69 (m, 2H,
overlay)
1.59-1.51 (m, 1H)
2.02-1.84 (m, 2H,
overlay)
1.84—1.69 (m, 2H,
overlay)
3.78—3.68 (m, 1H)
3.57-3.47 (m, 1H)

795 (t, 1H, ] = 9.0 Hz)

433-4.24 (m, 2H,
overlay)

2.02-1.84 (m, 2H,
overlay)

0.94—0.82 (m, 7H,
overlay)

7.77-7.71 (m, 1H)

424-4.16 (m, 2H,
overlay)

1.69-1.59 (m, 1H)

127-1.17 (m, 1H)

0.94—0.82 (m, 7H,
overlay)

0.75—0.66 (m, 6H,
overlay)

0.75—0.66 (m, 6H,
overlay)

826 (d, 1H, J = 8.1 Hz)

4.62—4.55 (m, 1H)

293-2.83 (m, 2H,
overlay)

2.78-2.71 (m, 1H,
overlay)

https://doi.org/10.1021/acschembio.1c00861
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Table 3. continued

6 °C (ppm) 6 'H (ppm) (m, /, ])
natural isolated
position natural isolated (major) synthetic (major) synthetic
P Copant n.a. n.o.
SCH,,,, na. no. 675 676 (s, 1H)
&-CH,om 134.5 1345 7.49 751 (s, 1H)
&-NH n.o.
phenylacetyl
CcOo 169.9 169.9
CH, 4.0 420 343 345 (d, 1H, J = 14.1
Hz)
342 (d, 1H, J = 14.1
Hz)
Couan 1362 1362
CH,om 128.97, 128.05, 126.18 129.3, 129.2, 129.14, 129.09, 129.0, 128.2, 128.1, 128.0, 12625, 7.17,7.22,7.19  729—7.13 (m, 10H,

126.20, 126.16

overlay)

“n.0., not observed; n.a., not assigned due to line broadening; asterisks denote data obtained from the HMBC or HSQC spectrum; overlay means

that the signal overlaps with another signal.

BGC in the genome of C. varians Ae27 carries a
NAD_binding_4 domain instead of the TD. This domain
family is sequence-related to the C-terminal region of the male
sterility protein in the arabidopsis species** and a jojoba acyl-
CoA reductase.”® The latter is known to catalyze a similar
reduction reaction, with the formation of a fatty alcohol from a
fatty acyl substrate.”®

Degradation Hypotheses. A BGC congruent to the
pentapeptide structure and the presence of the unusual
tetrapeptide analogue after NMR study (Figure SS) of its
corresponding pentapeptide aldehyde points toward falcitidin
and its identified analogues from families A, C, and D with
their unusual C-terminal amidated proline to be degradation
products (Figure 2). Biochemically, a cleavage by a
carboxypeptidase in the presence of ammonia could result in
the C-terminal amide group of the proline, which can explain
the tetrapeptides in the extract. Chemically, the decomposition
of the pentapeptide to the unexpected amide version of the
proline could be based on two hypothetical mechanisms: (i)
base catalysis by the imidazole moiety of the histidine®® or (ii)
an oxidative decomposition via an N,O-acetal-like intermedi-
ate.”” These hypotheses and their mechanisms will need to be
evaluated in further studies. Interestingly, UHPLC control
measurements of the pure pentacitidin samples after NMR
spectroscopy always revealed the presence of mixtures of the
pentapeptide and its corresponding tetrapeptide analogue with
the C-terminal amidated proline. The NMR samples were
dissolved in DMSO, dried in vacuo, resolved in MeOH, and
measured. For example, within the control measurement of
pentcitidin B (3), the falcitidin analogue of family D (m/z
582.3408 [M+H]*, C4,H,N,O5) was detected (Figure 2 and
Figure SS). However, at the present stage, it also cannot be
excluded that falcitidin and pentacitidin analogues are
biosynthesized by the same NRPS assembly line and module
skipping takes place, which will result in the shorter
tetrapeptides.

Total Synthesis of Pentapeptide Falcitidin Ana-
logues. The scarcity of natural material and difficulties in
isolation due to the co-elution of aldehydes and alcohol
analogues made it necessary to synthesize the most promising
pentapeptide phenylalanine-aldehydes for biological testing.
The application of a split-approach solid-phase peptide
synthesis (SPPS)** followed by functional group interconver-
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sion gave access to a variety of falcitidin pentapeptide
analogues of families A, B, C, and D (Scheme 1).

Splitting the synthesis after the third amino acid and for the
attachment of the two different fatty acids allows the synthesis
of all four chosen acid analogues (2, 3, 15, and 16) based on 2-
chlorotrytil-L-Phe resin (2-CT-L-Phe). The functionalization of
the peptide acid yields the corresponding methyl ester, the
alcohol, and the aldehyde. Reduction to the alcohol was done
via the methyl ester after direct reduction of the acid could not
be achieved. The methyl ester was gained by conversion with
thionyl chloride in methanol followed by the reduction with
LiBH, in THF. For the oxidation to the aldehyde, Dess—
Martin periodinane (DMP) was chosen as a very mild reagent.
We found that small traces of methanol as a stabilizer in DCM
as the solvent made the reaction take longer, up to 8 h instead
of 1 h, and was responsible for incomplete conversion.
Epimerization of the stereogenic center of the aldehydes could
not be avoided, nor was it necessary to be avoided based on
the data for the natural isolated compounds. They were
obtained as diasteromers for the phenylalanine moiety of
roughly equal proportions based on NMR data (Figures S20—
$23 and Tables S12—S15). Overall yields of SPPS for the four
different chains varied between 16 and 59%. The reduction
yielded the corresponding alcohols over two steps with 25—
75% yield, and oxidation to the aldehydes achieved 62—87%
yield (Scheme 1).

