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“‘Das ist der Weisheit letzter Schluss:
Nur der verdient sich Freiheit wie das Leben,
Der taglich sie erobern muss."

Johann Wolfgang von Goethe, Faust Il
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Professor Pieter C. Dorrestein, Co-Chair

Scientific progress in organic synthesis, biochemistry and biology and cures to many
infectious diseases and cancer rely on discovery of microbial natural products and their
biosynthetic pathways. ‘Omics’ approaches such as genome mining have opened new
opportunities for natural product discovery within the last decade as ~90% of pathways in
microbial genomes are uncharacterized in their products. Genome mining for natural product
discovery can be defined as the connection of a natural product (chemotype) with its biosynthetic
genes (genotype) by applied biosynthetic knowledge. Traditional genome mining approaches are
in silico-guided approaches in which the isolation of a new natural product is guided by
bioinformatic predictions from a target cryptic gene cluster. The problem of in silico-guided
genome mining in natural product discovery is its low-throughput rate as only one pathway is

characterized per experiment.
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In this dissertation, mass spectrometry (MS)-guided genome mining approaches are
introduced which rapidly connect a natural product with its biosynthetic genes by matching de
novo tandem MS structures of biosynthetic building blocks such as amino acids and sugars to
metabolite structures predicted from microbial genomes. As MS-guided genome mining starts at
the chemotype level by e.g. liquid chromatography-tandem mass spectrometry analysis of a
microbial extract and subsequently connects putative natural products with their gene clusters, it
has the potential for automation.

In Chapter 2, peptidogenomics is introduced as a MS-guided genome mining approach
for characterization of ribosomal and nonribosomal peptide chemotypes and their corresponding
genotypes. Peptidogenomics characterized ten new peptide chemo- and genotypes from
Streptomyces cultures including lanthipeptides, lassopeptides, linaridins and lipopeptides.

In Chapter 3, a combination of imaging mass spectrometry, tandem MS and genome
mining characterized the biosynthetic pathway of the didemnin anti-cancer agents in the marine
a-proteobacterium Tistrella mobilis.

In Chapter 4, glycogenomics is introduced as a MS-guided genome mining approach to
connect chemo- and genotypes of glycosylated natural products. Glycogenomics enabled the
discovery of putative arenimycin B, a glycosylated aromatic polyketide from the marine
actinobacterium Salinispora arenicola and its biosynthetic pathway.

In Chapter 5, bioactivity-guided genome mining combined with genetic knockouts and
glycogenomics characterized the biosynthetic gene cluster of the lomaiviticins anti-cancer agents

in the marine actinobacterium Salinispora tropica.

XX



Chapter 1 — Introduction

11 Microbial natural products

Natural products, or so-called secondary metabolites, are small, structurally diverse
chemicals produced by cells for many phenotypic purposes, e.g. cell-cell communication, self-
regulation or adaptation. The term ‘secondary metabolites’ indicates that these chemicals are not
essential for the general cell survival like primary metabolites. Due to their diversity in structure,
biosynthesis and activity, natural products from microbial sources have been a great source of
innovation for chemists, biochemists, biologists and pharmacists. Organic total synthesis has
been driven by the synthetic challenges set by complex natural products [1]. Our understanding
of enzymatic catalysis has been fueled by studies of secondary metabolic pathways [2]. Natural
products are involved in many ecological processes such as symbiotic interactions [3]. In modern
medicine, 49% of current drugs and 70% of antimicrobials are natural product-derived [4]. The
wide scientific significance of natural products is based on their role as a part of the central
dogma of life, i.e. the information transfer between DNA, RNA, proteins and metabolites [5]. In
microbial genomes, the genes involved in the biosynthesis, transcriptional regulation, self-
resistance and transport of a natural product are organized on the genomic DNA level as a gene
cluster (genotype). The biosynthetic gene products assemble a natural product (chemotype) from
simple chemical building blocks which are unmodified or modified primary metabolites such as
sugars, amino acids, fatty acids, isoprene units and acetate-derived units. Many natural products
are finally exported from the cell to cause a bioactivity (phenotype), e.g. in the interaction with
another cell (Figure 1) [6]. This section is a brief introduction to structural and biosynthetic

principles of microbial natural products which are relevant to this dissertation.
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Figure 1: Natural products in the dogma of life, i.e. the information transfer from genomic DNA to
RNA to enzymes to metabolites. The information for the biosynthesis of a microbial natural
product is encoded in a gene cluster (genotype) which is translated into proteins that catalyze the
biosynthesis and secretion of the secondary metabolite (chemotype) to direct its bioactivity
(phenotype). * - PDB 3ec4, # - adapted from [3].

1.1.1 Peptide natural products (PNPs)

Peptide natural products (PNPs) are ubiquitious chemicals in all life forms where they
have diverse biological functions in development, protection and communication [7]. Microbial
peptide natural products are an important source of pharmaceuticals [8] and food preservatives
[9]. There are two general strategies of PNP biosynthesis in nature: a ribosomal pathway and a
non-ribosomal pathway [10]. PNPs produced by the ribosomal pathway are called ribosomally
synthesized and posttranslationally modified peptides (RiPPs) [11], PNPs produced by the
nonribosomal pathway are called nonribosomal peptides (NRPs). PNPs are chains of amino acid
monomers which can include proteinogenic and non-proteinogenic amino acids. A common
modification of PNPs is macrocyclization for increased stability and specific conformation [12].
1.1.1.1 Ribosomal peptides (RiPPs)

Ribosomally synthesized and posttranslationally modified peptides (RiPPs) encompass a
rapidly expanding group of natural products [11]. Multiple classes of RiPPs of prokaryotic origin
have been characterized through their biosynthetic pathways, which entail diverse
posttranslational modification strategies to vyield lanthipeptides [13], thiopeptides [14],

cyanobactins [15], lasso peptides [16], linaridins [17] and other microcins [18]. Consequently,

traditional RiPP classification systems based on bioactivity, producer and structure have shifted



toward a new classification based largely on biosynthesis [19]. In RiPP biosynthesis, the peptide
sequence is encoded by a precursor gene directly translated by the ribosome to consist of leader
peptide and core peptide regions (Figure 2). The leader peptide serves as a scaffold and contains
recognition sites for processing enzymes that introduce posttranslational modifications of the
RiPP biosynthetic machinery, whereas the core peptide constitutes the primary sequence of the
produced peptide natural product that is modified. Posttranslational modification of the core
peptide by biosynthetic enzymes can often be extensive and can provide a wealth of structural
diversity rendering these peptides, at first glance, unrecognizable as ribosomally synthesized

molecular entities [11].

Gene cluster O -

Genes amfR A E 5 T

Translation

Precursor peptide MALLDLQAMDTPAEDSFGELATGSQVSLLVCEYSSLSVVLCTP

L | J
T I

Leader peptide Core peptide

Posttranslational modification

Proteolysis
Ribosomally synthesized - S
and posttranslationally
modified peptide (RiPP) TGAlaQVDhal LVCEYAlaSLDhaVVLCTP
Amfs

Figure 2: Ribosomal peptide biosynthesis exemplified by the AmfS pathway [20].
1.1.1.1.1  Lanthipeptides

Lanthipeptides are defined by lanthionine (Lan) and methyllanthionine (MeLan)
posttranslational modifications. A lanthionine consists of two alanine residues which are

connected by a thioether between their B-carbons [11]. A methyllanthionine has an additional



methyl group at one of the B-carbons. A lanthionine is biosynthetically derived from serine and
cysteine residues, while methyllanthionine is derived from threonine and cysteine [11,13]. In the
first step of Lan/MelLan biosynthesis, serine and threonine residues are dehydrated to
dehydroalanine (Dha) and dehydrobutyrine (Dhb), respectively. The only dehydration mechanism
characterized to date is phosphorylation-elimination [21]. In the second step, the cysteine thiol
attacks Dha/Dhb as a thiolate in a Michael-type addition to form a thioether bond. Protonation of

the resulting enolate species yields Lan/MeLan (Figure 3A).
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Figure 3: Biosynthesis of (methyl)lanthionine (A) and labionin (B) motifs in lanthipeptides.



To date, there are four different classes of lanthipeptides which are differentiated by their
biosynthetic enzymes forming Lan/MeLan (Figure 4). In class | lanthipeptide pathways, a LanB
dehydratase catalyzes the Ser/Thr dehydration [22] whereas a LanC cyclase catalyzes the
subsequent thioether formation (Figure 4A) [23]. A prominent class | lanthipeptide is nisin which is
one of the first known lanthipeptides and RiPP in general [13]. It is produced by Lactococcus
lactis and used as a food preservative [9]. In class IlI, Ill and IV lanthipeptide pathways, the
dehydration and cyclization reactions forming Lan/MelLan motifs are biosynthesized by
bifunctional lanthionine synthetases. Class Il lanthionine synthetases (LanM) consist of a unique
dehydratase domain and a LanC-homologous cyclase domain (Figure 4B) [24]. Class |l
lanthipeptide gene clusters can yield one or multiple products via one LanM, e.g. lacticin 481 [24]
or the prochlorosins [25], respectively. The one pathway-multiple product principle has been
observed in several other RiPP pathways, especially from small genome (<3 Mb) organisms such
as the microalgae Prochlorococcus which indicates that RiPP metabolism might be secondary
metabolic adaptation to small genome space. In addition, a class Il lanthipeptide pathway can
produce two synergistic lanthipeptides from distinct precursor peptides via two precursor-specific
LanM enzymes (Figure 4C). An example involves lacticin 3147 A1 and A2 from Lactococcus
lactis that interact synergistically to promote their antimicrobial activity [26] (Figure 4C). Class Il
and IV lanthionine synthetases (LanKC and LanL, respectively) comprise a kinase-domain which
phosphorylates Ser/Thr, a N-terminal Iyase-domain which forms Dha/Dhb from
phoshoSer/phoshpoThr via elimination and a C-terminal cyclase-domain which forms the
Lan/MeLan bonds (Figure 4D,E) [27,28]. The LanKC and LanL cyclase-domains differ in absence
and presence of zinc-binding residues in the active site, respectively [29]. The class Ill lanthionine
synthetase can also catalyze formation of an additional carbon-carbon crosslink between the
initial Dha/Dhb enolate with a second Dha to yield a so-called labionin modification (Figure 3B).

Labionin was first observed in the labyrinthopeptins (Figure 4D) [30].
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Figure 4: Chemo- and genotypes of lanthipeptide classes (I-IV) based on lanthionine biosynthetic

1.1.1.1.2 Lassopeptides

machinery.

Lassopeptides are defined by an N-terminal macrolactam of the N-terminal amino group

and the side chain carboxyl group of an Asp/Glu at the 8/9 position. Lassopeptides form lasso-like

structures as the C-terminal chain is wrapped through the N-terminal macrocycle and held in

position by sterically hindered residues (e.g. Trp, Phe) in the C-terminus [31]. Their lasso-




conformation causes their high stability against denaturing, proteases and temperature. Several
lassopeptides have antimicrobial activities and act as enzyme inhibitors or receptor antagonists
[32]. Three classes of lassopeptides have been defined based on the presence of disulfide
bonds. Class | lassopeptides have two conserved disulfide bonds (Cys1->Cys13, Cys7->Cys19)
and a conserved N-terminal macrolactam (Cys1->Asp9) [11,33]. The only known class |
lassopeptide pathway is described in this work (Chapter 2) [19] (Figure 5A). Class I
lassopeptides have no disulfide bonds and a Gly at position 1. The first characterized
lassopeptide was class |l lassopeptide microcin J25 from Escherichia coli AY25 [34]. Class Il
lassopeptides have one disulfide bond and a Gly at position 1 (Figure 5B). The only known
member of this class is BI-32169 from Streptomyces sp. DSM 14996) [35]. No class llI

lassopeptide gene cluster has been characterized to date (Figure 5C).
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Figure 5: Lassopeptide classes based on presence and number of disulfide bonds.

Lassopeptide pathways share two common enzymes for formation of the N-terminal
macrolactam: an ATP-dependent cysteine protease and a macrolactam synthetase. In the first
step of the macrolactam biosynthesis, the ATP-dependent cysteine protease cleaves the
precursor peptide at a cleavage site that is mainly determined by eight C-terminal residues
including a threonine located two positions C-terminal of the cleavage site [37]. In the next step,

the macrolactam synthetase (Asn synthetase B-homolog) is adenylating an Asp/Glu side chain at



the position 8/9. Subsequently, the macrolactam synthetase catalyzes the nucleophilic attack of
the N-terminal amino group on the Asp/Glu-adenylate to yield the lassopeptide macrolactam

modification [11,37] (Figure 6).

HO.__O HO.__O AMP—02 0
— —~HN
o ) / - Ve
L . Proteolysis Adenylation - Cyclization / [ .
R NH Kn T wn Xy —— " X, i "X
I HI\‘I T cooH Iy HN ‘m 7N NH; HN ‘m . -AMP | \ .
o o

a ATP PR, [ | \ ]
\ ! / Macrolactam /
S /‘ Cysteine k X ) Macrolactam N 4 synthetase e Xr/

T Xa” protease "X synthetase —Xa

Figure 6: Proposed mechanism for macrolactam formation during lassopeptide biosynthesis

1.1.1.1.3 Linaridins

Linaridins were introduced as a RIiPP class in 2011 by the characterization of the
cypemycin gene cluster [17] (Figure 7A). Linaridins are defined by a C-terminal aminovinyl
cysteine which is also known from lanthipeptides such as epidermin [11]. In both RiPP classes,
the aminovinyl cysteine is generated by a Michael-type addition of an oxidative decarboxylated C-
terminal cysteine onto a Dha [17,38]. In lanthipeptide pathways, the Dha is generated by
dehydration of a Ser, whereas in linaridin pathways, the Dha is formed by dethiolation of a Cys

(Figure 7B) [11,17].
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Figure 7: Linaridins. (A) Linaridin chemo- and genotype of founding member cypemycin. (B)
Proposed biosynthesis of aminovinyl cysteine in linaridins.

1.1.1.2 Nonribosomal peptides (NRPs)
In nonribosomal peptides, the peptide chain is biosynthesized by large, multimodular

nonribosomal peptide synthetases (NRPS, Figure 8) with individual functional domains. A




standard NRPS module consists minimally of two enzymatic domains that catalyze adenylation,

condensation and thiolation reactions and a carrier domain. The adenylation domain (A) usually

selects the amino acid substrate, activates it with ATP to the aminoacyladenylate and loads it

onto the thiolation domain (T) via a thioester bond. The loaded T domain then serves as a

noncatalytic carrier for substrates and intermediates during NRP assembly. The condensation

domain (C) catalyzes the peptide bond formation of NRP substrate or intermediate loaded on an
upstream T domain with the new amino acid loaded on the T domain of the module. Based on
this domain interaction, the NRP chain gets extended in an assembly-line fashion from module to
module to be finally released by a terminal thioesterase (TE) or reductase domain [39]. Two
principles of NRP biosynthesis have enabled the prediction of NRP structures from NRPS genes:

(1) The amino acid substrate that gets incorporated in a specific module can be predicted from
the nucleotide sequence of the A domain via the so-called ‘Stachelhaus’ or ’'10-letter
substrate specificity’ code [40,41]. This code consists of ten amino acid (aa) residues in the A
domain sequence that form the substrate binding pocket. Many substrate specificity codes of
A domains with known substrates have been characterized and implemented in NRPS
substrate prediction tools [42-44].

(2) The NRP sequence can be predicted from the NRPS gene sequences based on the
sequence of A domains in the corresponding NRPS assembly line. This principle is called
colinearity rule.

The striking structural feature of NRPs is the large diversity of >300 non-proteinogenic
amino acid building blocks [19,45] which extends the chemical space for this compound class
beyond the twenty standard proteinogenic amino acids. Non-proteinogenic NRP building blocks
can be formed before, during or after nonribosomal peptide assembly. Before NRP assembly, a
non-proteinogenic amino acid can be formed by proteins encoded in the NRP gene cluster.
Alternatively, amino acid residues may be derived as a primary metabolite and then loaded on the
NRPS by a specific A domain [46-48]. During NRP assembly, a non-proteinogenic amino acid

can be formed by incorporation of a proteinogenic or non-proteinogenic amino acid which is
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further modified within the NRPS modules, e.g. N-methylation or heterocyclization [49]. After NRP
assembly, a non-proteinogenic amino acid can be formed by modification enzymes from the gene

cluster that transform incorporated amino acids in the released NRP intermediate [39].
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An important class of nonribosomal peptides includes the lipopeptides [51]. Lipopeptides
contain a N-terminal acyl chain that usually gets incorporated into the nonribosomal peptide via a
starter condensation domain in the loading NRPS module. The acyl chains are fatty acid
synthase (FAS)-derived and can be further modified before incorporation. Many lipopeptides are
macrocyclic which can be differentiated into branched cyclic or head-to-tail cyclic peptides [12]. In
branched cyclic peptides, the C-terminal carboxyl group of the NRP forms a macrolactone or a
macrolactam bond with a nucleophile in the peptide side chains, e.g. the hydroxyl group of a
threonine [8]. In head-to-tail cyclic lipopeptides, the C-terminus forms a bond with a nucleophile at
the B-position of the acyl chain, e.g. a macrolactam via iturinic acid in iturin A from Bacillus
subtilis [52] or a macrolactone via a B-hydroxy fatty acid in surfactin from Bacillus subtilis [53].
Macrocyclization is catalyzed by terminal thioesterase domains of NRPS assembly-lines [12].

A prominent example of microbial lipopeptides is daptomycin produced by Streptomyces
roseosporus (Figure 9) [8,54]. Daptomycin, also known as Cubicin®, is an antibiotic used for
treatment of certain Gram-positive bacterial infections. Daptomycin is a branched-cyclic, N-
decanoyl tridecapeptide with a decapeptide macrolactone formed by the C-terminus and the Thr-
side chain hydroxyl group. Several non-proteinogenic amino acids are incorporated in daptomycin
which are D-Asn?, Or®, D-Ala®, D-Ser'', (2S,3R)-methylglutamate (MeGlu'?) and kynurenine
(Kynm). Oorn®, MeGlu™ and Kyn13 are formed in pre-assembly-line steps and are then
incorporated via the corresponding A domains. D-Asn®, D-Ala®, and D-Ser'" are formed from the
respective proteinogenic precursors by epimerization domains within the NRPS assembly-line.
FAS-derived decanoic acid is incorporated by acyl ligase DptE, acyl-carrier domain DptF and the
starter C domain of module 1 of NRPS DptA. Herein, DptE activates decanoic acid by adenylation
and loads the acyl chain onto DptF. Subsequently, DptA starter C1 domain catalyzes the
condensation of decanoic acid with Trp1 to yield the N-acyl terminus of daptomycin.
Macrocyclization via nucleophilic attack of the Thr4-hydroxyl group on the C-terminal carboxyl

group is catalyzed by the DptD TE of the terminal module [54].
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1.1.2 Polyketides

Polyketides are a major biosynthetic class of structurally diverse natural products with
many prominent examples of pharmaceuticals such as the macrolide antibiotic erythromycin A
[55] and the anthracycline anticancer drug doxorubicin [56]. Polyketides are biosynthesized from
acetate units (C,) which are assembled to poly-B-keto carbon chains via Claisen condensations
by polyketide synthases (PKS) [39]. Polyketide synthases are divided into type I, 1l and llI
classes. Type | PKSs are large, multimodular proteins with individual functional domains including
acyl carrier domains (ACP) for polyketide intermediate and substrate attachment during
biosynthesis. The PKS ACP domain is analogous to the NRPS T domain. Type | PKS can
function non-iteratively or iteratively, i.e. enzymatic domains function once or more than once,
respectively, during the assembly line biosynthesis. Type Il PKSs consist of a complex of
individual monofunctional proteins including an ACP for attachment of polyketide biosynthetic
intermediates and substrates. Type Il PKSs, or chalcone synthase-like PKSs, are homodimeric
proteins that use coenzyme A (CoA) esters rather than ACPs for polyketide biosynthesis. Type |
PKS are found in bacteria and fungi, type Il PKS only in bacteria and type Ill PKS in bacteria,
fungi and plants [39,59]. Products of all PKS types were isolated from marine invertebrates,
however their biosynthetic origin is in question and might be based on bacterial symbionts.

The biosynthetic building blocks of polyketides are distinguished into starter and extender
units based on the incorporation step in polyketide biosynthesis [57]. Common starter units for
type | and Il PKS are acetyl-CoA or propionyl-CoA. Common extender units for type | PKS are
malonyl-CoA and methylmalonyl-CoA whereas the only extender unit for type Il PKS is malonyl-
CoA [57,58].

Polyketide starter and extender units are loaded by acyltransferases (AT) on acyl carrier
proteins (ACP) as thioesters via a phosphopantetheine cofactor on the ACP active site serine.
Chain elongation in polyketide biosynthesis occurs by Claisen condensation catalyzed by
ketosynthases (KS) to yield a C2 extension of the polyketide chain per biosynthetic cycle [39,59]

(Figure 10).
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Three groups of polyketides of relevance to this dissertation are introduced briefly in their
structure and biosynthesis in the following section: macrolides (type | PKS), anthracyclines (type

Il PKS) and non-ribosomal peptide-polyketide hybrids (mixed NRPS-PKS).
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Figure 10: Polyketide biosynthesis. (A) Polyketide biosynthesis by type | PKS. (B) Polyketide
biosynthesis by type Il PKS.

1.1.2.1 Macrolide polyketides

Macrolides are a large group of polyketide natural products that are characterized by
polyketide macrolactams and polyketide macrolactones. They are biosynthesized by type | PKS.
Type | PKSs are large multimodular protein assembly-lines in which one module of functional
domains is responsible for the incorporation of one C2 unit per extension cycle. A minimal type |
PKS module consists of an ACP domain, a KS domain and an AT domain. The AT domain
determines and loads the substrate on the ACP domain. The KS domain catalyzes the Claisen
condensation of the polyketide intermediate from a downstream ACP with the new extender unit
to yield a C2-extended polyketide chain. An extender unit can be reduced after chain elongation —
in analogy to fatty acid biosynthesis — by a ketoreductase (KR) domain, by a dehydratase (DH)
domain and by an enoylreductase (ER) domain. In macrolide biosynthesis, the reduction of each

extender unit is determined by the set of reducing domains in the following module (Figure 11)
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[39,59]. In addition, extender units can also be methylated by methyltransferase (MT) domains in
type | PKS. The starter unit is selected by the loading module which consists usually of a starter
AT domain and an ACP. The macrocyclization is catalyzed by a thioesterase in the terminal
module [12]. The off-loaded macrolide can be further modified by e.g. hydroxylation, methylation
or glycosylation by post-PKS modification enzymes to yield the final macrolide polyketide [39]. As
with NRPS-derived peptide products, a putative polyketide structure can be predicted from its
associated modular type | PKS encoding genes. Herein, substrates can be predicted from
acyltransferase domain sequences, and the reducing domains in each module enable the
prediction of the reduction state of the $-keto chain at each $-carbon. The colinearity rule, i.e. the
sequence of modules in the assembly line determines the sequence of building blocks, also
applies for type | PKS, although numerous deviations exist [59].

The biosynthetic pathway of the macrolide drug erythromycin A from Saccharopolyspora
erythraea is shown as an example for type | PKS biosynthesis in Figure 11 [60]. Erythromycin A
contains a 14-membered macrolactone that is biosynthesized from a propionate starter unit and
six methylmalonate extender units. The PKS consists of seven modules on three PKS proteins
and forms the intermediate 6-deoxyerythronolide B via thioesterase-mediated macrocyclization.
6-deoxyerythronolide B is further modified by two a-hydroxylations and glycosylations to

ultimately yield erythromycin A.
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Figure 11: Type | PKS biosynthesis exemplified by the macrolide erythromycin A pathway.
1.1.2.2 Anthracycline polyketides
Anthracyclines are pharmaceutically important aromatic polyketides such as
aclacinomycin A, doxorubicin and daunomycin [56]. Anthracyclines are characterized by a
tetracyclic anthracyclinone core structure which is usually glycosylated. The anthracyclinone core
is biosynthesized by type Il PKS. A minimal type Il PKS consists of the KS a/f§ heterodimer and
an ACP and it uses the fatty acid synthase malonyl-CoA AT (MCAT, FabD). These domains
interact iteratively in chain elongation to yield a poly-B-keto chain from several malonyl-CoA
molecules. In addition, a starter PKS consisting of a starter KS, a starter AT and a starter ACP
can often enable the incorporation of a different starter unit than acetyl-CoA such as propionyl-
CoA. In addition, ketoreductases (KR), cyclases (CYC) and aromatases (ARO) are responsible
for the formation of the cyclic structure from the reactive poly-B-keto intermediate [56,59].
An exemplified type Il PKS biosynthesis of the anti-cancer drug aclacinomycin A from
Streptomyces galilaeus is shown in Figure 12 [56,61,62]. Aclacinomycin A belongs to the

anthracycline aromatic polyketides. It is formed from one propionate starter unit which is

incorporated into the polyketide by a separate starter AT and starter KS. After an iterative
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extension of the polyketide chain with 9 malonates by the type Il PKS, a ketoreductase, an
aromatase and a cyclase catalyze the formation of an aromatic tricyclic, ACP-released
intermediate which is further modified by hydroxylations, methylation, cyclization and

triglycosylation to yield aclacinomycin A [56].
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Figure 12: Type Il PKS biosynthesis exemplified by the anthracycline pathway.
1.1.2.3 Hybrid nonribosomal peptide-polyketides

Due to their modular organization and shared covalent attachment of intermediates to
carrier domains via thioesters, modules of NRPS and modules of type | PKS can be mixed in
large NRPS-PKS proteins to yield nonribosomal peptide-polyketide hybrids.

An exemplified mixed NRPS-PKS biosynthesis of the anti-cancer agent epothilone from
Sorangium cellulosum is shown in Figure 13 [63]. Epothilone is a 16-membered macrolactone
with a thiazole group. The epothilone pathway consists of nine type | PKS modules and one
NRPS module. The NRPS A domain in module 2 loads cysteine which is further cyclized to
thiazoline by a heterocyclization (Cy) domain and oxidized to thiazole by an oxidoreductase (Ox)
domain. The heterocyclizing condensation domain in module 2 and the KS domain in module 3

constitute a switch from PKS to NRPS biosynthesis and vice versa, respectively.


http://en.wikipedia.org/wiki/Sorangium_cellulosum
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1.1.3 Glycosylated natural products

Glycosylated natural products (GNPs) produced by microbes comprise many compounds
with therapeutic and agrochemical applications such as the antibiotic erythromycin [55] and the
insecticide avermectin [64], respectively. A glycosylated natural product consists of an aglycone
and one or multiple glycosyl units (Figure 14) [65] which often directly mediate the bioactivity of
the compound [66]. In microbial genomes, the genes for biosynthesis and attachment of these

glycosyl groups are usually clustered with the biosynthetic genes of the aglycone (Figure 15).
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Figure 14: Structure of glycosylated natural products. Selected GNP structures exemplify the
diverse biosynthetic origin of the aglycone (black) and the diversity in glycosyl groups (red).
Glycosylated natural products are a structurally very diverse class of natural products in
terms of the aglycone, i.e. the non-sugar protion of the molecule and the glycosyl groups.
Aglycone diversity is based on the fact that GNPs are found in almost all major biosynthetic
classes of natural products (Figure 14), e.g. non-ribosomal [67] and ribosomal peptides [68],
polyketides [69], terpenes [70] and alkaloids [71]. Glycosylation diversity arises through sugar

monomers and sugar attachment. There are over 100 different sugars found in microbial GNPs
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where the majority are deoxysugars [65]. These sugar monomers can be attached to the
aglycone or to each other by C-, N-, N-O-, O- and S-glycosidic bonds, where O-glycosidic bonds
are the most common. Furthermore, glycosidic bonds occur from various sugar ring positions
[65].

The genes involved in deoxysugar glycosylation of an aglycone can be distinguished into
common glycosylation genes, which are found in all deoxysugar pathways, and specific
glycosylation genes, which catalyze sugar-specific modifications to yield different sugar
monomers. The common genes encode a nucleotidylyltransferase (NT), which activates glucose-
1-phosphate as TDP-glucose, a 4,6-dehydratase (4,6-DH), which subsequently forms the
common deoxysugar intermediate TDP-4-keto-6-deoxy-a-glucose, and a glycosyltransferase
(GT), which attaches the final sugar monomer to the aglycone or a glycosyl group (Figure 15).
Specific  glycosylation genes are dehydratases, deoxygenases, dehydrogenases,
methyltransferases, aminotransferases and many more that modify the common deoxysugar
intermediate to yield the large diversity of sugar monomers in microbial GNPs [72,73].
Phylogenetically, the highest GNP sugar diversity is found in actinobacteria [74]. Among these
bacteria, the families of Micromonosporaceae, Pseudonocardiaceae, Streptomycetaceae and
Thermomonosporaceae have the highest genetic potential to produce GNPs (Table 1, Chapter

4),
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1.2 Mass spectrometric analysis of natural products

Mass spectrometry (MS) is an important technique in the analysis of microbial natural
products because of its high sensitivity, its easy implementation into automated processes such
as metabolomic platforms, and its capability for de novo structure elucidation and metabolite
identification by tandem MS. In this section, the relevant concepts of mass spectrometers and
tandem mass spectrometry experiments applied in this work are introduced.

A mass spectrometer is an analytical tool to determine the mass of a given ionized
analyte in a sample through measurement of its mass-to-charge (m/z) ratio displayed in a mass
spectrum. A mass spectrometer consists of three general parts: an ion source, a mass analyzer,
and a detector [75].

In the ion source, analytes are ionized into the gas-phase for further mass spectrometric
analysis. Two common ionization techniques in the MS analysis of natural products in liquid and
solid samples are electrospray ionization (ESI) [76,77] and matrix-assisted laser desorption
ionization (MALDI) [78], respectively. ESI and MALDI are so-called “soft” ionization techniques
which are characterized by a low in-source fragmentation of analytes during their conversion into
the gas-phase and, thus, are preferred for MS analysis of biomolecules.

Electrospray ionization is an atmospheric pressure ionization technique in the presence
of a strong electrostatic field and a heated, inert drying gas such as nitrogen (Figure 16). It is
applied for liquid samples and, thus, enables a combination of liquid chromatography with mass
spectrometry (LC-MS). ESI consists of four steps: ion formation, nebulization, desolvation, and
ion evaporation. lon formation in ESI can occur before nebulization in solution depending on the
analyte and ESI solution or it can occur after nebulization at the charged surface of spray droplets
for analytes that don’t ionize in solution. During nebulization, the ESI solution with the analyte is
sprayed through a nebulizer needle into the ESI source. A strong electrostatic field is applied
between the needle and the capillary of the MS inlet causing a Taylor cone at the nebulizer tip
and charged droplet formation as analyte ions of one polarity migrate to the droplet surface.

Subsequently, a counter-current drying gas evaporates the droplet solvent. The droplet surface
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decreases and forces like surface charges closer together until Coulomb repulsion surpasses
surface tension (‘Rayleigh limit’) and the droplet explodes (‘Coulomb fission’) [79]. This produces
smaller charged droplets which undergo the same desolvation process again. At a certain charge
density, ion evaporation occurs, i.e. analyte ions are directly ejected from the droplet surface
towards the MS inlet capillary [79]. This ion evaporation mechanism is most likely the major
mechanism for electrospray ionization of natural product-like analytes [80]. Standard ESI
solutions contain an organic solvent with low heat of vaporization and low surface tension, e.g.
methanol or acetonitrile. In addition, they usually contain an acid or a base for increased analyte
ionization in solution. A characteristic of ESI is the occurrence of multiple charging of analytes,
which enables the detection of larger molecules, such as peptides and proteins, in a small mass
range. ESI is applied for MS analysis of liquid samples and, thus, enables a combination of liquid
chromatography with mass spectrometry (LC-MS). It is a common technique for proteomics and

protein MS analysis [81].
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Figure 16: The concept of electrospray ionization in mass spectrometry.
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Matrix assisted laser desorption ionization is commonly a vacuum ionization technique
which relies on the interaction of an analyte with MALDI matrix. For MALDI-MS analysis, an
analyte is co-crystallized with excess of MALDI matrix on a target plate [82]. The matrix is a UV-
absorbing, weak organic acid such as 3,5-dimethoxy-4-hydroxycinnamic acid (sinapic acid), a-
cyano-4-hydroxycinnamic acid or 2,5-dihydroxybenzoic acid (DHB) [82]. The matrix has two
purposes during ionization: transition of the analyte to the gas-phase (desorption) and ionization
(Figure 17). During MALDI, laser radiation is absorbed by the matrix molecules causing the
vaporization of the matrix-analyte mixture. The matrix also acts as a proton donor or acceptor
and, thus, ionizes the analyte for MS analysis in either positive or negative ion mode. The ionized
analyte molecules — and the matrix ions — are subsequently accelerated towards the mass
analyzer via an electrode. MALDI causes less multiple charging than ESI and results in
background MS signals of matrix molecules in the lower mass range of the MALDI-mass
spectrum [82]. A MALDI application relevant to this work is MALDI-imaging mass spectrometry

[83-85] (see 1.2.1.3).
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Figure 17: Matrix-assisted laser desorption ionization in mass spectrometry.

Mass analyzers measure gas phase ions generated in the ion source in terms of their
mass-to-charge ratio (m/z). The addition of charge allows the analyte to be affected by electric
fields during motion in the mass analyzer. Generally, the motion of a charged ion through electric
and magnetic fields in vacuum is governed by two laws:

(@) F=q(E+vxB) (Lorentz force law, F — force on charged particle, g — charge, E — electric
field strength, v — velocity, B — magnetic field strength)

(b) F =ma (Newton’s 2" law of motion, F — force on charged particle, m — mass, a —
acceleration),

which give the differential equation:

(m/g)a=E+vxB



26

that determines the motion of a charged ion in space and time, e.g. in a mass analyzer, in terms
of m/z (z = gle, z — charge state, e — electron charge). Thus, the measurement of an ion’'s mass
can be accomplished by ion separation in space or in time in a mass analyzer. A mass analyzer
is defined in its performance by several characteristics: mass accuracy, mass resolution, mass
range, and scan speed. Mass accuracy is the ability with which the analyzer can accurately
provide m/z information. It is defined as the ratio of the measurement error and the calculated
mass in ppm:

m(calc) — m(obs)

Am[ppm] = m(calc)

Resolution is the ability of a mass analyzer to distinguish between ions of different mass-to-
charge ratios. It is defined as the ratio of a mass signal and the full width at half maximum
(M/AM). A higher mass resolution increases to some extend the mass accuracy of a mass
analyzer. The mass range is the m/z range of the mass analyzer. The scan rate is the rate at
which the analyzer scans over a particular mass range to acquire a mass spectrum [75].

Four types of mass analyzers were used in this work and are introduced as follows. The
quadrupole mass analyzer consists of four parallel cyclindrical rods that create a radiofrequency
(RF) quadrupole field by applying RF voltages to opposing rod spirals [75]. The quadrupole mass
analyzer (Q) acts as a mass filter as only ions in a certain mass range pass through the
quadrupole at certain RF rod voltages while the rest of the ions collide with the rods. This enables
scanning a mass range by continuously varying the applied RF voltages. Quadrupole mass
analyzers are often coupled with ESI as they tolerate high pressures. They have the advantages
of a relatively large mass range (up to 4000 m/z) and are low-cost instruments.

The time-of-flight mass analyzer (TOF) is based on the measurement of the flight time of
a given analyte ion through the mass analyzer after an acceleration event [75]. As all ions receive
the same kinetic energy entering the mass analyzer, the flight time of an ion only depends on its
mass-to-charge ratio. Thus, ions with a smaller mass will reach the detector or end of the mass
analyzer faster. TOF mass analyzers often have a reflectron, which is an electrostatic mirror at

the end of the flight tube [75]. Its purpose is to redirect ions back to the detector at the entrance
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end of the flight tube. This increases flight time and decreases the temporal distribution of ions in
a TOF mass analyzer and, thus, leads to higher mass resolution. Time-of-flight mass analyzers
are often coupled to MALDI sources (MALDI-TOF MS) [75].

The linear ion trap mass analyzer (LTQ) consists of a quadrupole mass analyzer with two
endcap electrodes generating a two-dimensional radiofrequency field that can trap ions inside the
quadrupole field [75]. The endcap electrode RF field is generally scanned to excite and eject ions
through holes in one endcap electrode to the detector over a certain m/z-range. One advantage
of the ion trap is that ions a specific m/z can be isolated in order to do tandem MS analysis.
Linear ion traps are often coupled with ESI sources. A disadvantage of ion traps are “the one third
rule” which states that the maximum ratio between precursor m/z and the lowest trapped
fragment ion is 1/3.

Fourier transform-ion cyclotron resonance mass analyzers (FT-ICR MS or FTMS) are
based on the measurement of the cyclotron movement of ions in a magnetic field. In a FTMS cell,
ions orbit in a strong magnetic field (e.g. 7T) and ultra-high vacuum (~10'10 Torr) [86]. A pulsed
radio-frequency signal excites the ions and forces them to a larger orbit to produce a detectable
image current. The Fourier-transformed current yields the component frequencies of each ion in
the FTMS cell corresponding to their m/z values. FTMS instruments have very high mass
accuracy and mass resolution which enables MS analysis of large proteins such as NRPS and
PKS [81]. The “one third rule” also applies for FT-ICR mass analyzers.

The last part of a mass spectrometer is a detector which transforms separated ions
reaching the detector into a current signal that can be processed and displayed as a mass
spectrum [75]. The most common MS detector is the electron multiplier which consists of a row of
dynodes of increasing potential. When an ion hits the first dynode of the electron multiplier
detector, a number of electrons corresponding to the kinetic energy of the ion are emitted from
the dynode towards the dynode cascade that amplifies the number of emitted electrons per
dynode to ultimately generate a 10°P-enhanced signal. Another detector type is the charge

detector which is used in FT-ICR mass spectrometers. An ion is detected by its movement along
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two parallel charge detector plates which generates a corresponding image current for further

FTMS data processing.

1.21 Tandem mass spectrometry

Tandem mass spectrometry (MS" or MS/MS) implies a sequence of mass analysis
events, which are usually separated in space or time by a specific gas-phase fragmentation event
of analyte ions [75,87]. A common tandem mass spectrometric experiment is collision-induced
dissociation (CID). For CID, precursor ions (also called ‘parent ions) are selected and
accelerated to collide with an inert collision gas such as nitrogen or helium. Upon collision of an
ion and a collision gas molecule, kinetic energy is converted into internal energy of the ion which
results in bond breakage of the precursor ion into molecular fragments including charged and
neutral fragments. Tandem MS fragment ions (also called ‘daughter’ ions) can then be mass
analyzed and detected as a tandem MS spectrum of the precursor ion (Figure 18). Tandem MS
analysis of a precursor ion and its fragment ions can be realized in space, e.g. in a Q-TOF MS, or
in time, e.g. in an ion trap. In a Q-TOF, the precursor ion analysis occurs in the quadrupole mass
analyzer, the fragmentation occurs in a collision cell quadrupole and the fragment ion analysis
occurs in a TOF mass analyzer (Figure 18). In an ion trap, the precursor ion gets separated from
other ions first, a collision gas gets injected into the trap and fragment ions are then analyzed in
the same trap. The MS/MS fragments of a specified precursor ion can yield de novo structural
information of an analyte or can identify the analyte by comparison of its tandem MS spectrum to
a tandem mass spectral library [88].

CID fragmentation of natural products occurs preferentially at polar bonds, i.e. carbon-
heteroatom bonds such as peptide bonds, glycosidic bonds or ester bonds [89]. This general
MS/MS fragmentation behavior enables the prediction of diagnostic tandem MS fragments of e.g.
a peptide or a glycosylated natural product. Due to the relevance to this work, CID fragmentation

of peptides and glycosides is discussed in the following sections.
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1.2.1.1 Tandem mass spectrometric analysis of peptides

Tandem mass spectrometry is a common method to gain sequence and structural
information of peptides [90]. Peptide fragmentation in CID experiments is defined in nomenclature
of observed fragments as shown in Figure 19A [91] and can be explained mechanistically by the
‘mobile proton’ model [92]. In singly charged peptides, a proton can be sequestered by the N-
terminal amino group, the amide bond oxygen or nitrogen and amino acid side chains. During
CID, these peptide ions fragment preferentially in the sequence b-y ion pathway (Figure 19B). It
starts with the mobilization of the C-terminal proton of the peptide precursor to an amide bond
nitrogen. Next, the oxygen of the N-terminally adjacent amide bond attacks the carbonyl carbon
of the protonated amide bond to yield a protonated oxazolone derivative and a C-terminal amine
fragment [93]. The extra proton can end up on the b- or the y-ion depending on their proton
affinities [92]. This predictable peptide fragmentation enabled the development of proteomic
approaches for protein identification by comparing observed peptide MS/MS data to predicted

protein database spectra [94,95]. Based on the CID b-y fragmentation pathway, peptide
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sequences can also be determined de novo, i.e. without database comparison, from peptide

MS/MS spectra by identification of amino acid-specific mass shifts in the b- and y-ion series [96].

A Xe Y4 Z4 X3 Y3 Zz Xz V2 Zp X4 Y1 Iy

L N
! [

P : iy
AN NS N ~cooH
NTONNTE YT TN :
H . ' ' I ' H '
Ry i 101 IRa: o} | Rs
a; by c; a; by c; a; by c3' a;, b; c,;
Ry m.
B \LLE/‘\\//(RQ
-
N-terminus o]
R [e] R. R
' H ® Proton mobilization oy 9 R Bond cleavage and . o}
N )\ N )\ ion formation b-ion
oy o N . ‘ - P NV
H3N 0 Ry C-terminus N-terminus O, Ry 2 C-terminus
\_,
R
,HgN/K %
C-terminus
y-ion

Figure 19: Tandem mass spectrometric analysis of peptides. A — Peptide fragmentation
nomenclature. B — The b-y ion fragmentation pathway upon CID.

1.2.1.2 Tandem mass spectrometric analysis of glycosylated natural products

Tandem mass spectrometry is also a common method to gain structural information of
oligosaccharides such as glycans [97]. For example, oligosaccharides can be sequenced by MS"
based on the cleavage of O-/N-glycosidic bonds in low-energy collision induced dissociation
(CID) [94]. The same fragmentation of O-/N-glycosidic bonds has been observed in GNPs, such
as erythromycin [98], thus enabling a similar fragmentation nomenclature for GNPs (Figure 20A).
O-/N-glycosyl groups in GNPs are preferred leaving groups from the parent ion because of the
mentioned lability of carbon-heteroatom bonds in the gas phase [89]. The predictable
fragmentation of glycosyl groups in GNPs yields B/C-sugar fragments in the low-m/z region of the
MS" spectrum and Y/Z-aglycone fragments in the higher m/z region. Both fragmentation
footprints correspond to specific sugar losses from the glycosylated natural product (Figure 20B)
and, thus, can reveal these biosynthetic building blocks in MS" experiments. For tandem MS
analysis of GNP, the ‘one third rule’ of ion traps has to be considered as it can prevent detection

of low-m/z B/C-sugar fragments by these mass analyzers (Figure 20C).
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Figure 20: Tandem mass spectrometric analysis of glycosylated natural products. A — GNP
fragmentation nomenclature. B — GNP fragmentation mechanisms upon CID. C — Sugar footprints
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1.2.2 MALDI-imaging mass spectrometry
Imaging mass spectrometry (IMS) is a method to characterize and visualize the spatial

distribution of analytes on a sample surface [83-85]. MALDI-TOF MS is commonly used for IMS

approaches and has recently been applied to study the production of microbial natural products.
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Briefly, a microbial colony on a thin agar plate is placed on a MALDI target plate, coated with
MALDI matrix, dried to an even sample surface and analyzed with a MALDI-TOF MS by a MALDI
imaging software. The MALDI-IMS data can be displayed as a spatial distribution of a target mass
signal intensity on the sample surface. This enables e.g. the detection of secreted natural

products from a microbial colony at a sampled timepoint [99].

1.3 Natural product discovery approaches

Discovery of natural products for pharmaceutical use has been traditionally guided by
bioactivity, e.g. an inhibitory phenotype of a purified natural product in an antimicrobial bioassay.
A classic example is the discovery of penicillin through its antibiotic activity by Alexander Fleming
in 1928 [100]. Bioactivity-guided strategies have provided a wealth of antibiotics and anti-cancer
agents. However these strategies were slow and expensive and they didn't meet the needs of
industrial high-throughput screening technologies that only synthetic chemicals could provide e.g.
via combinatorial synthesis [101,102]. This made natural products in the last decades a less
attractive source of new drug candidates for pharmaceutical companies [103]. Within the last
decade, new strategies for natural product discovery have been introduced based on advances in
our understanding of natural product biosynthesis and advances in ‘omics’ methodologies such

as genome [104], proteome [105] or metabolome analysis [106] (Figure 21).
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1.3.1 ‘Omics’-approaches for natural product discovery
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Figure 21: ‘Omics’-approaches for natural product discovery.

1.3.1.1 Metabolomics approach

Untargeted metabolomics approaches enable the characterization of many phenotype-
associated metabolites by LC-MS-based comparison of metabolomes. In natural product
discovery, these metabolomic approaches led to the characterization of new metabolites
associated with the pyochelin gene cluster (pch) in Pseudomonas aeruginosa [106]. The
comparative metabolic profiling of a wild-type and a pch mutant identified the upregulation of
several new pathway side-products [106].

An advantage of untargeted metabolomics is the characterization of expressed pathway
products. The disadvantage is that metabolomics databases still lack reference spectra for many
secondary metabolites under various fragmentation conditions [107]. This prevents a quick
confirmation of pathway-related products. In addition, in the given example, a genome or at least
gene cluster sequence, had to be present for genetic knockout of the target pathway. A recently

applied networking algorithm can cluster LC-MS/MS metabolomic datasets with reference spectra
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to identify new derivatives of reference metabolites [108] promising an extended search-space of
small molecule structures with current and future tandem MS database references.
1.3.1.2 Proteomics approach

A proteomic approach for natural product discovery was introduced in 2009 by the
Kelleher group [105]. In their PrISM approach (Proteomic Investigation of Secondary
Metabolism), large proteins were isolated from bacterial cultures and analyzed by LC-MS/MS for
the identification of large NRPS or PKS proteins by PPant tandem MS fragments [109]. From the
proteomic data, identified NRPS or PKS active sites were characterized in amino acid sequence
and the corresponding gene cluster was sequenced with degenerate primers. A target NRPS
gene cluster sequence led to the MS-based discovery of a new Bacillus lipopeptide based on
bioinformatic prediction of the pathway product.

The advantage of the PrISM approach is that no genome sequence is necessary for the
identification of a new natural product and that expressed pathways are targeted. The first point
can be an advantage for the investigation of organisms with large, complex genomes, e.g.
dinoflagellates [110]. However, the approach requires expensive FTMS instrumentation, is
laborious and includes challenging proteomic data analysis. In addition, follow-up studies of the
PrISM approach used genome sequencing to assist the proteomics-based discovery of
lipopeptide natural products [111]. Finally, the PrISM strategy only targets assembly line
biosynthetic pathways and is thus limited to nonribosomal peptides and polyketides.
1.3.1.3 Transcriptomics approach

A recent study used transcriptome-screening for characterization of natural products from
a microbial culture [112]. Herein, mMRNA was isolated from certain cultivation time points and
screened with degenerate PCR primers of genes involved in secondary metabolic pathways.
Several transcribed genes of a mixed NRPS-PKS pathway were identified and linked to products
via genetic knockouts. The genotype-chemotype connection was finally established by
sequencing of the corresponding gene cluster from genomic DNA and comparative metabolic

profiling of the wild-type and the pathway mutant.
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The transcriptome discovery approach has the advantage that no genome sequence is
required and that targeted pathways are transcribed under tested cultivation conditions. The
disadvantage is that genetic knockouts are necessary to establish a chemotype-genotype
connection with further gene cluster sequencing for verification.
1.3.1.4 Genomics approach or “Genome mining”

Through genome sequencing, researchers realized that microbial genomes comprise
~90% of biosynthetic gene clusters with unknown natural products [113]. These so-called cryptic
gene clusters represent a large untapped source of new natural product chemistry and bioactivity
as genome sequence information in databases is growing fast [114]. Based on the predicted
metabolic resource, genomics-guided discovery strategies, generally termed as genome mining
strategies, have been developed to characterize the molecules connected to cryptic pathways
[104]. Genome mining in natural product discovery can be loosely defined as the connection of an
unknown natural product structure with its biosynthetic genes by applied biosynthetic knowledge.
Traditional genome mining approaches are in silico-guided approaches. They start with the
prediction of a biosynthetic gene cluster and of properties of its product such as its building
blocks. Subsequently, the unknown natural product is isolated by experiments guided by these
predictions [104]. Genome mining has advantages over other ‘omics’-approaches in data
acquisition, data storage and data processing. The characterization of a whole microbial genome
by DNA sequencing is easier and cheaper than characterization of a microbial proteome or
metabolome. Genetic databases such as the NCBI Genbank [115] surpass protein and
metabolomic databases in size and applicability for natural product discovery by the
corresponding ‘omics’-approaches [107]. Genome sequences can be analyzed automatically by
prediction softwares such as NP.searcher [42], AntiSMASH [44] or NaPDoS [116] for the
presence of secondary metabolic genotypes. These advantages make genome mining a
promising approach for rapid characterization of new natural products. In the following section,

traditional in silico-guided genome mining approaches are described.
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Figure 22: In silico-guided genome mining approaches.

1.3.1.41

Biosynthetic substrate-guided genome mining

A common strategy in in silico-guided genome mining is the prediction of biosynthetic

substrates of a cryptic pathway to isolate its biosynthetic product.

For example,

in

a

genomisotopic approach [117], Gross et al. predicted leucine as a substrate specific for an

orphan NRPS pathway (ofa) in Pseudomonas fluorescens Pf-5 based on determination of A

domain substrate specificities in all NRPS gene clusters in the corresponding genome.

Subsequently, ®N-labeled leucine was fed to a Pseudomonas fluorescens culture to isolate a
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putative ofa product by 'H-""N-HMBC signals in corresponding fractions. The target compound
was a new bioactive lipopeptide, orfamide A, which was confirmed as the ofa product by genetic
knockout of the pathway.
1.3.1.4.2 Physico-chemical-guided genome mining

Another strategy in in silico-guided genome mining is the prediction of physico-chemical
properties of a cryptic pathway product such as UV absorbance. Nguyen et al. targeted an
orphan trans-AT PKS pathway of Burkholderia thailandensis for natural product discovery and
predicted a putative product with a conjugated double bond system from the PKS assembly line
[118]. As polyenes have a characteristic UV-absorbance, Burkholderia thailandensis cultures
were screened by UV-HPLC-MS and compounds with polyene-like absorbance, thailandamide A
and B, were isolated as the cryptic pathway products.
1.3.1.43 Bioactivity-guided genome mining

In silico-guided genome mining can also start with the prediction of functional properties,
e.g. bioactivity, of a cryptic pathway product. For example, in the first genome mining study,
Lautru et al. targeted an orphan NRPS gene cluster (cch) from Streptomyces coelicolor M145
[119]. The NRPS genes enabled a prediction of N-formylhydroxyornithine substrates which
contain siderophore-like functionalities. Based on the prediction of a putative siderophore
function, wild-type and cch mutant S. coelicolor M145 were cultivated under iron-limited
conditions and compared in their metabolic profiles by LC-MS. The comparative metabolic
profiling revealed the iron-chelating cch product, coelichelin, a nonribosomal tetrapeptide.
13144 Genetic knockout and comparative metabolic profiling

Cryptic pathways that don’t enable a substrate prediction from their biosynthetic genes
can be characterized in their product by genetic knockout of an essential biosynthetic gene and
LCMS-based comparative metabolic profiling of the wild-type and mutant strains. An example for
this strategy is the identification of the germicidins as the products of a cryptic type Il PKS gene

cluster in Streptomyces coelicolor [120].
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1.3.1.4.5 Genetic upregulation and comparative metabolic profiling

A problem of in silico-guided genome mining is that a targeted pathway can be ‘silent’,
i.e. not expressed or low-expressed under investigated cultivation conditions. Several genome
mining studies have applied genetic upregulation of cryptic pathways and isolated the
corresponding natural products by comparative metabolic profiling of the regulator mutant and the
wild-type strain [117]. A recent example is the characterization of the 51-membered glycosylated
macrolide stambomycins from a large cryptic type | PKS gene cluster in Streptomyces
ambofaciens by constitutive expression of a pathway activator gene [121].
1.3.1.4.6 In vitro reconstitution

Another strategy to circumvent silent gene clusters in genome mining studies is an in
vitro reconstitution approach of the biosynthetic enzymes in a cryptic pathway. An example is the
heterologous expression of two cryptic sesquiterpene synthase genes, sscg 02750 and
sscg 03688, from Streptomyces clavuligerus in Escherichia coli and the subsequent in vitro
reconstitution of the recombinant enzymes with substrate farnesyl diphosphate yielding the cyclic
sesquiterpene products, (-)-6-cadinene and (+)-T-muurolol, respectively [122].
1.3.1.4.7 Heterologous pathway expression

A third effective in silico-guided genomics strategy to capture natural products of silent
cryptic gene clusters is heterologous expression of whole pathways in a host system. Recent
examples of this strategy involve the characterization of cryptic ribosomal peptide pathways
predicted by bioinformatic identification of precursor genes [123] or biosynthetic genes [124].
Maksimov et al. could clone and heterologously express a cryptic lassopeptide gene cluster from
Asticcacaulis excentricus in Escherichia coli to yield new lassopeptide products. Garg et al.
cloned and heterologously expressed a class | lanthipeptide gene cluster from Geobacillus

thermodenitrificans in E. coli to yield a nisin-like lantibiotic.
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1.4 Problem and aim of dissertation

The problem of traditional in silico-guided genome mining approaches is that one
pathway is targeted per experiment (Figure 22). In addition, most highlighted genomics
approaches involve a laborious genetic inactivation step of a target pathway. In silico-guided
approaches are effective but are not matching the pace with which genomes, i.e. cryptic gene

clusters, are sequenced nowadays.

The aim of this dissertation was to introduce mass spectrometry-guided genome mining
approaches that connect unknown structures of major microbial natural product classes more
rapidly with their biosynthetic genes with a potential for automation. The proposed approaches
are methodologically based on the advantages of mass spectrometry (MS) in analysis of natural
products, i.e. detection of low quantities of compounds, easy integration into automated platforms
and de novo structure elucidation by tandem MS experiments. The work is focuses on two large
classes of natural products, peptide natural products (PNPs) and glycosylated natural products
(GNPs) which are targeted with two complementary approaches, peptidogenomics (Chapter 2)

and glycogenomics (Chapter 4), respectively.

The innovation of the proposed work is the rapid connection of an unknown chemotype
with its biosynthetic genes (genotype) by matching de novo MS" substructures such as amino
acid sequences or sugar mass shifts to corresponding structures that can be predicted from
biosynthetic gene clusters in genome sequences. Herein, structure elucidation of peptide natural
products and glycosylated natural products by tandem MS will be combined with genotype
analysis based on current biosynthetic knowledge of peptidic and glycosylated natural products.
These rapid chemotype-to-genotype connections can then guide the characterization of new
natural product chemistry, biosynthesis and bioactivity for all researchers interested in natural

products.

The approaches, peptidogenomics and glycogenomics, are further tested for discovery of

new PNP and GNP chemo- and genotypes from marine bacteria (Chapters 3 and 5).
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A mass spectrometry-guided genome mining
approach for natural product peptidogenomics

Roland D Kersten', Yu-Liang Yang? Yuquan Xu?, Peter Cimermancic3, Sang-Jip Nam/',
William Fenical'?, Michael A Fischbach3, Bradley S Moore'?* & Pieter C Dorrestein'?4*

Peptide natural products show broad biological properties and are commonly produced by orthogonal ribosomal and nonribo-
somal pathways in prokaryotes and eukaryotes. To harvest this large and diverse resource of bioactive molecules, we introduce
here natural product peptidogenomics (NPP), a new MS-guided genome-mining method that connects the chemotypes of
peptide natural products to their biosynthetic gene clusters by iteratively matching de novo tandem MS (MS") structures to
genomics-based structures following biosynthetic logic. In this study, we show that NPP enabled the rapid characterization
of over ten chemically diverse ribosomal and nonribosomal peptide natural products of previously unidentified composition
from Streptomycete bacteria as a proof of concept to begin automating the genome-mining process. We show the identification
of lantipeptides, lasso peptides, linardins, formylated peptides and lipopeptides, many of which are from well-characterized
model Streptomycetes, highlighting the power of NPP in the discovery of new peptide natural products from even intensely
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studied organisms.

in all life forms, where they have diverse biological functions
in development, protection and communication'. Nature has
evolved two orthogonal biosynthetic pathways to these highly modi-
fied peptides involving ribosomal and nonribosomal processes®.
Although nonribosomal peptides have limited distribution, being
restricted mainly to microorganisms with large genomes®, riboso-
mally synthesized and post-translationally modified peptides seem to
have a much broader distribution throughout nature, including being
present in humans*’. The enormous diversity and distribution of
PNPs and their associated biological functions, however, are only now
being fully realized because of time-consuming discovery options. We
report here a new MS-guided genome mining method that quickly
connects the chemotypes of expressed PNPs to their biosynthetic
pathways, thereby enabling the rapid identification of transcription-
ally active PNP biosynthetic gene clusters and the classification of
their associated products in a streamlined discovery platform.
Among PNPs, ribosomally synthesized peptides encompass a
rapidly expanding group of natural products®. Multiple classes of
ribosomal peptide natural products (RNPs) of prokaryotic origin
have been characterized through their biosynthetic pathways, which
entail diverse post-translational modification strategies to yield lanti-
peptides’, thiopeptides®, cyanobactins’®, lasso peptides'® and other
microcins'!. Consequently, traditional RNP classification systems
based on bioactivity, producer and structure'"'? have shifted toward
a new classification based largely on biosynthesis (Supplementary
Results and Supplementary Table 1). In RNP biosynthesis, the
peptide sequence is encoded by a precursor gene directly trans-
lated by the ribosome to consist of leader peptide and core peptide
regions'. The leader peptide serves as a scaffold and contains recog-
nition sites for processing enzymes that introduce post-translational
modifications of the RNP biosynthetic machinery, whereas the core
peptide constitutes the primary sequence of the produced peptide

P eptide natural products (PNPs) are ubiquitous chemicals found

natural product that is modified. Post-translational modification of
the core peptide by biosynthetic enzymes can often be extensive and
can provide a wealth of structural diversity rendering these peptides,
at first glance, unrecognizable as ribosomally synthesized molecular
entities® (Fig. 1). Nonribosomal peptides are conversely synthesized
by multifunctional assembly line proteins that instead code for their
amino acid precursors through an adenylating enzyme that selects
and transfers its substrates to carrier proteins to facilitate peptide
synthesis by the nonribosomal peptide synthetase (NRPS) machin-
ery'. This process can capture a much wider array of substrates
beyond the 20 proteinogenic amino acid building blocks, which
limit input into RNPs, to produce notable examples such as the clin-
ical agents vancomycin, daptomycin and cyclosporin? (Fig. 1).

To estimate the extent of PNP chemical diversity in bacteria, we
systematically queried the Joint Genome Institute (JGI) database of
1,035 completed genomes as of September 2010 for RNP and NRPS
pathways. Searching for gene clusters harboring characteristic RNP
biosynthetic Pfam (protein family) domains'®, we estimate that at
least 71% of the deposited bacterial genomes contain biosynthetic fea-
tures that support common RNP classes (Supplementary Table 3).
We identified 1,966 candidate RNP gene clusters, 637 of which have
two or more of the nine Pfam domains found most frequently in RNP
gene clusters (Supplementary Table 2). In comparison, 69% of the
genomes we searched contained NRPS Pfam domains and 53% had
hybrid NRPS-PKS biosynthetic features (Supplementary Table 3).
Because the training set for our algorithm contained only 24 known
RNP gene clusters, our estimate of RNPs is not comprehensive.
Nonetheless, this analysis shows that the genetic capacity to produce
RNPs is common in most microbial phyla and that RNPs represent
one of the most underappreciated classes of bioactive molecules.

Given the sheer volume of predicted bacterial PNPs in publicly
available genome strains, we set out to develop a method that takes
advantage of recent technological advances in MS and genomics
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Figure 1| Structural diversity of peptide natural products.

to streamline the discovery process. The recent development of
genome mining has transformed natural product discovery by
allowing the targeting of new chemical entities predicted by bio-
informatics'®. In the case of RNPs, a produced peptide structure
can be directly linked to the corresponding biosynthetic genes by
identifying the core peptide sequence in the translated genome
sequence’. Furthermore, large portions of NRPs often readily corre-
late to the predicted amino acid specificity found on their associated
modular synthetases'” (Supplementary Fig. 1). This connection of
PNP chemotype to genotype has been accomplished in numerous
genome-mining studies®'*72. One of the major limitations with
these approaches is that they only characterize one molecule at a
time or require extensive genetic manipulations®'. With an increas-
ing number of available genome sequences, there is a growing need
for new genome-mining methods that can readily connect expressed
natural products (chemotype) with their gene clusters (genotype)
and that have the potential for automation.

MS is an important technique in the analysis of peptide natural
products because of its high sensitivity, its easy implementation into
automated processes such as metabolomic or proteomic platforms
and its capability for de novo peptide structure elucidation by tandem
MS?. Peptides fragment in MS" experiments, for example, collision-
induced dissociation (CID), in a common way to yield fragment ions
in the MS" spectrum that differ in mass by the amino acid monomers
of the corresponding peptide sequence and, thus, enable de novo pep-
tide sequencing. MS" is used in proteomic workflows to identify pro-
teins by connecting peptide MS" data to protein sequence databases.
One approach to link a proteolytic peptide to its database gene uses
short de novo sequence tags for the database search”. However, auto-
mated de novo sequencing makes errors in one in every four amino
acids, and this error rate is enhanced when post-translational modi-
fications (PTMs) are included. In addition, database proteomic tools
still struggle to connect modified RNPs with their precursor genes in
genomic databases because of scoring functions, which have difficulty
in recognizing many PTMs per peptide?. The scoring allows for a
specific percentage of false-positive rates (usually 1-5%) without any
further confirmation of a spectrum-peptide match (Supplementary
Table 4). Finally, there are no tools that connect MS" data of nonri-
bosomally synthesized peptides to the corresponding NRPS genes.
Given the advantage of MS to automatically acquire data of partial
peptide structures from small amounts of material, it could enable a
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more rapid connection of peptidic natural products with their bio-
synthetic genes if MS" data processing is effectively combined with
genome mining of RNP and NRP biosynthetic pathways.

In this study, we establish the concept of MS-guided genome
mining for peptide natural products called natural product pep-
tidogenomics (NPP). We first highlight proof-of-concept experi-
ments in which NPP characterizes the ribosomal lantipeptide AmfS
from Streptomyces griseus IFO 13350, the nonribosomal lipopeptide
stendomycin I from Streptomyces hygroscopicus ATCC 53653 and
their corresponding biosynthetic gene clusters. In all, we show that
NPP can be applied to characterize many PNP chemotypes and gen-
otypes by introducing 14 new streptomycete PNPs in a very effec-
tive genome mining approach.

RESULTS

The NPP concept

NPP is an easy to implement and unbiased, MS-based,
chemotype-to-genotype genome mining approach to rapidly char-
acterize ribosomal and nonribosomal peptide natural products and
their biosynthetic gene clusters from sequenced organisms (Fig. 2).
In short, NPP aims to match a series of mass shifts obtained from
an MS" spectrum of a putative PNP to the genes that are responsible
for its production. The NPP genome-mining workflow has several
iteration steps, which ensure that a match of peptide MS" data to
a genomics-derived peptide structure makes sense biosynthetically.
In this way, NPP takes advantage of the enormous wealth of knowl-
edge of PNP biosynthesis gained over the past decade’.

In practice, the NPP workflow starts with a MALDI-TOF MS
analysis of the organism or extract in order to detect unknown masses.
We targeted the mass range of 1,500-5,000 Da, as most masses in this
window are not described in microbes at the chemical level, and thus
they provided an opportunity to apply the NPP approach. However,
there is no inherent limitation in size in the NPP approach as long
as the MS" data becomes a unique identifier for a biosynthetic path-
way. MALDI-TOF MS analysis of crude butanol extracts or MALDI
imaging of agar cultures ensure that the compounds are actively
expressed and are captured on semi-solid media. Though not neces-
sary for the PNP discovery process, MALDI imaging links secreted
metabolites directly to the morphology of microbial colonies® and,
thus, decreases potential media or extraction artifacts. Putative pep-
tides are subsequently enriched using a MS-guided isolation using



© 2011 Nature America, Inc. All rights reserved.

ARTICLE

Ribosomal peptides

Applied RNP
biosynthetic knowledge

n
Mass shift sequence
nalysi
b -

 ——

U,

1100

1,500

Applied NRP
biosynthetic knowledge

ms"
analysis

—_—

Mass shift sequence

n

L
1500 2,000 m/z
Nonribosomal peptides

1,200 m/z

Figure 2 | General workflow of | product peptid

52

NATURE CHEMICAL BIOLOGY bot: 10.1038/NCHEMBIO.684

it

RNP structure

NRP structure

NPP can be applied to characterize both ribosomal and nonribosomal peptide natural

products in their genotype and chemotype from genome-sequenced organisms. Two proof-of-concept NPP experiments are outlined: ribosomal peptides
(RNPs) or nonribosomal peptides (NRPs) and their respective biosynthetic gene cluster can be characterized from a Streptomyces extract by MALDI-TOF
mass spectrometry (MS) detection, MS" sequence tagging and PNP genome mining. The iterative approach in matching MS" data to the genomics-derived
peptide structures is shown with dashed arrows. See Figures 3 and 4 for a detailed NPP analysis of ribosomal and nonribosomal peptides.

size-exclusion chromatography followed by enrichment and desalting
steps. An enriched putative PNP is then analyzed in a sequence-
tagging step by MS". In general, NPP sequence tagging is the
formation of de novo sequence tags that are searchable in the genome-
mining query space of PNPs (Fig. 2). This includes the generation
of an amino acid sequence tag from a mass shift sequence in an MS"
spectrum and the subsequent processing of the MS" sequence tag into
search tags. The mass shifts define the candidate amino acid residues
from all possible monomers that could be encoded in an RNP-based
precursor gene or that could be loaded by a corresponding NRPS.
This processing of MS" mass shifts to genome-mining monomers
considers PTMs, nonribosomal substrates, fragmentation gas-phase
behavior and chemical modifications of amino acid residues dur-
ing purification and MS analysis. NPP-based RNP genome mining
interrogates the six-frame translation of the genome for candidate
precursor peptides that comprise any of the search tags. As there
may be multiple matches to a search tag that is 5-10 amino acids
long, the correct RNP precursor gene is identified by applied bio-
synthetic knowledge in which the search tag should associate with
the C-terminal half of a <100-amino-acid-long open reading frame
(OREF) that clusters with RNP biosynthetic genes. NPP-based NRP
genome mining, on the other hand, queries all predicted nonribo-
somal peptides of the target genome for the search tags.

The effectiveness of NPP in connecting PNP structures with
biosynthetic genes lies in its iterative approach in matching MS™-
based structures to genomics-based candidate structures following
biosynthetic logic, as each search tag match has to be confirmed
in mass, sequence and biosynthetic signatures with the MS" analy-
sis (Fig. 2). We showed this effectiveness in a comparison of the
NPP approach to current proteomic approaches in identifying
precursor genes in RNP genome mining. None of the standard
proteomic platforms such as Mascot® or InsPecT* could identify

any of the NPP-characterized RNPs in a search with vari-
able common RNP PTMs or in blind or unrestricted searches
designed to find unknown PTMs (Supplementary Table 4).
InsPecT was able to characterize two of the RNPs after predefining
NPP-dissected PTMs in the analysis for each peptide.

NPP characterization of ribosomal peptide AmfS

As a proof of concept of the NPP workflow for RNPs, we targeted
the known ribosomal peptide AmfS from S. griseus IFO 13350
because this is a well-characterized lantipeptide with four PTMs*
(Fig. 3). MALDI imaging of S. griseus and MALDI-TOF MS analysis
of an extract resulted in the detection of a secreted mass of 2,212 Da.
We then subjected the peptide to CID fragmentation. In the MS?
spectrum, we assigned the charge states of sequential fragment ions
and identified the mass shift sequence 99-99-113-69-101 (Fig. 3).
We matched the mass shifts to all likely candidate amino acids to
yield sequence tags by first substituting with proteinogenic amino
acids where possible (Supplementary Table 5). We then substi-
tuted nonproteinogenic masses with all possible RNP monomers
arising from known PTMs. We substituted the shift of 69 Da to the
nonproteinogenic amino acid dehydroalanine (Dha) (Fig. 3 and
Supplementary Table 6). Dha is a candidate amino acid for ribo-
somal peptides because dehydrated serine and threonine or dethio-
lated cysteine are commonly observed in PNP MS" spectra either
as a post-translational modification® or as an MS" gas-phase rear-
rangement (Supplementary Fig. 3). From the resulting sequence
tag VVI(L)S(C)T, we created a list of all possible search tags in
both sequence directions to give eight putative PNP sequence tags
for a search against the S. griseus genome sequence (Fig. 3)*. Of
the millions of possible peptide sequences based on a six-frame
translation, we identified just one candidate 43-amino-acid-long
precursor by the search tag VVLCT (Fig. 3). This result fulfilled the
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Figure 3 | Peptid tion of a RNP ct

type with its biosynthetic genes in the characterization of the class Il lantipeptide AmfS from

S. griseus IFO 13350. Analysis was carried out through sequence tagging and genome mining. Iterative aspects in connecting MS" data of the peptide
chemotype to the genotype are highlighted in blue and with the dashed arrows. The steps are as follows: (a) detection of putative peptide mass signals by
MALDI-TOF MS or imaging MS, (b) determination of molecular weight, (¢) MS" fragmentation (CID), (d) assignment of charge states, (e) identification

of mass shifts, (f) substitution of proteinogenic mass shifts (Supplementary Table 5), (g) substitution of nonproteinogenic mass shifts with putative RNP
monomers (Supplementary Table 6), (h) MS" sequence-tag processing of putative biosynthetic or MS gas-phase modifications, (i) MS" sequence-tag
processing of sequence tag direction, (j) search in six-frame translation of the target genome, (k) identification of candidate precursor peptide through
RNP biosynthetic rationale, (I) verification of precursor peptide sequence, (m) prediction of core peptide sequence based on observed mass and putative
PTM mass shifts, (n) verification of core peptide sequence and mass, (o) prediction of biosynthetic gene cluster, (p) verification of putative PTMs, (q) RNP
classification, (r) structure prediction based on RNP class and MS" data and (s) structure verification by MS" data. Dha, dehydroalanine; Obs, observed.

RNP biosynthetic requirement of the search tag being located in the
C-terminal half of a <100-amino-acid-long gene product. Next, we
compared a predicted core peptide sequence in its calculated mass
to the observed mass in the MS' spectrum considering putative
PTMs such as, for example, dehydrations. The calculated mass of
the 22-amino-acid-long core peptide **T-*P differed by four puta-
tive PTM dehydrations from the observed mass (Fig. 3), which is
in agreement with the formation of two Dha and two lanthionine
bridges in AmfS®. In addition, the predicted core peptide sequence
could be further verified at this step by comparison to the MS" data.
Subsequent BLAST analysis of the neighboring genes identified the
remainder of the AmfS biosynthetic gene cluster”” and, therefore, fur-
ther verified the connection of RNP chemotype and genotype. Based
on the gene cluster components, in particular the AmfS core peptide
and the PTM-introducing enzymes AmfA and AmfB, we could char-
acterize the analyzed peptide as a class III lantipeptide from known
RNP biosynthetic gene clusters (Supplementary Table 1). Finally,
we could verify an AmfS structure based on the given core peptide
sequence, the MS" data and the knowledge about AmfS-like lanti-
peptide PTMs* (Fig. 3, Supplementary Fig. 2 and Supplementary
Table 1). The proof-of-concept characterization of AmfS and its gene
cluster highlights the effectiveness of the NPP workflow by its itera-
tive utilization of MS" data and genetic data to enable a peptidog-
enomic connection of a PNP chemotype with its genotype.

NPP characterization of nonribosomal lipopeptides
With a minor adjustment to the NPP workflow, we can also discover
NRPs (Fig. 4). We exemplified thisapproach with a set of lipopeptides

detected by MALDI imaging from a colony of S. hygroscopicus ATCC
53653 (Fig. 4). MS" analysis of SHY-1628 yielded the sequence frag-
ment 99-99-83-83-71-113-99-57-115 (Fig. 4 and Supplementary
Fig. 4b), which we first processed into the RNP workflow because
most of its mass shifts corresponded to proteinogenic amino acids
through the sequence tag V-V-83-83-A-I(L)-V-G. We substituted
the 83-Da masses with Dhb, whose biosynthetic precursor is threo-
nine (Supplementary Table 6). Although we queried the six-frame
translation of S. hygroscopicus with the search tags VVTTAI(L)VG,
we detected no precursor peptides based on the described biosyn-
thetic requirements of RNPs. The inability to identify a precursor
peptide from a long sequence tag suggested that the SHY-1628-
based peptides could instead be a set of nonribosomal peptides. To
explore this scenario, we revised the original sequence tag to include
NRP-specific, nonproteinogenic residues for NRP genome min-
ing (Supplementary Table 7). Hence, the 83-Da mass shifts could
correspond to Dhb, NMe-Dha or homoserine lactone (HseL). We
excluded HseL because of its common C-terminal NRP location.
Dhb and NMe-Dha most likely derived biosynthetically from threo-
nine and serine, respectively, during or after NRP assembly because
of the enamine instability of putative Dha and Dhb monomers®. In
addition, a Dhb mass shift could also derive from a MS gas-phase-
induced ring-opening elimination of a threonine-macrolactone
bond with the NRP C terminus®. We evaluated the VVT(S)T(S)
AI(L)VG sequence tags (Fig. 4) against NRP sequences predicted
by NP.:searcher® and antiSMASH?* algorithms that predict NRPS
gene clusters and their NRP products from the genome supercon-
tig. This analysis matched the reduced and full eight-amino-acid
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from S. hygroscopicus ATCC 53653. Analysis was carried out through sequence tagging and genome mining. Iterative aspects in connecting MS" data
of the peptide chemotype to the genotype are highlighted in blue and with the dashed arrows. The steps are as follows: (a) detection of putative peptide
mass signals by MALDI-TOF MS or imaging MS, (b) determination of molecular weight, (¢) MS" fragmentation (CID), (d) assignment of charge states,
(e) identification of mass shifts, (f) substitution of proteinogenic mass shifts (Supplementary Table 5), (g) substitution of nonproteinogenic mass shifts
with putative NRP monomers (Supplementary Table 7), (h) MS" sequence-tag processing of putative biosynthetic and MS gas-phase modifications,

(i) MS" sequence-tag processing of sequence tag direction, (j) search of predicted NRP sequences from the target genome with all search tags
(NP.searcher or antiSMASH), (k) biosynthetic gene cluster analysis, (I) verification of predicted NRPS assembly line, (m) NRP structure prediction, (n)
verification of predicted NRP structure, (o) full structure elucidation based on MS™and NMR data and (p) verification of NRP structure.

Dha, dehydroalanine; dhb, dehydrobutyrine; hsel, homoserine lactone; orn, ornithine; Obs, observed.

sequence tag to one candidate NRP sequence out of the five pre-
dicted NRPS sequences in the S. hygroscopicus genome (Fig. 4 and
Supplementary Fig. 5).

Again, through an iterative process, we inspected the correspond-
ing gene cluster and found it to contain an N-terminal acyl ligase
domain associated with lipopeptide biosynthesis, which is in full
agreement with the observed 14-Da separation of the parent ions
characteristic of lipopeptides. Further MS" (Supplementary Fig. 7b
and Supplementary Tables 8-12) and nuclear magnetic reso-
nance (NMR) analysis (Supplementary Fig. 6 and Supplementary
Table 13) identified the lipopeptides as members of the stendomy-
cin antibiotic family of lipotetradecapeptides that contain a seven-
membered macrolactone and a total of seven modifications®.
Aside from stendomycin I, which was originally characterized in
Streptomycetes endus®, we characterized five new stendomycin
analogs (II-VI) that differed in the acyl chain and in valine or isoleucine
substitutions at positions 5 and 13 for the first time in S. hygroscopicus
ATCC 53653. The biosynthetic features of the identified gene clus-
ter matched the structure of stendomycin I in the NRPS substrates
and modifications (Supplementary Figs. 5,8). Thus, as we found for
RNPs, the iteration between the MS" analysis and genome mining
enabled the fast and reliable connection of an NRP chemotype and

genotype (Fig. 4). For example, we detected a low-resolution mass
shift of 115 Da in the MS? spectrum of stendomycin I (Supplementary
Fig. 4b) that was first assigned to aspartic acid. However, the corre-
sponding module of the putative stendomycin NRPS instead predicts
NMe-threonine (also a 115-Da shift) at this position and, thus, the
mass shift in the MS" spectrum could be explained. This example
illustrates that in NRP sequence tagging, modifications such as
N-methylations of proteinogenic masses and even nonproteino-
genic masses should be considered if the first iterative round of NRP
genome mining misses the assignment of the tag.

We also successfully applied the NPP method to other NRPS-
derived moleculessuchas the structurally diverse calcium-dependent
antibiotic*, surfactin®, plipastatin”, pyoverdine® and daptomy-
cin®, and in each case, we identified the correct gene cluster (data
not shown). Recently, the NPP workflow enabled the discovery of
the arylomycin gene cluster with a sequence tag of just two amino
acids®. This highlights the point that with NRPS-derived molecules,
minimal sequence information can be sufficient to find a match inan
NRP database of less than ten predicted NRP sequences per genome
despite there being >526 known NRP monomers® because of the
iterative nature of using biosynthetic knowledge in the workflow. To
complete the structure analysis, additional analytical methods such
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Table 1| NPP characterization of nine new RNPs and their associated gene clusters from seven genome-sequenced Streptomyces strains
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Shown is a summary of the diverse RNP chemotypes and genotypes characterized by NPP in this study. Detailed analyses are described in Supplementary Results.

as NMR and Marfey’s analysis are needed to complement the wealth
of tandem MS and biosynthetic information, as has been done with
stendomycins. The characterization of five stendomycin derivatives
and their biosynthetic gene cluster in S. hygroscopicus shows that the
NPP workflow can be readily accommodated to additionally dis-
cover modified NRPs.

NPP characterization of new RNP chemotypes and genotypes
Next, we interrogated several sequenced Streptomycetes to explore
the practicality of NPP in the identification of other uncharacter-
ized RNPs. From seven Streptomyces strains, we identified multiple
previously uncharacterized RNPs and their gene clusters using
the NPP approach (Table 1). The first unknown RNP and its gene
cluster that we characterized by NPP was a class I lasso peptide,
SSV-2083, from Streptomyces sviceus ATCC 20983 (Table 1 and
Supplementary Fig. 9). The discovery and isolation of secreted
SSV-2083 from sporulating colonies was guided by MALDI imag-
ing and MALDI-TOF MS of the ion at 2,084 m/z. An MS" analysis
of the unmodified compound provided no sequence information
(Supplementary Fig. 9b). One of the main experimental challenges

in the generation of the sequence tag is that many of these molecules
are constrained by disulfide or thioether linkages, and therefore
they provide poor to no fragmentation data (Supplementary
Fig. 10). In such cases, samples are reductively dethiolated with
NaBH, and NiCl, treatment"' and resubjected to tandem MS to reveal
longer sequence tags for PNP genome mining. Deconstrained SSV-
2083 yielded a ten-amino-acid MS" sequence tag that we identified
in the six-frame translation of the S. sviceus genome in a 56-amino-
acid candidate precursor peptide. This observation enabled the
identification of the SSV-2083 biosynthetic gene cluster containing
conserved lasso peptide biosynthetic genes as well as a new protein
disulfide-isomerase-encoding gene (Supplementary Fig. 9c¢).
Alignment with known class I lasso peptides in combination with
tandem MS data (Supplementary Fig. 9d) enabled the prediction
of the candidate SSV-2083 structure (Table 1), and these results
represent the first class I lasso peptide gene cluster®.

NPP characterization of new RNP classes from Streptomyces
Our NPP analysis also resulted in the discovery of two new
RNP classes and their genetic origins from well-scrutinized
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Streptomycetes, namely SGR-1832 (Table 1 and Supplementary
Fig. 11) from S. griseus IFO 13350 and SCO-2138 (Table 1 and
Supplementary Fig. 12) from Streptomyces coelicolor A3(2)*. Based
on the gene cluster and the MS fragmentation data, we determined
SGR-1832 to be a linear 19-residue peptide with an N-terminal N,N-
dimethylalanine, two dehydrobutyrines and a rare C-terminal amin-
ovinylcysteine (AviCys) residue. These unusual post-translational
modifications are reminiscent of those seen in cypemycin, a related
AviCys-containing linaridin from Streptomyces sp. OH-4156, whose
biosynthesis was recently revealed by genome mining'®. Peptide SCO-
2138, detected only in organic extracts, is also a previously unidentified
19-amino-acid RNP from S. coelicolor A3(2) that produces a number
of other peptide natural products*. The corresponding gene neigh-
borhood containing a conserved unknown protein, a protease and a
rod-shape-determining protein® is also found in other Streptomyces
genomes (Supplementary Fig. 12¢,d). Accordingly, we isolated and
characterized two SCO-2138 homologs using NPP from Streptomyces
lividans TK24 (SLI-2138, which is identical to SCO-2138; Table 1 and
Supplementary Fig. 12) and S. sp. E14 (SWA-2138, which is isomeric
to SCO-2138; Table 1 and Supplementary Fig. 12). These RNPs have
a 28-Da N-terminal modification, which we confirmed by Fourier
transform MS (FTMS") to be an N-formyl unit (Supplementary
Fig. 12e). The SGR-1832 and SCO-2138 peptides represented undis-
covered classes of RNPs at the time of this analysis and showcase that
new RNP classes can be discovered by the NPP method.

Characterization of multiple PNPs in one NPP experiment
NPP analysis of the daptomycin-producing bacterium Streptomyces
roseosporus NRRL 15998 (ref. 46) enabled the identification of
three new RNPs and their gene clusters in a single NPP experi-
ment (Supplementary Fig. 13). SRO15-2005 (Table 1 and
Supplementary Fig. 14) is a class II lasso peptide; SRO15-2212
(Table 1 and Supplementary Fig. 15) is identical to the class III
lantipeptide AmfS, which was previously uncharacterized in this
strain; and SRO15-3108 (Table 1 and Supplementary Fig. 16) is a
class II lantipeptide that undergoes nine dehydrations during matu-
ration. The detection of these three RNPs and their corresponding
gene clusters in one NPP experiment shows the potential of NPP as
a high-throughput discovery methodology.