For reference purposes, falcitidin (1) was synthesized using
the same SPPS approach instead of the literature-known liquid
phase method."" This afforded acid analogue 17 with a yield of
78% and, after amidation, falcitidin (1) with a 41% overall
yield (Scheme 2). Additionally, the acid analogue 17 and
falcitidin (1) themselves present great functional groups for
further derivatization and the introduction of different war
heads, like a nitrile or azide group, to increase the potency as a
potential inhibitor.>**°

Bioactivity. Falcitidin (1) was previously reported to
display an ICy, of 6 uM against falcipain-2.'" Therefore, the
falcitidin pentapeptide aldehyde analogues 2, 3, 15, and 16
were tested in a similar in vitro assay against falcipain-2
together with 1 as control. All four aldehydes were active with
an ICgy of 41.5 uM (15) to 23.7 uM (2). However, the
originally described activity of 1 could not be reproduced, with
an ICs, of >50 uM. This indicated differences in assay

https://doi.org/10.1021/acschembio.1c00861
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Scheme 1. SPPS Split Approach (a—f) and Functional Group Interconversions (g—h) to Chosen Falcitidin Pentapeptide
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“Standard SPPS conditions apply, and reactions were carried out at room temperature if not noted otherwise. Reduction of the acid to the alcohol
was achieved via the corresponding methyl ester. The aldehyde was obtained by Dess—Martin oxidation; the stereogenic center of phenylalanine
could not be retained. Detailed conditions can be found in the Supporting Information.

sensitivity, which made it difficult to put the aldehyde activities
in line with the literature. Aldehydes 3 and 15 also displayed
activities against the related P. falciparum cysteine protease
falcipain-3 (66% sequence identity with falcipain-2), with ICq,
values of 45.4 and 42.5 uM, respectively. Inhibition of both
falcipains is of importance, since falcipain-3 is able to
compensate for the knockout of falcipain-2.>' A counter-
screen against human cysteine proteases cathepsins B and L
and sortase A of Staphylococcus aureus as a surrogate for
unrelated cysteine proteases revealed no activity for pentapep-
tide aldehydes 2, 3, 15, and 16 as well as the C-terminal acid
(11) and alcohol (4) of 3, thus demonstrating selectivity over
these off-targets. Activities with ICg, values of 57.7 uM (2) to
17.1 uM (15) were also observed for the falcipain-homologue
cysteine protease of Tryoanosoma brucei rhodesiense rhodesain.
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Most interestingly, aldehydes 3, 15, and 16 displayed higher
activities, with ICgs of 3.7 uM (15) and 1.5 uM (16), against
a-chymotrypsin, which was tested as a prototype of human
serine proteases, while the serine membrane protease
matriptase-2 (TMPRSS6) was not inhibited (Table 4). To
further elucidate these observations, molecular docking studies
were performed.

Docking Studies. Due to the high number of rotatable
bonds and the associated degrees of conformational freedom in
the molecules under elucidation, docking of the full-length
peptides is challenging.**"** Hence, truncated tripeptides with
an N-terminal acetyl (ace)-cap to avoid a nonpresent charge of
full-length inhibitors (2, 3, 4, 11, 15, and 16) were used for
docking studies. First, a conventional noncovalent docking was
performed. However, aldehydes are known electrophilic
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Figure 3. Putative biosynthetic gene clusters for pentacitidin peptides found in various Chitinophaga strains. (a) Nucleotide alignment of all five
BGCs using MAFFT alignment 7 allowed clear cluster boarder prediction and revealed minor variations in the upstream region (identity). The
single NRPS core gene that is responsible for pentacitidin biosynthesis is shown in dark red, and neighboring genes that do not belong to the
pentacitidin BGC are shown in gray. (b) Biosynthetic hypothesis for pentacitidins. AA, amino acids; C, condensation domain; A, adenylation
domain; T, peptidyl-carrier protein domain; E, epimerization domain; Bht, beta-hydroxy-tyrosine; TD, terminal reductase domain; NAD,
NAD_binding_4 domain.

Scheme 2. Synthesis of Falcitidin (1) via Acid Analogue 17
a. 1) Fmoc-L-Val-OH,

o HATU, DIPEA, DMF 0 P
OOJBH 2) Piperidine/DMF (2:8) HOJ@&N
b. 1) Fmoc-L-lle-OH, (¢]
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2 H
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Ho 2 0
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2-CT-L-Pro resin HATU, DIPEA, DMF
(Loading: 0.72 mmol/g) ~ 2) Piperidine/DMF (2:8) \z
17
c. 1) Fmoc-p-His(Trt)-OH,
HATU, DIPEA, DMF EDC - HCI, HOAt, NH,4OH,
2) Piperidine/DMF (2:8) DMF, 0 °C-rt, 6h

o
d. Isovaleric acid, HATU, 2%k
DIPEA, DMF

e. TFA/TIS/H,O (95:2.5:2.5) o o o
78% HZNJ@)XN ~,NJ\_/N
HN/bN(
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1
Table 4. Overview of Protease Activity Data”
ICy, (uM)

no. peptide sequence Rhod  falcipain-2  falcipain-3 ~ CatB  CatL ~ a-CT  SrtA  TMPRSS6