DISCUSSION

In this work, we introduce NPP as a chemotype-to-genotype
genome-mining approach for the characterization of ribosomal and
nonribosomal peptide natural products and their respective bio-
synthetic gene clusters by identifying 14 peptides from well-known
genome-sequenced Streptomycetes. In contrast to global metabo-
lomic" and peptidomic* strategies, NPP is a targeted approach in
which MALDI imaging or MALDI-TOF MS analysis of organic
extracts is defined by a preselection of ions that are putative peptide
natural products of expressed biosynthetic pathways. The innova-
tion of NPP in efficiently linking these putative peptides to their
gene clusters is firmly grounded in the connection of de novo MS"
peptide sequence tags of modified peptides to precursor peptides
or to predicted NRPS products by applying biosynthetic knowledge
and iterative steps between MS" analysis and PNP genome mining
for confirmation of putative chemotype-genotype matches. Because
peptides are often structurally constrained, the generation of an MS"
sequence tag is facilitated by structural deconstraining the peptide
before MS" analysis. This yields simpler peptide structures and, thus,
higher quality sequence tags, as in the case of the class I lasso pep-
tide SSV-2083 (Supplementary Fig. 9b). Deconstraining also aids
in the elucidation of post-translational modifications, such as the
AviCys group of linaridin SGR-1832. In MS" sequence-tag process-
ing, the approach takes advantage of the degeneration of residues in
the MS" sequence tag by mass, reactions in the mass spectrometer,
biosynthesis or sequence directionality to ensure that the resulting

search tags can be found in genomics-derived peptide sequences
(Figs. 3 and 4). In PNP genome mining, the sequence tags are
searched against a query space that is different for RNPs and NRPs.
In RNP genome mining, the query space is the six-frame translation
of the target genome and, thus, is large. The sequence tag for effec-
tive genome mining of a precursor peptide in this large query space
should be at least five amino acids; otherwise too many candidate
precursor peptides will be obtained to be further differentiated based
on RNP biosynthetic requirements. Several characterized precursor
peptides that we identified in this study were not previously anno-
tated in the NCBI database® (peptides SCO-2138 and SGR-1832).
We found these peptides only in the six-frame translations of the
S. coelicolor and S. griseus genome supercontigs. Although the draw-
back of an extended database providing more candidate precursor
peptides for a certain sequence tag is a potential concern, this larger
protein inference problem (as it is known in global proteomics®) is
effectively solved in NPP by the iterative matching of the candidate
precursor peptides in mass, sequence and biosynthetic signatures to
the MS" data.

MS" sequence tag processing and the iterative MS" and genomics
analysis make the NPP de novo sequencing approach more effective
in identifying precursor genes in RNP genome mining than current
proteomic approaches. Neither Mascot®® nor InsPecT? could iden-
tify any of the NPP-characterized RNPs in searches for unknown
PTMs (Supplementary Table 4). InsPecT, which also relies on
de novo sequence tagging, was able to characterize just two of the
RNPs (SCO-2138 and SLI-2138), but only after we predefined NPP-
characterized PTMs in the analysis. This is about what one would
expect, as proteomic tools typically annotate 5-15% of the collected
data, although in rare cases this percentage can be higher. The main
reason that these programs do not work for these peptides is because
their scoring functions have been designed to work for protease-
cleaved, water-soluble peptides. Proteomic programs require spe-
cific scoring functions for specific PTMs (for example, specific for
trypsin-cleaved ubiquitination tags or specific for phosphorylation)
and simply have not been developed for RNP-based PTMs.

We further showed that NRPs are readily incorporated in the
NPP workflow, as in the case of stendomycins (Fig. 4). Even though
>50% of all amino acids in NRPs are L- or D-proteinogenic amino
acids®, mass shift sequences obtained from an MS" spectrum define
the candidate monomers to be used for the generation of all possible
sequences that are to be compared to the predicted sequences based
on the amino acid specificity of the adenylation domains using pro-
grams such as NRPSpredictor2 (ref. 49). In NRP genome mining,
the query space consists of NRP megasynthetases predicted from
the target genome by NP.searcher or antiSMASH and, thus, is rela-
tively small, as most microbial genomes contain less than ten NRPS
gene clusters. Consequently, short sequence tags of just two amino
acids can be sufficient to correlate the NRP to its cognate NRPS
gene cluster®. In the case of stendomycin, even though we ultimately
applied the 8-amino-acid tag GVIATTVYV, we could have function-
ally operated with and would have obtained the similar results with
just a two-amino-acid tag such as VV, VI, TT, IA, AT or GV, as only
one of the five S. hygroscopicus NRPS gene sets was appropriate in
size and sequence. NRP sequences often contain modified and/or
nonproteinogenic amino acid residues that can be addressed by
including all appropriate nonproteinogenic monomers to a mass
shift sequence and by considering their corresponding biosynthetic
machineries during genome mining (Supplementary Table 7).

Because NPP is a MS-guided approach, it is ultimately dependent
on generating quality sequence tags. The challenge in NPP charac-
terization of peptides <500-Da or four-amino-acids long or less is
in applying a limited sequence tag for genome mining rather than
for dealing with matrix background in the low m/z region during
peptide detection by MALDI-TOF MS. The analysis of putative
peptides in the mass range <1,500 m/z will also increase the discovery
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of PNPs, and in particular, of NRPs. NRPs with curated gene
clusters in the NORINE database (which contains nonribosomal
peptides) have an average mass of ~950 Da and eight monomers
(Supplementary Fig. 1), whereas RNPs usually have a higher
molecular weight, and NPP is appropriate for all such peptides.
NPP, however, in its current implementation, is challenged by
NRPs with multiple heterocycles, such as thiopeptides®, and hybrid
NRPS-PKS products with major polyketide portions. This will
remain a challenge until the fragmentation rules are established.
Another NPP restraint is the bioinformatics predictability of PNP
sequences from inadequate genomic data in which poor sequence or
annotation quality result in misassigned precursor and NRPS genes.
Better genome assembly, improved gene annotation (especially of
small ORFs), increased understanding of gas-phase fragmenta-
tion behaviors and deeper knowledge of NRPS substrate specificity
codes will further empower the tools described in this work.

In conclusion, NPP is a new, MS-based genome-mining platform
to guide the discovery of new ribosomal and nonribosomal peptides.
This approach enables streamlined screening of peptide chemo-
types from multiple organisms and facilitates expanded studies on
their isolation, complete structure elucidation, biological evaluation
and pathway engineering that leads to an increased appreciation for
the understanding of the biological roles and therapeutic potential
of peptide natural products. With further automatization of the
NPP workflow such as training for offset functions of complex pep-
tides, better understanding of MS fragmentation behaviors and the
expansion to smaller masses and additional organisms, NPP has the
potential to open up new research directions in the (bio)chemistry
of peptide natural products.

METHODS

MALDI imaging of Streptomyces colonies. Streptomyces strains were grown on
solid ISP2 medium (1 1 of medium contained 4 g yeast, 10 g malt extract, 4 g
dextrose and 20 g agar at pH 7) for 4-10 d at 28 °C until sporulation. Streptomyces
spores from one plate were suspended in 1 ml sterile water and glycerol (3:1)

and stored at -80 °C after inoculation. Thin-layer ISP2 agar plates of sporulating
Streptomyces colonies were prepared as described elsewhere?. The applied matrix
was a universal MALDI matrix (Sigma-Aldrich). MALDI imaging of Streptomyces
samples on a Bruker MSP 96 anchor plate was performed on a Microflex Bruker
Daltonics mass spectrometer outfitted with Compass 1.2 software suite (which
consists of flexImaging 2.0, flexControl 3.0 and flexAnalysis 3.0). Target plate
calibration was done as described elsewhere?. The sample was run in positive
reflectron mode, with 800-pum laser intervals in XY. After the target-plate calibra-
tion was complete, the AutoXecute command was used to analyze the samples. The
flexControl method we used had settings as previously described* with detection
parameters adjusted as follows: mass range of 800-4,200 m/z and detector gain,
reflector of 3.7-8.1. Mass calibration was accomplished using a peptide standard
mix (Bruker Daltonics) as an external standard. After data acquisition, the data
were analyzed using the flexImaging software. The resulting mass spectrum was
analyzed manually for mass signals >1,500 m/z. Putative peptide mass signals
>1,500 m/z were assigned with individual colors for a display of the distribution of
the mass signal in the image.

Mass spectrometry analysis and sequence tagging. Peptide extraction, enrichment
and preparation for MS analysis are described in the Supplementary Methods.
Prepared peptide samples were injected for MS analysis by a nanomate-electrospray
ionization robot (Advion) for consecutive electrospray into the MS inlet of a LTQ
6.4T Fourier transform ion cyclon resonance (FT-ICR) mass spectrometer (Thermo
Finnigan). MS and MS" data were acquired in the positive ion mode. FTMS data
were acquired in 400-2,000 m/z scans. Selected peptide mass signals were manu-
ally isolated and fragmented by CID. MS" data was collected either in ion trap or

FT detection mode. All data were analyzed using QualBrowser, which is part of the
Xcalibur LTQ-FT software package (Thermo Fisher). FTMS masses were analyzed
using Extract software (Thermo Electron Bremen). Peptide MS" sequence tags were
assigned from MS" data by manual de novo sequencing within the mass accuracy
of the mass spectrometer using a mass shift list of proteinogenic amino acid mono-
mers (Supplementary Table 5) and nonproteinogenic monomers (Supplementary
Tables 6,7). Sequence tagging emphasized a correct assignment of 5-10-amino-acid
MS" sequence tags rather than longer, incorrect assignments for reliable genome
mining. The MS" sequence tag was further manually processed into a set of search
tags depending on the degree of degeneration of the MS" sequence tag. The MS*
sequence tag processing included differentiation of positions with identical masses
(for example, isoleucine and leucine), positions with biosynthetic modifications
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(for example, Dha derived from serine or cysteine in RNPs; Supplementary Tables 6,7)
and positions modified by MS analysis (for example, Dha derived from the cysteine
of a lanthionine PTM or Dhb derived from the threonine of a macrolactone linkage).
In NaBH," and NiCl,-treated samples, positions were differentiated that might be
chemically altered (for example, alanine derived from cysteine or alanine). The MS"
sequence tag was also differentiated in its reversed direction.

Genome mining of ribosomal peptides. A six-frame translated supercontig was
searched with all possible RNP search tags from a given MS" sequence tag in a
standard text processing program. A candidate precursor peptide was defined

in its N terminus by a pBLAST search of its C-terminal partial sequence to find
homologs or was defined by reanalysis of the region in the supercontig in order

to find missed alternative start codons that were not translated as methionine in
the six-frame translation. A candidate precursor peptide was confirmed by

(i) mass matching of putative core peptide sequence to the observed peptide

mass by considering possible PTMs, (ii) sequence matching of the putative core
peptide to the MS" data and (iii) pBLAST analysis of the neighboring ORFs (gene
cluster analysis). Based on the gene cluster components and the observed PTMs,
an RNP class could usually be characterized (Supplementary Table 1). In cases of
unusual gene cluster components during the RNP gene cluster analysis, a putative
new RNP gene cluster could be defined by a search of homologous gene clusters
(Supplementary Figs. 11¢,12c¢). Finally, a structure of the RNP could be predicted
based on the characterized core peptide sequence and PTMs that were character-
ized or predicted from the MS and bioinformatic analysis of the target peptide and
its gene cluster.

Genome mining of nonribosomal peptides. A search tag that did not yield a
candidate precursor peptide by six-frame translation-based genome mining was
subjected to genome mining of NRP gene clusters. The mass shift sequence was
reanalyzed by applying NRP monomer mass shifts (Supplementary Table 7) to
characterize all possible NRP search tags. The supercontig of the target organism
(for example, S. hygroscopicus ATCC 53653; Supplementary Fig. 5) was analyzed
by NP.searcher® and by antiSMASH*, and NRP search tags were compared to the
predicted NRP sequences in monomers and in length. In case of a putative match,
the corresponding NRP gene cluster was analyzed in its assembly-line organiza-
tion in the corresponding antiSMASH output and by InterPro*. The accessibil-
ity of NRP families to genome mining by the NPP approach was assessed by an
NPsearcher- and antiSMASH-based analysis of the GenBank files of characterized
NRPS gene cluster families as described in the Supplementary Methods.

Additional methods. Bioinformatic prediction of PNP pathways, proteomic
analysis of characterized RNPs and isolation and structure elucidation of
Q027-1628 (stendomycin I) from the marine Streptomyces strain CNQ-027 are
described in the Supplementary Methods.
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SUPPLEMENTARY METHODS
Materials

All chemicals were purchased from Themo Fisher Scientific or Sigma-Aldrich unless otherwise noted. All
Streptomyces strains except Streptomyces griseus IFO 13350 and Streptomyces coelicolor A3(2) were
acquired from the Broad institute, MIT/Harvard, MA, USA. Amino acid standards of known configuration

used to determine the absolute stereochemistry of CNQ27-1628 were purchased from Sigma-Aldrich.

Streptomyces strains used in this study

Strain Source

Streptomyces albus J1074 Broad (MIT/Harvard)
Streptomyces coelicolor A3(2) Dorrestein lab, UCSD
Streptomyces roseosporus NRRL 15998 Broad (MIT/Harvard)
Streptomyces sviceus ATCC 29083 Broad (MIT/Harvard)
Streptomyces hygroscopicus ATCC 53653  Broad (MIT/Harvard)
Streptomyces lividans TK24 Broad (MIT/Harvard)
Streptomyces sp. E14 (WASP) Broad (MIT/Harvard)
Streptomyces griseus IFO 13350 Moore lab (SIO-UCSD)

Bioinformatic prediction of peptide natural product pathways in microbial genomes

24 characteristic biosynthetic gene clusters of various RNP classes (SGR_6361-SGR_6366, SGR_2393-
SGR_2397, SSGG_04019-SSGG_04023, SSGG_03858-SSGG_03862, SSEG_05172-SSEG_05180,
SSGG_04748-SSGG_04752, SSPG_05081-SSPG_05096, SSTG_01176-SSTG_01182, SCO_2438-
SCO_2451, SSHG_03588-SSHG_03592, Gl: 225055344 (siomycin gene cluster), Gl: 225055372
(thiostrepton gene cluster), Gl: 78042196 (goadsporin gene cluster), Gl: 186886571 (microviridin gene
cluster), Gl: 62910836 (patellamide gene cluster), Gl: 215272911 (microcin B17 gene cluster), Gl
4731431 (microcin J25 gene cluster), Gl: 682763 (microcin C7 gene cluster), Gl: 202072960 (agr gene
cluster), SPy_0738-SPy 0747 (streptolysin S gene cluster), Gl: 46964 (epidermin gene cluster), Gl:
299832736 (nisin gene cluster), Gl: 300719225 (microbiosporicin gene cluster), Gl: 20387045 (subtilosin
gene cluster) were analyzed by a HMMER-based algorithm to generate Pfam domain counts in these
gene clusters. The HMMER-based analysis of 24 characterized RNP biosynthetic gene clusters yielded
44 Pfam domains (Supplementary Table 2). Selected biosynthetic Pfam domains with multiple counts
(Supplementary Table 2, red) were used to search all completed microbial genomes in the JGI database
and the draft Streptomyces genomes of the Broad database (1035 total genomes) by a Hidden Markov
Model (HMM)-based gene cluster identification algorithm for RNP gene clusters. A putative RNP gene

cluster was assigned when >2 of the 9 Pfam domains most frequently found in RNP gene clusters were
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present in a cluster with a threshold of >0.5. Because the training set was limited to 24 biosynthetic gene
clusters representing common RNP classes, we anticipate that the predicted abundance of RNP
pathways by this method is an underestimate. For the identification of NRP gene clusters in these
genomes, a set of 137 known NRP gene clusters was used to train our HMM-based gene cluster 1D
algorithm. To estimate the number of NRP gene clusters, the predicted NRP gene clusters were then
filtered with a threshold of >0.5.

Peptide extraction and enrichment

25-80 ISP2 agar plates were inoculated with spore suspension of a target Streptomyces strain by 4
parallel streaks. The plates were incubated for 4-10 d at 28 °C until sporulation. Then, the agar was sliced
into small pieces and extracted with n-butanol for 12 h at 28 °C and 225 rpm in a 2.8 liter-Erlenmeyer
flask. The n-butanol extract was separated from agar by cheesecloth filtration and, subsequently, from
cell debris by centrifugation (6440 g, 10 min). N-butanol was removed with a rotovaporator (Buechi R-
200). The crude extract was resuspended in 1 ml methanol and analyzed by MALDI-TOF MS to detect
target putative peptides. The resuspended Streptomyces extract was centrifugated for 2 min at 16800 g
and the supernatant was placed on a methanol-equilibrated Sephadex LH20 column (length: 30 cm). The
extract was separated with a methanol mobile phase at a flow rate of 0.4 ml/min. 7.5 ml fractions were
collected, lyophilized and resuspended in 200 pl methanol. Gel filtration fractions were then analyzed by
MALDI-TOF MS for peptide content. Peptide-comprising gel filtration fractions were desalted and
concentrated either by HPLC (Agilent) or by C18 Ziptips (Millipore) according to a modified
manufacturer’s protocol in which peptides were eluted with 85 % acetonitrile containing 1 % formic acid.
Desalted and concentrated peptide fractions were mixed 1:1 with 50 % methanol containing 1 % formic

acid and subjected to FTMS analysis and sequence tagging by tandem MS analysis.
MALDI-TOF MS analysis of peptide samples

MALDI-TOF MS was used to detect target peptides in crude extracts and fractions of gel filtration and
HPLC. The sample was mixed 1:1 with a saturated solution of Universal MALDI matrix in 70 % acetonitrile
containing 0.1 % TFA and spoted on a Bruker MSP 96 anchor plate . The sample was dried and inserted
into the Microflex Bruker Daltonics mass spectrometer. External calibration was done as described for
MALDI-imaging. Mass spectra were obtained with the FlexControl method as used for MALDI-imaging
and a single spot acquisition of 200 shots. Single spot MALDI-TOF MS data was analyzed by

FlexAnalysis software.

Sample preparation for sequence tagging

Desalted and concentrated peptides were resuspended in 50 pl 50 % methanol containing 1 % formic
acid if they were analyzed directly and unmodified by ESI-MS. For DTT reduction, 0.05 pymol peptide was

dissolved in 20 pl methanol, added with DTT to give a concentration of 0.5 umol DTT and incubated for
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10 min at 90 °C. The reduced peptide was subsequently desalted by C18 Ziptips and eluted and prepared
for ESI-MS analysis as described above. For NaBH,4/NiCl,—reaction, 0.05 pymol peptide was added with
0.05 ymol NaBH4 and 0.05 pmol NiCl, in 50 pyl methanol and incubated for 5 min at 50 °C. After 5 min,
another 0.05 pmol NaBH,/NiCl, was added and incubation at 50 °C was repeated. This was repeated a
third time before MS sample preparation. The NaBH,/NiCl,- and DTT-treated peptides were desalted by
C18 Ziptips and eluted and prepared for ESI-MS analysis as described above.

Genome mining accessibility of nonribosomal peptides

The accessibility of NRP families to genome mining by the NPP approach was assessed by NP.searcher'
and NRPSpredictor22’3-based analysis of corresponding gene cluster files and comparison of the
predicted NRP sequences with the known NRP structure. Single representatives of NRP families from the
NORINE database* with curated biosynthetic gene cluster files in the GenBank database were analysed
(Supplementary Fig. 1). An NRP was marked accessible by NPP (yellow or orange bars) when at least 2
adjacent monomers of the structure were predicted correctly by NP.searcher or NRPSpredictor2 from the
gene cluster (red). This sequence tag is usually sufficient to characterize a peptide in a query space of
maximum 10 peptides with an average length of 8 amino acids. First, only proteinogenic amino acids
were considered in the analysis (Supplementary Table 5, yellow bar) and, second, they were extended
by the nonproteinogenic amino acid characteristic for NRPs (Supplementary Table 7 and NORINE?,

orange bar) for NP.searcher- and NRPSpredictor2-based genome mining.
Peptide nomenclature

New peptides were named by the first letter of the producer genus and the two initial letters of the
producer species and the observed mass, e.g. SSV-2083 for class | lassopeptide with the mass 2083 Da
isolated from Streptomyces sviceus ATCC 20983. In case of different strains of a targeted Streptomyces
species, the first 2 strain ID numbers were added, e.g. SRO15-2005 for class |l lassopeptide with the

mass 2005 Da from Streptomyces roseosporus NRRL 15998.
Proteomic analysis of characterized RNPs

The Thermo-RAW files of the MS/MS experiments of each peptide were converted to mzXML-files by
ReAdW software. For InsPecT® analysis, mzXML-files of the MS" data were analyzed in blind search
mode or with specified modifications for each peptide as dissected by NPP. Each search was done either
in the annotated Broad protein database or with the 6-frame translations of the supercontigs of each
target species. For InsPecT analysis, specified modifications (mod,[MASS in
Da],[RESIDUES],[TYPE],[INAME]) were as follows: SRO15-2005: none, SRO15-2212: mod,-
18,ST,0pt,dehydration; mod,-34,C,opt,dethiolation (5 = number of allowed PTMs), SRO15-3108: mod,-
18,ST,opt,dehydration; (9), SGR-1832: mod,-18,ST,opt,dehydration; mod,-34,C,opt,dethiolation;
mod,+28, ACDEFGHILMNPQRSTVWY ,nterminal,dimethylation; (5), SGR-2212: mod,-
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18,ST,opt,dehydration; mod,-34,C,opt,dethiolation; (5), SAL-2242: mod,-18,ST,opt,dehydration, mod,-
34,C,opt,dethiolation; (5), SCO-2138: mod,-18,ST,opt,dehydration; mod,-34,C,opt,dethiolation; (5), SLI-
2138: mod,+28,M,nterminal,formylation; mod,+16,M,opt,oxidation; (2), SWA-2138:
mod,+28,M,nterminal,formylation; mod,+16,M,opt,oxidation; (2), SSV-2083: mod,-32,C,opt,sulfur-loss
Cys; (4). Each search was done either with the annotated Broad protein database of each target species
and or with the 6-frame translations of the supercontigs of each target species. For Mascot® analysis,
mgf-files of the MS" data were analyzed by unrestricted Mascot search with common RNP modifications
as variable modifications in the SwissProt-Actinobacteria protein database and in the NCBInr-
Actinobacteria protein database. For Mascot analysis, the mzXML-files were converted to mgf-files by
MzXML2Search software from the Transproteomic Pipeline package. Variable modifications in the Mascot
as common RNP modifications were (Cys->Dha (C),Dehydrated (S),Dehydrated (T),Dimethyl (N-
term),Formyl (N-term),Oxidation (M)).

Cultivation, extraction and isolation of Q027-1628 complex (stendomycins) from marine
Streptomyces strain CNQ-027

Marine Streptomyces sp. (strain CNQ-027), isolated from a marine sediment sample collected off the
coast of San Diego, CA, was cultured in forty 2.8 L Fernbach flasks each containing 1 L of a seawater-
based medium (10 g starch, 4 g yeast extract, 2 g peptone, 1 g CaCOj3;, 40 mg Fe,(S0O4);%4H,0, 100 mg
KBr) and shaken at 230 rpm at 27 °C. After seven days of cultivation, sterilized XAD-16 resin (20 g/L)
was added to adsorb the organic substances, and the culture and resin were shaken at 215 rpm for 2
hours. The resin was filtered through cheesecloth and washed with deionized water, and eluted with
acetone. The acetone was removed under reduced pressure, and the resulting aqueous layer was
extracted with ethyl acetate (3 x 500 mL). The ethyl acetate-soluble fraction was dried in vacuo to yield
4.5 g of crude material from a 40 L culture. The crude extract (4.5 g) from strain CNQ-027 was
fractionated by open column chromatography on silica gel (25 g) eluting with a step gradient of
dichloromethane and methanol. The dichloromethane/methanol 10:1 fraction contained a mixture of
stendomycins, which were purified by reversed-phase HPLC (Phenomenex Ultracarb C30, 5 ym, 100 A,
250 x 100 mm, 2.0 ml/min, UV = 210 nm), eluting with 90% CH;CN in H,O to afford Q027-1628 (200.0
mg), as a pale yellow oil. The purity of the compound was verified by "H-NMR (Supplementary Fig. 6a).

NMR measurement of Q027-1628 (stendomycin I)
Proton and 2D NMR spectra of Q027-1628 were recorded in methanol-d, containing Me,Si as internal
standard on Varian Inova spectrometers at 500 or 600 MHz. *C NMR spectra were acquired on Varian

Inova spectrometers at 75 MHz.

Determination of absolute configuration of Q027-1628 (stendomycin 1)
Q027-1628 (1.0 mg) was hydrolyzed in 0.4 mL of 6 N HCI at 110 °C for 12 h; the HCI was removed under

vacuum; and the dry material was resuspended in 0.8 mL of water and dried three times to remove
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residual acid. The hydrolysate was divided into two portions and dissolved in 1 N NaHCOj; (200 pL). To
the first portion was added 100 pL of 1% D-FDLA (1-fluoro-2,4-dinitrophenyl-5-D-leucinamide) in acetone;
to the second portion was added 25 pl of 1% D- and L-FDLA mixtures in acetone. The reaction mixtures
were incubated at 60 °C for 30 min, and quenched with 200 pL of 2 N HCI. A small portion (200 pL) of
CH;CN was added to the solution to dissolve the reaction mixture. The resulting products were analyzed
by reversed-phase LC-MS with a gradient solvent system (95 % aqueous CH;CN to 50% aqueous
CH3CN (0.1% TFA) over 50 min; 50% aqueous CH;CN to 100% aqueous CH3;CN (0.1% TFA) over 20
min; 100% CH3CN (0.1% TFA) for 15 min). Low resolution LC-MS data were obtained using a Hewlett-
Packard series 1100 LC/MS system with a reversed-phase C4s column (Phenomenex Luna, 4.6 mm x
100 mm, 5 pm) at a flow rate of 0.7 mL/min. D-FDLA-derivatized amino acids were detected by
absorption at 340 nm. The retention times (min) of the derivatives were compared with those of authentic
derivatized standards, with the exception of N-methyl-L-threonine and stendomycidine: L-Pro (42.6), L-
Val (52.3), L-allo-lle (55.4), L-Ala (44.3), L-Thr (39.7), L-allo-Thr (37.2), L-Ser (35.2); D-Pro (39.0), D-Val
(44.0), D-allo-lle (47.4), D-Ala (39.7), D-Thr (34.0), D-allo-Thr (35.2), D-Ser (34.6). The D-FDLA derivative
of N-Me-Thr in hydrolyzed Q027-1628 was detected at 37.5 min, while the L- and D-FDLA derivatives of
N-Me-Thr in hydrolyzed Q027-1628 were detected at 37.5 and 34.0 min, respectively. The elution order
was assumed to be the same as observed for Thr. The absolute configuration of N-Me-Thr was
determined as S (N-Me-L-Thr). Also, The D-FDLA derivative of stendomycidine (Ste) in hydrolyzed Q027-
1628 was detected at 31.5 min, while the L- and D-FDLA derivatives of stendomycidine in hydrolyzed
Q027-1628 were detected at 31.5 and 30.5 min, respectively. These elution orders suggested that the
absolute configuration of stendomycidine is S. Our analysis showed that Q027-1628 possessed L-Pro, N-
Me-L-Thr, D-Val, D-allo-lle, D-Ala, D-allo-Thr, L-Val, L-Ser, and L-Ste. This aa configuration matched to
stendomycin | stereochemistry. Due to this overlap, the stereochemistry of CNQ27-1628 was assigned as

the one of stendomycin I (Supplementary Fig. 7a).
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SUPPLEMENTARY RESULTS

Supplementary Table 1: Current classification of prokaryotic RNPs based on biosynthetic gene
clusters. PTMs in RNP chemotypes are highlighted in red. RNP genotypes show gene cluster

organization, gene annotations and PPP sequences (core peptide sequence underlined) for each

corresponding RNP chemotype.

Genotype colors are: black — precursor peptide, red — post-

translational modifying enzyme, green — peptidase, orange — transporter, purple — regulator, blue
— immunity protein/transporter.
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Supplementary Table 2: HUMER-extracted Pfam domains from known RNP biosynthetic pathways
used in RNP pathway prediction. 9 most common Pfam domains (red) were used for RNP gene

cluster search in JGI database genomes.

Pfam domain Pfam domain name HMMER-
ID Extraction
count
PF04738 Lant_dehyd_C 10
PF05147 LANC_like 7
PF00082 Peptidase_S8 7
PF04737 Lant_dehyd_N 5
PF02624 YcaO 5
PF00881 Nitroreductase 5
PF00733 Asn_synthase 5
PF00501 AMP-binding 5
PF04055 Radical_SAM 3
PF02441 Flavoprotein 3
PF02052 Gallidermin 3
PF01039 Carboxyl_trans 3
PF00583 Acetyltransf_1 3
PF00067 p450 3
PF12146 Hydrolase_4 2
PF08443 RimK 2
PF08241 Methyltransf_11 2
PF08028 Acyl-CoA_dh_2 2
PF07366 SnoaL 2
PF02771 Acyl-CoA_dh_N 2
PF02310 B12-binding 2
PF01494 FAD_binding_3 2
PF00155 Aminotran_1_2 2
PF00106 adh_short 2
PF11420 Subtilosin_A 1
PF10503 Esterase_phd 1
PF05931 AgrD 1
PF05402 PqqD 1
PF05193 Peptidase_M16_C 1
PF04820 Trp_halogenase 1
PF04647 AgrB 1
PF03441 FAD_binding_7 1
PF03412 Peptidase_C39 1
PF02784 Orn_Arg_deC_N 1
PF02016 Peptidase_S66 1
PF01613 Flavin_Reduct 1
PF00903 Glyoxalase 1
PF00899 ThiF 1
PF00756 Esterase 1
PF00675 Peptidase_M16 1
PF00657 Lipase_GDSL 1
PF00156 Pribosyltran 1
PF00383 dCMP_cyt_deam_1 1
PF00278 Orn_DAP_Arg_deC 1

Supplementary Table 3: Bioinformatic prediction of PNP pathways in microbial genomes.

Genome with predicted PNP gene cluster Absolute number of [%] of total
genomes (total: 1035) genomes
Genomes with candidate RNP gene clusters 735 71
Genomes with confident RNP gene clusters 322 31
Genomes with candidate NRP gene clusters 714 69
Genomes with candidate hybrid NRPS-PKS gene clusters 549 53




Supplementary Table 4: Comparison of RNP genome mining results of the manual de novo NPP

workflow and current automated proteomic workflows.

Method Mascot InsPecT NPP
NCBI & Annotated protein 6-frame
SwissProt database translation Annotated
. . . . 6-frame
FEELED GG blind specific blind specific AT translation
e search sr:aarch search sF:earch CEIELRED
Database

SR0O15-2005
SR0O15-2212
SR0O15-3108
SGR-1832
SGR-2212
AmfS

SAL-2242

Supplementary Table 5: Mass shifts of proteinogenic amino acids.

Mass Residue Abbreviation
57.022 Glycine Gly, G
71.037 Alanine Ala, A
87.032 Serine Ser, S
97.053 Proline Pro, P
99.068 Valine Val, V
101.048 Threonine Thr, T
103.009 Cysteine Cys, C
113.084 Isoleucine lle, |

Leucine Leu, L
114.043 Asparagine Asn, N
115.027 Aspartic acid Asp, D
128.059 Glutamine GIn, Q
128.095 Lysine Lys, K
129.042 Glutamic acid Glu, E
131.041 Methionine Met, M
137.059 Histidine His, H
147.068 Phenylalanine Phe, F
156.101 Arginine Arg, R
163.063 Tyrosine Tyr, Y
186.079 Tryptophan Trp, W

* - after NaBH.4/NiClp-treatment

Supplementary table 6: Mass shifts of RNP monomers and modifications and their corresponding

precursor amino acids in precursor peptides.

See as stand-alone Supplementary Table file.
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Supplementary Table 7: Mass shifts of NRP monomers (NORINE monomer list excluding lipids)
and corresponding NRPS monomers and genome mining accessibility by NRPSpredictor2
(AntiSMASH, * - biosynthetic monomers can be putative due to lack of biosynthetic knowledge).

See as stand-alone Supplementary Table file.

Supplementary table 8: 'H and "*C NMR Data for Q027-1628 (stendomycin 1) in CD;0D (& in ppm)®

Residue Position Oc On Residue Position Oc On
Pro, a 57.9 4.92 Valio NH 7.46
B1 47.9 3.61 a 63.3 3.66
B2 47.9 3.71 B 29.5 1.9
% 28.4 2.37 2 17.7 0.98
51 25.1 217 19.5 1.03
82 247 2.05 C=0 174.5
Cc=0 176.6 Thry N 7.79
Thr, N-CHs; 40.0 3.45 a 61.8 4.41
o 71.8 4.08 B 67.6 4.34
B 66.9 4.50 2 19.2 1.34
% 20.7 1.33 Cc=0 170.8
C=0 171.3 Sery, NH 7.69
Glys N 8.85 a 55.5 4.7
a 445 3.85, 3.95 B 61.8 3.85,4.25
Cc=0 174.5 C=0 172.0
Val, N 7.94 lleqs NH 7.70
a 64.5 3.57 a 57.7 4.46
B 29.7 1.92 B 36.4 2.14
% 18.3 0.98 vi(Me) 13.7 1.05
19.9 1.08 Y2 25.8 1.34
Cc=0 174.7 ) 10.6 0.88
lles N 7.81 Cc=0 173.4
a 62.4 3.77 Ste*14 NH 7.39
B 34.8 2.02 a 51.9 5.26
v+(Me) 15.8 1.06 B 58.1 4.00
Y2 254 1.52 % 244 1.86, 2.09
<) 15.8 1.28 9] 36.4 3.12,3.35
Cc=0 176.0 NsH 7.33
Alag N 8.18 Ce 156.3
a 53.8 4.06 Ng-CH3 27.2 2.89
B 15.5 1.6 Ne-CH3 35.4 3.08
Cc=0 176.9 Cc=0 167.1
Dhb; N 9.3 acyl® Cc=0 173.2
a 131.6 a 24.7 1.6
B 131.5 6.47
v 13.1 1.82
Cc=0 168.4
Thrg N 8.15
a 61.7 4.14
B 69.6 5.77
% 17.7 1.31
Cc=0 174.0
Valy N 8.51
a 64.8 3.34
B 29.0 2.24
v 18.8 0.99
19.8 0.99
C=0 172.7

? Assignment based on 'H NMR, *C NMR, 'H-'H COSY, "H-'H TOCSY, 'H-"*C HSQC, 'H-"*C HMBC data. ° Stendomycin | acyl

chain is assumed to be 12-methyltridecanoic acid based on literature”. * Ste — stendomycidine.



Supplementary table 9: MS" analysis of SHY-1586a

Detector ~ Precursor ion [m/z]  Observed mass [Da]  Calculated mass [Da]  Difference [Da] Error Species
FT 1587 (1+) 1403.812975 1403.813675 -0.0007 -5E-07 y14 (hydrolyzed lactone)
FT 1587 (1+) 1306.760175 1306.760875 -0.0007 -5.4E-07  y13 (hydrolyzed lactone)
FT 1587 (1+) 1191.698175 1191.697575 0.0006 5.03E-07  y12 (hydrolyzed lactone)
FT 1587 (1+) 1134.675775 1134.676075 -0.0003 -2.6E-07  y11 (hydrolyzed lactone)
FT 1587 (1+) 1035.607475 1035.607675 -0.0002 -1.9E-07  y10 (hydrolyzed lactone)
FT 1587 (1+) 922.523175 922.523575 -0.0004 -4.3E-07 9 (hydrolyzed lactone)
FT 1587 (1+) 851.485475 851.486475 -0.001 -1.2E-06 8 (hydrolyzed lactone)
FT 1587 (1+) 768.448775 768.449375 -0.0006 -7.8E-07 7 (hydrolyzed lactone)
FT 1587 (1+) 685.411475 685.412275 -0.0008 -1.2E-06 6 (hydrolyzed lactone)
FT 1587 (1+) 586.343475 586.343875 -0.0004 -6.8E-07 5 (hydrolyzed lactone)
FT 1587 (1+) 487.275075 487.275475 -0.0004 -8.2E-07 4 (hydrolyzed lactone)
FT 1587 (1+) 386.226875 386.227775 -0.0009 -2.3E-06 3 (hydrolyzed lactone)
IT 1587 (1+), 488 (1+) 299.352175 299.195775 0.1564 0.000523 2 (hydrolyzed lactone)
IT 1587 (1+), 488 (1+) 200.172175 200.127375 0.0448 0.000224  y1 (hydrolyzed lactone)
IT 1587 (1+), 395 (1+) 279.172175 279.219875 -0.0477 -0.00017 b1 (hydrolyzed lactone)
FT 1587 (1+) 394.282675 394.283175 -0.0005 -1.3E-06 2 (hydrolyzed lactone)
FT 1587 (1+) 433.293075 433.294075 -0.001 -2.3E-06 3 (hydrolyzed lactone)
FT 1587 (1+) 550.373075 550.373075 0 0 4 (hydrolyzed lactone)
FT 1587 (1+) 663.456275 663.457075 -0.0008 -1.2E-06 5 (hydrolyzed lactone)
FT 1587 (1+) 734.493875 734.494175 -0.0003 -4.1E-07 6 (hydrolyzed lactone)
FT 1587 (1+) 817.532375 817.531375 0.001 1.22E-06 7 (hydrolyzed lactone)
FT 1587 (1+) 900.567175 900.568475 -0.0013 -1.4E-06 8 (hydrolyzed lactone)
FT 1587 (1+) 999.635875 999.636875 -0.001 -1E-06 9 (hydrolyzed lactone)
FT 1587 (1+) 1098.703775 1098.705275 -0.0015 -1.4E-06  b10 (hydrolyzed lactone)
FT 1587 (1+) 1199.752575 1199.752975 -0.0004 -3.3E-07  b11 (hydrolyzed lactone)
FT 1587 (1+) 1268.777675 1268.774375 0.0033 2.6E-06 b12 (hydrolyzed lactone)
FT 1587 (1+) 1367.839575 1367.842775 -0.0032 -2.3E-06  b13 (hydrolyzed lactone)
Supplementary table 10: MS" analysis of SHY-1586b
Detector Precursor ion [m/z] Observed mass [Da] Calculated mass [Da] Difference [Da] Error Species
IT 1587 (1+), 502 (1+) 200.172175 200.127375 0.0448 0.00022 y1 (hydrolyzed lactone)
IT 1587 (1+), 395 (1+) 279.172175 279.219875 -0.0477 -0.0002 b1 (hydrolyzed lactone)
IT 1587 (1+), 502 (1+) 313.172175 313.211375 -0.0392 -0.0001 y2 (hydrolyzed lactone)
FT 1587 (1+) 394.282675 394.283175 -0.0005 -1E-06 b2 (hydrolyzed lactone)
FT 1587 (1+) 400.242675 400.243375 -0.0007 -2E-06 y3 (hydrolyzed lactone)
FT 1587 (1+) 433.293075 433.294075 -0.001 -2E-06 b3 (hydrolyzed lactone)
FT 1587 (1+) 501.290575 501.291075 -0.0005 -1E-06 y4 (hydrolyzed lactone)
FT 1587 (1+) 550.373075 550.373075 0 0 b4 (hydrolyzed lactone)
FT 1587 (1+) 600.359075 600.359475 -0.0004 -7E-07 y5 (hydrolyzed lactone)
FT 1587 (1+) 649.441275 649.441475 -0.0002 -3E-07 b5 (hydrolyzed lactone)
FT 1587 (1+) 699.427675 699.427875 -0.0002 -3E-07 y6 (hydrolyzed lactone)
FT 1587 (1+) 720.477875 720.478575 -0.0007 -1E-06 b6 (hydrolyzed lactone)
FT 1587 (1+) 782.464175 782.465075 -0.0009 -1E-06 y7 (hydrolyzed lactone)
FT 1587 (1+) 803.515275 803.515675 -0.0004 -5E-07 b7 (hydrolyzed lactone)
FT 1587 (1+) 865.501475 865.502175 -0.0007 -8E-07 y8 (hydrolyzed lactone)
FT 1587 (1+) 886.552575 886.552775 -0.0002 2E-07 b8 (hydrolyzed lactone)
FT 1587 (1+) 936.538175 936.539275 -0.0011 -1E-06 y9 (hydrolyzed lactone)
FT 1587 (1+) 985.620775 985.621175 -0.0004 -4E-07 b9 (hydrolyzed lactone)
FT 1587 (1+) 1035.607475 1035.607675 -0.0002 -2E-07 y10 (hydrolyzed lactone)
FT 1587 (1+) 1084.688875 1084.689575 -0.0007 -6E-07 b10 (hydrolyzed lactone)
FT 1587 (1+) 1134.675775 1134.676075 -0.0003 -3E-07 y11 (hydrolyzed lactone)
FT 1587 (1+) 1185.736975 1185.737275 -0.0003 -3E-07 b11 (hydrolyzed lactone)
FT 1587 (1+) 1191.698175 1191.697575 0.0006 5E-07 y12 (hydrolyzed lactone)
FT 1587 (1+) 1254.761675 1254.758775 0.0029 2.3E-06 b12 (hydrolyzed lactone)
FT 1587 (1+) 1306.760175 1306.760875 -0.0007 -5E-07 y13 (hydrolyzed lactone)
FT 1587 (1+) 1367.839575 1367.842775 -0.0032 -2E-06 b13 (hydrolyzed lactone)
FT 1587 (1+) 1403.812975 1403.813675 -0.0007 -5E-07 y14 (hydrolyzed lactone)
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Supplementary table 11: MS" analysis of SHY-1600