1 iVal H I \ P - CONH, - >S50 >50 - = = = =

17 ival H I Y% P COOH - n.d. nd. - - - - -

11 PA H I % P F COOH - n.d. n.d. - - - - -

4 PA H 1 v P F CH,0OH - nd. nd. - . - - .

2 ival H I A% P F CHO §7.7 33.8 454 - - - - -

15 ival H vV v P F CHO 17.1 4.5 - - - 2 - -

3 PA H 1 A% P F CHO 254 23.7 42.5 - - 37 2 &

16 PA H A% v P E CHO - 382 - - - LS - -
“n.d.,, not determined; hyphens denote that the compounds were not active.
warheads and able to form covalent-reversible hemithioacetal the nucleophilic sulfur of the catalytic cysteine residue and the
adducts with catalytic cysteine residues.*> Therefore, the electrophilic carbon of the aldehyde moiety were elucidated,
predicted poses with special attention to the distance between and an additional covalent docking was performed. The
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Figure 4. Noncovalent docking predicted binding modes of truncated peptidic protease inhibitor ace-Val-Pro-Phe-aldehyde (green carbon atoms)
in complex with falcipain-2 (PDB-ID 3BPF) (a), falcipain-3 (PDB-ID 3BPM) (b), and chymotrypsin (PDB-ID 1AFQ) (c). Proteases are depicted
as white transparent surfaces; for clarity, only residues forming polar interactions (yellow dashed lines) and catalytic Cys/Ser and His residues are
labeled and depicted as lines. Substrate binding sites S1—S3 are schematically indicated. The distance between nucleophilic sulfur (Cys-42 in
falcipain-2 and Cys-S1 in falcipain-3) or oxygen (Ser-195 in chymotrypsin) of the catalytic center to the electrophilic carbon atom of the aldehyde

is depicted as a dashed red line and labeled with its distance in A.

tripeptides mimic the orientation of the protease substrates by
addressing S3—S1 (Figure 4a,b). Based on these results (Table
$16), the low inhibitory potency of the C-terminal alcohol (4)
and acid (11) moieties as well as that for falcitidin cannot
simply be explained by noncovalent interactions as the docking
scores are within a similar range or even higher when
compared to the aldehydes. However, based on the predicted
binding poses, the covalent reaction between aldehydes and
catalytic cysteine residues, which might contribute to higher
affinity, seems likely for molecules with proteinogenic L-Phe as
P1 residue, with a distance of 3.0 A between the electrophilic
carbon atom and the nucleophilic sulfur of Cys for both
falcipain-2 and falcipain-3 as well as the aldehyde oxygen
coordinated by hydrogen bonds in the oxyanion hole, but
rather unlikely for p-Phe (distances of 7.3 and 5.0 A for
falcipain-2 and falcipain-3, respectively). Additionally, only
small differences between covalent and noncovalent binding
modes were observed, indicating that no larger conformational
changes need to take place during or after reaction. While
testing against a-chymotrypsin was conducted to demonstrate
selectivity over human off-target serine proteases, the high
affinity is reasonable, as inhibitors with aromatic moieties
deeply buried in the S1 pocket of the protease were reported
previously as well as cleavage preference after Phe’®® "
Aldehydes are able to form covalent-reversible hemiacetal
adducts with serine;*” moreover, an increased potency is
indicated by proximity of the aldehyde to the catalytic Ser-195
residue in the predicted binding modes for both L- and p-Phe
at P1 (Figure 4c and Table S16). In conclusion, the higher
docking scores for the covalent binding compared to the ones
for the noncovalent ones indicate that the literature-known
covalent-reversible binding mode in form of the hemi-
thioacetal/hemiacetal adducts takes place for the cysteine/
serine residue and the aldehyde moiety of the pentacitidins.
Binding of L-Phe seems to be more likely based on the docking
results (distance) than p-Phe.

Falcitidin (1) was found to display poor whole-cell activity
against chloroquine-sensitive P. falciparum strain 3D7 (ICy, >
10 uM), while a structure—activity relationship (SAR) study
identified a synthetic trifluoromethyl analogue displaying sub-
micromolar ICy, activity.” Together with our results, this
allows further development of the SAR, with the aim to
increase both potency and selectivity with an improved
peptidic recognition sequence. However, no general selectivity
issue against serine proteases can be expected, as matriptase-2
was not inhibited by the compounds. Additionally, the docking
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studies revealed a rather unlikely distance for the covalent
binding of p-Phe-analogues. With all compounds having been
tested as mixtures of - and L-Phe due to the aldehyde’s natural
epimerization of its stereogenic center,’”*" further analogues
with other warheads preventing epimerization such as a nitrile
group,””** for example, should ideally be synthesized and
tested in L-configurations only.

B CONCLUSIONS

In this study, the metabolic networking analysis of
Chitinophaga strains led to the discovery of over 30 N-acyl
oligopeptides structurally related to falcitidin, an inhibitor of
the antimalarial cysteine protease falcipain-2.'° They were
classified into four peptide families (A—D) based on variations
in their amino acid chain length, sequence, acyl residue, and C-
terminal functionalization. The analysis of MS/MS spectra
revealed each family to contain truncated di- or tripeptides and
larger pentapeptides, including molecules with classical C-
terminal aldehyde moieties, which are supposed to covalent-
reversibly react with the active-site cysteine and serine residues
of proteases.” Isolation and structure elucidation of two novel
natural pentapeptide aldehydes validated the MS/MS
fragmentation pattern analysis. A BGC congruent to the
pentapeptide structure was identified in silico. Together with
the pentacitidin NMR studies, this indicated falcitidin and its
tetrapeptide analogues carrying the C-terminally amidated
proline to be degradation products from the described
pentacitidins. Total synthesis of all four pentapeptide
aldehydes and their carboxylic acid and alcohol derivatives
was successfully achieved using a solid-phase peptide synthesis
(SPPS) split approach followed by functional C-terminal group
interconversion and gave access to the most promising
aldehyde analogues, allowing their biological profiling.
Selective in vitro activity against parasitic cysteine proteases
rhodesain, falcipain-2, and falcipain-3, together with a low-
micromolar ICg, inhibition of the serine protease a-
chymotrypsin, was observed. This forms the basis for future
studies to develop optimized derivatives with increased
potency and selectivity against targeted proteases as well as
to elucidate the occurrence of falcitidin analogues carrying the
unusual C-terminal amidated proline.

B EXPERIMENTAL SECTION

General Experimental Procedures. For all UHPLC-QTOF-
UHR-MS and MS/MS measurements, a quadrupole time-of-flight
spectrometer (LC-QTOF maXis II, Bruker Daltonics, Bremen,
Germany) equipped with an electrospray ionization source in line

https://doi.org/10.1021/acschembio.1c00861
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with an Agilent 1290 infinity I LC system (Agilent Technologies, CA,
Unites States) was used. C18 RP-UHPLC (ACQUITY UPLC BEH
C18 column (130 A, 1.7 ym, 2.1 X 100 mm)) was performed at 45
°C with the following linear gradient (A: H,0, 0.1% HCOOH; B:
CH,CN, 0.1% HCOOH; flow rate: 0.6 mL min™'): 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; and 25.00 min: 95% A. A 50—2000 m/z
scan range at a 1 Hz scan rate was used to acquire mass spectral data.
The injection volume was set to 5 uL. MS/MS experiments were
performed at 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 using N, at 107> mbar. Precursors were excluded
after two spectra, released after 0.5 min, and reconsidered if the
intensity of an excluded precursor increased by a factor of 1.5 or
more. Data were analyzed using the Bruker DataAnalysis 4.0 software
package. Specific rotation was determined on a digital polarimeter
(P3000, A. Kriiss Optronic GmbH, Germany). The standard
wavelength was the sodium D-line with $89 nm. Temperature,
concentration (g 100 mL™'), and solvent are reported with the
determined value.

NMR Spectroscopy. The NMR spectra of natural isolated
pentacitidins were acquired on a Bruker AVANCE 700 spectrometer
(700 MHz for 'H and 176 MHz for '*C) and a Bruker AVANCE 500
spectrometer (500 MHz for 'H and 126 MHz for *C). Both
instruments were equipped with a $ mm TCI cryoprobe. For structure
elucidation and the assignment of proton and carbon resonances,
1D-'H, 1D-1C, DQF-COSY, TOCSY (mixing time 80 ms), ROESY
(mixing time 150 ms), multiplicity-edited HSQC, and HMBC spectra
were acquired. The NMR spectra of synthesized molecules were
recorded on an AVANCE III HD 600 spectrometer (600 MHz for
'H, 151 MHz for *C) from Bruker Biospin (Bruker Biospin GmbH,
Rheinstetten, Germany). 'H and "*C chemical shifts were reported in
ppm and referenced to the corresponding residual solvent signal
(DMSO-dg: 8¢ = 39.52 ppm, 8y = 2.50 ppm). & shifts marked with
asterisks were not observed in the '*C NMR spectrum but were
obtained either from HMBC or HSQC data.

MS/MS Networking. Molecular networking was performed
following established protocols.'*** In brief, parent ions are
represented by a list of fragment mass/intensity value pairs within
the raw data (*.d files) converted with MSConvert (ProteoWizard
package32) into plain text files (*.mgf). These ions are included in the
final network once they share at least six fragments (tolerance Appm
0.05) with at least one partner ion.”> Deposited compounds from an
in silico fragmented** commercial database (Antibase 2017*°) as well
as our in-house reference compound MS/MS database were included
in the final network to highlight known NPs. A visualization of the
network was constructed in Cytoscape v3.6.0.* Ed§es were drawn
between scan nodes with a cosine similarity of >0.7."

Strain Fermentation and Purification of Falcitidin Ana-
logues. A preculture (R2A, 100 mL in a 300 mL Erlenmeyer flask) of
C. ciseniae DSM 22224 was inoculated from a plate (R2A) and
incubated at 28 °C with agitation at 180 rpm for 3 days. A 20 L
fermentation in medium 3018 (1 g L™" yeast extract and S g L™*
casitone, pH 7.0) inoculated with 2% (v/v) preculture was carried out
in separate 2 L flasks filled with SO0 mL of culture volume at 28 °C
with agitation at 180 rpm for 4 days. The culture broth was
subsequently freeze-dried using a Delta 2-24 LSCplus (Martin Christ
Gefriertrockungsanlagen GmbH, Osterode am Harz, Germany). The
sample was extracted with a one-time culture volume of CH;OH,
evaporated to dryness using rotary evaporation under reduced
pressure, and resuspended in 3 L of 10% CH;OH/H,O. The extract
was loaded onto a XAD16N column (1 L bed volume) and eluted
step-wise with 10, 40, 60, 80, and 100% CH;OH (2 times bed volume
each). The 80 and 100% fractions containing falcitidin analogues were
pooled, and the sample was adjusted to 200 mg mL™" in methanol to
achieve further separation using preparative C18-RP-HPLC (Synergi
4 pm Fusion-RP 80 A (250 X 21.2 mm), Phenomenex Inc.) by
eluting in a linear gradient increasing from 25 to 75% CH;CN (+0.1%
HCOOH) in 22 min. Fractions of interest were concentrated to 100
mg mL™" for semipreparative C18-RP-HPLC (Synergi 4 ym Fusion-
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RP 80 A (250 X 10 mm), Phenomenex Inc.) using a linear gradient
from 15 to 50% CH;CN (+0.1% HCOOH) in 29 min. Final
purification of the samples of interest (100 mg mL™") was achieved
using UHPLC on a ACQUITY UPLC BEH C18 column (130 A, 1.7
pm, 100 X 2.1 mm, Waters Corporation), eluting in an isocratic
gradient of 27.50% CH,CN (+0.1% HCOOH) in 18 min. In total,
isolation yielded 1.5 mg of 2, 1 mg of 3, and 2 mg of a mixture of 3
and 4.

Pentacitidin A (2). Amorphous, white powder; see Table 2 for 'H
and *C NMR data; positive HR-ESIMS m/z 680.4131 [M+H]*,
calculated mass for C36H54N704": 680.4130; A = 0.15 ppm.

Pentacitidin B (3). Amorphous, white powder; see Table 3 for 'H
and “C NMR data; positive HR-ESIMS m/z 714.3975 [M+H]",
calculated mass for C39HS2N704": 714.3974; A = 0.14 ppm.