Detector Precursor ion [m/z] Observed mass [Da] Calculated mass [Da] Difference [Da] Error Species
T 1601 (1+), 502 (1+) 200.172175 200.127375 0.04: 0.00022 y1 (hydrolyzed lactone)
FT 801 (2+ 207.219175 207.219875 -0.0007 -3E-06 b1 (hydrolyzed lactone)
IT 1601 (1+), 502 (1+) 313.262175 313.211375 0.0508 0.00016 y2 (hydrolyzed lactone)
FT 1601 (1+) 394.283175 394.283175 0 0 b2 (hydrolyzed lactone)
FT 1601 (1+) 400.243475 400.243375 0.0001 2.5E-07 y3 (hydrolyzed lactone)
FT 1601 (1+) 433.293975 433.294075 -1E-04 -2E-07 b3 (hydrolyzed lactone)
FT 1601 (1+) 501.291475 501.291075 0.0004 8E-07 y4 (hydrolyzed lactone)
FT 1601 (1+) 550.373375 550.373075 0.0003 5.5E-07 b4 (hydrolyzed lactone)
FT 1601 (1+) 600.360475 600.359475 0.001 1.7E-06 y5 (hydrolyzed lactone)
FT 1601 (1+) 663.458375 663.457075 0.0013 2E-06 b5 (hydrolyzed lactone)
FT 1601 (1+) 699.429275 699.427875 0.0014 2E-06 y6 (hydrolyzed lactone)
FT 1601 (1+) 734.495575 734.494175 0.0014 1.9E-06 b6 (hydrolyzed lactone)
FT 1601 (1+) 782.466475 782.465075 0.0014 1.8E-06 y7 (hydrolyzed lactone)
FT 1601 (1+) 817.533675 817.531375 0.0023 2.8E-06 b7 (hydrolyzed lactone)
FT 1601 (1+) 865.503875 865.502175 0.0017 2E-06 y8 (hydrolyzed lactone)
FT 1601 (1+) 900.570775 900.568475 0.0023 2.6E-06 b8 (hydrolyzed lactone)
FT 1601 (1+) 936.541575 936.539275 0.0023 2.5E-06 y9 (hydrolyzed lactone)
FT 1601 (1+) 999.639275 999.636875 0.0024 2.4E-06 b9 (hydrolyzed lactone)
FT 1601 (1+) 1049.626375 1049.623375 0.003 2.9E-06 y10 (hydrolyzed lactone)
FT 1601 (1+) 1098.709875 1098.705275 0.0046 4.2E-06 b10 (hydrolyzed lactone)
FT 1601 (1+) 1148.697575 1148.691775 0.0058 5E-06 y11 (hydrolyzed lactone)
FT 1601 (1+) 1199.756675 1199.752975 0.0037 3.1E-06 b11 (hydrolyzed lactone)
FT 1601 (1+) 1205.714975 1205.713175 0.0018 1.5E-06 y12 (hydrolyzed lactone)
FT 1601 (1+) 1268.779875 1268.774375 0.0055 4.3E-06 b12 (hydrolyzed lactone)
FT 1601 (1+) 1320.782275 1320.776575 0.0057 4.3E-06 y13 (hydrolyzed lactone)
FT 1601 (1+) 1381.859075 1381.858475 0.0006 4.3E-07 b13 (hydrolyzed lactone)
FT 1601 (1+) 1417.836475 1417.829275 0.0072 5.1E-06 y14 (hydrolyzed lactone)

Supplementary table 12: MS" analysis of SHY-1614a

Detector Precursor ion [m/z] Observed mass [Da] Calculated mass [Da] Difference [Da] Error Species
IT 1615 (1+), 502 (1+) 200.172175 200.107375 0.0448 0.000224 y1 (hydrolyzed lactone)
FT 808 (2+) 293.235075 293.235475 -0.0004 -0.000001 b1 (hydrolyzed lactone)
IT 1615 (1+), 502 (1+) 313.262175 313.211375 0.0508 0.000162 y2 (hydrolyzed lactone)
FT 1615 (1+) 400.241475 400.243375 -0.0019 -0.000005 y3 (hydrolyzed lactone)
FT 808 (2+) 408.296775 408.298775 -0.002 -0.000005 b2 (hydrolyzed lactone)
FT 808 (2+) 447307575 447309675 -0.0021 -0.000005 b3 (hydrolyzed lactone)
FT 1615 (1+) 501.288675 501.291075 -0.0024 -0.000005 y4 (hydrolyzed lactone)
FT 1615 (1+) 564.385775 564.388675 -0.0029 -0.000005 b4 (hydrolyzed lactone)
FT 1615 (1+) 600.356575 600.359475 -0.0029 -0.000005 y5 (hydrolyzed lactone)
FT 1615 (1+) 677.468875 677.472775 -0.0039 -0.000006 b5 (hydrolyzed lactone)
FT 1615 (1+) 699.424175 699.427875 -0.0037 -0.000005 y6 (hydrolyzed lactone)
FT 1615 (1+) 748.505575 748.509875 -0.0043 -0.000006 b6 (hydrolyzed lactone)
FT 1615 (1+) 782.460175 782.465075 -0.0049 -0.000006 y7 (hydrolyzed lactone)
FT 1615 (1+) 831.542175 831.546975 -0.0048 -0.000006 b7 (hydrolyzed lactone)
FT 1615 (1+) 865.496375 865.502175 -0.0058 -0.000007 y8 (hydrolyzed lactone)
FT 1615 (1+) 914.578775 914.584075 -0.0053 -0.000006 b8 (hydrolyzed lactone)
FT 1615 (1+) 936.532575 936.539275 -0.0067 -0.000007 y9 (hydrolyzed lactone)
FT 1615 (1+) 1013.645575 1013.652475 -0.0069 -0.000007 b9 (hydrolyzed lactone)
FT 1615 (1+) 1049.615675 1049.623375 -0.0077 -0.000007 y10 (hydrolyzed lactone)
FT 1615 (1+) 1112.713375 1112.720875 -0.0075 -0.000007 b10 (hydrolyzed lactone)
FT 1615 (1+) 1148.684875 1148.691775 -0.0069 -0.000006 y11 (hydrolyzed lactone)
FT 1615 (1+) 1205.701275 1205.713175 -0.0119 -0.000010 12 (hydrolyzed lactone)
FT 1615 (1+) 1213.756875 1213.768575 -0.0117 -0.000010 b11 (hydrolyzed lactone)
FT 1615 (1+) 1282.778475 1282.790075 -0.0116 -0.000009 b12 (hydrolyzed lactone)
FT 1615 (1+) 1320.765575 1320.776575 -0.011 -0.000008 y13 (hydrolyzed lactone)
FT 1615 (1+) 1395.858975 1395.874075 -0.0151 -0.000011 b13 (hydrolyzed lactone)
FT 1615 (1+) 1417.818875 1417.829275 -0.0104 -0.000007  y14 (hydrolyzed lactone)
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Supplementary table 13: MS" analysis of SHY-1614b

Detector Precursor ion [m/z] Observed mass [Da] Calculated mass [Da] Difference [Da] Error Species
IT 1615 (1+), 502 (1+) 200.172175 200.127375 0.0448 0.00022 y1 (hydrolyzed lactone)
FT 808 (2+) 307.250675 307.250275 0.0004 1.3E-06 b1 (hydrolyzed lactone)
IT 1615 (1+), 502 (1+) 313.172175 313.211375 -0.0392 -0.00013 y2 (hydrolyzed lactone)
FT 1615 (1+) 400.241475 400.243375 -0.0019 -4.7E-06 y3 (hydrolyzed lactone)
FT 1615 (1+) 422.313975 422.314375 -0.0004 -9.5E-07 b2 (hydrolyzed lactone)
FT 1615 (1+) 461.325175 461.324975 0.0002 4.3E-07 b3 (hydrolyzed lactone)
FT 1615 (1+) 501.288675 501.291075 -0.0024 -4.8E-06 y4 (hydrolyzed lactone)
FT 1615 (1+) 578.401975 578.404875 -0.0029 -5E-06 b4 (hydrolyzed lactone)
FT 1615 (1+) 600.356575 600.359475 -0.0029 -4.8E-06 y5 (hydrolyzed lactone)
FT 1615 (1+) 677.468875 677.472775 -0.0039 -5.8E-06 b5 (hydrolyzed lactone)
FT 1615 (1+) 699.424175 699.427875 -0.0037 -5.3E-06 y6 (hydrolyzed lactone)
FT 1615 (1+) 748.505575 748.509875 -0.0043 -5.7E-06 b6 (hydrolyzed lactone)
FT 1615 (1+) 782.460175 782.465075 -0.0049 -6.3E-06 y7 (hydrolyzed lactone)
FT 1615 (1+) 831.542175 831.546975 -0.0048 -5.8E-06 b7 (hydrolyzed lactone)
FT 1615 (1+) 865.496375 865.502175 -0.0058 -6.7E-06 y8 (hydrolyzed lactone)
FT 1615 (1+) 914.578775 914.584075 -0.0053 -5.8E-06 b8 (hydrolyzed lactone)
FT 1615 (1+) 936.532575 936.539275 -0.0067 -7.2E-06 y9 (hydrolyzed lactone)
FT 1615 (1+) 1013.645575 1013.652475 -0.0069 -6.8E-06 b9 (hydrolyzed lactone)
FT 1615 (1+) 1035.600675 1035.607675 -0.007 -6.8E-06 y10 (hydrolyzed lactone)
FT 1615 (1+) 1112.713375 1112.720875 -0.0075 -6.7E-06 b10 (hydrolyzed lactone)
FT 1615 (1+) 1134.667675 1134.676075 -0.0084 -7.4E-06 y11 (hydrolyzed lactone)
FT 1615 (1+) 1191.688275 1191.697575 -0.0093 -7.8E-06  y12 (hydrolyzed lactone)
FT 1615 (1+) 1213.756875 1213.768575 -0.0117 -9.6E-06 b11 (hydrolyzed lactone)
FT 1615 (1+) 1282.778475 1282.790075 -0.0116 -9E-06 b12 (hydrolyzed lactone)
FT 1615 (1+) 1306.768575 1306.760875 0.0077 5.9E-06 y13 (hydrolyzed lactone)
FT 1615 (1+) 1395.858975 1395.874075 -0.0151 -1.1E-05 b13 (hydrolyzed lactone)
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[Asa1as A 1 [Asa14s Trp_D-Glu_OH-Asn_L Thr_NMe-Gly_Ala_Asp_D-Lys_OMe-Asp_Gly_D-Asn_Glu_lle_| [nrp_trp_tyr_asn_thr_gly_gly_asp_trp_asp_gly_asn_dhb_ile DQ118863,
ok trp_asp_asn_thr_gly gly asp_glu asp gly asn asp_tyr

[Actinomycin 0 12546 11 [Actinomycin [double-cyciic chromopeptide | 0-Val_Pro_NMe-Gly_NMe-Val_Thr_|_ChrAct_|_Thr_D-Val_Pro_NMe-Gly_NMe-Val] [thr_pro_gly_val_val HMO38106.1
oip_thr_val_pro_gly_val

[Acv 3632 3 [V inear peptide. [A2d_Gys oval [aad_cys_val “AM920436.1

laad_cys val

[Arthrofactin

[Anabaenopeptiide 2024

[Amphisin

[Anabaenopeptiide

[partial cycic ipopeptide

[C10:0-0H(3)_D-Leu_D-Asp_D-Thr_D-Leu_D-Leu_D-Ser_Leu_D-Ser_lle_lle_Asp_]

[NFo-Pro_Gin_[_Thr_Hty_Ahp_Thr_NMe-OMe-Tyr_lle_|

leu_asp_thr_leu_leu_ser_leu_ser_i
leu_as

lgin_thr_arg_om_thr_tyr_ile
n_thr_hty_ahp_thr_tyr

AB1072231

‘A1269505.1

leu_val_gly

[Anabaenopeptin A B34 7 [ Phe_NMie-Ala_Hity_Val_D-Lys_J_CO_Tyr Iys_lys_tyr_iys_val_val_gly_phe GUI74493.1
iys lys tyr_Iys val leu_ala_phe
[Andrimid 4792 4 [Andrimid linear peptide C8:3(t2.14.t6)_D-bPhe_val_Me-Suc nro_val gly AY192157.1

-pendent antibiotic

C6:0-Ep(2)_Ser_L_Thr_D-Trp_Asp_Asp_D-Hpg_Asp_Gly_D-PO-Asn_3Me-Glu_dh-Trp_]

leu_bht_asn_hpg_hpg_bht_dhog_tyr

Bacilibactin Bacilibactin partial cyclc peptide [610F-Bz_Gly_(_Thr_Thr_{_Gly_diOH-B2_)_Thr_]_Gly_diOH-82 Jgly_thr AFI84977.1
Ino prediction

Baciysin 2701 2 [saciysin linear peptide Ao Aca ala AF96778.1
o prediction

Bacitracin AL 227 T [Bacitracn [peptide [Cile_Cys 1 Leu_0-Glu_tle_ Lys_D-Orn_tle_D-Phe_His_D-Asp_Asn | [cvs_Teu_glu_ile_lys_orn_ile_ile_phe_is_asp_asn ‘AF007865.2
le cys leu glu_ile lys o ile phe his asp asn

Baihimycin 14454 9 [Bahimyan eivcopeptide group | [Asn_bOH-C-Tyr_NMie-Leu_Hpg_D-Glc_bOR-CI-Tyr_4oxo-Van_Dhog_tipg leu_bht_asn_hog_phe_bht_dhpg_tyr_nrp V169523

[ser_thr_trp_asp_asp_ser_asp_gly_asn_3me-Glu_trp_val_nrp

o prediction

‘AL6458822

[chrysobactin Chrysobactin linear peptide 60H-82_0-Lys_ser Jorn_ser NC_014500.1
pro_gly
|Coronatine 3192 2 Coronatine linear peptide [CMA_CFA |val AY391839.1
o prediction
[Cyclosporin A 12018 11 |Cyclosporin [cvciic peptide [0-Ala_NMie-Leu_NMe-Leu_NMe-Val_NMe-Bmt_Abu_NMe-Gly_NMe-Leu_Val_NMe-Leu_Ala_] [a1a-d_val_leu_val_phe_ile_gly_phe_val_val_ala. 7283831
lala-d_leu_leu_val bmt_abu_gly leu_val leu_ala
Daptomycn T6157 & [Daptomyein [partal cycc pepide [CT0:0_Trp_b-Asn_Asp_LThr_Gly_Orn_Asp_D-Ala_Asp_Gly_D-Ser_3Me-Glu_Kyn_1 rp_arg_asn_asp_thr_gly_glu_asp_rp_asp_gly_ser_anb_phe AV7ET76LL
[pk arg asn _asp thr gly glu asp ala asp gly ser glu phe
Enterobactin 669.1 6 |enterobactin partial cyclic peptide [Gi0H-B2_{_Ser_Ser_{_diOH-Bz_)_Ser_]_diOH-8z no prediction M24148.1
o prediction
[Fengycin A 14628 11 Fengycin [ partial cyclic lipopeptide C16:0-0H(3)_Glu_D-Orn_[_Tyr_D-aThr_Glu_D-Ala_Pro_Glu_D-Tyr_lle_] pro_glu_tyr_glu_val_ile AF023464.2
pro_glu_tyr glu_val ile
11407 10 |Gramicidin [cyclic peptide [_Val_Orn_Leu_D-Phe_Pro_Val_Orn_Leu_D-Phe_Pro_] |val_orn_leu_pro_phe NC_012491.1
[no prediction.
[Actoxin 362 7 [Hctoxin [cvclic pepfide [[0-Pro_Ala_D-Ala_C10:0-NH2(2)-Ep(8)-0x0(8]_] [bro_ala_ala_aeo 'M38024.2
pro_ala_ala_aeo
itarin A1 10285 8 |iurn [cyclic lipopeptide [ C13:0-N2(3)_Asn_D-Tyr_D-Asn_Gin_Pro_D-Asn_Ser_| [mal_nrp_asn_tyr_asn_gin_pro_asn_ser AB050629.1
[pk_asn_tyr_asn_gln_pro_asn_ser
Microcystin L1 9946 7 |Microcystin cyclc peptide LD-Ala_Leu_D-bMe-Asp_Arg_Adda_D-Glu_NMie-Dha_ mal_mal_glu_nrp_mal ‘AB032549.2
[mal_glu_tcl_mal_pk
[Phosphinothricin 3231 3 pept PT_Ala_ala ser_pro_nrp X65195.2
ser_pro_bht
[Polymyxin B1 12028 11 [polymyxin [partial cyclic lipopeptide [2C9:0_Dab_Thr_Dab_|_Dab_Dab_D-Phe_Leu_Dab_Dab_Thr_] leu_thr_thr_orn_orn_orn_thr_orn_orn_orn CPO00154.1
lys_thr_val_val_thr_asn_ala
pristinamycin 1A 866.4 7 [pristinamycin | [partial cyclic peptide Hpa__Thr_D-Abu_Pro_NMe-Me2A-Phe_doxo-Hpr_Ph-Gly_] [pro_phe_thr_val_pro_phe_pip_phg Y11547/8.1,
[no prediction
[Serrawettin W1 5143 4 [serrawettin W cyclc popeptide (C100-0H(3)_Ser_C10:0-0H(3)_Ser_] ser ‘AB193098.2
ser
|Surfactin aC15 1035.7 8 |Surfactin [cvclic lipopeptide: _aC15:0-OH(3)_Glu_Leu_D-Leu_Val_Asp_D-Leu_Leu_] |glu_leu_leu_val_asp_leu_leu AJ575642.1
[no prediction
[Syringomycin £ 122456 10 [Syringomycin [partial cyciic lipopeptide. [C12:0-0H(3)_[_Ser_D-5er_Dab_D-Dab_Arg_Phe_dhAbu_OH-Asp_4Ci-Thr_] [ser_ser_dab_dab_arg_val_thr_asp AF047828.1
ion

S |

s of NRP. ). Table 7)

Table 5)

50%
68%

[Viomycin 6853 6 [Tuberactinomycin [partial cycic peptide. [bLys_(_Dpr_ser_ser_bU-dAla_50H-Cap_] [ser_ser_gin_gin_lys-b. AY263398.1
Jser_ser_gin_gln_blys

[Tyrocidine A 2697 0 [Tyrocdine [cveiic peptide (5-Phe_Pro_Phe_D-Phe_Asn_Gin_Tyr_Val_Orn_Leu_] he_pro_phe_phe_asn_gin_tyr_val_orn_leu 'AF004835.1
phe pro_phe_phe asn gin_tyr val orn leu

[Vancomycin 14474 9 |vancomycin stvcopeptide group | [Asn_bOH-C-Tyr_NMe-Leu_Hpg_D-Glc_Van_bOH-CI-Tyr_Dhpg_Hpg. [tyr_leu_bht_asn_hpg_phg_bht_dhpg 2239981
o prediction

[Vibriobactin 7053 4 |vibriobactin branched peptide 6i0H-82_NsPD_(_ DMOG_}_DM0G o prediction U52150.2
Ino prediction

[Vassetoride A 11397 10 [Viscosin [partal cycic Tpopeptide [CT0:0-H(3)_Leu_D-Glu_[_D-aThr_D-alle_Leu_D-Ser_Leu_D-Ser_lle ] leu_val_thr_le_leu_ser_leu_ser EU195080712
leu_asp_thr_ile leu ser_leu ser_ile

[Average mass 948.1

Supplementary Figure 1. Accessibility of NRP families in NORINE database to genome mining by NPP. Representatives of NRP families
with curated biosynthetic gene cluster files in the GenBank database were analyzed. An NRP was marked accessible by NPP (yellow or orange)
when at least 2 adjacent monomers were predicted correctly by NP.searcher and/or antiSMASH from the gene cluster. Either only proteinogenic
amino acids (Supplementary Table 5, yellow) or additionally nonproteinogenic NRP monomers from the NORINE database were considered
(Supplementary Table 7, orange). See corresponding supplementary tables for monomer abbreviations. Failed NRP prediction could be due to
the minimal size limits of GenBank files for antiSMASH analysis or a failed single substrate prediction by either NP.searcher or
NRPSpredictor2/antiSMASH based on an unusual A domain specificity code or unrecognized A domain sequences.
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Detector Observed mass [Da] Calculated mass [Da] Difference [Da] Error Species Mass error diagram
IT 969.4546 969.50798 0.05338 5.50589E-05  y10-2H20
T 1081.5455 1081.53526 -0.01024  -9.46802E-06  b11-2H20
T 1132.5455 1132.57131 0.02581 2.27889E-05 y11-2H20 0.00008 £
T 1244.6364 1244.59859 -0.03781  -3.03793E-05  b12-2H20 0.00004 —
IT 1261.6364 1261.6139 -0.0225 -1.78343E-05  y12-2H20 . 000002 o
IT 1616.7273 1616.74534 0.01804 1.11582E-05 b16-4H20+8+2H| | § P
IT 1715.8182 1715.81376 -0.00444  -2.58769E-06 b17-4H20+S+2H| | U 0 S
T 1814.9091 1814.88084 -0.02826  -1.55713E-05 b18-4H20+S+2H -0.00002 500 1008 o 1500 e2000 2
T 1927.9014 1927.96624 0.06484 3.36313E-05 b19-4H20+S+2H -
IT 1996.9922 1996.98769 0.00451  -2.2584E-06 b20-4H20 -0.00004
I 2098.0832 2098.03537 -0.04783  -2.27975E-05  b21-4H20 [m/z]
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6-frame translation — search tag: VVI(L)S(C)T

[..] GORRHRGRHRRLPGPPPGFRPRSGRPRPPARRALRLLRPARAAPGLRRAPAAPRGHPAVRRGRPTARH
RPPHRPAGQPRPPARRRTRLPGRAVDAPVDGPGHRDRRRPPRPGRRARRHHRTSLPGRRPGGAPRPRERPH
GPAPPGVVATHRSVPLRPRKDI IMALLDLQAMDTPZ—\EDSFGELATGSQVSLLVCEYSSLS_PXPAPA
GPSVFRTGGPAGPRAPRKGHPVRLHPRPGTESGTRRLARQHPAALLGLLLCSTGGALAALALPAALGHTVD
LLIAGGPVPWPGLLLCAALILAETAFDATAAVTGTTTTARLTASLRTRTAARVLAAEPRRALALPTGD|...]

Candidate
precursor MALLDLQAMDTPAE DSFGELQGSQVSLLVC EYSSLSVVLCTB
peptide

2284.13 Da

- 4H,0

2212.09 Da (calc, obs: 2212.12 Da)

Gene cluster

AmfR AmfA AmfB AmfS AmfT
Gene Size Predicted function Closest homolog
[aa] [sim%/id%]
SGR_2393 201 AmfR - transcriptional ref|zP 06281789.1| two component transcriptional regulator, LuxR
reqgulator family [Streptomyces

sp. ACT-1] (100/100)
SGR_2394 634 AmfA - ABC transporter ref|zP 06281788.1| ABC transporter related protein [Streptomyces sp.

ATP-binding protein ACT-1] (99/99)
SGR_2395 638 AmfB - ABC transporter ref|zP 06281787.1| ABC transporter related protein [Streptomyces sp.
ATP-binding membrane ACT-1]1 (97/97)
translocator
SGR_2396 43 AmfS - precursor peptide ref|ZP 04696001.1| AmfS protein [Streptomyces roseosporus NRRL 15998]
ref|zP 04711182.1| AmfS protein [Streptomyces roseosporus NRRL 11379]
(100/100)
SGR_2397 875 AmfT ref|2P 06281785.1| serine/threonine protein kinase [Streptomyces sp.

ACT-1] (99/98)

Supplementary Figure 2. Characterization of AmfS and its biosynthetic gene cluster by the NPP approach. (a) AmfS purification. (b) AmfS
sequence tagging. (c) Genome mining of AmfS gene cluster.
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and Cys, respectively, in the core peptide.
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b, continued
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FTMS2 — 1629m/z (1+) | Initial MS" sequence tag: G-V-l/L-A-Dhb-Dhb-V-V-T
\' Vv Dhb |, Dhb A IIL \' G
& le & le le le & |
<€ € r € € <€ 1
ITMS? - y8 y12
1629m/z (1+), 1+ 1+
502m/z (1+)
1+
y9
ye Y7 " yio o 13
4 y5 1+ 1+ y 14
1+ 1+ 1+ 1+ y
A L L.l Lol
N | | B i) Lk el S W PR Y T |
2000250 Aot 403 /500 600 700 800 900 1000 1100 1200 1300 1400 m/z
FTMS2 - 1629m/z (1+)
b4
b2 b8 ba b11
™1 b3 " 1 1+
" b10
14}
| N ‘ .
M9 A28 W50 ey \576 481926 93§ 1024 W25 ije w223 10203 Ao [ave a4
\mle Ve 6? \ m/z /z ' m/z [ m/z [} mz g voomz I AN '}
]
FTMS? - oy \ [ \ Py H " ! /
1629miz (1+), | AN v [ \ i i P i
asmz(y N L\ vl LU R Y o /
. 1 1 1
b1 1+ %\ H N\ \ I [ \ i \ I ! 1 ’
LAY \ \ 1 ] 1 [} 1 1 1 T, i t
S W W \ vl i V! \od i ! /
AN U S Voo i \ 1 ! !
SV LN Vo Vo ! it
’
v oN \ . 1 [ VoI 7 1 ’
AN LY | \ [ [ ] ] ) 1
N\ \ 1 1 1 (] 11 ) 1
AU T \ \ L Y T
L 1\}1 | \ .y \ A WO | T AT/
/2 X
304 g/ 500 900 1000 1100 1200 1300 1400
Detector Precursorion [m/z] Observed mass [Da] Calculated mass [Da] Difference [Da]  Error Species Detector Precursorion [m/z] Observed mass [Da] Calculated mass [Da] Difference [Da]  Error Species
IT 1629 (14), 502(14) 200172175 200127375 00448 0.00022 y1(hydrolyzed lactone) FT 1629 (1) 845562675 845.563375 -0.0007  -86-07 b7 (hydrolyzed lactone)
FT  1629(1+),423(14) 307.250375 307.250275 1E-04 3.36:07 b1 (hydrolyzed lactone) FT 1629 (1+) 865.503075 865.502175 0.0009 1606 y8(hydrolyzed lactone)
T 1629 (1+), 502 (1+) 313.262175 313.211375 0.0508 0.00016 2 (hydrolyzed lactone) T 1629 (1+) 928.601275 928.599975 0.0013 1.4E-06 b8 (hydrolyzed lactone)
FT 1629 (1+) 400.243275 400.243375 -1E-04 -2€-07  y3 (hydrolyzed lactone) FT 1629 (1+) 936.540475 936.539275 0.0012 1.36-06 9 (hydrolyzed lactone)
T 1629 (14) 422314075 422314375 00003 7607 b2 (hydrolyzed lactone) FT 1629 (14) 1027.668675 1027.670175 00015 -1E:06 b9 (hydrolyzed lactone)
T 1629 (14) 461.320975 461.324975 ) o b3 (hydrolyzed actone) FT 1629 (14) 1049.624675 1049.623375 00013 12606 y10(hydrolyzed lactone)
- 1629 (14) 501291275 501291075 00002 4607 | ya(hydrolyzedlactone) FT 1629 (14) 1126.739275 1126.738975 00003 27607 b10(hydrolyzed lactone)
s | s | seaers | oo e [bateromsedoconel || 72000 R RRe o e [ (e O
z ig;gliﬂ Zg?‘iggg: Zg?‘i;:;: gﬁ; 15;’:5 ;:‘:V:m:m::m“"e' FT 1629 (14) 1227.786675 1227.787675 20001 -8E-07 b1l (hydrolyzed lactone)
(1) - - = == (hydrolyzed lactone) FT 1629 (14) 1296.809775 1296.807975 00018  1.4E-06 b12 (hydrolyzed lactone)
T 1629 (14) 699.428875 699.427875 0.001 1.4E-06 y6 (hydrolyzed lactone) FT 1629 (14) 1320.780475 1320.776575 00039  36-06 y13(hydrolyzed lactone)
FT 1629 (14) 762525675 762526775 00011 -1606 b6 (hydrolyzed lactone) o 1620 (14) 1409.890975 1409.892875 0009 1606 |b13 (hydrolyzed lactone)
il 1629(1+) 782.455975 782.455075 0.0009 12£:06| y7 (hydrolyzed lactone) FT 1629 (14) 1417.834775 1417.829275 00055  3.96-06 y14 (hydrolyzed lactone)

Supplementary Figure 4. Purification and sequence tagging of novel nonribosomal stendomycin lipopeptides from Streptomyces
hygroscopicus ATCC 53653. (a) SHY-1614 purification of SHY-1600, SHY-1614 and SHY-1628. A compound complex with the predominant
mass of 1614 Da was detected by MALDI-imaging around a sporulating Streptomyces hygroscopicus ATCC 53653 colony on ISP2 agar. The
compound complex SHY-1614 was extracted with n-butanol and partially purified by gel filtration and desalted and concentrated by HPLC. Three
mass derivatives (SHY-1600, SHY-1614, SHY-1628) could be further purified by HPLC. (b) SHY-1628 sequence tagging. FTMS analysis revealed
a (+CH,/14 Da)-pattern within the SHY-1614 complex indicating the presence of a varying acyl substituent as in lipopeptides. MS" analysis of
SHY-1614 yielded an initial MS" 8-aa-long sequence tag. Part of the initial MS" sequence tag and subsequent NMR comparison enabled to
dereplicate the SHY-1614 complex in parallel with a lipopeptide complex from marine Streptomyces sp. CNQ027 as stendomycin lipopeptides’.
MS" analysis verified the full stendomycin | sequence which matched the predicted NRP sequence in 12 of 13 aa.



NP.searcher-genome mining (NRP!

s) in S. hygroscopicus ATCC 53653 (GG657754.1, supercontig)
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NP.searcher-predicted NRPs
(query space)

s W N e

. phe-leu-val-ile-phe-glu-thr-glu-xxx-phe
. val-thr-gly-val-val-ala-thr-thr-val-val-thr-ser-val-xxx
. val-xxx
. orn-thr-orn
. gln-xxx-phe-leu

(9020430-9048896)
(10233549-10247312)
(752598-765614)

(1128990 - 1169507)

(1724817-1776038)

Initial search tag
(reverse)

| Gly-Val-I/L-Ala-T/S-T/S-Val-Val

Candidate gene cluster: 2.NRPS - 14 A domains, identity: (a) initial search tag: 8/8,
(b) complete sequence: 12/14 (1 unknown aa).

NP.searcher
prediction: Val Thr Gly Val Val Ala Thr Thr Val Val Thr Ser Val XXX
NRPS.predictor2
prediction Val Thr Gly Val Ile Ala Thr Thr ;Val Val Thr Ser Ile XXX
(antiSMASH)
Search tag
(initial/complete) ;j Pro | (N-Me; Gly val I/L Ala T/S T/S val Val Thr Ser I/L XXX
Thr)
\
\ \ N, N\ ’
N N\ , N A i I ! ! 7 \
. \ \N \ \ ' ! ! ; J 2 \
Loadi \ 3, 1 ’ 4 .
Module ﬂg\ 3, 2 N\ 5 N80 7 L8 9 10 | 1 ]2 ! 43 g4 (terminal) ¥

Assembly-line

Gene cluster

NRPS1 NRPS2 NRPS3 NRPS4 NRPS5
(SSOG_01342) (SS0G_01343) (SSOG_01344) (SSOG_ (SSOG_
01345) 01346)
Gene Size Predicted function Closest homolog [sims/id%]
[aa]
$S0G_01336 334  Putative methyltransferase ref[ZP_07603413.1 hypothetical protein StrviDRAFT_1097 [Streptomyces violaceusniger Tu 4113] (80/68)
$506_01337 53 system lat ref]YP 003680358.1 LuxR family transcriptional regulator [Nocardiopsis dassonvillei subsp. dassonvillei
DSM 43111] (91/85)
SS0G_01338 429  putative two-component system sensor kinase  ref[NP 824808.1 two-component system sensor kinase [Streptomyces avermitilis MA-4680] (84/71)
SS0G_01339 254  ABC transporter, AMP-binding ref[NP_824811.1 ABC transporter ATP-binding protein [Streptomyces avermitilis MA-4680] (92/86)
$S0G_01340 832  ABC transporter, integral protein  reflZP 06918409.1 ABC P integral protein [ sviceus ATCC 29083] (82/75)
SS0G_01341 212  AMP-dependent ligase ref]YP_003899809.1 and ligase sp. BCC 7822] (58/43)
$S0G_01342 3115 NRPSL (AL-T-C-A-T-C-A-MT-T) dbj[BAH22764.1 b 1 peptide t K-139] (53/35)
$S0G_01343 7593 NRPS2 (C-A-T-C-A-T-C-A-T-C-A-T-C-A-T- ghlAAOT2425.1]  syri i c syringae pv. syringae] (64/49)
C-A-T-C-A-T)
SS0G_01344 5530  NRPS3 reflZP_07293262.1] non-ribosomal peptide [ icus ATCC 53653]
(C-A-T-C-A-T-C-A-T-C-A-T-C-T-TE) (80/71)
$S0G_01345 70 MbtH reflZP_04702846.1 MbtH domain-containing protein [ albus J1074] (77/68)
$S0G_01346 508  NRPS4 (A domain) ref[ZP_07654918.1] amino acid adenylation domain protein [Methylobacter tundripaludum SV96] (58/42)
$S0G_01347 222  acyl-CoA dehydrogenase/oxidase ref]YP 604645.1] acyl-CoA like protein [Dei lis DSM 11300] (49/35)
SS0G_01348 360  acyl-CoA dehydrogenase/oxidase reflZP_06918375.1] loyl-Coh , large subunit [Streptomyces sviceus ATCC 29083] (50/35)
$50G_01349 84 NRPS5 (T domain) ref[ZP_04689798.1 amino acid adenylation domain-containing protein [Streptomyces ghanaensis ATCC 14672]
(66/48)
$S0G_01350 232  Thioesterase, type II refNP_107144.1] short-chain dehydrogenase [Mesorhizobium loti MAFF303099] (42/28)
$S0G_01351 373 methyl reflZP 07308876.1] conserved hypothetical protein [Streptomyces griseoflavus Tud000] (59/42)
$S0G_01352 329  transcriptional regulator reflZP 07606462.1] transcriptional regulator, SARP family [Streptomyces violaceusniger Tu 4113] (52/34)
$S0G_01353 234  transcriptional regulator, TetR reflYP 003494470.1] TetR family regulator [Streptomyces scabiei 87.22] (84/75)
SSOG_01354 502 _ resistance protein ref]YP_003494468.1 ABC transpe protein [Streptomyces scabiei 87.22] (88/81)

Supplementary Figure 5. Genome mining of novel nonribosomal stendomycin lipopeptides from Streptomyces hygroscopicus ATCC
53653. No candidate precursor peptide with the corresponding tag could be identified from the 6-frame translation of the S. hygroscopicu s
genome. NP.searcher and antiSMASH analysis of the S. hygroscopicus supercontig yielded 5 predicted NRPs. Comparison of the search tag with
the predicted NRPs identified a predicted 14-aa long NRP with similarity of the predicted NRP substrates and the observed sequence tag. The
predicted NRPS gene cluster contained a 14 module assembly line on 5 ORFs with an acyl ligase domain in the loading module. NRPS.predictor2
analysis of the A domains yielded a predicted NRP sequence which matched in 8-aa with the observed initial 8-aa sequence tag.
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Supplementary Fig. 6. NMR spectra of CNQ27-1628. NMR analysis of the dominant component of the lipopeptide complexes in S. hygroscopicus
ATCC 53653 and S. sp. CNQ27 was done with the 1628 Da-derivative from S. sp. CNQ27 (Q027-1628) which matched in 1D and 2D NMR spectra

with SHY-1628. 1D and 2D NMR analysis of purified Q027-1628 (stendomycin |) verified the MSn structural assignment and furthermore the Thr8->
Ste14 macrolactone bond, the N-methylation of Thr3, the stendomycidine residue at position 14 and the Dhb residue at position 7. (a) '"H NMR
spectrum of CNQ27-1628. The spectrum was observed in CD,0D, 600 MHz. The detailed annotations were listed in Supplementary Table 13. (b),

(c) 'H-"H TOCSY spectra and annotations of CNQ27-1628. The spectrum was observed in CD,0D, 600 MHz, with mixing time = 90 ms. Subfigure b

is a full spectrum, subfigure c is a zoom in the spectrum with annotations. (d), (e) 'H-'3C HMBC spectrum of CNQ27-1628. The spectrum was observed
in CD;0D, 600 MHz, with 23J,,,,,5c= 7 Hz. The full 'H-3C HMBC spectrum is shown. The annotations for critical signals supporting the Thr8->Ste14-
macrolactone bond are displayed in subfigure e. (f) 'H-3C HSQC spectrum of CNQ27-1628. The spectrum was observed in CD,0D, 600 MHz, with
"Jinmac = 145 Hz. 'H-13C HSQC spectrum was collected to assist in HMBC spectrum annotation. (g) Representation of NMR assignment of CNQ27-1628.
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Supplementary Figure 7. Characterization of novel nonribosomal stendomycin lipopeptides from Streptomyces hygroscopicus ATCC
53653 and Streptomyces sp. CNQ27. (a) Stereochemical assignment of CNQ27-1628 based on Marfey's analysis and literature” (see
Supplementary Methods). (b) Characterization of 5 novel stendomycin derivatives by MS". MS" analysis of other components of the S.
hygroscopicus stendomycin complex enabled the structure elucidation of 5 new stendomycin derivatives (II-VI) which differ either in the acyl chain
or Vall/lle at position 5 and 13 (Supplementary Table 8-12). The acyl chains of stendomycin |-Vl were assumed to be the reported stendomycin-
like branched fatty acids’ based on the MS-determined molecular formulas (C44Ha3 — 10-methylundecanoic acid, C1,H,5 — 11-methyldodecanoic
acid, C43Hy7 — 12-methyltridecanoic acid).
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Supplementary Figure 8. Biosynthetic schem of stendomycin lipopeptides based on the corresponding Streptomyces hygroscopicus
ATCC 53653 gene cluster. Based on the elucidated stendomycin structures and the characterizated biosynthetic gene cluster in S.
hygroscopicus ATCC 53653, a biosynthetic schem could be predicted. Herein, the acyl ligase is responsible for the observed variability of the N-
acyl chains as acyl ligases are known to have promiscuity in integrating various acyl substrates into NRPs *_Given the high degree of D-aa and
allo-aa in stendomycin lipopeptides’, CLUSTALW2 analysis of all C domains revealed that C domains in NRPS2 (SSOG_01343) and NRPS3
(SSOG_01344) which incorporate for all D-aa and allo-aa cluster closest to C domains with dual epimerization/condensation activity and, thus,
might catalyze epimerization of corresponding L-aa substrates. The biosynthesis of Dhb and of stendomycidine in the absence of similar
capreomycidine biosynthetic genes34 are open questions in the stendomycin biosynthesis which might be answered with the biosynthetic gene
cluster in hand.
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b, continued
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6-frame translation — search tag: I(L)GA(C)GTA(C)WI(L)A(C)V

[..] PSAYRWTARGCRAPWWARSSSXPSSGPSAPGWRSSCGARRCPSACXSRSTSSCRPSCSTSPASRRSPT
TSPPRRARRSWRWPSRATRPCPRAPGHPCCSGGRPPRSSAATSPCAPGTCDPGPLRDPXEDNRPGRPGHRA
TYVAGGHRPVLISTTNGQGTPMTSTDELYEAPELIEIGDYAELTRCVWGGDC T DF S CHNNEN < P T DR T,
TAPXGRSPTTXWWRQAGQQPASTVRLLNGRDEVNTRMDFLILPDREEAARLLPDHLARSDDEMIRHPSGRP
WLLGRWEPHELTVVTAGARRLVMLGPTRI DHPTVERVLGRARTLHGLDAVARSLPGNPYLIASMDGQV [ ...]

Candidate
precursor MLISTTNGQGTPMTSTDELYEAPELIEIGDYAELTRQVWGGDCTDFLGCGTAWI%
peptide ~

2104.85 Da

- H,0 (cyclization)

- 4 H (2 DSB formations)
2082.81 Da (calc, obs: 2082.83 Da)

Gene cluster

Precursor  Asparagin -
p;’?iléeso s)s/r‘:;:as: Peptidase Resistance Regulator déﬂﬁ‘e
homolog transporter isomerase
Gene Size [aa] Predicted Closest homolog [sim%/id%]
function
SSEG_05172 56 precursor ref|YP 003101077.1| transcriptional regulator, AraC family
peptide [Actinosynnema mirum DSM 43827] (83/62)
SSEG_09672 374 lactamase ref |NP 821433.1| asparagine synthetase [Streptomyces avermitilis
MA-4680] (52/41)
SSEG_09764 165 peptidase ref|YP 003101080.1| hypothetical protein Amir_3329
[Actinosynnema mirum DSM 43827] (66/54)
SSEG_09675 325 antibiotic ref|YP 003298018.1| daunorubicin resistance ABC transporter
resistance ABC ATPase subunit [Thermomonospora
transporter curvata DSM 43183] (72/61
SSEG_05178 294 antibiotic ref|YP 003298019.1| ABC-2 type transporter [Thermomonospora
resistance ABC curvata DSM 43183] (69/48)
transporter
SSEG_05179 162 Doxx family gb|ACU95843.1| DoxX protein [Saccharomonospora viridis DSM
protein 43017] (70/57)
SSEG_05180 272 protein disulfide ref|YP 003098760.1| protein-disulfide isomerase-like protein
isomerase [Actinosynnema mirum DSM 43827] (54/41)
Asparagine synthetase homolog
S.SVIiceus = mmmmm e MBSTTLCFVAAAEGA 15
AS M'SIFGVFDIKTDAVELRKKALELSRLMRHRGPDWSGIYASDNAILAHERLSIVDVNAGA 60
*,ix *x
S.sviceus DLLTYHVEPLDRANEDARWARLAAERLTDARHLTVPSQGASSWFDLPVSDG-———---—— 66
AS QPLYNQQKTHVLAVNGEIYNHQALRAEYGDRYQFQTGSDCEVILALYQEKGPEFLDDLQG 120

*

A cysteine at position 2 indicates a GIn-hydrolyzing Asn synthetase, any other residue at position 2
indicates a B-lactamase homolog as in lassopeptide biosynthetic pathways.