Advanced Marfey’s Analysis. The absolute configurations of all
amino acids were determined by derivatization using Marfey’s
reagent.”” Stock solutions of amino acid standards (50 mM in
H,0), NaHCO; (1 M in H,0), and N,-(2,4-dinitro-S-fluorophenyl)-
L-valinamide (1-FDVA, 70 mM in acetone; Sigma-Aldrich, St. Louis,
MO, United States) were prepared. Commercially available and
synthesized standards were derivatized using molar ratios of amino
acid to L-FDVA and NaHCO, (1/1.4/8). After stirring at 40 °C for 3
h, 1 M HCI was added to obtain a concentration of 170 mM to end
the reaction. Samples were subsequently evaporated to dryness and
dissolved in DMSO (final concentration 50 mM). L- and p-amino
acids were analyzed separately using C18 RP-UHPLC-MS (A: H,O,
0.1% HCOOH; B: CH;CN, 0.1% HCOOH; flow rate: 0.6 mL
min™'). A linear gradient of 15-75% B in 35 min was applied to
separate all amino acid standards. Total hydrolysis of the peptide
sample containing 3 and 4 was carried out by dissolving 250 pg in 6
M DCI in D,O and stirring for 7 h at 160 °C. The sample was
subsequently evaporated to dryness. Samples were dissolved in 100
puL H,O, derivatized with L-FDVA, and analyzed using the same
parameters as described before.

Fluorometric Assays. Rhodesain (Rhod Staphylococcus
aureus sortase A (SrtA),”' and human matriptase-2 (TMPRSS6)**
were expressed and purified as published previously, cathepsins B and
L (CatB and CatL; human liver, Calbiochem) and a-chymotrypsin
(a-CT; Sigma-Aldrich, St. Louis, MO, United States) were purchased.
For these proteases except SrtA, fluorescence increase upon cleavage
of the fluorogenic substrates was monitored without incubation with a
TECAN Infinite F200 Pro fluorimeter (excitation A = 365 nm;
emission 4 = 460 nm) in white, flat-bottom 96-well microtiter plates
(Greiner Bio-One, Kremsmiinster, Austria) with a total volume of 200
pL. Inhibitors and substrates were prepared as stock solutions in
DMSO to a final DMSO content of 0.5%. Inhibitors were screened at
final concentrations of 20 M and eventually at 1 uM. ICy, values
were determined for compounds for which an inhibition of >50% at a
concentration of 20 yM was observed. All assays were performed in
technical triplicates and normalized to the activity of DMSO instead
of the inhibitors by measuring the increase of fluorescence signal over
10 min. The data were analyzed using GraFit V 5.0.13°® (Erithracus
Software, Horley, UK; http://erithacus.com/grafit/ ).

Cbz-Phe-Arg-AMC (Bachem, Bubendorf BL, Switzerland) was
used as a substrate for Rhod, CatB, and CatL. The enzymes were
incubated at room temperature in enzyme incubation buffer (Rhod:
50 mM sodium acetate (pH 5.5), S mM EDTA, 200 mM NaCl, and 2
mM DTT; CatB/L: 50 mM Tris—HCl (pH 6.5), $ mM EDTA, 200
mM NaCl, and 2 mM DTT) for 30 min. One hundred and eighty
microliters of assay buffer (Rhod: 50 mM sodium acetate (pH S.5), S
mM EDTA, 200 mM NaCl, and 0.005% Brij3S; CatB/L: 50 mM
Tris—HCl (pH 6.5), 5 mM EDTA, 200 mM NaCl, and 0.005%
Brij35) were added to the 96-well plates; afterward, the respective
enzyme in enzyme incubation buffer (S uL; to yield final
concentrations for Rhod, 0.01 xM; CatB, 0.1 uM; and CatL, 0.2
4uM) was added followed by 10 uL of DMSO (control) or inhibitor
solution in DMSO and, finally, the substrate (5 wuL; final
concentrations: Rhod, 10 yM; CatB, 100 uM; and CatL, 6.5 uM)
was added.™

) 48—50
)
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Transpeptidation efficacy of SrtA was examined in vitro as
described previously.”" Briefly, SrtA was diluted in assay buffer (50
mM Tris—HCl (pH 7.50) and 150 mM NaCl) to a final
concentration of 1 yM. The FRET-pair substrate Abz-LPETG-
Dap(Dnp)-OH (Genscript, Piscataway, NJ, United States) and the
tetraglycine (Sigma-Aldrich, St. Louis, MO, United States) were
added at 25 uM and 0.5 mM, respectively.

a-Chymotrypsin (final concentration, 0.4 yM) was dissolved in
assay buffer containing SO0 mM Tris—HCl (pH 8.0), 100 mM NaCl,
and S mM EDTA. Suc-Leu-Leu-Val-Tyr-AMC (Bachem, Bubendorf
BL, Switzerland) was used as a substrate at a final concentration of
52.5 uM.>®

Proteolytic activity of matriptase-2 was measured in a final
concentration of 2.5 nM enzyme in 180 yL reaction buffer (50 mM
Tris—HCl (pH 8.0), 150 mM NaCl, S mM CaCl,, and 0.01% (v/v)
T,.100)- After addition of the inhibitors, the reaction was initiated
without further incubation by adding the substrate Boc-Leu-Arg-Arg-
AMC (Bachem. Bubendorf BL, Switzerland, Ky = 36.1 + 5.8 uM) to
a final concentration of 100 M.

The recombinant enzymes falcipain-2 and falcipain-3 were
expressed and purified as previously described.” Stock solutions of
the compounds, the substrate, and the positive control E-64 (Sigma-
Aldrich, St. Louis, MO, United States) were prepared at 10 mM in
DMSO. The compounds were incubated in 96-well white flat-bottom
plates with 30 nM of recombinant falcipain-2 or falcipain-3 at room
temperature in assay buffer (100 mM sodium acetate (pH 5.5) with §
mM DTT) for 10 min. After incubation, the fluorogenic substrate Z-
Leu-Arg-AMC (R&D Systems, Minneapolis, MN, United States) was
added at a concentration of 25 yM in a final assay volume of 200 yL.
Fluorescence was monitored with a Varioskan Flash (Thermo Fisher
Scientific Inc.,, Waltham, MA, United States) with excitation at 355
nm and emission at 460 nm. The ICs, was calculated using GraphPad
Prism (GraphPad Software, San Diego, CA, United States) based on a
sigmoidal dose—response curve.

Molecular Docking. Molecular docking was performed against
falcipain-2 (complex with E-64, PDB-ID 3BPF),” falcipain-3
(complex with leupeptin, PDB-ID 3BPM),”” and chymotrypsin
(complex with p-leucyl-L-phenylalanyl-p-fluorobenzylamide, PDB-ID
1AFQ).** Conventional noncovalent template-based docking was
performed with HYBRID v3.3.0.3 (OpenEye Scientific Software,
Santa Fe, NM, US; http://eyesopen.com).”*** The receptor was
prepared using the make_receptor tool version 3.3.0.3 under default
settings for potential field generation around the reference ligand for
3BPM and 1AFQ. As the complexed ligand E-64 of 3BPF does not
reach toward S1 of falcipain-2, the potential field was generated using
leupeptin from the aligned structure of 3BPM (falcipain-3) for which
a similar binding behavior for falcipain-2 and falcipain-3 can be
expected.”” Eight hundred ligand conformers per molecule for
docking were generated using Omega Pose (OMEGA v3.1.0.3,
OpenEye Scientific Software, Santa Fe, NM, US; http://eyesopen.
com).’" Covalent docking was performed using MOE 2020.09.°>
Using the covalent reaction of the acetalization from aldehyde and
Cys/Ser (for E-64 redocking from epoxide to beta-hydroxythioether),
a rigid docking with GB/VI scoring was applied for the initial
placement of 50 poses, from which the 10 best-scoring ones were
refined using the ASE scoring function. Docking setups were validated
by the redocking of crystallographic reference ligands by pose
inspection and RMSD calculation (Table S16).
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Droplet-based microfluidics approaches for anti-infective NP discovery

Among various other examples, the increasing scientific challenges of discovering new anti-
infective NPs in conjunction with the emerging AMRs (Murray et al., 2022) continuously
decrease the already declined therapeutic armamentarium. While common anti-infective
compound classes were found applying classical bioactivity-based whole-cell phenotypic
screening approaches during the golden age of antibiotics, microbial cultivation-based
approaches still hold notable potential in discovering new anti-infective NPs. The lower
chances of finding novel scaffolds for drug development must be contrasted with increased
throughput. In consideration of optimal growth conditions, including natural occurring
growth factors and nutrient supply, microbial dormancy, a bet-hedging strategy used by a
variety of organisms to overcome unfavorable environmental conditions (Lennon and Jones,
2011) and the reason uncultivable species exist, could be overcome. Hence, as transition from
dormancy to activity is a stochastic process (Epstein, 2013), the chance to cultivate previous

inaccessible microbial diversity rises.

In recent years, droplet-based microfluidics has emerged as a method of choice for high-
throughput processes. It enables the generation, manipulation and monitoring of individual
compartments (droplets) on a picoliter-scale. Realistically, it can deliver million-fold
improvements in throughput compared to conventional methods, while consuming just a few

microliters of sample. With its key features of compartmentalization, miniaturization, and
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parallelization, it has rapidly evolved as a prominent technology in various research fields
including microbiology and anti-infective NP discovery (Kaminski et al., 2016; Price and

Paegel, 2016).

The results of the droplet-based microfluidic cultivation approach developed and established
within this work, which is based on agarose-solidified droplets and presented in Publication I
(Chapter I), show the enormous potential of microfluidic-based cultivation approaches. In
total, 1071 strains of five different phyla affiliated to 57 genera were brought into culture,
including underrepresented proteobacterial genera and a fastidious representative of the
Acidobacteria. These results are in alliance with studies using similar droplet-based cultivation
approaches (Zengler et al., 2002; Akselband et al., 2006; Ben-Dov et al., 2009; Cao et al., 2017;
Terekhov et al., 2017; Mahler et al., 2018; Villa et al., 2020; Watterson et al., 2020; Mahler et al.,
2021). In particular, the microfluidics method was established using only commercially
available microfluidic components (uEncapsulator 1 system, Dolomite Bio). In contrast to
many published studies that have been based on bespoke systems and chips (Cao et al., 2017;
Terekhov et al., 2017; Mahler et al., 2018; Watterson et al., 2020; Mahler et al., 2021), this reduces
complexity while allowing a maximum of scalability and reproducibility. Though using such
a system, the implementation, maintenance and daily operation as well as a rapid method

transfer to other laboratories is ensured.

This is also consistent with the analysis of the droplets that has to compete in terms of
throughput with droplet generation at a few kilohertz. The applied flow cytometry technique
in Chapter I is routinely been used for the analysis of such droplets and standardized in many
laboratories (Manome et al., 2001; Zengler et al., 2002; Akselband et al., 2006; Terekhov et al.,
2017). It allows to analyze and process droplets at kilohertz based on physical and chemical
characteristics. However, as droplets can be of various physical properties and research
questions need to be addressed with any readout possible, more variable, flexible and modular
systems evolved. Many detection, analysis and sorting systems are custom made and include
one or more on-chip optical (Zang et al., 2013; Cao et al., 2017; Mahler et al., 2018; Watterson et
al., 2020; Mahler et al., 2021), optofluidics (Sciambi and Abate, 2015; Mahler et al., 2018; Tovar
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et al., 2019; Hengoju et al., 2020b; Mahler et al., 2021) and mass spectrometry-based solutions
(Mahler et al., 2018; Wink et al., 2018). Whole fluorescence-activated droplet sorting devices
were also constructed (Baret et al., 2009). Nevertheless, on-chip-based solutions are technically
more complex and custom made. Special equipment and skilled operators are required.
Therefore, their establishment is more expensive and time-consuming compared to the

implemented and standardized approach presented in Chapter I, Publication I.