90

Peptidase

S.sviceus peptidase - -= MSIPVAVEGSVPLPWRRRVTARSAAGA 27

CapB MORSRYFLYDEACAKAFADHYLDFKPIDAPHALKPLISDRIVVAASPASV 50

MciB —--MIRYCLTSYREDLVILDIINDSFSIVPDAGSLLKERDKLLKEFPQLSY 48

S.sviceus peptidase ARLLVR: -= - —-LPPRRLCQ-VLRFVS 47

CapB PKRIADYRGWAFDTFDSGIWASRTLGERSAAGFEWLPFWRIVRGAVSLKM 100

McjB FFDSEYHIGSVSRNSDTSFLEERWFLPEPDKTLYKCSLFKRFILLLKVEY 98

S.sviceus peptidase RGS---RPADEERALAARQAVVTVSLRCAGIAG--=——————————————— 77

CapB RGF---RALSE@LDRLARLDAGAEQRVRADGGPSRTAERYLRASIWSPFRI 147

McjB YSWNIEKKGM IFISNKKENRLYSLNEEHLIRKEISNLSIIFHLNIFKS 148

S.sviceus peptidase TALLCRLAGRWPDWCS@F] G [TAIGEPGBM 126

CapB FELATHLRRENVPAQLVI] ID RVCGB---- 193

McjB TY Y LKRILNSRNIDAHLVI YSHS QVIND———— 194

S.sviceus peptidase TLFHTVLSVRHQDRDQHLHQGRRQARRQARAGRHEGRQP 165 3 3 " y y
CapB  EPELKKSYGEIYRTPRHDERAGPFGLAA- 221 ConSfarved resu_iues with C‘apB a.nd Mc_jB (Iasso_peptide p_eptldases)
Mc3B APNMRDKLSVIAET - —————————————— 20g | Putative catalytic triad residues including cysteine or serine
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d HIII o
SSv-2083 CVWGGDCTDALGCGTAWICV
MsS-271 CLGIGSCNDFAGCGYAVVCEW

RP 71955 CLGVGSCNDFAGCGYAIVCFEW

e

Supplementary Figure 9. Characterization of class | lassopeptide SSV-2083 from Streptomyces sviceus ATCC 20983 and its biosynthetic
gene cluster by NPP. (a) SSV-2083 imaging and purification. MALDI-imaging of sporulating Streptomyces sviceus ATCC 20983 revealed a
secreted mass of 2083 Da. (b) SSV-2083 sequence tagging. SSV-2083 showed a poor MS/MS fragmentation behaviour indicating a cyclic or
constrained structure. Treatment of SSV-2083 with DTT and NaBH,/NiCl, resulted in a +4 Da and -124 Da mass shift, respectively, suggesting the
presence of 2 disulfide bonds (DSB). MS? analysis of NaBH,/NiCl-treated, i.e. DSB-deconstrained SSV-2083 yielded a 10-aa-long MS" sequence
tag. (c) Genome mining of SSV-2083 gene cluster. A candidate precursor peptide of 56-aa comprised the search tag and 4 cysteines in the C-
terminal region. The putative core peptide ¥C-%V had a calculated mass of 2104.85 Da which gave the observed mass of 2082.81 Da after
subtraction of 4 Da (loss of 4 protons via 2 DSB formations) and 18 Da (water loss via cyclization). The gene cluster contained a homolog of an
Asn synthetase, a protease, a protein disulfide isomerase (PDI) and resistance transporters. The homolog of an Asn synthetase and the peptidase
indicated a Iassopeptide8 and the PDI, the 2 observed DSBs and the Cys at position 1 in the core peptide sequence suggested a class |
Iassopeptideg. (d) SSV-2083 sequence alignment with 2 other class | lassopeptides showed that the cysteines are at class | lassopeptide-
conserved sites in SSV-2083*%°. The SSV-2083 gene cluster is the first reported gene cluster of a class | lassopeptide.
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Supplementary Figure 10. Exemplified effect of structural deconstraining by NaBH,/NiCl,-treatment on sequence tagging of class |

lassopeptide SSV-2083 from Streptomyces sviceus ATCC 20983.
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b, continued

ITMS2- 917 m/z (2+)
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unmodified b3 b4 b5 b6 b7 b8 b b10 bl1 b12 bI3 bl4 b5
TR T S SO N S S B S N
A j TR T\
- n O} | o§ n o§ 3 ‘ ‘n ol ‘n O§ i n Oi n L
N Bl fL @ GG e A g N
o Lo : ool Ui ot A o (Ui o UM ol M o "o
| | | ) ; i ! ! | : poow !
' : : NSo | NS ‘ ‘ |
Lok L N oo L UL \ S | \ ‘ MS"sequence tag: AVAQ(K)FVI(L)Q(K)GSDhbI(L)
y17 y16 y15 y14 y13 y12 y11 y10 y9 y8 y7 y6 y5 y4 b15
1+
8
Y y16
yi1 1+
1+ A
o, Moo \ 1520 1530 1540 1550 .-~
N 670 680 m/z 690 700 TN 1020 1030m/z1040 1050 ,-° \ m/z -
\ - [}
oK |, F !4 Vb9 (L) QK) | Gl S [Dhb| IL) |
< i F b1 RV b13 " [ -
| \‘ ’b8(1+ N ™ ot 1+ ™ b1‘1‘+ | 1.7’/’
e ~B111+ b12 \ Roth
b6 b7 L *9 ‘10 ") ot ly12 \%15 \ L I l
e i A Nt T i Bt e
600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 m/z
Detector Observed mass [Da] Calculated mass [Da] Difference Error Species
T 280.18 280.16557 -0.01443 -5.15053E-05 b3 f
IT 351.18 351.20268 0.02268  6.45781E-05 b4 Mass error diagram
IT 450.27 450.2711 0.0011 2.44297E-06 b5
T 521.27 521.30821 0.03821  7.32964E-05 b6 0.00025
IT 649.36 649.36679 0.00679  1.04563E-05 b7
I 697.36 697.37016 001016 1.4569E-05 ¥8 0.0002 -
IT 796.45 796.4352 0.0148  -1.85828E-05 b8 .
IT 825.45 825.42874 -0.02126  -2.57563E-05 y9 - *
I 895.36 895.50361 014361 0000160368 b9 0.00015 >y Py
IT 938.45 938.5128 00628  6.69144E-05  y10 * . Y
IT 1008.45 1008.58768 0.13768  0.000136508  b10 . 0.0001
IT 1037.45 1037.58121 0.13121  0.000126458  y11 g o -
IT 1136.45 1136.64626 0.19626  0.000172666 b1 (- A4 ¢ .
I 1184.45 1184.64963 0.19963 0.000168514  y12 -
IT 1193.64 1193.66772 0.02772  2.32225E-05 b12 < *
IT 1280.55 1280.69975 0.14975  0.000116928  y13 0 T —— T - - - -
I 1312.64 1312.7082 00682  5.19537E-05  b13 200 400 600 &) 1000 1200 1400 1600 1800
I 1363.55 1363.73631 0.18631 0.000136617  y14 0.00005 .
T 1383.64 1383.74532 010532  7.61123E-05  bl4
T 1476.64 1476.82093 0.18093 0.000122513  y15
IT 1482.64 1482.81373 0.17373  0.000117162 b15 -0.0001
T 1553.55 1553.85085 0.30085 0.000193616 y16 [miz]
IT 1650.82 1650.90361 0.08361  5.0645E-05 17
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b, continued

ITMS?- 905 m/z (2+)

NaBH,/NiCl,

b3 b4 b5 b6 b7 b8 b9 b10 bl1 b12 b13 b14 bl5 b16 b17 bi8

N, N X . N . N N . ) 5 X . N . )
: : : : : CN | : ! | : : | | N
: : : : : ) : : i : ! ! : i W
9 : : : : : > : : ! : ; : ' : ' :
N N | \HLE N i Y | N i VN/HTE N | N ; N i
o -] | oo "ol ool Moo Hoo "ol "ol
: | | i i i : ; : : | oM
AR N R e T O e T
. | N S N X . S N 8 ‘
. . \ N N N M ~ D . N MS"sequence tag: AVAQ(K)FVI(L)Q(K)GSDhb+2HI(L)A(C)I(L)V
y17 y16 y15 y14 y13 y12 y11 y10 y9 y8 y7 y6
b18
1+
e QK [, F | V Iw |, QK |GI[S [Dhb+2H, I(L) AC)|, IL) v
< 1¢ N 1¢ < pen
b7 b10
b8 1+
" 1 b13 b14
1+ T+
b6
y10 1 V1702 |
1+ 6 y8 1+ y12 y y1 ] .
” - ¥ 1 o
' '
J - b17! '
1 520 560 600 640 V7% 800 7 \A067 1011 7 \1276 1288 \ ! I
: miz \ mzo S miz / L mz  1lp1s .
' ' ! \ /) \ o1 H !
' v / \ h \ i
‘| l’ “ ’ “ 1 ) '
\ \ J \ / b11 \ ! [
' \ K \ 7 1+ \ H b16 [
/
i \ ! b9 \ K y11 \ 5 1+ ' ,,'
! '\| ; o ! 1+ 12 \ ; ;
\ \ ! 9 h |
'. I | T | ' : LI
‘ — i LN ¥ I e : L A
600 80 900 1000 1100 1200 300 1400 1500 1600 1800 m/z
Detector Observed mass [Da] Calculated mass [Da] Difference Error Species
T 353.21833 -0.05167 -0.000146283 b4
T 452.36 452.28675 -0.07325 -0.000161955 b5 Mass error diagram
I 523.36 523.32386 -0.03614 -6.90586E-05 b6
I 614.36 614.42357 0.06357 0.000103463  y6
T 651.45 651.38238 -0.06761 -0.000103801 b7 0.00015
I 671.36 671.44504 0.08504 0.000126652  y7 -
T 798.45 798.45085 0.00085 1.06456E-06 b8 . .
T 799.45 799.50361 0.05361  6.70541E-05 v8 0.0001 Ky
IT 897.55 897.51926 -0.03074  -3.425E-05 b9 . - o
T 912.55 912.58768 0.03768  4.12892E-05  y9 0.00005 - S
I 1010.55 1010.60333 0.05333  5.27705E-05  b10 : < . * <
T 1011.64 1011.65609 0.01609  1.59046E-05  y10 P .
T 1138.64 1138.66191 0.02191  1.92419E-05  b11 = 0 - - - - - - -
IT 1158.64 1158.72451 0.08451  7.29336E-05  y11 g
IT 1195.64 1195.68337 0.04337  3.62721E-05  b12 I} 2 ) G G, D R TP &
T 1282.64 1282.7154 0.0754  5.87816E-05  b13 -0.00005
IT 1286.73 1286.78308 0.05308  4.12502E-05  y12 o
T 1357.73 1357.8202 0.0902 6.643E-05  y13 0.0001 -
T 1367.73 1367.76816 0.03816  2.78995E-05  b14 :
IT 1456.73 1456.88861 0.15861 0.000108869  y14
T 1480.73 1480.85223 0.12223  8.25403E-05 b15 -0.00015 =
I 1527.82 1527.92573 0.10573  6.91984E-05  y15 N
IT 1551.73 1551.88934 0.15934  0.000102675  b16
T 1624.91 1624.97849 0.06849 4.21483E-05  y16 -0.0002
T 1664.82 1664.9734 0.1534  9.21336E-05  b17 [m/z]
I 1710 1710.03125 0.03125  1.82745E-05  y17
I 1763.91 1764.04182 0.13182 _ 7.47261E-05___ b18
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6-frame translation — search tag: AVAQ(K)FVI(L)Q(K)GSTI(L)

[..] VOGLGPSPHKTRTRSGPCSGASAHARRPAPGHRPTREGPGERPGVRRNRHRHE I ARQARGNLSKFSGT
XGLXSXYSCDGWGVDGTRTSVYAGSAMLITSFAGFPQIGWPTXCIARS IQSWRRGMGKMGPPSPFRSAXVP
RKDSEMRLDSTATQETATALPESMATQDFANSVLAGAVPGFHSDAET PAMAT P OO C 1.7/ C X7
WADSRVGGVRPGAAPPARASGWLTGTFEFATERSXRASXDFDGGRGALRARPLPKGLPIASSCRSRSDRFS
LLPRPXASSTFSTTTDISEAYRPRNTLREVCDTGSAARST IRVPRKCSPGXHSRRRPGWPSGAA[...]

Precursor MRLDSIATQETATALPESMATQDFANSVLAGAVPGFHSDAETPAMATPAVAQFVIQGSTICLV

peptide

1919.99 Da

- 2 H,0 (2 Dhb formations)

- CO, (C-term. decarboxylation)
- (S+2H) (dethiolation @ Cys16)

- 2 H (C-term. oxidation)

+ 2 CH, (N-term. dimethylation
1832.00 Da (calc, obs: 1832.04 Da)

Gene cluster Precursor peptide

Vit k-dep. y-Carboxylase
Homologous gene clusters

5. sp. ACT-1 —( i T
Rothia
dentocariosa —l———{) >

Precursor peptide comparison

Protease

FAD-dep.
oxidoreductase
EpiD-homolog

(oxidative decarboxylase)
SAM-dep.
methyltransferase

WRIE WRIE N

ABC transporter

griseus/ACT-1  MATQDFANSVLAGAVPG---FHSDAETPAMATPA-—--VAQEVIQGSTICLVC 46 | dnderined-core peptide
Rothia MNVSDLANSIEIDTTPGAADYAMNSAQPSMTTPAGVYAVAEMAVAGSTICLVC 53 | red_ conserved core peptide
KoL KoRRAL Rk HE A A KR RREEKARK residues

S. griseus gene cluster

Gene Size Predicted function Closest homolog [sim/id]
SGR_6361 211 putative ABC transporter ATP- ref|ZP 06282342.1| ABC transporter related protein [Streptomyces
binding protein sp. ACT-1] (99/99)
SGR_6362 246 putative methyltransferase ref|ZP 06282341.1| Methyltransferase type 11 [Streptomyces sp. ACT-
1](100/99)
SGR_6363 191 putative phosphopantothenoyl- ref|2P 06282340.1| flavoprotein [Streptomyces sp. ACT-1] (100/100)

cysteine synthetase/decarboxylase
(EpiD homolog)
SGR_6364 189 FAD dependent oxidoreductase ref|ZP 06282339.1| hypothetical protein SACTLDRAFT 6364
[Streptomyces sp. ACT-1] (100/100)
ref|YP 003061191.1| FAD dependent oxidoreductase [Hirschia baltica
ATCC 49814] (48/25)

SGR_6365 586 Protease ref|ZP 06282338.1] hypothetical protein SACT1DRAFT 6363
[Streptomyces sp. ACT-1] (100/99)
ref|ZP 06281095.1| alpha/beta hydrolase fold protein [Streptomyces
sp. ACT-1] (43/29)

N/A 46 precursor peptide ref|2zP 06282337.1| hypothetical protein SACTLDRAFT 6362
[Streptomyce .~ ACT-1] (100/100)

ref|2P 06905928.1| conserved hypothetical protein [Rothia
dentocariosa ATCC 17931] (54/41)

Supplementary Figure 11. Characterization of novel ribosomal peptide SGR-1832 from Streptomyces griseus IFO 13350 and its
biosynthetic gene cluster. (a) SGR-1832 imaging and purification. MALDI-imaging of sporulating Streptomyces griseus IFO 13350 detected a
secreted mass of 1854 Da. (b) SGR-1832 sequence tagging and structure elucidation. FTMS analysis revealed the mass of the purified peptide as
1832.0 Da. MS? analysis of unmodified SGR-1832 yielded a 12-aa-long MS" sequence tag. In addition, Ms? analysis of SGR-1832 revealed 2 Dhb
residues. The N-terminus has a +28.0 Da mass shift which corresponds to a N,N-dimethylation. No bsg-bsg-ions were detected in the MS?
spectrum of unmodified SGR-1832 which could be due to a cyclic structure. MS? analysis of unmodified and NaBH,/NiCl,-treated SGR-1832
showed the presence of a C-terminal aminovinylcysteine (AviCys“) modification derived from 2 Cys. The (Cys16->Cys19)-derived AviCys-
modification and the N,N-dimethylation at Ala1 was confirmed by a recent study on the novel linaridin RP class of cypemycin which also comprises
the observed N,N-dimethylation, 2 Dhb and a C-terminal AviCys PTM derived from 2 Cys. (c) Genome mining of SGR-1832 gene cluster and its
homologs. The corresponding search tag could not be found in the NCBI protein database of Streptomyces griseus IFO 13350 but a candidate
precursor peptide could be identified in the 6-frame translated supercontig of Streptomyces griseus. In addition to the recently predicted SGR-
1832 homologous gene clusters™, a homologous gene cluster was identified in a microbiome-derived organism, Rothia dentocariosa, by BLAST
analysis.
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b, continued

1
ITMS? — SC0-2138 - 1070 m/z (2+) b11 P12 B13 b14 b15 b16 b17 b1S

s i N”i\NH 3 } ) 3 i

OH S A i =~ 3

w9 Bog wo D WeoQ Tt wo§ o EHJS T

R T e T T T T N g e e N S 1 I ARl T Ii ey
H o5 H 9 "o g o Ao ool ool Hog Moo Moo

o ! ! ' ' ' ! ' ' '
HN | Ho P | oo

y14 yi1 y10 v7 y5 V4 y3

MSn sequence tag: VHFVGWI(L)

b18 1 |14
WWIW\JIM/_M_NEW ZAVIV;VV% 1+
12422 ' 0 ‘566 574 584 \852 860 mlzss:‘s

192 miz 1202 110 ‘1532 1540 1548

5 .' ! TR N L Fi | Vv 8 le W |
\ i ! AN ; N T

\ ' \ / \ ' \ | : | ‘| ' b15 b18

‘\‘ H ' K \ K ‘10 b1 . H 1+

\va N 1 H 1 VIR b2 b13_ } bl4 b17
! [T ‘I, ‘ ST 1+ [N T l 1+
Y LA KON Y LAY ¥ B M AW I - AR ‘ \
400 600 800 1000 miz 1200 1400 1600 1800 2000
Detector Observed mass [Da] Calculated mass [Da] Difference Error Species Mass error diagram

IT 417.18 417.25022 0.07022  0.000168 y3
T 474.18 474.27169 0.09169  0.000193 4 0.0003
IT 573.36 573.3401 -0.0199 -3.47E-05 y5
IT 857.55 857.46743 -0.08257  -9.63E-05 y7 0.0002 - - .
IT 1126.73 1126.64137 -0.08863  -7.87E-05 y10 0.0001 = -
IT 1183.45 1183.645 0.195 0.000165 b11 = 0 - > *
IT 1197.73 1197.67848 005152 -43E-05  y11 -3 G 1000 , * P P o
IT 1282.45 1282.713 0.263 0.000205 b12 g ~0-0001
IT 1419.73 1419.772 0.042 2.96E-05 b13 W -0.0002
IT 1538.64 1538.87355 0.23355  0.000152 y14 P
IT 1566.73 1566.909 0.179 0.000114 b14
IT 1665.82 1665.909 0.089 5.34E-05 b15 -0-0004
T 1722.82 1722.931 0.111 6.44E-05 b16 -0.0005
IT 1908.91 1909.01 0.1 5.24E-05 b17 [miz]
IT 2021.9 2021.08608 -0.81391  -0.000403 b18
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b9 b10 b11 b12 b13 b14 b15 b16 b17 b18
ITMS? — SLI-2138 - 1070 m/z (2+) R T S T
% Co
-] WO OJHH o " oi }H oi \H 01 oi
o N N N N NN N N Ny Ny N o
o o ‘
vi5 yi4  yiz y11 yio \ MS" sequence tag: GI(L)VHFVGWI(L)
b18
3 I 12 13
p 1+ 1+ > i 1+ 1+ y14
1+
4, b10
1+ b9 e
b y7 1+ y11
1+
1002 1010 7 ,1058mlz1)93:z' 1165 1190 ;47,1300 1310M3" 1530  1540fn/z”"
d ;) S / R L /'

.

/W

I’ .’ //l S R4
/ / .
R TR ST I L L Y VIR~ (2 b17
oty W=+ m s | Lol W
1000 miz 1200 1400 1600 1800 2000
Detector Observed mass [Da] Calculated mass [Da] Difference Error Species Mass error diagram
T 417.25022 -0.01978  -4.74056E-05 y3
IT 474.18 474.27169 0.09169 0.000193328 v4 0.0003
T 500.36 500.25951 -0.10049  -0.000200876 b4
T 573.36 573.3401 -0.0199 -3.47089E-05 y5 0.0002 .
T 716.36 716.33413 -0.02587  -3.61144E-05 b6 -
T 720.36 720.40852 0.04852  6.73507E-05  y6 0.0001 ., e
T 857.45 857.46743 0.01743  2.03273E-05 y7 = . CA
T 1013.36 1013.53937 0.17937  0.000176974 b9 a N .« .
T 1070.55 1070.56084 0.01084  1.01255E-05  b10 ] S . S N
T 1126.55 1126.64137 0.09137  8.10995E-05  y10 & 0.0001 * 000 1999 1902 2 e
T 1183.55 1183.6449 0.0949 8.01761E-05  b11 -
T 1197.55 1197.67848 0.12848  0.000107274  y11 00002
T 1282.64 1282.71331 007331  571523E-05  b12 -
T 1310.64 1310.76254 012254  9.34876E-05  y12 B
I 1419.82 1419.77222 -0.04778  -3.36533E-05  b13 00003
T 1538.73 1538.87355 0.14355 9.32825E-05 y14 [m/z]
T 1566.91 1566.84064 -0.06936  -4.42674E-05 b14
T 1639.73 1639.92123 0.19123 0.000116609 y15
T 1665.91 1665.90905 0.00095 0.000001 b15
T 1723 1722.93051 0.06949 0.00004 b16
IT 1909.18 1909.00983 -0.17017  -8.91405E-05 b17
IT 2021.72 2021.1623 -0.5577 -0.00027593 b18
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T 734.36 734.42417 006417  B73746E-05  y6 0.0004
T 815.36 815.40254 0.04254 5.21706E-05 b7 0.00035 -
T 871.45 871.48308 0.03308 3.79583E-05 y7
T 928.27 928.48661 0.21661 0.000233294 b8 0.0003
T 970.55 970.55149 000149 153521E-06 8
T 999.36 99952372 0.16372  0.000163798 b9 0.00025 0 S
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T 1268.45 1268.69766 024766 0000195208  b12 u - D G
T 1324.64 1324.77819 0.13819 0.000104312 y12 0.00005 = - =
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T 1908.82 1909.00983 0.18983 9.9439E-05 b17 [m/z]
IT 2020.9 2021.1623 0.2623 0.000129777 b18




6-frame translation

SCO-2138 — search tag: VHFVGWI(L)

101

[..]RARRPGPPGTAPPPGXSTSRTGSASRCXPWWTHRARPTTRRRSGRGRVRRSRTCSAPWPRRVRRSPRW
XSARAARAGRWPWPRPAARGPPRTATSPSSRRSTRRRSXSARRRRWRRRPVNCGCGRRTWQHLAXSEQASS
CSLEQVIVALKNACDCRDQRYLRCASNGMQTVVDAHVPSSPGGARWVPHLNSARSCTIMNLLTDT LAGL.
-VXRSEKPTAPPPRPREAAPSACPRPDRGLPHGHRPHDLLRDRAAPVVARRGPQRDVLGIARHAQRP
VPGGLPVAAAQPDLVPGRPAVVGRLOLSAAELPGVRGARHVRGAETDPQLLAGAHLPREVGVDVEGEV [...]

SL1-2138 — search tag: GI(L)VHFVGWI(L)

[..] GTRRACCAASARTRGARWRT PRRRARRPGPPGTAPPPGXSTSRTGSASRCXPWWTHRARPTTRRRSGR
GRVRRSRTCSAPWPRRVRRS PRWXSARAARAGRWPWPRPAARGPPRTATSPSSRRNTRRRSXSARRRRWRR
RPVNCGCDRRTWQHLAXSEQASSCSLEQVIVALKNACDCRDQRY LRCASNGMQTVVDAHVPSSPGGARRVP
HLNSARSCTIMNLLTDIL NGNS /XRSENPTAPPPRPREAAPSACPRPDRGLPHGHRPHDLLRDRA
APVVARRGPQRDVLGIARHAQRPVPGGLRVAAAQPDLVPGRPAVVGRLOLSAAELPGVRGARHVRGAETDP
QLLAGAHLPREVGVDVEGEVDQRQEGPPVVGRGRRPEGPLRVALRRORPACRVQRRVGDEPVGVLVGR [...]

SWA-2138 — search tag: I(L)AGI(L)VHFI(L)GWI(L)

[..] SAPGTWRCARPTGMCASSAARPPIXSRAAVTRSAPARSRTHCSNIRGCGRPPSPGNRTPTSGSGSSPG
SSRPTRPRRPGKGSWPTMWPGGWPRTSAPASSGSSTRCPGTTWGRSXSGRCRRGEGAGLPSRXSEHGIRCS
LEQVIVAHTTTXTVGADTYLRCARDRMQTVVARMSHMFTARRSTIMNL I T DV CNIGINGH /X R PP T PT
AAPPPRPREAAPPACSRSPGLLHARGPDDLLPYRAALVVARARPQRDGGGAAGHGERAAPLGVPAGEPYRP
PGRPGVVGHLQAPVPDRPGARRARRIRGAQPDRHPASGPEGAREVGVEVEGEVDQGORGPVVVGRGRR |[...]

Putative precursor peptides

S. lividans MOTVVDAHVPSSPGGARRVPHLNSARSCTIMNLLTDILAGLVHEFVGWLV

S. coelicolor MQTVVDAHVPSSPGGARWVPHLNSARSCTIMNLLTDILAGLVHEFVGWLV

S. sp. El4 MQTVVARMSHMEFTARRST Ih@LITDVLAGLVHFIGWIﬁ

2110.17 Da
28.0 Da (N-formylation)

+

2138.17 Da (calc,

Gene neighborhoods
S. coelicolor A3(2)

S. lividans TK24

S. sp. E14 (WASP) XX - w3

Homologous gene neighborhoods

. avermitilis MA-4680 EX I~ - )
5. sp. SPB78 B < )

obs: 2138.17-2138.19 Da)

g1l

FAD-dep. oxidoreductase
Gluconolactonase

Regulator

Conserved hypothetical
protein
Acyl-CoA synthetase

Acetyl-CoA carboxylase
Precursor peptide

Peptidase

Rod-shape determining protein
Transposase

other
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S. coelicolor A3(2) S. lividans TK24
Gene Size [aa] Predicted function Gene Size [aa] Predicted function
SCO_2438 468 FAD-dependent oxidoreductase SSPG_05081 360 rod-shape determining protein, MreB
SCO_2441 200 conserved hypothetical protein SSPG 05087 1220 peptidase
SCO_2444 485 acyl-CoA synthetase N/A 49 precursor peptide
5CO_2445 458 acetyl-CoA carboxylase SSPG_05088 485 acetyl-CoA carboxylase
SCO_2446 1220 peptidase SSPG_05089
N/A 49 precursor peptide SSPG_05090 159 acyl-CoA synthetase
SCO_2451 360 rod-shape determining protein, MreB SSPG_05093 196 conserved hypothetical protein
SSPG 05096 454 FAD-dependent oxidoreductase
S. sp. E14 (WASP) S. avermitilis MA-4680
Gene Size [aa] Predicted function Gene Size [aa] Predicted function
SSTG_01176 447 FAD-dependent oxidoreductase SAV_5729 220 conserved hypothetical protein
SSTG_01179 200 conserved hypothetical protein SAV_5735 489 acyl-CoA synthetase
SSTG_01180 443 acyl-CoA synthetase SAV_5736 465 acetyl-CoA carboxylase
SSTG_01181 1219 peptidase N/A 21 precursor peptide (truncated)
N/A 38 precursor peptide SAV_5737 1208 peptidase
SSTG 01182 346 rod-shape determining protein, MreB SAV 5738 345 rod-shape determining protein, MreB
S. sp. SPB78
Gene Size [aa] Predicted function
SSLG_01586 202 conserved hypothetical protein
N/A 37 precursor peptide (truncated)
SSLG_01587 1248 peptidase
SSLG_01609 362 rod-shape determining protein, MreB
Organism Predicted precursor peptide
S. coelicolor A3(2) MQTVVDAHVPSSPGGARWVPHLNSARSCTIMNLLTDILAGLVHEVGWLV
S. lividans TK24 MQTVVDAHVPSSPGGARRVPHLNSARSCTIMNLLTDILAGLVHFVGWLV
S. sp. E14 (WASP) MQTVVARMSHMFTARRSTIMNLITDVLAGLVHFIGWLV
e S$C0-2138 + 1 [O;
FTMS — HPLC F100 : - [0
2 obs: 2138.19 Da
calc: 2138.16 Da SC0-2138 + 2 [0]
J\ J\ 2+
A A NN o
1070 1072 1074 1076 1078 m/iz 1080 1082 1084 1086 1088
Ng=0
. 5=
Source fragmentation — HPLC F100 N-formyl b3, CiHz7N,OgS+
403.16545 ot obs: 403.16564
07N NTONE| cale: 403.16458
1 o ) Error: 2.6ppm
. L U.L L L. LL L A \ N N
150 200 250 300 350 400 450 m/z oo
5=
CoHgN;05S+
MS? — 403 m/z R 10H16N3Os
N-formyl b2, N R 2P| obs: 290.08048
290.08048 oy calc: 290.08052
o o| Error: 0.1ppm
L | HN
150 200 250 300 350 400 450 m/z
Naz
MS? — 290 m/z 5=0 CgHyoNO,S+
obs: 176.03757
N-formy! b1, Y 5\ calc: 176.03759
176'?3757 L o7 u \\g Error: 0.1ppm
150 200 250 300 350 400 450 miz <
MS* - 176 m/z 5=0 C4HyoNO,S+
Blox obs: 148.04265
148.04265 clac: 148.04268
. H,N \\g Error: 0.2ppm
150 200 250 300 350 400 450 m/z

Supplementary Figure 12. Characterization of novel ribosomal peptides SCO-2138, SLI-2138 and SWA-2138 and their gene
neighborhoods by NPP from Strep y coelicolor A3(2), Strep y livid: TK24, and Streptomyces sp. E14 (WASP),
respectively. (a) Purification of SCO-2138, SLI-2138 and SWA-2138. N-butanol extraction of 80 plates of each sporulating Streptomyces culture
resulted in the isolation of a compound with the mass 2138 Da in each respective crude extract. (b) Sequence tagging of SCO-2138, SLI-2138
and SWA-2138. MS" analysis of SCO-2138, SLI-2138 and SWA-2138 yielded the MS" sequence tags VHFVGWI(L), GI(L)VHFVGWI(L),
I(L)AGI(L)VHFI(L)GWI(L), respectively. Furthermore, MS? analysis of SCO-2138, SLI-2138, and SWA-2138 characterized them as linear peptides
with a +28.0 Da modification at the N-terminus. (¢) Genome mining of SCO-2138, SLI-2138 and SWA-2138 gene neighborhoods. In the NCBI
databases of S. coelicolor A3(2), S. lividans TK24 and S. sp. E14 (WASP), no precursor peptides with the characterized sequence tag could be
identified. However, in the corresponding 6frame-translated supercontigs, a ribosomal peptide-encoding gene could be characterized for each
strain. SCO-2138 and SLI-2138 have identical core peptide sequences. The SWA-2138 core peptide sequence is deviating in 2 positions from
SCO0-2138/SLI-2138 (17V, V15I). (d) Bioinformatic analysis of homologous linear peptide gene neighborhoods which all contained a peptidase, a
conserved hypothetical protein and a rod-shape determining protein (MreB) indicating a morphogenetic function®. The predicted precursor
peptides of SCO-2138, SLI-2138 and SWA-2138 have similar putative leader peptide sequences. (e) Characterization of N-terminal formyl group
of SCO-2138 (1x oxidized at Met1°*“°) by FTMS" characterization of a CO-loss at Met-N were detected with sub-ppm accuracy.




103

FTMS Gel filtration F3  (S. roseosporus NRRL 15998)
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Supplementary Figure 13. Characterization of 3 ribosomal peptides in one NPP experiment. FTMS analysis of a gel filtration fraction (F3)
from Streptomyces roseosporus NRRL 15998 revealed multiple mass signals. 3 mass signals (2005 Da, 2+ ion; 2212 Da, 2+ ion; 3162 Da, 2+ ion)
yielded 5-6-aa-long MS" peptide sequence tags by ITMS" analysis of the same sample. The corresponding sequence tags enabled the
identification of the precursor peptides and the gene clusters of the 3 observed peptide mass signals. The 2005 Da mass signal was characterized
as class | lassopeptide SRO15-2005 (Supplementary Fig. 14), the 2212 Da mass signal was characterized as class lll lantipeptide SRO15-2212
(AmfS, Supplementary Fig. 15), and the 3162 Da mass signal was characterized as a 3x hydrated derivative of class Il lantipeptide SRO15-3108
(Supplementary Fig. 16).
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2006.1
It PN
1000 1500 2000 2500 3000 3500 miz
Gel filtration GF3 2007.5
1000 1500 2000 2500 3000 3500 2000 4500
m/z
FTMS
unmodified [ . 2005.09 Da
calc: 2005.02 Da
ITMS?- 1003 m/z (2+)
b9 b10 b1l bi2 b13 b14 b5 bl6
o ! : : ! ' :
OH |
OH
oH L | MS" sequence tag: YWSRRI(L)I(L) |
10
l w s | R i
b14 b10 b11 b12 b13
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Ja AdAuh LA Y Luul i IO SR WD . bttt
900 950 1000 1050 1100 1150 1200 1250 m/z 1300 1350 1400 1450 1500 1550 1600
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IT 1013.82 1013.4733 0.3467 0.000342 b9
I 1176.91 1176.53663 0.37337  0.000317  b10 0.0005
T 1362.91 1362.61595 029405  0.000216  b11 0.0004 e,
IT 1450 1449.64797 0.35203 0.000243 b12 = 0.0003 * o
IT 1606.09 1605.74908 0.34092 0.000212  b13 .he'o.oooz o o
IT 1762.64 1761.85019 0.78981 0.000448  b14 0‘0001
IT 1875.72 1874.93426 0.78574 0.000419 b15 ’
IT 1988.82 1988.0168 0.8032 0.000404 b16 0 ' ' ' '
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[miz]
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6-frame translation — search tag: YWSRRI(L)I(L)

[..] PRPYGSTFRRTSTEGGGAHAVSGVGRSWSRSGDRSRLVPRFPGLPFPLLPAHCPVRRPQATIGPVHRV
ISAGAVCDCTGWPAGRSAPGGGVPDRPAAHLAARAIQPTSCGKSESCVPVRRPDMMALVFAXPTPVATPVA
RI TPVMQKSVGHNGRQPRRREGVMKQQKQQKKAYVKPSMFQQGDFSKKTAGYFVGSYKE-(SADP
FPVHRVRTSERXRCPASCVTTSSSCRTARRERQRPGSFPYRERLPGGPPRGTPPGPPGRWAVPXLSPTPRA
GPGSSPARWSARSAISPGARTPSSSSARTASPTPCSPGSWRAPATGPAWNAASPGCPASTTWSPGCPG[...]

Candidate
precursor MKQQKQQKKAYVKPSMFQQGDFSKKTAGYFVGSYKEYWSRRII
peptide B E——

2023.03 Da
- H,0 (cyclization)
2005.02 Da (calc, obs: 2005.09 Da)

Gene cluster

Prepro- Asparagine
peptide synthetase

Peptidase ABC

homolog transporter
Gene Size [aal] Predicted Closest homolog [sim%/id%]
function

S5GG_03858 43 precursor peptide -

SSGG_03859 312 lactamase ref |ZP_06920897.1| conserved hypothetical protein [Streptomyces
sviceus ATCC 29083] (58/44)

SSGG_03861 147 peptidase ref|YP 003314220.1 hypothetical protein Sked_ 14500
[Sanguibacter keddieii DSM 10542] (60/50)

SSGG_03862 624 ABC transporter ref |YP_001824736.1 putative ABC transporter ATPase and permease
component [Streptomyces griseus subsp. griseus NBRC 13350]
(93/89)

Asparagine synthetase homolog

>SSGG_03859 | asparagine synthetase (translation) (312 aa)
MNDEPLPVAPGRARAELLLGRAHATGSRYHLTGYGGDEIFLGLPHVYQDLFHGNPEFTAWS

A cysteine at position 2 indicates a GIn-hydrolyzing Asn synthetase, any other residue at position 2
indicates a B-lactamase homolog as in lassopeptide biosynthetic pathways.

Peptidase

S.roseosporus peptidase [ RCASRYGCLP [VALACRMSGVWPDWCA| ATRPESPHARMMIL AE
MciB [..]IRKEISNLSIIFHLNIFKSDCLTYSYBLKRILNSRNIDAHLVI TOR-BYSHS VG
CapB [..]RTAERYLRASIWSP--FRITCLOMSFELATHLRRENVPAQLVIEGMRPME-EVAHAMME 1D

S.roseosporus peptidase RTVGEQAEAADLRPLMVVTVREGVQGER-—--—
MciB QVINDAPNMRDKLSVIAEI-—-——-———————-—
CapB RVCGDEPELKKSYGEIYRTPRHDERAGPFGLAA

Conserved residues with CapB and McjB (lassopeptide peptidases)
Putative catalytic triad residues including or serine

Supplementary Figure 14. Characterization of class Il lassopeptide SRO15-2005 from Streptomyces roseosporus NRRL 15998. (a)
SR0O15-2005 purification. A compound of the mass 2005 Da was isolated by n-butanol extraction of 80 plates of sporulating Streptomyces
roseosporus NRRL 15998. The putative peptide was partially purified from the crude extract by gel filtration. (b) SRO15-2005 sequence tagging.
MS" analysis of SRO15-2005 in gel filtration fraction 3 indicated a cyclic or constrained peptide, as only few weak peptide fragment signals were
detected, and yielded the 6-aa-long MS" sequence tag YWSRRI(L)I(L). (c) Genome mining of SRO15-2005 gene cluster. The search tag
YWSRRI(L)I(L) enabled the identification of a 43-aa-long candidate precursor peptide in the S. roseosporus NRRL 15998 genome. The respective
precursor peptide had a putative C-terminal core peptide 2G-**| of the mass 2023.01 Da which matched the observed mass of 2005.09 Da after
loss of water. The gene cluster contained a homolog of an Asn synthetase, a peptidase and an ABC transporter. The gene cluster prediction, the
MS" data of the peptide and the glycine at position 1 of the core peptide were indicative of a class Il Iassopeptideg. The core peptide is only 16-aa-
long. It is the smallest characterized lassopeptide to date’.
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2213 m/z MALDI-imaging
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OH
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‘ MS" sequence tag: VVI(L)DhaT ‘

N
y12' y11* y10*

b12*

1+ x10
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mS: | ' e \Y P L A Dha
b20*
1+
. o |5
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2{ | l | l L) ) | ‘r } i -
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FT 113257715 113257131 0.00584 5.2E-06 y11-2H20 oouota 5
FT 1244.60278 1244.59859 0.00419 34E-06 b12-2H:0 ootz
FT 1261.61333 1261.6139 -0.00057  -45E-07 y12-2H20 00001
IT 1616.19 1616.74534 -0.55534 b16-4H0+S | | § oo e
FT 1715.81383 1715.81376 7E-05 4.1E-08 b17-4H20+S | | w 00 K
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FT 1996.99263 1996.98769 0.00494  25E-06 b20-4H:0 . P 0 w0 20
FT 2098.05091 2098.03537 0.01554 _ 7.4E-06 _ b21-4H:0 ]




6-frame translation — search tag: VVI(L)S(C)T

Candidate
precursor
peptide

Gene cluster

[ID:0:0:0:9:0:9:0:0:0:0:0:0:0:0:9.0:0:0:0:0:0:0:0:0.0:0.0:0:0:0.0:0.0:0.0.0.0:0.0:0.0:0.0:0.0:0.9:0.9:0.9:0.0:0.9:0.9:0.9:0.0:0.0:0.9:0.9:¢
XXXXX XXX XKXXKXXXSPSRASSXCACRWITWPPGPPALSSPWAPLPAAPPDFPSCPPLRRRARPPRRPHRPA
PPGVVATPPFSKQPSPKGHIMALLDLOAMDTPAEDSFGELATGSQVSLLVCEYS SLS-PXPAPAGPS
VRTTDGPAGHVPAGPPLPTRKATPCRCRTRTRAPARRPAPGGSPGSTRPPSPGCSSAPPAGRSPPSPCPPP
SATPSTGSSPAGPSPGPGCCSAPPXPSPRPGSTRRPPXPARPPPPGSPRPCASAPPAGSWPPSRAGPS [...]

MALLDLQAMDTPAEDSFG ELA'L(ESQVSLLVCEYSSLSVVLCTB

e

2284.13 Da
- 4 H,0 (4 Lan/Dha/Dhb formation)
2212.09 Da (calc, obs: 2212.18 Da)

AmfT AmfS AmfB AmfA AmfR
Gene Size Predicted [ Closest homolog [sim%/id%]
[aa] function

5SGG_04748 582 AmfT dbj |BAB62264.1| membrane translocator [Streptomyces griseus] (92/89)

SSGG_04750 43 Amfs spl0Q07642.1|LANSB STRGR Lanthionine-containing peptide sapB precursor (Spore-
associated protein B) (Morphogen sapB) (Rapid aerial mycelium
protein S) (97/97)

SrosN15_ 355 AmfB YP 001823907.1 membrane translocator, AmfB [Streptomyces griseus subsp.

010100023901 griseus NRBC 13350] (92/88)

SSGG_04751 561 AmfA ref|YP 001823906.1| membrane translocator [Streptomyces griseus subsp. griseus
NBRC 13350] (86/83)

SSGG_04752 201 AMFR ref|YP 001823905.1| transcriptional regulator [Streptomyces griseus subsp.
griseus NBRC 13350] (95/93)
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Supplementary Figure 15. Characterization of class lll lantipeptide SRO15-2212 from Streptomyces roseosporus NRRL 15998. (a)
SRO15-2212 imaging and purification. A compound with the mass 2212 Da was detected by MALDI-imaging around a pre-sporulating colony of
Streptomyces roseosporus NRRL 15998 The compound was extracted with n-butanol and partially purified by gel filtration. (b) SRO15-2212
sequence tagging. ms? analysis of SRO15-2212 yielded the 5-aa-long MS" sequence tag VVI(L)DhaT. (c) Genome mining of SRO15-2212 gene
cluster. The search tag VVI(L)S(C)T enabled the identification of a 43-aa-long candidate precursor peptide in the S. roseosporus NRRL 15998
genome. The putative core peptide 2T.%p had the calculated mass of 2284.13 Da which matched the observed mass 2212.18 Da after loss of 4
H,0. The SRO15-2212 precursor peptide sequence and the observed Ms? fragments were identical with AmfS from Streptomyces griseus IFO
13350* (Supplementary Fig. 2). The SRO15-2212 gene cluster contained an AmfA, AmfB, AmfR and AmfT gene and is ~99% hom ologous to
the AmfS gene cluster®. SRO15-2212 was predicted to have a AmfS structure (Table 1) instead of an alternative labyrinthopeptin structure "2
because of the lacking labyrinthopeptin and DSB (Supplementary Table 1) and the AmfS sequence identity.
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3109 m/z
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FTMS2- 1055 m/z (3+), 1049 m/z (3+)

SR0O15-3108
core peptide

b3* b4*

b5* b6* b7 b8 b9* b10*

TTW]A@AMVH JTVTVQSPTGTLQGSQSMGTRGQ

MS" sequence tag: ADhaADhbVDhbI(L) |

L A L Dha | A e Dhb L \' *  Dhb le /L |
< ¢ <
b3*1 ’.
ITMS2
b7
. 1+
bS], b6*
N
432 40 mz DA* l l L b9* b10*
1+ 1+ 1+
A A A
450 500 550 600 650 700 750 ., 800 850 900 950 1000 1050
Detector Observed mass [Da] Calculated mass [Da] Difference [Da]  Error Species Mass error diagram
IT 441.27 441.18083 0.08917 0.000202 b3+H20+S+2H 0.00003
IT 512.46 512.21794 0.24206 0.000473 b4+H20+S+2H 0.000025 S +
FT 581.25439 581.2394 0.01499 2.58E-05 b5+H:0 0.00002 = <
FT 652.29321 652.27651 0.0167 2.56E-05 b6+H20 2 0.000015
FT 735.33148 735.31363 0.01785 2.43E-05 b7 0.00001
FT 834.39969 834.38204 0.01765 2.12E-05 b8 0.000005
FT 917.44111 917.41916 0.02195 2.39E-05 b9-H20 0
FT 103052411 1030.50323 002088 2.03E-05  b10-H:0 ° 200 40600 800 1000 1200
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c 6frame translation — search tag: AS(C)ATVTI(L)
[..] STRATGPCGAAPRAQARRTVSAVPAGRMRACRASSRDSATRGASAAPSCAPGKAWYVPSVSWCSSRIS
WSASNRTVTGRGSAVIDGGXRAPWQCRARNTFVRPPGVCAACADRRARAIFRLDEGRXGWHAEAAPRAVPI
LSERRXRQMNLVRAWKDPEYRATLSEAPANPAGLVELADDQLDGVAGGT TV SNEMN TV TVCSPTGTLCG
SCSMGTRGCCXACPIPDKELCTWTXSGPGRTPTTGCPSGVRPPPIRRAKASPQSPTRSXPRSTERAPAFSA
LSGAARACRGIRVGPSAVSPATPVSPARTSSVAKKRRDRQGRAFVRPRRSCFMPQEEERNAXRRKRAPHRP
AGRGPPPLAPGRHPERKTRRDSVADRPGTGREAPGHVAGAGAPDRRAVHPGHTAGTAGRRHGPADRAA [...]
Candidate
precursor MNLVRAWKDPEYRATLSEAPANPAGLVELADDQLDGVAGGTTWACATVTLTVTVCSPTGTLCGSCSMGTRGCC
. —
peptide ~
3270.40 Da
- 6 H,0 (Lan/MeLan/Dha/Dhb formation
3162.34 Da (calc, obs: 3162.48 Da)
3270.40 Da
- 9 H,0 (Lan/MeLan/Dha/Dhb formation
3108.30 Da (calc, obs: 3108.43 Da)
Gene cluster
Precursor peptides LanM LanT
Gene Size Predicted function Closest homolog [sim%/id%]
[aa]
S5GG_04019 73 precursor peptide ref|YP 002532653.1| 1lichenicidin prepeptide [Bacillus cereus
SRO15-3108 Q1] (57/38)
S8GG_04020 80 putative ref|YP 002532653.1| lichenicidin prepeptide [Bacillus cereus
precursor peptide Q1] (62/44)
S5GG_04021 1079 lanthionine ref|ZP 05025883.1| Lanthionine synthetase C-like protein
synthetase (LanM) [Microcoleus chthonoplastes PCC 7420] (50/31)
S5GG_04023 722 lantibiotic ref|NP 241317.1| lantibiotic mersacidin transporter system
resistance [Bacillus halodurans
transporter-protease C-125] (57/36)
(LanT)
d SSGG_04019 —--MNT PEMSATHE- N - -BVELABDOMDGVAGEGTTWACATVTLTVTVCSP --TG-TLCG- SCSMGTRGCC—- 73
SSGG_04020 MYMDINRS JADER T SHC| HESEEGETAITREERTE INGAGSGVLG--TLGCCSCLPWYSGWTVCGLACNPG-KPCKN 80
- Ko pkkakkk aokk ok kkokkok gk gk * R F A S, * x * K sk Kokk o ok * .k
Leader peptide /T\ Core peptide
Putative
cleavage
site

Supplementary Figure 16. Characterization of class Il lantipeptide SRO15-3108 from Streptomyces roseosporus NRRL 15998. (a) SRO15-
3108 imaging and purification. MALDI-imaging detected a compound with a mass of 3108 Da around the aerial hyphae of a pre-sporulating
Streptomyces roseosporus NRRL 15998. (b) SRO15-3108 sequence tagging. Additional compounds of 3162 Da and 3270 Da were detected in
gel filtration fractions which were assumed to be biosynthetic precursors of SRO15-3108 since they differed in mass by 6 H,O and 9 H,O,
respectively, from the mature natural peptide SRO15-3108. MS? analysis of unmodified SRO15-3162 yielded a 7-aa-long MS? sequence tag,
ADhaADhbVDhbI(L). (c) Genome mining of SRO15-3108 gene cluster. The search tag identified a 73-aa-long candidate precursor peptide in the
S. roseosporus genome that contained the sequence tag in the C-terminal region. The putative core peptide #17-3C had the calculated mass of
3270.40 Da. The putative core peptide-(6 H,O) had the calculated mass of 3162.34 Da and the core peptide-(9 H,O) had the calculated mass of
3108.30 Da. The SRO15-3108 gene cluster contained a Lan-synthetase (LanM) and a lantibiotic resistance transporter-peptidase (LanT). (d)
Alignment of putative precursor peptides from SRO15-3108 gene cluster. Another small ORF (80 aa) was located next to the precursor peptide on
the genome comprising a C-terminal region with multiple Ser/Thr/Cys-residues and a N-terminal region with high homology to the N-terminal
leader peptide of SRO15-3108 precursor peptide. This ORF could be the second precursor peptide of a two-component lantipeptide system with a
single core peptide-substrate promiscuous LanM enzyme“.
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6-frame translation — search tag: VTI(L)S(C)T

Candidate
precursor
peptide

[..] RLPGPPPRPRLRGGPDRPPAGHRLRLLEPAGPVPGRRRTPPPPGPHHHPRRPGRPHRPPDPPDRPAGL
ARAHLPRAPRPPRRTADPPVDGPLHRHGRRPARPGSDPRRTRRAPALPPAAPAAHRPALNPGSRTTQHHOH
HSFSQVAVVRPLDTKEYVMALLDLQAMDTPQEEAVGDLATGSQISLLICEYSSL Sl P XRRAEPGCPP

CARPPAGRARATTLGPGRPSARDLPRSAPARTAPARSPARTEQPXPPPPPTPPGPAPLPPRRPPRGACCGR
RYAGAGDPRPSSSRPPRSAPPPPSPCPSPSAAPSTCSSPAPTPGPGSCCAPRXSPPRWPRTPSSPAPAJ...]

AWRPLDTKEYVMALLDLQAMDTPQEEAVGDL{GSQISLLICEYSSLSVTL@

'
2314.14Da
- _4H,0
2242 .10Da (calc, obs: 2242.22Da)

Gene cluster Ll
AmfT AmfS AmfB AmfA AmfR
Gene Size | Predicted function
[aa]
SSHG_03588 | 903 AmfT ZP 06774427.1 - AmfT protein [Streptomyces clavuligerus
ATCC27064] (64/55)
SSHG_03589 | 56 AmfS - precursor peptide YP 001823908.1 - AmfS protein [Streptomyces griseus
(43) (short ORF) subsp. griseus IFO 13350] (93/81)
SSHG_03590 | 607 AmfB - ABC transporter ATP- | ADI10716.1 - ABC transporter ATP-binding membrane
binding membrane translocator, AmfB [Streptomyces bingchenggensis BCW-1]
translocator (60/51)
SSHG_03591 | 643 AmfA - ABC transporter ATP- | ADI10717.1 - ABC transporter ATP-binding protein, AmfA
binding protein [Streptomyces bingchenggensis BCW-1] (54/44)
SSHG_03592 | 201 AmfR - transcriptional ZP_06527126.1 — two-component system response regulator
regulator [Streptomyces lividans TK24] (73/57)
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Supplementary Figure 17. Characterization of class Ill lantipeptide SAL-2242 from Streptomyces albus J1074. (a) SAL-2242 imaging and
purification. A compound with a mass of 2242 Da was detected by MALDI-imaging around a sporulating Streptomyces albus J1074 colony. The
compound was extracted from 80 plates of sporulating S. albus and partially purified by gel filtration and desalted and concentrated by HPLC. (b)
SAL-2242 sequence tagging. The MS" analysis yielded the 5-aa-long MS" sequence tag VTI(L)DhaT. (c) Genome mining of SAL-2242 gene
cluster. The search tag VTI(L)S(C)T enabled to identify a 43-aa-long candidate precursor peptide with the sequence tag in the C-terminal region.
The putative core peptide 27.%3p had the mass 2314.14 Da which matched the observed mass of 2242.22 Da after the loss of 4 H,0 (formation of
2 Lan and 2 Dha). The SAL-2242 gene cluster was homologous to the AmfS gene cluster. It contained a AmfT, AmfA, AmfB and AmfR gene.
Based on the results and the sequence similarity to other known AmfS-like class Ill lantipeptides (not shown, see “'and Supplementary Table 1),
a SAL-2242 structure with 2 Lan-bridges and 2 Dha-PTMs could be predicted (Table 1).
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Supplementary Table 6 | Mass shifts of RNP monomers and modifications and their
corresponding precursor amino acids in precursor peptides

Mass shift [Da]

Monomer (Abbreviation)

Biosynthetic precursor in prepropeptide

Mass shift [Da]

Monomer (Abbreviation)

Biosynthetic precursor in prepropeptide

69.021

71.037

72.021

74.036

83.037

86.036
100.076
113.047
125.035
127.051
129.042
131.021
137.034
139.050
139.050
139.051
141.012
141.066
141.066
143.028
151.050
151.050
153.011
153.065
153.066
153.066
155.027
155.027
155.045
155.081
155.094
157.043
157.061
160.043
165.066
165.066
167.027
167.081
167.081
167.082
169.043
169.061
169.061
169.097
169.110
171.022
171.022
171.076
171.077
173.038
173.038
179.082
181.043
181.097
181.097
181.097
181.097
182.056
183.040
183.058
183.059
183.077
183.112
183.113
183.113
184.072
185.038
185.038
185.056
185.074
185.092
186.999
187.053
187.054
189.015

Dehydroalanine (Dha)
D-Ala
oxopropionic acid
2-hydroxypropionic acid
Dehydrobutyrine (Dhb)
2-oxobutyric acid
N,N-dimethyl-alanine
monohydroxy-proline
Gly-oxazole
Gly-oxazoline
dihydroxy-proline
B-hydroxy-aspartate
Dha-oxazole
Ala-oxazole
Dha-oxazoline
Gly-methyloxazole
Gly-thiazole
Gly-methyloxazoline
Ala-oxazoline
Gly-thiazoline
Dhb-oxazole
Dha-methyloxazole
Dha-thiazole
Dha-methyloxazoline
Dhb-oxazoline
Ala-methyloxazole
Ala-thiazole
Dha-thiazoline
Ser-oxazole
Ala-methyloxazoline
dimethylallyl-serine
Ala-thiazoline
Ser-oxazoline
N-formyl-methionine
Pro-oxazole
Dhb-methyloxazole
Dhb-thiazole
Dhb-methyloxazoline
Val-oxazole
Pro-oxazoline
Dhb-thiazoline
Thr-oxazole
Ser-methyloxazole
Val-oxazoline
dimethylallyl-threonine
Ser-thiazole
Cys-oxazole
Ser-methyloxazoline
Thr-oxazoline
Ser-thiazoline
Cys-oxazoline
Pro-methyloxazole
Pro-thiazole
Pro-methyloxazoline
Leucine-oxazole
Isoleucine-oxazole
Val-methyloxazole
Asn-oxazole
Asp-oxazole
Val-thiazole
Pro-thiazoline
Thr-methyloxazole
Val-methyloxazoline
Leucine-oxazoline
Isoleucine-oxazoline
Asn-oxazoline
Thr-thiazole
Cys-methyloxazole
Asp-oxazoline
Val-thiazoline
Thr-methyloxazoline
Cys-thiazole
Cys-methyloxazoline
Thr-thiazoline
Cys-thiazoline

Seror Cys
L-Ser

Ser (N-terminal in propeptide)
Ser (N-terminal in propeptide)

Thr

Thr (N-terminal in propeptide)
Ala (N-terminal in propeptide)

Pro
Gly-Ser
Gly-Ser

Pro

Asp (putative)
Ser/Cys-Ser
Ala-Ser
Ser/Cys-Ser
Gly-Thr
Gly-Cys
Gly-Thr
Ala-Ser
Gly-Cys
Thr-Ser
Ser/Cys-Thr
Ser/Cys-Cys
Ser/Cys-Thr
Thr-Ser
Ala-Thr
Ala-Cys
Ser/Cys-Cys
Ser-Ser
Ala-Thr

Ser
Ala-Cys
Ser-Ser

Met (N-terminal)
Pro-Ser
Thr-Thr
Thr-Cys
Thr-Thr
Val-Ser
Pro-Ser
Thr-Cys
Thr-Ser
Ser-Thr
Val-Ser

Thr
Ser-Cys
Cys-Ser
Ser-Thr
Thr-Ser
Ser-Cys
Cys-Ser
Pro-Thr
Pro-Cys
Pro-Thr
Leu-Ser

lle-Ser
Val-Thr
Asn-Ser
Asp-Ser
Val-Cys
Pro-Cys
Thr-Thr
Val-Thr
Leu-Ser

lle-Ser
Asn-Ser
Thr-Cys
Cys-Thr
Asp-Ser
Val-Cys
Thr-Thr
Cys-Cys
Cys-Thr
Thr-Cys
Cys-Cys

195.113
195.113
196.072
196.072
196.108
197.056
197.056
197.074
197.074
197.128

Leucine-methyloxazole
Isoleucine-methyloxazole
Gln-oxazole
Asn-methyloxazole
Lys-oxazole
Glu-oxazole
Asp-methyloxazole
Leucine-thiazole
Isoleucine-thiazole
Leucine-methyloxazoline

197.128 Isoleucine-methyloxazoline

198.033
198.087
198.088
198.124
199.017
199.053
199.071
199.072
199.090
199.090
200.049
201.033
201.069
205.072
207.088
210.088
210.124
211.072
212.049
212.085
212.103
212.139
213.033
213.069
213.087
214.065
214.101
215.030
215.049
215.081
215.084
217.046
217.097
219.088
220.040
221.049
221.103
223.065
224.114
226.130
229.097
231.058
231.076
231.112
231.125
233.074
233.092
238.130
240.091
240.145
242.107
245.092
247.053
247.107
249.069
254.092
256.108
265.062
268.108
270.069
270.123
272.085
287.103
323.212
391.274

Asn-thiazole
Asn-methyloxazoline
Gln-oxazoline
Lys-oxazoline
Asp-thiazole
Met-oxazole
Asp-methyloxazoline
Glu-oxazoline
Leucine-thiazoline
Isoleucine-thiazoline
Asn-thiazoline
Asp-thiazoline
Met-oxazoline
His-oxazole
His-oxazoline
GIn-methyloxazole
Lys-methyloxazole
Glu-methyloxazole
Gln-thiazole
Lys-thiazole
Gln-methyloxazoline
Lys-methyloxazoline
Glu-thiazole
Met-methyloxazole
Glu-methyloxazoline
Gln-thiazoline
Lys-thiazoline
Met-thiazole
Glu-thiazoline
Phe-oxazole
Met-methyloxazoline
Met-thiazoline
Phe-oxazoline
His-methyloxazole
5-chlorotryptophan
His-thiazole
His-methyloxazoline
His-thiazoline
Arg-oxazole
Arg-oxazoline
Phe-methyloxazole
Phe-thiazole
Tyr-oxazole
Phe-methyloxazoline
dimethylallyl-tyrosine
Phe-thiazoline
Tyr-oxazoline
Arg-methyloxazole
Arg-thiazole
Arg-methyloxazoline
Arg-thiazoline
Tyr-methyloxazole
Tyr-thiazole
Tyr-methyloxazoline
Tyr-thiazoline
Trp-oxazole
Trp-oxazoline
S-glucosyl-cysteine
Trp-methyloxazole
Trp-thiazole
Trp-methyloxazoline
Trp-thiazoline
N-succinyltryptophan
Geranyl-tryptophan
Farnesyl-tryptophan

Leu-Thr
lle-Thr
Gln-Ser
Asn-Thr
Lys-Ser
Glu-Ser
Asp-Thr
Leu-Cys
Ille-Cys
Leu-Thr
lle-Thr
Asn-Cys
Asn-Thr
Gln-Ser
Lys-Ser
Asp-Cys
Met-Ser
Asp-Thr
Glu-Ser
Leu-Cys
Ille-Cys
Asn-Cys
Asp-Cys
Met-Ser
His-Ser
His-Ser
GIn-Thr
Lys-Thr
Glu-Thr
GIn-Cys
Lys-Cys
GIn-Thr
Lys-Thr
Glu-Cys
Met-Thr
Glu-Thr
GIn-Cys
Lys-Cys
Met-Cys
Glu-Cys
Phe-Ser
Met-Thr
Met-Cys
Phe-Ser
His-Thr
Trp
His-Cys
His-Thr
His-Cys
Arg-Ser
Arg-Ser
Phe-Thr
Phe-Cys
Tyr-Ser
Phe-Thr
Tyr
Phe-Cys
Tyr-Ser
Arg-Thr
Arg-Cys
Arg-Thr
Arg-Cys
Tyr-Thr
Tyr-Cys
Tyr-Thr
Tyr-Cys
Trp-Ser
Trp-Ser
Cys
Trp-Thr
Trp-Cys
Trp-Thr
Trp-Cys
Trp (putative, N-terminal in propeptide)
Trp
Trp
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Supplementary Figure 7 | Mass shifts of NRP monomers (NORINE monomer list excluding lipids)
and corresponding NRPS monomers and genome mining accessibility by NRPSpredictor2
(AntiSMASH, * - biosynthetic monomers can be putative due to lack of biosynthetic knowledge)

Mass shift [Da] ~ Structural monomer Abbreviation (NORINE) Biosynthetic predictor bility of structural
(NRP! ictor2 code)

43.07252 Ethanolamine Eta Eta no

67.09392 pyrrolidone Pyr Pyr no

69.06674 dehydroalanine dh-Ala Dha or Ser no (Dha), yes (ser)

70.051505 pyruvate Pya Pya no

70.14092 putrescine Put Put no

71.08262 beta-Alanine b-Ala b-Ala yes (ala-b)

71.08262 N-Methyl-Glycine NMe-Gly Gly yes (Gly)

72.06738 D-lactic acid D-lac D-lac no

72.06738 Lactic acid Lac Lac no

73.098495 Serinol Serol Ser yes (ser)

83.09332 2,3-dehydro-2-aminobutyric acid dhAbu Thr or Dhb yes (thr), no (Dhb)

83.09332 hydroxy pyrrolidone OH-Pyr OH-Pyr no

83.09332 homoserine lactone Hsel Hsel or Hse no

83.09332 N-Methyl-dehydroalanine NMe-Dha Ser or Dha yes (Ser), no (Dha)

85.066146 alpha-formylGlycine aFo-Gly aFo-Gly no

85.10921 2-Aminoisobutyric acid Aib Aib yes

85.10921 D-3-methoxyalanine D-30Me-Ala 30Me-Ala or Ser no (30Me-Ala), yes (Ser)

85.10921 N-Methyl-Alanine NMe-Ala Ala yes (ala)

85.10921 N-methyl-beta-alanine NMe-bAla bAla (Ala-b) yes (ala-b, beta-ala)

85.10921 D-2-Aminobutyric acid D-Abu Abu yes (abu)

85.10921 2-Aminobutyric acid Abu Abu yes (abu)

85.15226 isovalinol Ivalol Ival yes (iva)

85.15226 valinol Valol Val yes (val)

86.09726 2,3-Diaminopropionic acid Dpr Dpr yes (LDAP)

87.08202 D-Serine D-Ser Ser yes (ser)

87.08202 isoserine Iser Iser no

96.13514 proline carboxamid ProC Pro or ProC yes (pro), no(ProC)

97.1199 norcoronamic acid norCMA Val yes (val)
97.1199 2-methylamino-2-dehydrobutyric acid 2Dh-Mabu Thr yes (thr)
97.1199 D-Proline D-Pro Pro yes (pro)

98.14773 3-methylvaleric acid Me-Vaa Me-Vaa no

99.09272 N-formyl-Alanine NFo-Ala Ala yes

99.09272 D-N-formyl-Alanine D-NFo-Ala Ala yes (Ala)

99.13578 N-dimethyl-Alanine NdMe-Ala Ala yes

99.13578 Norvaline Nva Nva no

99.13578 D-Norvaline D-Nva Nva no

99.13578 D-Valine D-val Val yes (val)

99.13578 D-isovaline D-Ival Ival ves (iva)

99.13578 isovaline Ival Ival yes (iva)

99.13578 2-methyl-3-aminobutanoic acid Mab Mab no

99.17884 Isoleucinol lleol lle yes (ile)

99.17884 Leucinol Leuol Leu yes (leu)
100.120536 2-hydroxyisovalerate Hiv Hiv yes (hyv)
100.120536 D-2-hydroxyisovalerate D-Hiv D-Hiv yes (hyv-d)

100.12384 2,4-diaminobutyric acid Dab Dab yes (dab)
100.12384 D-2,4-diaminobutyric acid D-Dab D-Dab yes (dab)
100.12384 (25)-2,3-diaminobutyric acid Dbu Dbu no
100.12384 (2R,3R)-2,3-diaminobutyric acid D-Dbu Dbu no
100.12384 (25,35)-2,3-diaminobutyric acid L-Dbu Dbu no
101.108596 4-amino-3-hydroxybutyric acid OH-4Abu OH-4Abu no
101.108596 D-Threonine D-Thr Thr yes (thr)
101.108596 allo-Threonine aThr aThr yes (allo-thr)
101.108596 D-allo-Threonine D-aThr aThr yes (allo-thr)
101.108596 Homoserine Hse Hse no
101.108596 D-Homoserine D-Hse Hse no
101.108596 N-Methyl-D-Serine D-NMe-Ser Ser yes (ser)
101.108596 N-Methyl-Serine NMe-Ser Ser yes (ser)
101.13174 dehydro-cysteine dhCys Cys yes (cys)
103.14761 D-Cysteine D-Cys Cys ves (cys)
104.110786 benzoic acid Bz Bz no
110.16171 N-methylglutamine NMe-GIn Gln yes (GIn)
110.18486 N-Methyl-Glycine-thiazole NMe-Gly-Thz Gly-Cys yes (Gly, Cys)
111.10342 pyroglutamic acid pGlu Glu yes (Glu)
111.10342 4-oxo-proline 4oxo-Pro Pro or 4oxo-Pro yes (pro), no (4oxo-Pro)
111.14648 coronamic acid CMA alle yes (alle)
111.14648 homoproline Hpr Hpr yes (pip)
111.14648 D-homoproline D-Hpr Hpr yes (pip)
111.14648 3-methylproline 3Me-Pro Pro or 3Me-Pro yes (pro), no (3Me-Pro)
111.14648 4-methylproline 4Me-Pro Pro or 4Me-Pro yes (pro), no (4Me-Pro)
111.14648 5-methylproline 5Me-Pro Pro or 5Me-Pro yes (pro), no (5Me-Pro)
112.13124 keto-Leucine k-Leu Leu or k-Leu yes (leu), no (k-Leu)
112.13454 Hydroxy-cycloOrnithine OH-cOrn OH-cOm no
112.13454 D-Hydroxy-cycloOrnithine D-OH-cOrn OH-cOrn no
113.07624 aziridine dicarboxylic acid Azd Azd no
113.11929 N-formyl-D-aminobyric acid NFo-D-Abu Abu yes (abu)
113.11929 4-Hydroxyproline 40H-Pro 40H-Pro no
113.11929 D-hydroxyproline D-40H-Pro Pro or 40H-Pro yes (pro), no (40H-Pro)
113.11929 3-Hydroxyproline 30H-Pro Pro or 30H-Pro yes (pro), no (30H-Pro)
113.16237 D-Isoleucine D-lle lle yes (ile)
113.16237 allo-Isoleucine alle alle yes (alle)
113.16237 D-allo-Isoleucine D-alle alle yes (alle)
113.16237 D-tert-Leu D-t-Leu t-Leu no
113.16237 tert-Leu t-Leu t-leu no
113.16237 D-Leucine D-Leu Leu yes (leu)
113.16237 D-N-methyl-norvaline D-NMe-Nva Nva no
113.16237 D-N-Methylvaline D-NMe-Val Val yes (val)
113.16237 N-Methyl-Valine NMe-Val Val yes (val)
113.16237 2-methyl-3-aminopentanoic acid Map Map no
113.20872 norspermidine NSpd NSpd no
114.10406 hydroxyacetyl propionyl Hap Hap no
114.10406 pentanedioic acid Pda Pda no
114.10736 D-Asparagine D-Asn Asn yes (asn)



117

Supplementary Figure 7 | Mass shifts of NRP monomers (NORINE monomer list excluding lipids)
and corresponding NRPS monomers and genome mining accessibility by NRPSpredictor2
(AntiSMASH, * - biosynthetic monomers can be putative due to lack of blosynthetlc knowledge)

Mass shift [Da] ~ Structural monomer Abbreviation (NORINE) Biosynthetic monomer * ibility of structural
ictor2 code)
114.10736 N1-formyl-2,3-Diaminopropionic acid NFo-Dpr Dpr or NFo-Dpr yes (LDAP), no (NFo-Dpr)
114.14712 2-hydroxy-3-methyl-pentanoic acid Hmp Hmp no
114.14712 D-2-hydroxy-3-methylpentanoic acid D-Hmp D-Hmp yes (hmp-D)
114.14712 4-Methyl-D-2-hydroxy-valeric acid 4Me-D-Hva 4Me-Hva no
114.15042 D-ornithine D-Orn omn yes (orn)
114.15042 Ornithine orn omn yes (orn)
115.09213 D-aspartic acid D-Asp Asp yes (asp)
115.09213 N-formyl-isoserine NFo-Iser Iser no
115.13518 D-beta-hydroxyvaline D-bOH-Val Val or bOH-Val yes (val), yes (MeHOval)
115.13518 beta-hydroxyvaline bOH-Val Val or bOH-Val yes (Val), (MeHOval)
115.13518 O-methyl-threonine OMe-Thr Thr or OMe-Thr yes (thr), no (OMe-Thr)
115.13518 N-methylthreonine NMe-Thr Thr yes (thr)
117.108 4-Hydroxythreonine 40H-Thr Thr or 40H-Thr yes (thr), no (40H-Thr)
117.17421 alpha-methylcysteine aMe-Cys aMe-Cys no
117.17424 N-methylcysteine NMe-Cys Cys yes (cys)
118.13736 phenylacetic acid Pha Pha no
120.11018 para-hydroxy-benzoic acid pOH-Bz pOH-Bz (Sal) yes (sal)
121.09825 hydroxypicolinic acid Hpa Hpa no
125.13 4-oxo-homoproline 4oxo-Hpr 4oxo-Hpr no
125.13 N-Formyl-Proline NFo-Pro Pro yes (pro)
125.13 4-oxo-5-methylproline 40x0-5Me-Pro Pro or 5Me-Pro yes (pro), no (4oxo-5Me-Pro)
127.10611 beta-ureido-dehydroAlanine bU-Ala Dpr yes (LDAP)
127.14589 N-Acetyl-2-aminoisobutyric acid Ac-Aib Aib yes (aib)
127.14589 N-formyl-Valine NFo-Val val yes (val)
127.14589 3-Hydroxy-5-methylproline 30H-5Me-Pro Pro or 30H-5Me-Pro yes (pro), no (30H-5Me-Pro)
127.18895 homoisoleucine Hil Hil no
127.18895 D-N-methyl-alloisoleucine D-NMe-alle alle yes (alle)
127.18895 N-Methyl-Isoleucine NMe-lle lle yes (ile)
127.18895 beta-methylisoleucine bMe-lle Ile or bMe-lle yes (ile), no (bMe-lle)
127.18895 N-methyl-allolsoleucine NMe-alle alle yes (alle)
127.18895 D-N-methyl-Leucine D-NMe-Leu Leu yes (leu)
127.18895 N-Methyl-Leucine NMe-Leu Leu yes (leu)
127.18895 alpha-ethylnorvaline Et-Nva Et-Nva no
127.18895 Dolavaline Dov val yes (val)
127.2353 spermidine Spd Spd no
128.13394 D-N2-methyl-asparagine D-N2Me-Asn N2Me-Asn no
128.13394 beta-methyl-asparagine bMe-Asn bMe-Asn no
128.13394 N-methylasparagine NMe-Asn Asn yes (asn)
128.13394 N1-acetyl-2,3-Diaminopropionic acid NAc-Dpr Dpr or NAc-Dpr yes (LDAP), no (NAc-Dpr)
128.13394 D-Glutamine D-GIn Gln yes (Gln)
128.177 D-Lysine D-lys Lys yes (lys)
128.177 beta lysine blys blys yes (lys-b)
128.177 N-Hydroxy-histamine N-OH-Hta N-OH-Hta no
129.1187 D-beta-methyl-aspartic acid D-bMe-Asp bMe-Asp no
129.1187 beta-methyl-aspartic acid bMe-Asp bMe-Asp no
129.1187 beta-methoxy-aspartic acid bOMe-Asp bOMe-Asp no
129.1187 D-Glutamic Acid D-Glu Glu yes (Glu)
129.1187 O-acetyl-Serine Ac-Ser Ser or Ac-Ser yes (ser), no (Ac-Ser)
129.16177 L-acosamine Aco no
129.16177 L-ristosamine Ria no
129.16177 3-hydroxyleucine 30H-Leu Leu or 30H-Leu yes (leu), no (30H-Leu)
129.16177 gama-hydroxy-N-Methyl-Valine gOH-NMe-Val Val or gOH-Val yes (val), no (gOH-Val)
129.16177 beta-hydroxy-N-Methyl-Valine bOH-NMe-Val Val or bOH-Val yes (val), yes (MeHOval)
130.10676 Hydroxyasparagine OH-Asn OH-Asn yes (hasn)
130.10676 D-HydroxyAsparagine D-OH-Asn OH-Asn yes (hasn)
130.11006 alpha-guanidino Serine gSer gSer no
130.14981 hydroxy-beta lysine OH-blys blys yes (lys-b)
130.14981 N5-hydroxy ornithine OH-Orn OH-Orn yes (horn)
130.14981 D-N5-HydroxyOrnithine D-OH-Orn OH-Orn yes (horn)
131.09152 Hydroxyaspartic acid OH-Asp OH-Asp no
131.09152 D-Hydroxyaspartic acid D-OH-Asp D-OH-Asp no
131.20074 N,S-dimethylcysteine diMe-Cys Cys yes (cys)
132.11935 D-arabinose D-Ara no
132.11935 Arabinose Ara no
132.11935 lyxose Lyx no
132.1624 L-Olivose Oli no
133.15199 D-PhenylGlycine D-ph-Gly Ph-Gly yes (phg)
133.15199 phenylglycine Ph-Gly Ph-Gly yes (phg)
133.19507 phenylalaninol Pheol Phe yes (phe)
135.55366 4-Chloro-Threonine 4CI-Thr Thr yes (thr)
136.10959 2,3-dihydroxybenzoic acid diOH-Bz diOH-Bz yes (dhb)
138.12877 dehydropyrrolidone dPyr dPyr no
139.15658 2,3-dimethylpyroglutamic acid 2Me-3Me-pGlu Glu or 2Me-3Me-Glu yes (Glu), no (2Me-3Me-Glu)
140.19099 arginal Argal Arg yes (arg)
141.17247 4-oxovancosamine 4oxo-Van no
141.17247 N-formyl-Isoleucine NFo-lle lle yes (ile)
141.17247 N-formyl-Leucine NFo-Leu Leu yes (leu)
141.17247 N-acetyl-isovaline Ac-lval Ival yes (iva)
141.17247 N-Acetylvaline Ac-Val val yes (val)
141.17247 4-amino-2,2-dimethyl-3-oxopentanoic acid Ibu Ibu no
141.21551 N,O-dimethyl-isoleucine NMe-OMe-lle lle or OMe-lle yes (ile), no (OMe-lle)
141.21551 O-acetyl-leucinol OAc-Leuol Leu yes (leu)
141.21551 N,beta-dimethylLeucine NMe-bMe-Leu bMe-Leu no
141.21554 N,gamma-alloisoleucine diMe-alle alle or Me-alle yes (alle), no (Me-alle)
141.55978 N-methylchloropyrrole MCP N-methylpyrrole-2-carboxylicacid no
142.16052 D-beta-methylglutamine D-bMe-GIn Gln or bMe-GIn yes (GIn), no (bMe-Gln)
142.16052 beta-methylglutamine bMe-Gln Gln or bMe-Gln yes (Gln), no (bMe-Gln)
143.14528 2-Aminoadipic acid Aad Aad yes (aad)
143.14528 Glutamic Acid methyl ester MeO-Glu Glu or MeO-Glu yes (Glu), no (MeO-Glu)
143.14528 D-Glutamic Acid methyl ester D-MeO-Glu Glu or MeO-Glu yes (Glu), no (MeO-Glu)
143.14528 D-Glutamic Acid methyl ester MeO-D-Glu Glu or MeO-Glu yes (Glu), no (MeO-Glu)
143.14528 3-Methyl-Glutamic acid 3Me-Glu 3Me-Glu yes (3-me-glu)
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Supplementary Figure 7 | Mass shifts of NRP monomers (NORINE monomer list excluding lipids)
and corresponding NRPS monomers and genome mining accessibility by NRPSpredictor2
(AntiSMASH, * - biosynthetic monomers can be putative due to lack of biosynthetic knowledge)