On the other hand, these technical developments indicate that up- and downstream processes
in anti-infective research, i.e., cultivation, phylogenetic and chemical characterization of
individual strains, and activity screening will in future be miniaturized as standard down to
microfluidic level. This results in more complex droplet-applications and manipulation as well
as technical requirements. A few examples are already published. Mahler et al. created a
modular workflow to cultivate and screen environmental microorganisms in droplets for
bioactivity using several custom made microfluidic chips. First, droplets were generated with
single environmental cells, followed by incubation and reinjected into a microfluidic chip
allowing picoinjection. This was used to inject fluorescent-tagged reporter strains into these
droplets for screening purposes. Finally, droplets were sorted via dielectrophoresis using an
on-chip droplet sorting structure based on fluorescence readout (Mahler et al., 2018; Mahler et
al., 2021). Another more complex droplet-application allows to perform droplet-based, more
destructive anti-infective research processes such as phylogenetic characterization based on
sequencing. Droplet splitting could be used to create two daughter droplets, one for a

destructive assay and the other to recover the droplet content (Link et al., 2006; Ng et al., 2015).

In order to accompany the implications outlined above, further complex and multilayer
microfluidic approaches need to be developed in future. The microfluidic method published
as Publication II (Chapter I) is an example of such a novel multi compartment assay. The assay
builds on the same agarose-solidified agarose droplets and is performed at the same common
microfluidic setup used in Publication I. Therefore, it is able to be standardized and
implemented easily in other laboratories. The agarose droplets are washed applying a

Nykodenz® density gravity gradient. Followed by the addition of a second agarose layer to the
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washed droplets using the same microfluidics system. This results in agarose-solidified double
emulsions not separated by a diffusion barrier (surfactant stabilized oil). This assay is the first

of its kind with a washing step in between.

First application examples are shown in Publication II with one of them been a screening assay
with fluorescent-tagged indicator strains. First, microorganisms could be cultivated within the
droplets and an indicator strain could be added for any kind of readout in the second step.
However, for some applications, such as an antimicrobial screening assay, the washing step
might be a disadvantage. Any soluble molecules will be washed out during the washing step
and need to be produced again after adding the second agarose layer, including any possibly
produced compound with bioactivity. Therefore, with a fast readout time, the detection of
slowly produced or anti-infective compounds with week potency could be very difficult.
However, facing the general miniaturization down to microfluidic-based applications, a
washing step is essential for various assays (e.g., phage display). For such a purpose, the
method developed in this work could be easily applied and opens up new possibilities for
researchers trying to miniaturize their assays. The multilayer microfluidic approach published
as Publication II could also be applied in the field of microbial co-cultivation. In most cases,
microorganisms co-exist within complex microbial communities while experiencing
competition and/or antagonism. Co-cultivations can simulate such interactions, leading to
favorable microbial growth under laboratory conditions, and thus could likely help to cultivate
species that have not been cultivated before (Kaeberlein et al., 2002; Schink, 2002; Park et al.,
2011; Marmann et al., 2014). Additionally, the microfluidic method could be adapted by adding
a liquid layer rather than a second agarose layer on the washed droplets. It could be used to
encapsulate environmental cells in a solid as well as liquid phase. During FACS sorting, this
results in the loss of the liquid layer containing environmental microorganisms, and thus
recovery of the cells grown in the solidified agarose droplet. This would allow high-
throughput co-cultivation in droplets while retrieving axenic cultures. Other applications need

to be tested next.
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In this perspective, the work that was conducted in Chapter I addresses the recent rise of
droplet-based microfluidic methods and applications in the field of anti-infective research.
Given is the change to cultivate and retrieve new as well as fastidious species due to the
adaptable cultivation conditions in droplets and the single cell confinement, together with a
high sampling depth. The enormous potential of microfluidic-based cultivation approaches
have been proven and will help to standardize such assays in future. Furthermore, the
developed novel double-emulsion method has the potential to help miniaturize further assays

and research fields.

Bacteroidetes — A yet underexplored source of natural product research

Microorganisms are a valuable source of NPs (Newman and Cragg, 2020). Over 300.000
bacterial genomes are publically available (as of Nov. 2020) and provide a rich genomic
diversity (Mukherjee et al., 2021). As the sequencing capacity increases, the cost decreases — a
unique chance for the research community to tap into the genomic era and revolutionize NP
discovery (Mardis, 2017; Kalkreuter et al., 2020). Even though the genetic potential for the
biosynthesis of further promising NPs is still high for rather classical producers such as
Actinobateria, Firmicutes, and Myxobacteria, a constant rediscovery of known molecules
challenges classical NP research (Ziemert et al., 2016). The exploration of yet underexplored
phylogenetic spaces of the bacterial kingdom can be an alternative. Here, the large potential
that comes with the public genomic data can support the search for such alternatives as it helps
to predict their potential to produce valuable secondary/specialized metabolites (Borsetto et

al., 2019).

In this context, the genomic study performed in Chapter II, Publication III explored and
illuminated the Bacteroidetes phylum as such an alternative for the discovery of novel NPs.
Earlier on, it has been described that the Bacteroidetes phylum harbors distinct adenylation
and ketosynthase domains. This was correlated with genes coding for non-ribosomal peptide
synthetases (NRPSs) and polyketide synthases (PKSs). In turn, detecting these genes in the
genomes of Bacteroidetes strains, the assumption of a high biosynthetic potential to produce

polyketides and non-ribosomal peptides was raised (Borsetto et al., 2019). The within this work
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presented study represents the first systematic and comprehensive survey rating the
biosynthetic potential of all six different Bacteroidetes classes using the bioinformatics tools
antiSMASH (Blin et al., 2021) and BiG-SCAPE (Navarro-Munoz et al., 2020). It revealed the
accumulation of NP production capabilities in only a few taxonomic hotspots, rather than a
general ability of the entire phylum-members, to produce secondary/specialized metabolites.
Additionally, evidence was made that the encoded chemical space of the phylum differs from
that of other bacteria. In particular, the here performed genomic study revealed the
Chitinophaga as the most promising genus in terms of secondary/specialized metabolite
production capabilities. The most talented Chitinophaga species even competed with the BGC

loads of classical producers such as Actinobacteria (Baltz, 2017).

However, as genomic diversity does not always correlates into chemical diversity (Kalkreuter
et al., 2020), the translation of the biosynthetic potential into chemical novelty needs to be
verified. In light of this, a representative metabolomics study of the Chitinophaga was part of
the research in Publication III. The identified chemical space compromises more than 1,000
unknown candidates that could not been associated to microbial NPs known today. Although
comparability of such extensive approaches is challenging due to different dataset sizes,
composition as well as technical devices and settings, this dataset competed with its
uniqueness and value with other metabolomics studies of well-known NP producer taxa
(Hoffmann et al., 2018). One striking difference however, is the lack of dereplicated known
metabolites. It can be explained by their underrepresentation in all reference databases utilized
in this study for data categorization. This is representative of the fact that investigations of the

genus Chitinophaga and the Bacteroidetes phylum itself have only just begun.

From this perspective, and among with the rather low number of literature known
secondary/specialized metabolites not reflecting the phylum’s potential and reviewed as part
of this work (Introduction), the isolated and characterized compounds reported in Chapter II,
Publication III, IV and V represent individual examples of bioactive metabolites from the
untapped chemical space of the Bacteroidetes phylum. The datasets generated with the omics-

technologies used in this work, stand alone or applied in sequel, were proven to make a strong
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impact on each isolation project. Especially the here presented results reveal the divers
repertoire of bioactive NPs produced by members of the genus Chitinophaga. The
chitinopeptins A-D are the first cyclic lipodepsipeptides isolated from the genus Chitinophaga
and able to coordinate iron (Publication III). The analysis of the genomics data generated
within this work revealed putative NRPS-BGCs congruent with its structures and even two
more close related BGCs were found in genomes of other members of this genus. Furthermore,
based on the metabolomics data, the novel lipoamino acids described in Publication IV were
identified as ‘core” metabolites of such strains. In parallel, the same data revealed the presence
of the tetrapeptide falcitidin, an inhibitor of the antimalarial target falcipain-2 (Somanadhan et
al., 2013), in several Chitinophaga extracts. Published in Publication V, an intensive follow up
study predicts this tetrapeptide to be a degradation product of the pentacitidins, novel linear
pentapeptides carrying aldehyde warheads. The pentacitidins act as even better inhibitors of
parasitic cysteine proteases. The NRPS-BGC of the pentacitins was also putatively annotated

in at least five Chitinophaga genomes.

Based on these insights, the results of Chapter II comprehensively claim the NP potential of
the entire Bacteroidetes phylum, especially proven for the Chitinophaga genus. This work has
been proven to be the foundation for all upcoming NP research on this phylum. Applied on
this underexplored NP source, omics-technologies revealed a large untapped chemical space
with the potential to discover further promising anti-infective secondary/specialized

metabolites produced by members of this phylum.
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Today, anti-infective therapies based on small molecules are applied to fight many diseases
and are likely to become even more substantial in future. Novel methods and technical
approaches have significantly advanced the field of NP discovery. The field is witnessing a
renaissance relying on increasing multidisciplinary collaborations between microbiologists,
data-driven computational as well as synthetic biologists, chemists, and physicists to
successfully address today’s challenges in the discovery and development of novel bioactive
small molecules. In this perspective, the here presented work made use of such synergistic
effects and expertise. The work that was conducted in Chapter I has added technical-driven,
microfluidic-based high-throughput approaches to an existing NP discovery pipeline. Next
steps are further improvements of the methods developed herein, especially the double
emulsion one. Its potential use as a cultivation and screening assay is impeded by the washout
of any bioactive molecules that might be produced at the cultivation step. After adding the
second agarose layer to the agarose-solidified droplets, such molecules need to be reproduced
while the indicator strain also grows within the double emulsion droplet. Therefore,
preliminary experiments in this direction have already shown that only a combination of
highly potent molecules and very weak or growth delayed reporter strains leads to a detectable
inhibition and thus to a usable readout. A solution that needs to be tested next, might be the

use of autotrophic or inducible reporter strains.

The results presented in Chapter II are based on large datasets processed with computational

tools. They are representative of the great progress in the genomic era of NP discovery by
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comprehensively breaking down the NP potential of the entire Bacteroidetes phylum
demonstrated specifically for one of the phylum’s determined hotspots in NP production
capabilities, the Chitinophaga genus. The next steps would be to scale the workflow used here
to further clades of the Bacteroidetes phylum such as the genus Pedobacter or Cytophaga. In
combination with novel metabologenomic approaches that directly correlate the detected
metabolites with their putative BGCs, this would help shed light on the entire treasure trove
of NPs from the still underexplored Bacteroidetes phylum. Furthermore, it would prove that

the workflow is applicable to other underexplored phyla and even beyond.

In the next decades, technical and scientific improvements will guide scientists to discover
further classes of anti-infectives from the almost boundless chemical diversity of NPs hidden
in the manifold branches of the tree of life. The future of NP research will continue to rely on
classical synthetic biology and cultivation approaches, prioritized and guided by harvesting

large and diverse datasets generated with high-throughput approaches.
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