Mass shift [Da] ~ Structural monomer Abbreviation (NORINE) i predictor2 ibility of structural
(NRP! ictor2 code)
143.18834 L-actinosamine Act no
143.18834 L-eremosamine Ere no
143.18834 N-methyl-hydroxyisoleucine NMe-OH-lle lle or OH-lle yes (ile), no (OH-lle)
143.18834 norstatine Nst Nst no
144.13334 D-beta-hydroxy-N2-methyl-asparagine D-N2Me-bOH-Asn N2Me-bOH-Asn no (N2Me-bOH-Asn)
144.13334 beta-hydroxyglutamine bOH-GIn bOH-GIn no
145.1181 methoxyaspartic acid OMe-Asp OMe-Asp no
146.14592 L-rhamnose Rha no
147.17857 N-methyl-phenylglycine NMe-Ph-Gly Ph-Gly yes (phg)
147.17857 beta phenylalanine bPhe bPhe no
147.17857 D-Phenylalanine D-Phe Phe yes (phe)
147.17857 D-beta-phenylalanine D-bPhe bPhe no
147.20018 Methionine-S-oxide 0-Met Met or O-Met yes (met), no (O-Met)
147.60742 Chloro-Isoleucine Cl-lle Ile or Cl-lle yes (ile), no (Cl-lle)
148.12028 2-hydroxyphenyl-2-oxo-ethanoic acid Hpoe Hpoe no
148.16334 D-Phenyl-lactate D-Ph-lac D-Ph-Lac no
148.16334 Phenyl-lactate Ph-Lac Ph-Lac no
149.1514 D-HydroxyPhenylGlycine D-Hpg Hpg ves (hpg)
149.1514 HydroxyPhenylGlycine Hpg Hpg yes (hpg)
151.14246 D-4-fluoroPhenylGlycine D-F-ph-Gly D-F-ph-Gly no
151.14581 cysteic acid CysA Cys or CysA yes (cys), no (CysA)
15114581 D-cysteic acid D-CysA Cys or CysA ves (cys), no (CysA)
153.1434 Hydroxyhistidine OH-His His (bOH-His) or OH-His yes (his), no (OH-His)
153.22621 N-methyl homo vinylogous Valine NMe-hv-Val hv-val no
154.17451 capreomycidine Cap Cap yes (cap)
154.17451 enduracididine End End no
154.17451 D-enduracididine D-End End no
154.19437 Alanine-thiazole Ala-Thz Ala-Cys yes (ala, cys)
155.19904 O-desmethyldolaproine dDap dDap no
155.19904 N-acetyl-Leucine NAc-Leu Leu yes (leu)
155.2421 methyl-2-aminooctanoic acid Me-AOA Me-AOA no
156.14404 N-formyl-Glutamine NFo-GIn Gln yes (GIn)
156.14554 2-carboxyquinoxaline COOH-Qui COOH-Qui no
156.18381 hydroxyisovalerylpropionyl Hip Hip no
156.1871 3,4-dimethylglutamine 3Me-4Me-Gln Gln or 3Me-4Me-GIn yes (Gln), no (3Me-4Me-Gln)
156.25003 N-trimethyl-leucine NtMe-Leu Leu yes (leu)
156.25003 N-dimethyl-leucine NdMe-Leu Leu yes (leu)
157.17517 D-Citrulline D-Cit citrulline no
157.17517 Citrulline Cit citrulline no
157.1904 D-Arginine D-Arg Arg yes (arg)
157.21492 isostatine Ist Ist no
157.21492 statine Sta Sta no
158.15991 N6-formyl-HydroxyOrnithine Fo-OH-Orn Fo-OH-Orn yes (hforn)
158.15991 D-formyl-hydroxyOrnithine D-Fo-OH-Orn Fo-OH-Orn yes (hforn)
159.14468 alpha-amino-hydroxyadipic acid Ahad Aad or Ahad yes (aad)
159.18928 N-methyl-2,3-dehydrophenylalanine NMe-dPhe Phe yes (phe)
160.1725 O-methyl-L-rhamnose 20Me-Rha no
161.20517 D-N-Methyl-Phenylalanine D-NMe-Phe Phe yes (phe)
161.20517 3-methylphenylalanine 3Me-Phe Phe or 3Me-Phe yes (phe), no (3Me-Phe)
161.20517 N-Methyl-Phenylalanine NMe-Phe Phe yes (phe)
161.20517 Homophenylalanine Hph Hph no
162.14532 D-mannose D-Man no
162.14532 beta-D-galactose bD-Gal no
162.14532 D-galactose D-Gal no
162.14532 D-Glucose D-Gle no
162.14532 L-Glucose Glc no
163.11627 phosphinothricin PT AcDMPT no
163.13492 N-hydroxy-dehydro-HydroxyPhenylGlycine OH-dHpg Hpg yes (hpg)
163.13492 D-N-hydroxy-dehydro-HydroxyPhenylGlycine  D-OH-dHpg Hpg ves (hpg)
163.17798 N-methyl-HydroxyPhenylGlycine NMe-Hpg Hpg yes (hpg)
163.17798 phenylserine Ph-Ser Ph-Ser no
163.17798 D-Tyrosine D-Tyr Tyr yes (tyr)
163.17798 beta-tyrosine bTyr bTyr no
163.19958 Methionine sulfone 02-Met Met or 02-Met yes (met), no (02-Met)
164.16275 4-hydroxy-D-phenyl-lactate 40H-D-Ph-Lac 40H-D-Ph-Lac no
164.16604 propenoyl-alanyloxazole acid PALOA Ala-v-Ser yes (Ala), no (v-Ser)
165.1508 D-3,5-dihydroxyphenylglycine D-Dhpg Dhpg yes (dpg, dhpg)
165.1508 3, hydroxyphenylglycine Dhpg Dhpg yes (dpg, dhpg)
166.01001 3,4-dichloro-proline Cl2-Pro Pro or Cl2-Pro yes (pro), no (Cl2-Pro)
166.18523 cyclo alpha-ketoarginine ck-Arg ck-Arg no
167.20973 2-carboxy-6-hydroxyoctahydroindole Choi Choi no
167.25281 3-Desoxy-Methyl-4-butenyl-4-methyl threonine 3d-NMe-Bmt 3d-Bmt no
168.22096 1-methoxy-beta-alanine-thiazole OMe-bAla-Thz bAla-Cys yes (ala-b, cys)
169.22562 4-butenyl-4-methyl threonine Bmt Bmt yes (bmt)
169.22562 Dolaproine Dap Dap no
169.2753 guanylspermidine GSpd GSpd no
170.17392 5-hydroxy-capreomycidine 50H-Cap Cap yes (cap)
170.21039 hydroxysecbutyl acetyl propionyl Hysp Hysp no
170.21699 homoarginine Har Har no
171.19844 N-methoxyacetyl-valine NOMe-Ac-Val Val yes (val)
171.2415 N-desmethyldolaisoleuine dbil dDil or Dil no
172.18651 N-acetyl-HydroxyOrnithine Ac-OH-Orn Ac-OH-Orn yes (haorn)
172.18651 D-N-acetyl-HydroxyOrnithine D-Ac-OH-Orn Ac-OH-Orn yes (haorn)
172.23111 tryptophanol Trpol Trp yes (trp)
175.23174 alpha-amino-phenyl-valeric acid Apv Apv no
175.25334 beta,beta-dimethyl-Methionine-S-oxide bbMe2-0-Met bbMe2-0-Met or bbMe2-Met no
176.00485 N-methyldichloropyrrole-2-carboxylic acid MdcP N-methylpyrrole-2-carboxylicacid no
177.20456 beta-hydroxy-N-Methyl-Phenylalanine bOH-NMe-Phe Phe or bOH-Phe yes (phe), no (bOH-Phe)
177.20456 Homotyrosine Hty Hty no
177.20456 N-methyltyrosine NMe-Tyr Tyr yes (tyr)
178.19261 propenoyl-2-aminobutanoyloxazole acid PAOA Abu-v-Ser yes (abu), no (v-Ser)
179.17738 3,4-dihydroxyphenylalanine diOH-Phe Tyr or diOH-Phe yes (tyr), no (diOH-Phe)
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and corresponding NRPS monomers and genome mining accessibility by NRPSpredictor2
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179.17738 beta-hydroxy-tyrosine
181.19327 Anticapsin
182.18462 D-homoarginine
182.22768 vinylogous arginine
183.2522 N-methyl-4-butenyl-4-methyl threonine
183.59647 3-chloro-4-hydroxyphenylglycine
184.19874 2,3-Dehydro-Tryptophan
184.2005 alpha-ketoarginine
185.22656 Dolapyrrolidone
185.26807 Dolaisoleucine
186.21461 D-Tryptophan
186.21638 hydrated alpha-ketoarginine
186.28082 Dolaphenine
187.19939 dehydro vinylogous tyrosine
188.18919 3,4-dihydroxyArginine
189.21527 N-acetylphenylalanine
189.21527 vinylogous tyrosine
190.20331 D-kynurenine
190.20331 kynurenine
190.24638 N-methyl-4 y
190.24638 N,0-dimethyl-tyrosinecarboxamid
191.23114 alpha-amino-hydroxyphenyl-valeric acid
191.23114 N-methyl-homotyrosine
191.23114 3-methyl-homotyrosine
191.23114 D-N,O-dimethyl-tyrosine
191.23114 N,O-dimethyl-tyrosine
193.20396 beta-methoxy-tyrosine
194.0632 di-chloro-N-methyl-dehydroLeucine
194.21033 O-sulfate-2-hydroxy-3-methylpentanoic acid
194.27814 methyloxazoline-isoleucine
196.07907 di-chloro-N-methyl-Leucine
197.27878 4-butenyl-4-methyl-N,4-methyl threonine
197.62304 chloro-tyrosine
200.19661 N-acetyl-N6-formyl-N6-hydroxyOrnithine
200.24119 N1-methyl-tryptophan
202.21402 phototryptophan
202.21402 5-hydroxytryptophan
204.27295 N-methyl-4-di y
205.21467 vinylogous hydroxy tyrosine
205.25772 alpha-amino-methoxyphenyl-valeric acid
208.17554 3-nitrotyrosine
210.08665 D-PhosphateAsparagine
210.25761 propenoyl-O-methylserinylthiazole acid
211.64961 D-3-chloro-N-methyl-Tyrosine
211.64961 Chloro-N-methyl-tyrosine
213.62245 beta-hydroxy-chloro-tyrosine
214.22317 3-amino-6-hydroxy-2-piperidone
216.23904 2,6-diamino-7-hydroxyazelaic acid
216.2406 N-methyl-5-hydroxytryptophan
216.2406 methoxytryptophan

216.24237 4-amino-7-guanidino-2,3-dihydroxyheptanoic aci

218.04154 3,5-dichloro-4-hydroxyphenylglycine
219.1982 DHP-methyloxazolinyl group
219.24124 N-methoxyacetyl-D-phenylalanine
220.65968 D-6'-chloro-tryptophan
221.2372 dihydroxyphenylthiazol group
226.07464 bromophenylalanine
228.2513 N-acetyltryptophan
228.29437 beta,beta,N-trimethyltryptophan
228.50825 tri-chloro-N-methyl-dehydroleucine
230.22412 D-2-carboxy-tryptophan
230.29031 thiazolylphenylalanine
230.52412 tri-chloro-N-methyl-Leucine
234.68626 N-methyl-6-chloro-tryptophan
240.10124 beta-methyl-bromophenylalanine
242.07404 beta-hydroxy-bromophenylalanine
242.07404 bromotyrosine
242.32094 beta,beta,N1,N-tetramethyltryptophan
246.5235 tri-chloro-2-hydroxy-N-methyl-Leucine
246.5235 tri-chloro-5-hydroxy-N-methyl-Leucine
250.68567 N-methyl-6-chloro-5-hydroxytryptophan
256.10062 D-3-bromo-N-methyl-Tyrosine
258.27731 N1-carboxy-bichomotryptophan
259.26534 pyoverdin chromophore
259.26534 isopyoverdin chromophore
261.28122 5,6-dihydropyoverdin chromophore
263.68442 D-6-chloro-N2-formamidotryptophan
265.11069 5-bromo-tryptophan

bOH-Tyr

NMe-MeA-Phe
NMe-OMe-TyrC
Ahv

NMe-Hty
3Me-Hty
D-NMe-OMe-Tyr
NMe-OMe-Tyr
bOMe-Tyr
CI2-NMe-dhLeu
0OSu-Hmp
MeOx-lle
CI2-NMe-Leu
Me2-Bmt

Cl-Tyr
NAc-Fo-OH-Orn
1Me-Trp

pTrp

OH-Trp
NMe-Me2A-Phe
v-OH-Tyr

Amv

3NO2-Tyr
D-PO-Asn

PMST
D-Cl-NMe-Tyr
Cl-NMe-Tyr
bOH-CI-Tyr

Ahp

Daz
NMe-OH-Trp
OMe-Trp

Agdha

Cl2-Hpg

DMOG
NOMe-Ac-D-Phe
D-CI-Trp

DHPT

Br-Phe

Ac-Trp
bbMe-NMe-Trp
CI3-NMe-dhLeu
D-COOH-Trp
Phe-Thz
CI3-NMe-Leu
NMe-Cl-Trp
bMe-Br-Phe
bOH-Br-Phe
Br-Tyr
bbNMe-NMe-Trp
CI3-20H-NMe-Leu
CI3-50H-NMe-Leu
NMe-CI-OH-Trp
D-Br-NMe-Tyr
N1-COOH-bhTrp
ChrP

Chrl

ChrD
D-CI-CONH2-Trp
Br-Trp

266.38054 8,10-Dimethyl-9-hydroxy-7-methoxytridecadienc DHMDA

272.32704 4-propenoyl-2-tyrosylthiazole acid
279.13727 N-methyl-2-Bromo-tryptophan
281.11008 2-bromo-5-hydroxytryptophan
285.25958 azotobactins chromophore
303.10107 D-3-iodo-N-methyl-Tyrosine
310.26572 actinomycin chromophore

PTTA
NMe-Br-Trp

D-I-NMe-Tyr
ChrAct

bOH-Tyr

Aca

Har

Argorv-Arg
Bmt

Hpg

Trp

k-Arg

Dpy

Dil

Trp

hk-Arg

Phe-Cys

Tyr or dv-Tyr
Arg or diOH-Arg
Phe

v-Tyr

Kyn

Kyn

MeA-Phe
OMe-TyrC

Ahz

Hty

Hty or 3Me-Hty
Tyr or OMe-Tyr
Tyr or OMe-Tyr
Tyr, bOH-Tyr or bOMe-Tyr
Leu or dhLeu
Hmp or OSu-Hmp
Thr-lle

Leu

Me2-Bmt or Bmt
Tyr or CI-Tyr
NAc-Fo-OH-Orn
Trp or 1Me-Trp
pTrp

Trp or OH-Trp
Me2A-Phe
v-OH-Tyr

Amv

Tyr

PO-Asn or OH-Asn
MeO-Ser-v-Cys
Tyror Cl-Tyr
Tyror Cl-Tyr
bOH-Tyr or bOH-CI-Tyr
Ahp, incl. Thr
Daz

Trp or OH-Trp
Trp or OMe-Trp
Arg or Agdha
Hpg
diOH-Bz-Thr
Phe

Trp or Cl-Trp
diOH-Bz-Cys
Phe or Br-Phe
Trp

Trp or bbMe-Trp
Leu or dhLeu
Trp or COOH-Trp
Phe-Cys

Leu

Trp or Cl-Trp
bMe-Br-Phe

Phe or bOH-Br-Phe
Tyr or Br-Tyr

Trp or bbNMe-Trp
Leu or 20H-Leu
Leu or SOH-Leu
Trp or CI-OH-Trp
Tyr or Br-Tyr
N1-COOH-bhTrp or bhTrp
Tyr-Dab

Tyr-Dab

Tyr-Dab

Trp or CI-CONH2-Trp
Trp or Br-Trp
DHMDA
Tyr-v-Cys

Trp or Br-Trp
Trp or Br-OH-Trp
Tyr-Dab

Tyr

yes (bht)

no

no

yes (arg), no (v-Arg)
yes (bmt)

yes (hpg)

yes (trp)

yes (trp)

yes (Phe, Cys)

yes (tyr), no (dv-Tyr)
yes (arg), no (diOH-Arg)
yes (phe)

yes (tyr), no (OMe-Tyr)
yes (tyr), no (OMe-Tyr)

yes (bht or tyr), no (bOMe-Tyr)
yes (leu), no (dhLeu)

no
yes (ile-thr)

yes (leu), no (Cl2-Leu)
no, yes (bmt)

yes (tyr), no (CI-Tyr)

no

yes (trp), no (1Me-Trp)
no

yes (trp), no (OH-Trp)
no

no

no

yes (tyr)

no (PO-Asn), yes (hasn)
no

yes (tyr), no (Cl-Tyr)

yes (tyr), no (Cl-Tyr)

yes (bht), no (bOH-Cl-Tyr)
no (Ahp), yes (thr)

no

yes (trp), no (OH-Trp)
yes (trp), yes (s-nmethoxy-trp)
yes (Arg), no (Agdha)
yes (hpg)

yes (dhb, thr)

yes (phe)

yes (trp), no (Cl-Trp)

yes (dhb, cys)

yes (phe), no (Br-Phe)
yes (trp)

yes (trp), no (bbMe-Trp)
yes (leu), no (dhLeu)
yes (trp), no (COOH-Trp)
yes (phe, cys)

yes (leu)

yes (trp), no (CI-Trp)

no

yes (phe), no (bOH-Phe)
yes (tyr), no (Br-Tyr)

yes (trp), no (bbNMe-Trp)
yes (leu), no (20H-Leu)
yes (leu), no 50H-Leu
yes (trp), no (Cl-OH-Trp)
yes (tyr), no (Br-Tyr)

no

yes (tyr), yes (dab)

yes (tyr), yes (dab)

yes (tyr), yes (dab)

yes (trp), no (CI-CONH2-Trp)
yes (trp), no (Br-Trp)

no

yes (tyr), no (v-Cys)

yes (trp), no (Br-Trp)
yes (trp), no (Br-OH-Trp)
yes (tyr), yes (dab)

yes (tyr)

4-Methyl-3-hydroxy-anthranilicacid no
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ABSTRACT: The anti-neoplastic agent didemnin B from the
Caribbean tunicate Trididemnum solidum was the first marine
drug to be clinically tested in humans. Because of its limited
supply and its complex cyclic depsipeptide structure,
considerable challenges were encountered during didemnin
B’s development that continue to limit aplidine (dehydrodi-
demnin B), which is currently being evaluated in numerous
clinical trials. Herein we show that the didemnins are bacterial
products produced by the marine a-proteobacteria Tistrella
mobilis and Tistrella bauzanensis via a unique post-assembly
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line maturation process. Complete genome sequence analysis of the 6,513,401 bp T. mobilis strain KA081020-065 with its five
circular replicons revealed the putative didemnin biosynthetic gene cluster (did) on the 1,126,962 bp megaplasmid pTM3. The
did locus encodes a 13-module hybrid non-ribosomal peptide synthetase—polyketide synthase enzyme complex organized in a
collinear arrangement for the synthesis of the fatty acylglutamine ester derivatives didemnins X and Y rather than didemnin B as
first anticipated. Imaging mass spectrometry of T. mobilis bacterial colonies captured the time-dependent extracellular conversion
of the didemnin X and Y precursors to didemnin B, in support of an unusual post-synthetase activation mechanism. Significantly,
the discovery of the didemnin biosynthetic gene cluster may provide a long-term solution to the supply problem that presently
hinders this group of marine natural products and pave the way for the genetic engineering of new didemnin congeners.

H INTRODUCTION

Sessile marine invertebrates such as sponges and tunicates are
intimately linked with microbes that are consumed as food and
hosted for their protective chemistry. These marine animals are
rich sources of structurally diverse collections of unique
bioactive molecules that in some cases have been developed
into drugs for the benefit of human health."* A major challenge
in the drug development of marine natural products, however,
has historically been the difficulty in supplying sufficient
material for pre-clinical and clinical evaluation due to natural
limitations of the source organism.> Marine products are
frequently endowed with complex organic structures that
complicate their total syntheses in large scale to meet the
demands of a drug development program.* Microbes are
commonly suggested as the actual producers of many
molecules originally isolated from invertebrate tissues, and

v ACS Pub”ca‘tions © 2012 American Chemical Society

thus microbial fermentation offers the promise of a renewable
supply of important marine drug candidates.’> However, very
few examples exist in which clinically relevant compounds
originally extracted from marine invertebrates are produced by
cultured microbes. Herein we show that the didemnin family of
anti-cancer agents, including didemnin B as the first marine
natural product clinically tested in humans,® is produced by
marine bacteria of the genus Tistrella through an unexpected
biosynthetic pathway.

Invertebrate-derived natural products, especially those with
complex polyketide and non-ribosomal peptide structures, are
generally proposed to be microbial in origin since the molecular
basis governing their biosyntheses resides exclusively in
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Figure 1. Structures of didemnin B and other representative didemnin analogues in which structural differences are colored red.
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Figure 2. HPLC profiles of didemnin B and nordidemnin B in extracts of four different Tistrella strains.

microbes.””® Metagenomic studies have revealed the microbial
production of noteworthy bioactive natural products from
diverse marine invertebrates, including the pederin group of
polyketides from sponges,'® the patellamides and ecteinascidin-
743 (Yondelis) from tunicates,'"'> and the bryostatin macro-
lides from bryozoans."> In each case, uncultivated bacterial
symbionts are thought to be the natural producers. Free-living
marine microbes are often not implicated in the synthesis of
marine invertebrate natural products, although a field-collected
marine cyanobacterium was shown to harbor the sponge
macrolide swinholide A.'* As a consequence, molecular
engineering approaches involving whole pathway expression
are envisaged to produce complex molecules from marine
invertebrate symbionts in laboratory microbial strains in order
to develop a renewable supply of the compound and allow for

the rational engineering of new chemical entities to probe
structure—function rela’tionships.15 To date, only the cyano-
bactin group of ribosomal peptides, which includes the
patellamides, has been heterologously produced and engi-
neered."® Complex polyketides, non-ribosomal peptides, and
hybrids thereof, on the other hand, present an unmet technical
challenge due to their large biosynthetic gene clusters that often
exceed 100 kb.

Didemnins (Figure 1) are cyclic depsipeptides with
remarkable anti-tumor, anti-viral, and immunosuppressive
properties® that were first discovered in the Caribbean tunicate
Trididemnum solidum in 1981."7 The most potent analogue,
didemnin B, was the first marine natural product to enter
clinical trials as an anti-cancer agent, yet it ultimately failed to
demonstrate effective anti-tumor activity while displaying
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cardiac and neuromuscular toxicities."®'® A closely related
compound, dehydrodidemnin B (aplidine), was isolated from
the Mediterranean tunicate Aplidium albicans and shown to be
more gotent and less toxic despite its minor structural
change.”**" Aplidine has since replaced didemnin B in clinical
trials and is currently in multiple phase II and III trials for the
treatment of various cancers.® Due to their cyclic depsipeptide
structures with highly modified amino acid residues, didemnins
have long been suspected as microbial products assembled by a
hybrid non-ribosomal peptide synthetase—polyketide synthase
(NRPS—PKS) enzymatic pathway.'® In this study, we report
that the didemnins are not only the products of the a-
proteobacterium Tistrella mobilis, which was also recently
reported by Tsukimoto and co-workers,” but also of Tistrella
bauzanensis. More importantly, we show through the complete
genome sequencing of T. mobilis and MALDI-imaging MS
technique that didemnin B is biosynthesized by an unantici-
pated rare mechanism involving a post-assembly activation of
lipoglutamine congeners, didemnins X and Y.

B RESULTS AND DISCUSSION

Isolation of Didemnins from Tistrella Species. We
isolated the a-proteobacterium T. mobilis KA081020-065 from
the Red Sea and measured a very potent cytotoxicity against
HeLa cells. Following a bioassay-guided fractionation of the
ethyl acetate extract, we isolated two metabolites that, based on
high-resolution MS and NMR characterization and comparison
with authentic standards, were identical to the cyclic
depsipeptides didemnin B (Figure S1) and nordidemnin B
(Figure S2) originally isolated from the Caribbean tunicate
Trididemnum solidum."” Since this result showed that the
didemnins are bacterial products, we examined additional

Tistrella strains to explore the extent of didemnin chemistry in
this poorly characterized genus. To our surprise, all strains
tested, including two Pacific Ocean T. mobilis isolates and a T.
bauzanensis strain, also produced didemnin B and nordidemnin
B at varying levels (Figure 2). During the preparation of this
manuscript, Tsukimoto and co-workers independently reported
their isolation from a T. mobilis strain isolated from marine
sediments in Japan.** Based on these preliminary observations,
the didemnins appear to be commonly associated with this
recently described bacterial genus whose secondary metabolic
potential has not yet been reported.”® To further explore the
natural product biosynthetic capacity of Tistrella and to deduce
the molecular basis governing didemnin assembly, we
sequenced the genome of the Red Sea isolate T. mobilis
KA081020-065.

Genome Characteristics of 7. moblis KA081020-065.
The complete genome sequence of T. mobilis strain KA081020-
065 totaling 6,513,401 bp was established by 454 pyrosequenc-
ing to reveal five replicons comprising a 3,919,492 bp circular
chromosome and four circular plasmids ranging in size from
83,885 bp (pTM4) to 1,126962 bp (pTM3) (Figure 3). Its
genome organization with three megaplasmids greater than 600
kb each is reminiscent of several other a-proteobacteria
members such as the rice plant endophyte Azospirillum sp.
BS10 that harbors six plasmids, five of which are in excess of
500 kb.** General features of the T. mobilis genome, which has
a high average G+C content of 68%, are summarized in Table
S1.

Based on the chemical structure of the didemnin
depsipeptides that contains the two ketide-extended amino
acid residues isostatine (Ist) and a-(a-hydroxyisovaleryl)-
propionic acid (Hip),"” we hypothesized their biosynthesis by
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a modular hybrid non-ribosomal peptide synthetase—polyke-
tide synthase (NRPS-PKS) pathway reminiscent of nostopep-
tolide biosynthesis.>® Bioinformatic analysis of the Tistrella
genome revealed just one large NRPS-PKS biosynthetic gene
cluster (did) located on pTM3 (TMO_c0602—c0611) that was
consistent with the proposed biosynthesis of the didemnin
family of cyclic depsipeptides. We detected only one other
multimodular NRPS-based gene cluster in the genome, a
34,665 bp locus on pTM2 (TMO_b0323—b0325), which
rather encodes a putative eight-residue peptide product
inconsistent with didemnin assembly (Figure S3).
Bioinformatic Analysis of the Didemnin Biosynthetic
Gene Cluster Reveals an Unexpected Post-assembly
Processing Mechanism. In silico analysis of the putative
didemnin biosynthetic gene cluster (did) revealed eight NRPS
and two PKS-encoding genes spanning from didA to did]
(Figure S4), comprising 13 modules in total (Figure 4). Based
on the enzymatic logic of thiotemplate-mediated assembly line
biosynthesis, the projected product of the DidB—] mega-
synthetase perfectly correlates with the collinear synthesis of
didemnin B. The DidB adenylation (A) domain A3 is predicted
to load pyruvate and reduce it in cis via the adjacent
ketoreductase (KR) domain to give lactate bound to the
DidB thiolation (T) domain in a reaction reminiscent to that
proposed in valinomycin assembly.26 Further processing by the
monomodular DidC and the trimodular DidD NRPSs are next

proposed to assemble the Pro-DMeLeu-Thr-Ile tetrapeptide
fragment. The N-methylated leucine residue is the lone D-
amino acid in the didemnin B molecule, which correlates nicely
with the epimerase (E) and methyltransferase (MT) domains
that reside in the Leu-specific module S of DidD. Malonate
extension of the DidD product by the PKS DidE, which lacks
an integrated acyltransferase (AT) domain reminiscent of trans-
AT PKSs,”” yields the ketide-extended f-hydroxy-y-amino acid
residue Ist. Analysis of the genes bordering didA—] and
elsewhere in the T. mobilis genome, however, did not reveal a
discrete AT from trans-AT systems, suggesting that the
didemnin polyketide synthase may co-opt the fatty acid
synthase AT FabD as reported recently for the biosynthesis
of FK228.%°

Subsequent activation of 2-oxoisovaleric acid by the DidF A
domain, whose sequence is similar to the N-terminal HetE A
domain (43% identity at amino acid level) that is also
responsible for its selection in hectochlorin biosynthesis,*
sets up the incorporation of the a-hydroxy acid 2-
hydroxyisovaleric acid and a second round of malonate
extension by the DidG PKS. The DidG MT domain putatively
incorporates the a-methyl group in the Hip residue. Further
chain elongation of the DidG product by the sequential
addition of the residues Leu, Pro, and Me,Tyr via the
monomodular DidH—J NRPSs completes the assembly of the
linear didemnin B molecule. The C-terminal thioesterase (TE)
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Figure S. Time-course production of didemnins by T. mobilis KA081020-065 detected by MALDI-imaging mass spectrometry.

domain of DidJ is hypothesized to offload didemnin B as the
cyclic depsipeptide product. In the case of co-produced
nordidemnin B, the DidD A7 domain is anticipated to exhibit
substrate flexibility toward aliphatic residues to also activate and
incorporate Val. [Hysp]didemnin B*® is an additionally
characterized didemnin B derivative from T. mobilis extract
(Figure SS) which further indicates substrate promiscuity in
DidF domain A9 for a-hydroxy acids 2-hydroxyisovaleric acid
(didemnin B) and 2-hydroxy-3-methylvaleric acid ([Hysp]-
didemnin B).

While the biosynthetic model described above is clearly
consistent with the observed didemnin B and nordidemnin B
chemistry of T. mobilis, this proposal ignores the DidA
bimodular NRPS that should function as the priming
synthetase prior to DidB catalysis. Inspection of both DidA A
domains revealed their preference for Gln. Furthermore,
sequence analysis of the DidA N-terminal condensation (C)
domain suggested its enzymatic role in the fatty acylation of the
first amino acid residue to yield a lipopeptide product (Figure
4) consistent with other important non-ribosomal peptides
such as surfactin®® Among the natural didemnin congeners
previously identified from the tunicate T. solidum, only
didemnins X and Y have both GIn residues and a lipid
component (Figure 1) Interestingly, although these two
didemnin derivatives contain Gln residues, they each have more
than two residues as predicted by the bimodular DidA if each
module were to function just once in peptide elongation. We
thus explored the possibility that the immediate product of the
didemnin biosynthetic pathway is not (nor)didemnin B, but
rather an acylglutamine ester such as (nor)didemnin X or Y in
which the ester side chain facilitates the cellular export of the
cyclic depsipeptide from the Gram-negative bacterium for
extracellular unmasking of the didemnin B byproduct.

Conversion of Didemnins X and Y to Didemnin B
Captured by Imaging Mass Spectrometry. Repeated
attempts were unsuccessful to isolate additional didemnin
congeners by altering the culture medium in order to evaluate
the activation hypothesis. We thus turned to MALDI-TOF MS

to analyze the bacterial culture extracts, whereupon we
successfully detected low-abundance masses consistent with
didemnins X and Y in addition to two novel derivatives,
nordidemnins X and Y (Figure S6). We confirmed their
structures by MS" analysis and high-resolution Fourier-
transform ion cyclotron resonance MS as reported in the
Supporting Information (Figure S7). The production of
didemnins X and Y not only suggests that they are the fully
elaborated biosynthetic product of the didemnin synthetase but
also indicates that the DidA bimodular NRPS functions
iteratively to install the three to four Gln residues in didemnins
X and Y, respectively (Figure 4).

In order to explore the biosynthetic connection between
these molecules, we next used MALDI-imaging MS**** to
study the temporal and spatial distribution of the didemnin
compounds. We interrogated T. mobilis colonies over a time
course ranging from 6 h to 6 d (Figure S), which strikingly
revealed that didemnins X and Y are produced and excreted
from the colony during the early growth phase of the
bacterium, peaking at 24 h. Concomitant with their
disappearance by day 4 was the emergence of didemnin B as
the primary didemnin metabolite that steadily increased over
time. This time-lag difference between didemnins X and Y and
didemnin B was similarly observed in the nordidemnin series
(Figure S) and is consistent with the proposed model in which
the lipoglutamine side chain facilitates the cellular export of the
mature didemnin molecule for extracellular processing.

We next set out to determine whether the maturation of
didemnins X and Y involved a secreted factor. To this end, we
performed a hydrolysis assay of purified didemnin precursors
and filtered growth media cultured with and without the
bacterium. The assay clearly showed that didemnin X/Y
turnover to didemnin B was dependent on the addition of a
protein extract from a 1 day T. mobilis culture supernatant
(Figure S8). While studies are ongoing to identify the secreted
hydrolytic factor involved in the peptide activation mechanism,
sequence analysis of the open reading frames adjacent to the
didA—] operon revealed a number of genes encoding
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membrane-associated transport proteins (orf3, orf6) and
hydrolytic enzymes (orf2, orfl4) (Figure S4), further
supporting the export-hydrolysis model. Recently an activation
mechanism was established in the non-ribosomal peptide
synthesis of the antibiotic xenocoumacin from the y-
proteobacterium Xenorhabdus nematophila in which a precursor
molecule is processed by a membrane-bound and p-Asn-
specific peptidase.®® Although the characterized pathway in
xenocoumacin processing parallels the proposed pathway for
didemnin maturation, the did cluster does not harbor a
homologue of the xenocoumacin ABC transporter-trans-
peptidase XenG. In addition, the maturation of xenocoumacin
takes place in the periplasmic space rather than the extracellular
space for didemnins, which may suggest an alternative
mechanism in T. mobilis.

Bl CONCLUSION

The discovery of the bacterial synthesis of the didemnins raises
the question about their origin in the Caribbean tunicate T.
solidum where they were first characterized over 30 years ago by
Rinehart and co-workers."” Based on the findings reported
here, we suspect that the tunicate-derived didemnins are
similarly bacterial in origin. A recent metagenomic profile of the
tropical Pacific tunicate Lissoclinum patella revealed that the
distinctive patellamide ribosomal peptides and the anti-tumor
polyketide patellazole are biosynthetically linked to different
bacteria within the tunicate microbiome.> Similarly, the
approved drug Yondelis (ET-743) from the tropical tunicate
Ecteinascidia turbinata was recently shown to be bacterial in
origin.'> With the T. mobilis genomic information now in hand,
molecular methods could be used to examine didemnin-
associated tunicates for the presence of Tistrella bacteria or
other microbes that carry the did genes. The finding that the
didemnin biosynthetic gene cluster resides on a plasmid is also
intriguing since other bacteria may acquire the metabolic
pathway by horizontal gene transfer. The did-containing
megaplasmid pTM3 contains several essential elements
required for conjugation, including a relaxase (TMO_c0026)
needed for DNA transfer. The bacterial chromosome addition-
ally contains a trb operon which encodes the components of a
bacterial mating apparatus, (TMO_2187—-2198), another
important component in Gram-negative bacterial conjuga-
tion.>’

With a bacterial production of the didemnins now in place,
the supply of these structurally complex and potent anti-cancer
agents may no longer be limiting. While clinical trials with
didemnin B have been suspended, phase II trials with aplidine
(dehydrodidemnin B; plitidepsin) from the Mediterranean
tunicate Aplidium albicans are actively underway.*® Presently,
multi-step total synthesis is employed to produce aplidine for
the clinic due to its limited natural supply.** Biotechnology
now may offer an alternative solution. The T. mobilis DidB
tetradomain gene product is putatively responsible for the
selection and attachment of pyruvate, its ketoreduction to
lactate, and its ensuing condensation with the DidA fatty
acylglutamine residue (Figure 4). Gene inactivation of the didB
KR domain would maintain the oxidation state of the pyruvate
unit and thereby prevent the esterification reaction, effectively
switching the didemnin B biosynthetic pathway to directly
produce aplidine. While seemingly straightforward once a
genetics system is established in Tistrella, production levels may
be significantly impacted since the activation and export
mechanism that governs didemnin B synthesis from the

lipopeptides didemnins X and Y may no longer be effective
in such a mutant for aplidine. We are actively pursuing answers
to the detailed mechanism of didemnin B biosynthesis and
whether we can re-engineer T. mobilis to directly produce
aplidine. A provisional patent has also been filed on the
didemnin biosynthetic gene cluster (U.S. provisional applica-
tion number 61/537,416).

B EXPERIMENTAL SECTION

Strain, Fermentation, and Isolation of Didemnin Com-
pounds. Tistrella mobilis KA081020-065 was isolated from seawater
collected from the Red Sea during a 2009 research cruise. Its crude
extract showed remarkable cytotoxicity on HeLa cells in a bioactive
compound screening of Red Sea bacteria. T. mobilis KA081020-065
was grown in GYP medium [10 g glucose, 4 g yeast extract, 2 g
peptone, and 17 g sea salts per liter of deionized water] using SO-L
stirred fermenters at 25 °C. After 72 h, ethyl acetate was added to the
culture to extract the metabolites. The crude extract was fractionated
by reversed-phase (RP) C18 liquid chromatography and eluted with
increasing amounts of methanol in water. The active fraction was
further purified by semi-preparative RP HPLC with 63% MeCN in
water to give didemnin B and nordidemnin B at 0.2 and 0.1 mg L™/,
respectively. For MS" and FTMS analysis, crude extracts were
separated by RP-HPLC (10—100% MeCN in 0.1% trifluoroacetic
acid (TFA), 40 min gradient). For hydrolysis assay, didemnin X and Y
were purified from crude extract by Sephadex LH20 (GE Healthcare)
gel filtration with MeOH as a mobile phase and RP-HPLC (25—-75%
MeCN in 0.1% TFA, 60 min gradient).

MS Sample Preparation and MS Analysis of Didemnins. For
MALDI-TOF MS analysis, extract or peptide samples were dissolved
in MeOH, mixed 1:1 with saturated universal MALDI matrix, and
spotted on a Bruker MSP96 anchor plate. MALDI-TOF MS analysis
was performed on a Microflex Bruker Daltonics mass spectrometer
outfitted with Compass 1.3 software suite. For MS" and FTMS
analysis, HPLC-purified samples were redissolved in 50 uL of MeOH/
water/formic acid (50:49:1) and injected by a nanomate-electrospray
ionization robot (Advion) for consecutive electrospray into the MS
inlet of a LTQ 6.4T Fourier transform ion cyclotron resonance (FT-
ICR) mass spectrometer (Thermo Finnigan). MS and MS" data were
acquired in the positive ion mode. FTMS data were acquired in 400—
2000 m/z scans. Selected peptide mass signals were manually isolated
and fragmented by CID. MS" data were collected either in ion trap or
FT detection mode. All data were analyzed using QualBrowser, which
is part of the Xcalibur LTQ-FT software package (Thermo Fisher).

Genome Sequencing, Annotation, and Analysis. We used a
massively parallel pyrosequencing technology (Roche 454 GS FLX)*’
to sequence the T. mobilis KA081020-065 genome. We obtained
315,496 reads with an average length of 334 bp, which provided a
16.2-fold coverage of the 6.4 Mb genome. From these reads, we
assembled 112 contigs (>500 bp) using the Newbler software of the
454 suite package. To enhance sequence quality and to construct
scaffolds, we sequenced a paired-end Illumina library of an additional
2,625,640 bp with average length of 115 bp, which were then mapped
to the genome sequence. All contig relationships within scaffolds were
then validated by PCR, while the relationships among scaffolds were
determined by multiplex PCR.*' Gaps were filled by sequencing PCR
products. The final sequence assembly was carried out using the
phred/phrap/consed package (http://www.genome.washington.edu)
in which we resequenced the low sequence quality regions. The final
error rate of the genome sequence was 0.28 per 100,000 bases. The
sequences of the five replicons were deposited in the GenBank
database as accession numbers CP003236—CP003240.

Putative protein-coding sequences (CDS) were determined by
combining the prediction results of the Glimmer 3.02* and Z-Curve
programs.”® Functional annotations of CDS were performed by
searching the KEGG and the NCBI non-redundant protein databases.
tRNA genes were predicted with tRNAScan-SE (v1.23).** Protein
domain predictions and COG assignments** were performed by RPS-
BLAST using the NCBI CDD library.*®
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In Silico Analysis of the Didemnin Biosynthetic Gene Cluster
and Other NRPSs in T. mobilis KA081020-065. The putative roles
of the proteins in the didemnin gene cluster were assigned using
protein—protein BLAST and Pfam analyses. NRPS A domain
specificities were predicted using the online program NRPSpredictor2
and antiSMASH."~*

Time-Course Study of Didemnin Production in T. mobilis by
MALDI-Imaging MS. One microliter of fresh overnight T. mobilis
culture was spotted onto 1 mm thick GYP agar plates and allowed to
grow for 6 h to 6 d. Colonies with different growing times were
transferred to Bruker MSP 96 anchor plates and analgrzed concurrently
using the IMS technique as previously described.***°

Didemnin Precursor Hydrolysis Assay. Samples of SO ug each
of HPLC-purified didemnin X and Y were dissolved in 5 uL of water,
mixed with (a) 45 uL of sterile GYP medium (negative control) or (b)
45 pL of protein filtrate (10 kDa cutoff, washed 2x with GYP
medium) of 1 mL of a 1 d T. mobilis KA081020-065 liquid culture (28
°C), and incubated for 24 h at 25 °C. Hydrolysis samples were taken
and spotted on a MALDI-TOF MS plate for subsequent MS analysis
at time points S min, 1 h, 12 h, and 24 h.

B ASSOCIATED CONTENT

© Supporting Information

"H NMR spectra, annotated MS" spectra of the didemnins, and
hydrolysis experiment of didemnin X/Y. This material is
available free of charge via the Internet at http://pubs.acs.org.
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Fig. S2. Characterization of nordidemnin B. (a) MS" analysis.
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Fig. S2. Characterization of nordidemnin B. (b) 'H NMR spectrum.
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Gene
(proposed function) TMO_b0323 (NRPS1) TMO_b0324 (NRPS2)

Q@ﬂ@@@ﬂ@@ﬂ@@ o

NRPS substrate Ser/Thr Leu ?
specificity

NRPS assembly line

Gene
(proposed function) TMO_b0325 (NRPS3)

NRPS substrate
specificity

Fig. $3. Bioinformatic analysis of uncharacterized nrps1 gene cluster on plasmid 2 in the T. mobilis KA081020-065 genome. Domain
notation: AL, acyl ligase; C, condensation domain; A, adenylation domain; T, thiolation domain; E, epimerization; TE, thioesterase. Substrate
abbreviation: Dpg, dihydroxyphenylglycine.
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4Kb

1 6o s el e e e s s ) i m. | || |

orf1-5 orf6,7 didA  didB didC

Bl NRPS or PKS related

didD

I Regulation, resistance related

didE didF didG didH,/

didJ

orf8-16

[ ] Unknown function

Size - . Proposed Identity/ GenBank
Gene Sequence similarity/organism - P .
[aa] function similarity accession no.
orf1 261 Thioesterase, Actinomadura kijaniata Thioesterase 41%, 54% ACB46473
orf2 483 Membrane protease subunit Putative 42%, 59% ZP_02189733
stomatin/prohibitin-like protein, a- protease
proteobacterium BAL199

orf3 560 Cyclic peptide transporter, Transporter 48%, 68% ZP_07653047
Methylobacter tundripaludum SV96

orf4 70 None Hypothetical

orf5 190 GTPase domain-containing protein, Hypothetical 39%, 57% ZP_07653048
Methylobacter tundripaludumS\V96

orfé 987 Hydrophobic/amphiphilic exporter-1, Resistance 38%, 56% YP_003450508
Azospirillum sp. B510

orf7 377 Secretion protein, Azospirillum sp. B510 Resistance 28%, 47% YP_003450507

didA 2123 OciA protein, Planktothrix rubescens NRPS 29%, 40% CAQ48254
NIVA-CYA 98

didB 1796 Linear gramicidin synthetase subunit D, NPRS 36%, 48% ZP_01459555
Stigmatella aurantiaca DW4/3-1

didC 1330 NRPS, Myxococcus xanthus DK 1622 NRPS 41%, 52% YP_632257

didD 3853 Amino acid adenylation domain protein, NRPS 39%, 50% ZP_07603194
Streptomyces violaceusniger Tu 4113

didE 1705 Amino acid adenylation domain protein, NRPS/PKS 36%, 53% ZP_07325073
Acetivibrio cellulolyticus CD2

didF 1613 HctF, Lyngbya majuscula NRPS 35%, 52% AAY42398

didG 1413 NRPS/PKS, Amycolatopsis mediterranei PKS 46%, 56% YP_003765866
u32

didH 1286 NRPS/PKS, Myxococcus xanthus DK NRPS 39%, 53% YP_631961
1622

didl 873 NRPS, Myxococcus xanthus DK 1622 NRPS 39%, 52% YP_632257

didJ 2163 Amino acid adenylation domain protein, NRPS 36%, 53% ZP_08431746

Lyngbya majuscula 3L

Fig. S4. Organization and deduced functions of the open reading frames within and flanking the didemnin
biosynthetic gene cluster.
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Size - . Proposed Identity/ GenBank
Gene Sequence similarity/organism ) L .
[aa] function similarity accession no.

orf8 77 MbtH domain-containing protein, MbtH-like 80%, 89% YP_001542806
Herpetosiphon aurantiacus ATCC protein
23779

orf9 68 Hypothetical protein, Acidovorax sp. Hypothetical 79%, 91% YP_986866
JS42

orfl0 45 None Hypothetical

orf11 60 None Hypothetical

orf12 190 Hypothetical protein, Acidovorax sp. Hypothetical 94%, 97% YP_986861
JS42

orf13 75 Hypothetical protein, Acidovorax sp. Hypothetical 98%,100%  YP_004387524
JS42

orfl4 324 CAAX amino terminal protease family, Putative 30%, 49% ZP_05035401
Synechococcus sp. PCC 7335 protease

orf1l5 398 Cyanate transport system protein, Transport 40%, 52% ZP_07265073
Pseudomonas syringae pv. syringae
642

orfl6 255 GntR family transcriptional regulator, Regulation 39%, 55% NP_903400

Chromobacterium violaceum ATCC
12472

Fig. S4, continued. Organization and deduced functions of the open reading frames within and flanking
the didemnin biosynthetic gene cluster.
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Fig. S5. Characterization of didemnin B derivative [Hy
substrate promiscuity in DidF A8 domain. MS" analysis of [Hysp]didemnin B. Hysp, a-

]did in B prod d by Tistrella mobilis KA081020-065 due to putative NRPS
(a-hydroxy sec-butylacetyl) propionic acid.
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Fig. S6. Detection of didemnin precursors in the extract of Tistrella mobilis KA081020-065 by MALDI-TOF MS. a — Nordidemnin X ((M+H]",
obs 1651.8 Da, calc 1651.9 Da), b — Didemnin X ([M+H]‘, obs 1665.8 Da, calc 1666.0), ¢ — Nordidemnin Y ([M+H]‘, obs 1779.7 Da, calc 1780.0
Da), d — Didemnin Y ([M+H]*, obs 1793.7 Da, calc 1794.0 Da).
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Fig. S7. Characterization of didemnin precursors by MS". (a) MS" analysis of didemnin X.
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Fig. S7. Characterization of didemnin precursors by MS". (b) MS" analysis of didemnin Y.
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Fig. S7. Characterization of didemnin precursors by MS".

(c) MS" analysis of nordidemnin X.
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Fig. S7. Characterization of didemnin precursors by MS". (d) MS" analysis of nordidemnin Y.
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Fig. $8. Didemnin precursor hydrolysis assay. MALDI-TOF MS analysis of didemnin X hydrolysis time course in presence of Tistrella mobilis
secreted proteome ((a), 1d growth in liquid culture, >10kDa protein cutoff filter) and in presence of sterile GYP medium ((b), negative control).
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Fig. $8. Didemnin precursor hydrolysis assay. MALDI-TOF MS analysis of didemnin Y hydrolysis time course in presence of Tistrella mobilis
secreted proteome ((c), 1d growth in liquid culture, >10kDa protein cutoff filter) and in presence of sterile GYP medium ((d), negative control).



Table S1. General genome features of Tistrella mobilis KA081020-065

Features Chromosome pTM1 pTM2 pTM3 pTM4
Topology Circular Circular ~ Circular  Circular Circular
Genome size (bp) 3919492 692874 690188 1126962 83885
G+C content 68.15% 68.26% 67.61% 68.08% 67.26%
CDs number 3565 605 602 942 72
Coding density 89.08% 90.38% 88.92% 88.55% 85.06%
Average CDs length (bp) 979 1035 1019 1059 991
Assigned function 2852 432 501 726 60
Conserved hypothetical 472 101 71 165 9
Hypothetical 244 72 30 51 3

rRNA operons 2 0 0 1 1

tRNA operons 41 0 1 9 3

146



147

Chapter 3, in full, is a reprint of the material as it appears in ‘Bacterial biosynthesis and
maturation of the didemnin anti-cancer agents’, Xu, Y., Kersten, R.D., Nam, S.J., Lu, L., Al-
Suwailem, A.M., Zheng, H., Fenical, W., Dorrestein, P.C., Moore, B.S., Qian, P.Y. Journal of the
American Chemical Society, 2012, 134, 8625-8632. The dissertation author was one of two

equally contributing primary investigators and authors of this paper.

Y.X. and R.D.K. designed and carried out chemical isolation, MS structure elucidation
and imaging MS experiments, analyzed data and wrote the paper, S.-J.N. and L.L. carried out
chemical isolation and NMR structure elucidation experiments and analyzed data, A.M.A.-S.
carried out bacterial strain isolation experiments, H.Z. carried out genome sequencing
experiments, W.F. and P.C.D. designed experiments and analyzed data, B.S.M. and P.-Y.Q.
designed experiments, analyzed data and wrote the paper. Y.X. and R.D.K. contributed equally to

the paper.



Chapter 4 - Glycogenomics, a mass spectrometry-guided genome mining method to

connect biosynthesis genes to glycosylated natural products

41 Introduction

Glycosylated natural products (GNPs) produced by microbes comprise many compounds
with therapeutic and agrochemical applications such as the antibiotic erythromycin [1] and the
insecticide avermectin [2], respectively. A glycosylated natural product consists of an aglycone
moiety and one or multiple glycosyl units (Figure 14) [3] which often directly mediate the
bioactivity of the compound [4]. In microbial genomes, the genes for biosynthesis and attachment
of these glycosyl groups are usually clustered with the biosynthetic genes of the aglycone (Figure
15).

In this chapter, a new experiment-guided genome mining approach is introduced that
rapidly connects GNP chemotypes with their genotypes in microbial genomes via sugar moieties.
Herein, O- and N-glycosyl groups are characterized in their sugar monomers by tandem mass
spectrometry and matched to corresponding glycosylation genes in secondary metabolic
pathways by a MS-glycogenetic code. The aglycone biosynthetic genes of the GNP genotype
then classify the natural product and guide further structure elucidation. The glycogenomic
approach extends the concept of MS-guided genome mining to non-peptidic natural products [5]
and has the potential for automation. The glycogenomic strategy is highlighted by
characterization of glycosylated aromatic polyketides, cinerubin B from Streptomyces sp. SPB74,

and a new arenimycin derivative from Salinispora arenicola CNB-527.
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4.2 Results
421 A MS-glycogenetic code connecting microbial GNP chemo- and genotypes

In order to connect GNP chemotypes by tandem MS with GNP genotypes, a template
had to be established that would link de novo MS" fragmentation data of each sugar with the
corresponding biosynthetic genes from characterized microbial GNP pathways. This MS-
glycogenetic code comprises 83 microbial sugar monomers including the most common microbial
sugars from the Bacterial Carbohydrate Structure Data Base (BCSDB) [6] and most known
deoxysugars involved in natural product glycosylation [3]. For each sugar, calculated masses of
an O-/N-glycosidic neutral loss from the parent ion (Y-ion) and of B/C-ions in CID-based tandem
MS experiments are listed together with the common and specific biosynthetic genes of the
corresponding verified or predicted sugar pathway (Table 2).

The MS-glycogenetic code was first tested whether it could connect MS" data of known
GNP chemotypes with their corresponding GNP genotypes from GenBank. The analyzed GNPs
were selected based on the availability of MS" data in databases, the literature or this study and
the availability of nucleotide sequences associated with biosynthetic gene clusters (Tables 3 and
4). 17 of 19 analyzed GNPs could be connected successfully with their biosynthetic gene cluster
by the MS-glycogenetic code. 14 of the 17 GNPs with observed sugar losses showed sugar-
specific B-ions, while 15 of 17 showed sugar-specific Y-ion neutral losses. The first negative GNP
result, nystatin [7] showed no expected sugar fragmentation in the database MS" spectrum [8]
and, thus, could not be matched to its gene cluster. The second negative GNP result,
glycosylated thiopeptide Sch40832 [9], rather showed dideoxysugar-specific Y-ion neutral losses.
However, the putative thiopeptide gene cluster in the Micromonospora aurantiaca ATCC 27029
genome comprised a glycosyltransferase but not the specific genes involved in dideoxysugar
biosynthesis (Table 3 and 4) [10]. Thus, Sch40832 could not be connected with the gene cluster
using a MS-glycogenetic approach. Among the analyzed GNPs were no C-glycosides. It is

anticipated that C-glycosylated natural products won’t be accessible by the MS-glycogenetic code
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as C-glycosides don’t fragment in a B/Y-ion pathway at the C-glycosidic bond under low-energy
CID conditions but in an A/X-pathway at [0,2]-intraglycosidic bonds [11].

Exemplifying the MS-glycogenetic analysis, phenalinolactone A, a glycosylated terpene
from genome-sequenced Streptomyces sp. Tu6071 [12], shows a neutral loss of 128.072 Da from
the parent ion (738.345 m/z, [M+Na]’) and a complementary 129.094 Da B-ion in its MS?
spectrum. This putative Y-ion mass shift and B-ion correspond to isomeric O-methyl-L-amicetose
or 4-O-methyl-L-rhodinose as MS" candidate sugars (Table 1). BLAST analysis of the
phenalinolactone gene cluster predicted three common glycosylation genes encoding a
nucleotidylyltransferase, a 4,6-dehydratase and a glycosyltransferase, plus six specific
glycosylation genes, i.e. a 2,3-dehydratase, a 3,4-dehydratase, a 3-ketoreductase, a 4-
ketoreductase, an epimerase and an O-methyltransferase. In the MS-glycogenetic code, these
specific genes match to the biosynthetic pathway of the two MS" candidate sugars, O-methyl-L-
amicetose and 4-O-methyl-L-rhodinose, thus connecting MS" data of phenalinolactone A with its

gene cluster (Figure 23).

4.2.2 MS-guided genome mining of a GNP from Streptomyces sp. SPB74

The MS-glycogenetic code was integrated into a workflow of MS-guided genome mining
of glycosylated microbial natural products (Figure 24). This glycogenomic strategy starts with the
LC-MS" analysis of a metabolic extract of a genome-sequenced bacterium (Figure 24A).
Candidate GNP fractions can be identified in the chromatogram by peaks in extracted ion
chromatograms (EIC) of sugar-specific B/C-ion masses or Y/Z-ion neutral losses (Table 3, Fig.
24B). Candidate GNPs are then characterized in their putative glycosyl groups by neutral losses
and B/C-ions in the corresponding MS" spectra (Figure 24C). In the next step, the secondary
metabolic gene cluster that contains biosynthetic genes to produce the MS" candidate sugars is
characterized (Figure 24D). First, all gene clusters with glycosylation genes are identified in the
genome. Then, the GNP gene cluster with biosynthetic genes corresponding to any MS"

candidate sugars is characterized. Finally, the analysis of the aglycone genes enables the
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classification of the GNP chemotype (Figure 24E). The connection of GNP structure and genes is
verified by iterative analysis of MS" and genetic data. NMR structure elucidation finally
characterizes the GNP chemotype.

As a proof-of-concept experiment of the glycogenomic approach, we characterized the
glycosylated anthracycline cinerubin B from a previously unknown producer, Streptomyces sp.
SPB74 [13] (Figure 25 and 26). An organic extract of this genome-sequenced actinobacterium
was analyzed by LC-MS" to give a putative GNP with a parent mass of 825.317 Da (Figure 25A).
Fragmentation of this molecule resulted in two mass shifts and two low-m/z fragment ions that
corresponded to MS" candidate sugars. The observed mass shifts of 110.0 Da and 130.1 Da
matched L-aculose and a collection of six dideoxyhexose isomers, respectively, while the putative
B-ion 158.12 m/z suggested the additional presence of one of eight aminodeoxysugars (Figure
25B). We next interrogated the genome sequence of S. sp. SPB74 for the biosynthesis of a
natural product adorned with at least three sugar monomers. Of the 16 secondary metabolic gene
clusters we identified by AntiSMASH analysis [14], just two harbored glycosylation genes and
only one contained specific glycosylation genes (Figure 25C and 26). Among these specific
genes were six associated with the biosynthesis of L-aculose (Table 1), a derivative of the
trideoxy sugar L-rhodinose found in the polyketide antibiotic aclacinomycin Y [15]. Additional
genes associated with deoxysugar biosynthesis were consistent with the predicted pathways for
the four candidate aminodeoxysugars — megosamine, nogalamine, rhodosamine and
angolosamine — and all candidate dideoxysugars, excluding the biosynthetically uncharacterized
esperamicin A1 sugar [16]. Co-clustered with the deoxysugar biosynthesis gene locus were
genes predicted for aglycone biosynthesis comprising an aromatic type Il polyketide synthase.
Further analysis of the gene set revealed its similarity to the aclacinomycin gene cluster from
Streptomyces galileus [17,18]. This enabled the classification of the target compound as a
glycosylated anthracycline polyketide. Structure elucidation of the purified compound by NMR
identified cinerubin B (calculated mass = 825.32079 Da, Am = 4.6 ppm), a highly bioactive

polyketide first characterized from Streptomyces antibioticus [19] (Figure 27, Table 5). The fast
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130.0630 131.0702 149.0808|2-deoxy-L-fucose
130.0630 131.0702 149.0808 | D-olivose
130.0630 131.0702 149.0808|D-oliose
130.0630 131.0702 149.0808 L-boivii N/A
C ssPG 00478 SSPG_00514

) g g b TECAND) dmmp

Closest homolog [sim/id, %]

Gene Reference Size [aa] Predicted function

SSBG_00478  EDY42516.1 284 daunorubicin resistance protein
SSBG_00479  EDY42517.2 326 daunorubicin resistance protein DrrA
SSBG_00481 EDY42519.2 206 transcriptional regulator
SSBG_00482  EDY42520.2 144 aglycone C-1 hydroxylase
SSBG_00483  EDY42521.1 269 putative hydroxylase

SSBG_00484  EDY42522.1 242 N-methyltransferase

SSBG_00486  EDY42524.1 159 hypothetical protein

SSBG_00487  EDY42525.1 281
SSBG_00488  EDY42526.1 144
SSBG_00489  EDY42527.1 286
SSBG_00490 EDY42528.2 365
SSBG_00491  EDY42529.1 354

transcriptional regulatory protein
CYC, cyclase

MET, methyltransferase
Propionate starter unit, AT
Propionate starter unit, KSIII

SSBG_00492  EDY42530.1 92 minPKS, ACP
SSBG_00493  EDY42531.1 412 minPKS, AT
SSBG_00494 EDY42532.1 424 minPKS, KS

SSBG_00495  EDY42533.2 118
SSBG_00496  EDY42534.1 261
SSBG_00497  EDY42535.1 450

OXY, oxygenase
KR, ketoreductase
ARO, aromatase

SSBG_00505 EDY42543.1 259 CYC, cyclase
putative oxidoreductase

C-7 KR, ketoreductase

SSBG_00507 EDY42544.1 144
SSBG_00508 EDY42546.1 276

SSBG_00514  EDY42552.1 319 transcriptional regulatory protein

BAB72060.1| AcrW [Streptomyces galilaeus] (93/89)
BAB72059.1| AcrV [Streptomyces galilaeus] (93/86)
BAB72058.1| AclS [Streptomyces galilaeus] (80/74)
BAB72057.1| AclIR [Streptomyces galilaeus] (95/88)
BAB72056.1| AclQ [Streptomyces galilaeus] (83/74)
BAB72055.1| AclP [Streptomyces galilaeus] (86/80)

BAB72053.1| AclJ [Streptomyces galilaeus] (87/81)
BAB72052.1| Acll [Streptomyces galilaeus] (92/88)
BAB72051.1| AknH [Streptomyces galilaeus] (96/91)
BAB72050.1| AknG [Streptomyces galilaeus] (90/87)
BAB72049.1| AknF [Streptomyces galilaeus] (86/82)
BAB72048.1| AknE2 [Streptomyces galilaeus] (88/83)
BAB72047.1| AknD [Streptomyces galilaeus] (88/81)
BAB72046.1| AknC [Streptomyces galilaeus] (88/81)
BAB72045.1| AknB [Streptomyces galilaeus] (95/89)
BAB72044.1| AknX [Streptomyces galilaeus] (77/75)
BAB72043.1| AknA [Streptomyces galilaeus] (93/87)
BAB72042.1| AknEl [Streptomyces galilaeus] (89/83)

AAF73459.1| AF264025_10 AknW [Streptomyces galilaeus] (96/90)
AAF73458.1| AF264025_9 AknV [Streptomyces galilaeus] (85/81)
AAF73457.1| AF264025_8 AknU [Streptomyces galilaeus] (87/82)

AAF73451.1| AF264025_2 AknO [Streptomyces galilaeus] (93/87)

Figure 26: Glycogenomic characterization of cinerubin B, a glycosylated anthracycline polyketide, from Streptomyces sp. SPB74. (A) Tandem MS spectrum of
cinerubin B with Y-ion mass shifts (purple, orange) and B-ions (blue) corresponding to putative sugar monomers. (B) Characterization of candidate MS" sugars

from cinerubin B with corresponding glycosylation genes by the MS-glycogenetic code (Table 2). (C) Gene cluster analysis of candidate cinerubin B pathway with

highlighted glycosylation genes (red) and aglycone biosynthetic genes (grey).
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Figure 26: MS-glycogenomic characterization of cinerubin B, a glycosylated anthracycline polyketide, from Streptomyces sp. SPB74. (D) Matching pathways of
specific glycosylation genes with candidate MS/MS sugars from cinerubin B, each starting at deoxysugar biosynthetic intermediate TDP-4-keto-6-deoxy-a-D-

glucose (1).
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Figure 27: NMR spectra of cinerubin B (1-hydroxyaclacinomycin A). 1D and 2D NMR analysis of cinerubin B could verify the
candidate deoxysugars of the glycogenomic analysis as rhodosamine (Rhn), 2’-deoxyfucose (dFuc) and cinerulose B (CinB) which
is attached via a 1"”,2""-O, O-di-glycosidic bond to 2’-deoxyfucose. The sugar stereochemistry was assigned based on a 'H-"H
NOESY experiment. (a) '"H NMR spectrum. The spectrum was observed in MeOD-d4, 600 MHz. The detailed annotations were
listed in Table 5. (b),(c) "H-"H TOCSY spectra and annotations. The spectrum was observed in MeOD-d4, 600 MHz, with a mixing
time of 90 ms. Subfigure b is a full spectrum, subfigure ¢ is a zoom in the spectrum with annotations of the sugar spin systems.
(d),(f) "H-13C HMBC spectrum and annotations. The spectrum was observed in MeOD-d4, 600 MHz with 23J,,,5c = 7Hz. Subfigure
d is a full spectrum and subfigure f shows HMBC annotations. (e),(g) 'H-"*C HSQC spectrum with annotations. The spectrum was
observed in MeOD-d4, 600 MHz, with 'J,,415c = 145 Hz. Subfigure e is a full spectrum and subfigure g shows HMBC annotations.
(h) '"H-"H NOESY spectrum and annotations. The spectrum was observed in MeOD-d4, 600 MHz, with a Bruker NMR .
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Figure 27: NMR spectra of cinerubin B (1-hydroxyaclacinomycin A). 1D and 2D NMR analysis of cinerubin B could verify the
candidate deoxysugars of the glycogenomic analysis as rhodosamine (Rhn), 2’-deoxyfucose (dFuc) and cinerulose B (CinB) which
is attached via a 1"7,2"-0, O-di-glycosidic bond to 2’-deoxyfucose. The sugar stereochemistry was assigned based on a 'H-H
NOESY experiment. (a) '"H NMR spectrum. The spectrum was observed in MeOD-d4, 600 MHz. The detailed annotations were
listed in Table 5. (b),(c) '"H-"H TOCSY spectra and annotations. The spectrum was observed in MeOD-d4, 600 MHz, with a mixing
time of 90 ms. Subfigure b is a full spectrum, subfigure c is a zoom in the spectrum with annotations of the sugar spin systems.
(d),(f) "H-13C HMBC spectrum and annotations. The spectrum was observed in MeOD-d4, 600 MHz with 23J,,,15c = 7Hz. Subfigure
d is a full spectrum and subfigure f shows HMBC annotations. (e),(g) 'H-'C HSQC spectrum with annotations. The spectrum was
observed in MeOD-d4, 600 MHz, with 'J,y45c = 145 Hz. Subfigure e is a full spectrum and subfigure g shows HMBC annotations.
(h) '"H-"H NOESY spectrum and annotations. The spectrum was observed in MeOD-d4, 600 MHz, with a Bruker NMR .
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Figure 27: NMR spectra of cinerubin B (1-hydroxyaclacinomycin A). 1D and 2D NMR analysis of cinerubin B could verify the
candidate deoxysugars of the glycogenomic analysis as rhodosamine (Rhn), 2’-deoxyfucose (dFuc) and cinerulose B (CinB) which
is attached via a 1"”,2""-O, O-di-glycosidic bond to 2’-deoxyfucose. The sugar stereochemistry was assigned based on a 'H-"H
NOESY experiment. (a) '"H NMR spectrum. The spectrum was observed in MeOD-d4, 600 MHz. The detailed annotations were
listed in Table 5. (b),(c) 'H-"H TOCSY spectra and annotations. The spectrum was observed in MeOD-d4, 600 MHz, with a mixing
time of 90 ms. Subfigure b is a full spectrum, subfigure ¢ is a zoom in the spectrum with annotations of the sugar spin systems.
(d),(f) "H-13C HMBC spectrum and annotations. The spectrum was observed in MeOD-d4, 600 MHz with 23J,,,5c = 7Hz. Subfigure
d is a full spectrum and subfigure f shows HMBC annotations. (e),(g) 'H-'C HSQC spectrum with annotations. The spectrum was
observed in MeOD-d4, 600 MHz, with 'J,,415c = 145 Hz. Subfigure e is a full spectrum and subfigure g shows HMBC annotations.
(h) '"H-"H NOESY spectrum and annotations. The spectrum was observed in MeOD-d4, 600 MHz, with a Bruker NMR .
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Figure 27: NMR spectra of cinerubin B (1-hydroxyaclacinomycin A). 1D and 2D NMR analysis of cinerubin B could verify the
candidate deoxysugars of the glycogenomic analysis as rhodosamine (Rhn), 2’-deoxyfucose (dFuc) and cinerulose B (CinB) which
is attached via a 1"”,2""-O, O-di-glycosidic bond to 2’-deoxyfucose. The sugar stereochemistry was assigned based on a 'H-'H
NOESY experiment. (a) '"H NMR spectrum. The spectrum was observed in MeOD-d4, 600 MHz. The detailed annotations were
listed in Table 5. (b),(c) "H-"H TOCSY spectra and annotations. The spectrum was observed in MeOD-d4, 600 MHz, with a mixing
time of 90 ms. Subfigure b is a full spectrum, subfigure ¢ is a zoom in the spectrum with annotations of the sugar spin systems.
(d),(f) "H-13C HMBC spectrum and annotations. The spectrum was observed in MeOD-d4, 600 MHz with 23J,,,15c = 7Hz. Subfigure
d is a full spectrum and subfigure f shows HMBC annotations. (e),(g) 'H-"3C HSQC spectrum with annotations. The spectrum was
observed in MeOD-d4, 600 MHz, with 'J,,y43c = 145 Hz. Subfigure e is a full spectrum and subfigure g shows HMBC annotations.
(h) "H-"H NOESY spectrum and annotations. The spectrum was observed in MeOD-d4, 600 MHz, with a Bruker NMR .
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characterization of cinerubin B as a glycosylated anthracycline polyketide from a standard LC-
MS" run of a crude microbial extract of a genome sequenced microbe showed the feasibility of

the glycogenomic approach in connecting a GNP chemotype with its genotype.

4.2.3 Glycogenomic characterization of a new arenimycin chemotype and genotype from

Salinispora arenicola CNB-527

LC-MS" analysis of an organic extract of marine actinobacterium Salinispora arenicola
CNB-527, a well-studied and prolific secondary metabolite producer [20], yielded a compound of
mass 808 Da that showed a forosamine sugar B-ion EIC (142.12 m/z, Figure 28A). The MS?
spectrum of the compound also showed a forosamine Y-ion mass shift (141.12 m/z) and another
putative methyldeoxysugar mass shift in the B- and Y-ion series (Figure 28B). The candidate MS"
methyldeoxysugars were digitalose, O-methylrhamnose and 6-deoxy-3-C-methylmannose (Figure
28B). The AntiSMASH analysis of the Salinispora arenicola CNB-527 genome revealed four gene
clusters with putative glycosylated products — a type Il PKS pathway, an indole pathway, an
enediyne PKS pathway and a type | PKS pathway. The type Il PKS gene cluster and the indole
gene cluster both had the specific glycosylation genes for digitalose or O-methylrhamnose
biosynthesis, i.e. a 4-ketoreductase, an epimerase and an O-methyltransferase (Figure 28C,
blue). However, only the type Il PKS cluster had the specific genes for a forosamine
glycosylation, i.e. a 2,3-dehydratase, 3,4-dehydratase, 3-ketoreductase, an aminotransferase,
and an N,N-dimethyltransferase (Figure 29). The target type Il PKS gene cluster from S.
arenicola CNB-527 had not been yet been characterized (Figure 29). The presence of type || PKS
genes and the characterized glycosylation genes and MS" data again indicated an aromatic
polyketide product with a diglycosyl group. It was hypothesized that the characterized compound
is a new arenimycin derivative, ‘arenimycin B’, with an additional D-forosamine glycosyl group
attached at the 4-hydroxyl group of the 2-O-methyl-L-rhamnose unit of arenimycin (Figure 28D),
which was previously characterized from another Salinispora arenicola strain, CNR-647 [21]. We

further identified arenimycin during LCMS" analysis that showed a similar tandem MS spectrum
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Figure 29: LCMS and MS/MS characterization of arenimycins. (A) LCMS profiles of a crude ethylacetate extract of S.

arenicola CNB-527. Abbreviations: BPC — base peak chromatogram, EIC — extracted ion chromatogram. (B) MS/MS
spectra of arenimycin (top) and arenimycin B (bottom) with structural peak assignments.
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to ‘arenimycin B’ except for the putative forosamine Y- and B-ion shifts (Figure 29). Purification,
NMR structure elucidation and bioactivity tests are ongoing.

Arenimycin is a benzo[a]naphthacene quinone natural product first isolated from
Salinispora arenicola CNR-647 [21]. It is structurally closely related to SF2446B1 from
Streptomyces sp. SF2446 [21] and has antibacterial activity against rifampin- and methicillin-
resistant Staphylococcus aureus [22]. The detection of arenimycin A and ‘B’ indicate that the
corresponding type Il PKS pathway codes for the biosynthesis of arenimycins in general. The
arenimycin gene cluster has not been characterized to date but a biosynthetic gene cluster of
structurally  similar  pradimicin was characterized [23]. Pradimicin shares the
benzo[a]naphthacene quinone core with arenimycins but has different hydroxylation
regiochemistry, quinone patterns and glycosylation sites and groups [24]. However, the putative
biosynthetic genes of the pradimicin benzo[a]naphtacene quinone core are present in the
arenimycin gene cluster (Figure 30). In contrast to the pradimicin cluster, the arenimycin pathway
comprises a flavin-dependent monooxygenase that has homology to TcmG, a monooxygenase
from the tetrenomycin pathway [25], and that may explain the different hydroxylation chemistry at
positions 6a and 14a. Ultimately, the characterization of a new putative bioactive glycosylated
compound and its biosynthetic pathway from Salinispora arenicola CNB-527 highlights how
targeting glycosylation on small molecules as a genome mining approach can lead to a fast

discovery of bioactive molecules and their biosynthetic pathways.

43 Discussion

In this study, a new experiment-guided genome mining strategy was introduced to
characterize glycosylated natural products with their biosynthetic gene clusters in microbial
genome sequences. The glycogenomic approach is based on a MS-glycogenetic code that
connects predictable glycosylation fragments from MS" experiments of GNPs with their

glycosylation genes in microbial genomes. The approach led to the rapid characterization of
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cinerubin B, a glycosylated anthracycline antibiotic, from Streptomyces sp. SPB74, and to the

discovery of
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BO33DRAFT_00300 BO33DRAFT_00342
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bbb b mb o )b S

Type Il PKS genes

Pradimicin
Gene Size [aa)] Predicted function Closest homolog (Sim/Id, %/%) Reference pathway
homolog

MarR family transcriptional regulator [Stackebrandtia nassauensis DSM 44728]

BO33DRAFT_00302 169 regulator (59/46) YP_003512399
daunorubicin ABC transporter ATPase [Actinosynnema mirum DSM 43827]
BO33DRAFT_00303 316  transporter (74/64) YP_003098925

BO33DRAFT_00304 280  transporter ABC transporter [Actinosynnema mirum DSM 43827] (71/53) YP_003098924

BO33DRAFT_00313 411  cytochrome P450 cytochrome P450 [Streptomyces davawensis JCM 4913] (57/40) CCK25399
BO33DRAFT_00314 243 hypothetical protein  LmbE family protein [Acidothermus cellulolyticus 11B] (68/58) YP_872134
BO33DRAFT_00316 325 reductase aldo/keto reductase [Streptomyces flavogriseus ATCC 33331] (64/51) YP_004926245
BO33DRAFT_00317 346  methyltransferase PdmT [Actinomadura hibisca] (60/47) ABK58689
putative FAD-dependent monooxygenase GrhO8 [Streptomyces sp. JP95]
BO33DRAFT_00318 540  monooxygenase (69/54) AAM33675
DNA-binding transcriptional activator of the SARP family [Frankia sp. QA3]
BO33DRAFT_00319 276  regulator (55/42) ZP_10309867
BO33DRAFT_00320 117 cyclase polyketide cyclase [Streptomyces sp. SANK 61196] (74/59) ADG86313 PdmK
Cupin 2 barrel domain-containing protein [Micromonospora aurantiaca ATCC
BO33DRAFT_00321 131 cyclase 27029] (69/53) YP_003836600 PdmL
BO33DRAFT_00322 161  cyclase Aromatase WhiE VI [Streptomyces gancidicus BKS 13-15] (78/67) EMF26754 PdmD
antibiotic biosynthesis monooxygenase [Amycolatopsis mediterranei U32]
BO33DRAFT_00323 120 oxygenase (68/47) YP_003767590 Pdml
acetyl-CoA carboxylase, carboxyl transferase, beta subunit [Frankia sp. EUN1f]
BO33DRAFT_00324 120 biotin carboxylase (80/67) (PrmP1) ZP_06417970
BO33DRAFT_00325 286  regulator SARP family regulator [Streptomyces lavendulae] (68/50) BAG74714
BO33DRAFT_00326 280  methyltransferase Chal protein [Streptomyces chartreusis] (56/42) CAH10176
BO33DRAFT_00327 139 hypothetical protein  hypothetical protein RER_29830 [Rhodococcus erythropolis PR4] (55/40) YP_002766430
BO33DRAFT_00328 151  oxygenase RubQ [Streptomyces collinus] (64/49) AAM97373
BO33DRAFT_00329 412 cytochrome P450 cytochrome P450 [Streptomyces avermitilis MA-4680] (57/43) NP_823237
BO33DRAFT_00331 422 KS PdmA [Actinomadura hibisca] (83/74) ABM21747 PdmA
BO33DRAFT_00332 405 CLF PdmB [Actinomadura hibisca] (74/65) ABM21748 PdmB
BO33DRAFT_00333 241 reductase putative 3-oxoacyl-ACP reductase [Streptomyces sp. TA-0256] (75/61) ABM21753 PdmG

BO33DRAFT_00336 84 ACP acyl carrier protein [Streptomyces arenae] (71/54) AAD20269
BO33DRAFT_00337 108  oxygenase PdmH [Actinomadura hibisca] (72/58) ABM21754

BO33DRAFT_00340 206  regulator Transcriptional regulator ArsR family [Patulibacter sp. 111] (61/42) ZP_09470860

BO33DRAFT_00341 69 carboxylase carboxylase [Streptomyces ghanaensis ATCC 14672] (65/54) ZP_06581973
putative NADPH-dependent FMN reductase [Actinoplanes missouriensis 431]

BO33DRAFT_00342 243 reductase (80/72) YP_005464808

Figure 30: Glycogenomic connection of putative arenimycin B with its biosynthetic gene cluster from Salinispora
arenicola CNB-527. (A) Gene cluster analysis of candidate arenimycin B pathway, with highlighted glycosylation genes
(red) and aglycone biosynthetic genes (grey).
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Figure 30: Glycogenomic connection of putative arenimycin B with its biosynthetic gene cluster from Salinispora
arenicola CNB-527. (B) Matching pathways of specific glycosylation genes with candidate MS/MS forosamine sugar
and O-methyldeoxysugars from arenimycin B starting at deoxysugar biosynthetic intermediate TDP-4-keto-6-deoxy-a-
D-glucose (1).
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putative ‘arenimycin B’, a new glycosylated aromatic polyketide with bioactive potential [21], and
its biosynthetic gene cluster from Salinispora arenicola CNB-527.

Genome sequences are becoming a standard resource in microbial research [26]. In the
analysis of microbial secondary metabolism, genome sequences have revealed a large pool of
uncharacterized or so-called ‘cryptic’ natural product pathways as potential sources of new
chemical entities that may have therapeutic potential [27]. Harvesting these orphan pathways has
been mainly done by in silico-guided approaches in which predictions of biosynthetic genes in
these pathways select the experiments to isolate the target cryptic natural products [28]. This
workflow allows for the characterization of only one pathway per experiment. In light of an
exponential growth of genome sequences, a one-by-one connection of an unknown chemotype
with its genotype won’t match the pace of sequencing new cryptic pathways.

Experiment-guided genome mining such as the glycogenomic approach starts at the
chemotype level to characterize biosynthetic building blocks of an unknown natural product that
can be connected to the corresponding biosynthetic genes in the genome sequence based on
current biosynthetic knowledge. This chemotype-to-genotype direction should enable a
characterization of multiple cryptic pathways by initial parallel analysis of unknown secondary
metabolites and subsequent genome mining of their pathways [5]. Implementation of this concept
into new metabolomic [29] and metagenomic [30] approaches can facilitate studies of more
complex microbiome systems where parallel characterization of metabolomes and metagenomes
will require connections of expressed chemotypes with present genotypes in a more automated
fashion.

The first steps of glycogenomics rely on tandem mass spectrometric identification of O-
and N-glycosyl groups from microbial GNPs. These sugars can be often characterized as B-ion
fragments of CID experiments in the low m/z region. O- and N-glycosylation is found in an
estimated >95% of glycosylated natural products (Table 2). We implemented this fragmentation
behavior in our analysis by creating EICs from LC-MS" data for all 46 B-ion masses of the 71

known sugars involved in natural product glycosylation (Table 1). Putative GNP fractions based
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on sugar EIC peaks can then be verified by identification of corresponding Y-ion neutral losses or
B/C-ion fragments of the observed sugar and/or other sugar fragments. The result of the LC-MS
analysis is a list of MS" candidate sugars of a putative GNP which are used for finding the GNP
genotype by genome mining their corresponding glycosylation genes in a secondary metabolic
gene cluster. A limitation of GNP characterization by MS" is a certain variability in ionization,
fragmentation and fragment stability of structurally diverse GNPs. This variability in spectral
outcome can be due to compound-inherent properties, e.g. a better ionization of aminosugars
versus non-aminosugars, or instrument- and experiment-based differences. For example, more
B/C-ions and less Y/Z-ions are observed in experiments with higher CID energies. Different
instruments can also yield differences in MS" fragment intensities or fragmentation patterns.
However, the general B/Y- and C/Z-fragmentation of O- and N-glycosylated natural products
applies across different mass spectrometers with CID capabilities (Figure 20). For our
glycogenomic approach, Q-TOF MS instruments are better suited than ion trap MS instruments
because more low-m/z information such as B/C-ions is observed by Q-TOF mass spectrometers.
Based on tandem MS studies on C-glycosides [11], no B/Y-fragmentation is expected for C-
glycosylated natural products which will prevent their connection to biosynthetic genes by the
glycogenomic approach.

Genome mining of GNP pathways and connecting observed glycosyl groups with
glycosyl genes in these pathways are the next steps in the MS-glycogenomic approach. First, all
secondary metabolic gene clusters are predicted from a target genome by AntiSMASH [14] and
analyzed for the presence of common and specific glycosylation genes. For functional prediction
of glycosylation genes by BLAST, only some glycosylation genes enable a reliable sequence-
based regioselectivity prediction of their enzymatic products [3], e.g. 3- vs. 4-ketoreductases and
2,3- vs. 3,4-dehydratases, whereas aminotransferase, epimerase and methyltransferase
regioselectivity were not predicted in our analysis. Among methyltransferases, the methylation
site was predicted in terms of its element, i.e. N-, C- or O-methylation. It is generally difficult to

accurately predict a glycosyl group de novo from a set of common and specific glycosylation
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genes in a GNP gene cluster because these enzymes are often promiscuous in substrates and
even catalyzed reactions [31]. In addition, crosstalk with primary and secondary metabolic
pathways involved in carbohydrate biosynthesis, such as cell wall formation, can sometimes lead
to lack of important genes in a GNP pathway and, thus, lead to a false or no sugar prediction. For
example, in a putative gene cluster of glycosylated thiopeptide Sch40832 [9,10] from
Micromonospora carbonacea ATCC 39149, only one glycosyltransferase gene can be predicted
to be involved in the glycosylation (Table 3 and 4). The other remaining common and specific
genes are most likely encoded in other sugar pathways in the genome. In glycogenomic analysis,
the glycosylation genes in candidate GNP pathways are used to test several natural product
glycosylation hypotheses made based on the MS" candidate sugars rather than to do de novo
sugar prediction. A match of a putative GNP with its biosynthetic genes is made by reanalysis of
MS" data and glycosylation genes, and, ultimately, by genetic knockout or NMR structure
elucidation.

Here, we introduce a new genome mining approach that can characterize unknown GNP
chemotypes and their genotypes in microbial genomes by iterative identification of O-/N-glycosyl
groups in tandem MS spectra and of their glycosylation genes in secondary metabolic gene
clusters. This work extends the concept of experiment-guided genome mining to more natural
product classes such as glycosylated polyketides and, therefore, sets another blueprint for future
automated characterization of complex secondary metabolomes by a combined application of
tandem mass spectrometry and genomics. The implementation of the MS-glycogenetic code and
glycogenomic workflow in data acquisition and processing programs could lead to a faster
characterization of new GNP chemistry, biochemistry and bioactivity from the increasing microbial
genome resources. This would also enable accelerated access and understanding of cryptic GNP

pathways in microbial communities and as a therapeutic source.
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4.4 Materials and methods
4.41 Cultivation and extraction of actinobacteria

A liquid ISP2 starter culture of Streptomyces sp. SPB74 (BROAD genome sequence
strain, [13]) was inoculated from a spore suspension and incubated at 28 °C, 225 rpm for 6 days.
A 50 ml ISP2 culture was inoculated with 1% of the starter culture and incubated at 28 °C, 225
rom for 7 days. The supernatant and cells were extracted with ethyl acetate. The crude extract
was dried by rotovaporation and analyzed by LCMS for presence of glycosylated natural
products.

A liquid A1 starter culture of Salinispora arenicola CNB-527 was inoculated from a spore
suspension and incubated at 28 °C, 225 rpm for 6 days. A 50 ml A1 culture was inoculated with
1% of the starter culture and incubated at 28 °C, 225 rpm for 7 days. The supernatant was
extracted with ethyl acetate, the cells were resuspended in methanol and stirred for 30 min. Ethyl
acetate and methanol extracts were combined and dried by rotovaporation. The crude extract

was analyzed by LCMS for presence of glycosylated natural products.

4.4.2 MS analysis of microbial metabolic extracts

Crude microbial extracts were dissolved in methanol and filtered through Acrodisc MS
Syringe Filter (PTFE membrane, 25 mm, 0.2 ym, PALL Life Sciences). The samples were
adjusted to a concentration of 200ug/ml and injected into an Agilent 1260 LC system (injection
volume: 5 pl) with an Agilent Extend-C18 RP UPLC column (2.1x100 mm, 1.8 ym) connected to
an Agilent 6530 Accurate-Mass Q-TOF LC/MS. For analysis of the Salinispora arenicola extract,
the LC gradient was as follows: 10% acetonitrile (0.1% TFA, 0-3 min), 10-100% acetonitrile (0.1%
TFA)/0.1% TFA (3-23 min), 100% acetonitrile (0.1% TFA, 23-25 min), 10% acetonitrile (0.1%
TFA, 25-30 min). The column compartment temperature was 25 °C. For Streptomyces sp. SPB74
extract analysis, the LC gradient was as follows: 10-100% acetonitrile (0.1% TFA)/0.1% TFA (0-

20 min), 100% acetonitrile (0.1% TFA, 20-24 min), 10% acetonitrile (0.1% TFA, 24-30 min). For
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Salinispora arenicola extract analysis, the Q-TOF settings were as follows: acquisition mode
auto-MS2 - MS range: 125-1500 m/z, MS scan rate: 1 spectrum/s, MS/MS scan rate: 2 spectra/s,
isolation width: 4 m/z, CID energy: 20 eV, precursor selection static exclusion: 100-500 m/z, ESI
source — gas temperature: 300°C, gas flow: 11 L/min, nebulizer: 45psig, positive ion polarity, scan
source parameters: VCap 3000 V, fragmentor 100 V. For Streptomyces sp. SPB74 extract
analysis, the Q-TOF settings were as follows: acquisition mode auto-MS2 - MS range: 100-3000
m/z, MS scan rate: 1 spectrum/s, MS/MS scan rate: 3 spectra/s, isolation width: 4 m/z, CID
energy: 30+0.1(x[m/z]) eV, ESI source — gas temperature: 350°C, gas flow: 11 I/min, nebulizer:
45psig, positive ion polarity, scan source parameters: VCap 4000 V, fragmentor 200 V. LCMS/MS
data was analyzed with Qualitative analysis software of MassHunter software B5 (Agilent). LC-
MS/MS data was searched for sugar footprints in extracted ion chromatograms (EIC) of B/C-ion
fragments of Table 1 and/or Y-ion neutral loss chromatograms (NLC). Peaks in EICs or NLCs
were verified or discarded as candidate glycosylated natural products by reanalysis of MS/MS
spectra for corresponding sugar B/C-ions and Y/Z-ion neutral losses. From a candidate GNP
MS/MS spectrum, a list of candidate MS/MS sugars was generated by including all sugars from

Table 1 that matched observed sugar mass shifts.

4.4.3 Genome mining of glycosylated natural products

Genome sequences of Streptomyces sp. SPB74 (GenBank files: GG770539 and
GG770540) and Salinispora arenicola CNB-527 (Paul Jensen, GenBank project ID
PRJNA169705) were analyzed by AntiSMASH [14] for prediction of secondary metabolic gene
clusters. Each predicted gene cluster was analyzed for presence of common and specific
glycosylation genes (a) based on gene annotation in “Genes and detection info overview” of
each cluster and (b) based on BLAST-analysis of putative glycosylation genes. Glycosylation
gene functions were assigned based on gene annotation and closest functional BLAST
homologs. Specific glycosylation genes were differentiated (if possible) into: 2,3DH, 3,4DH, 3KR,

4KR, 3,4IM, E, FuPyIM, AT, O-MT, N,N-MT, N-MT, C-MT, N-ET, AcT, CarbT, PyT, oxDA, OxRed,
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Dhg, ThiS, N-Ox (see Table 2 for abbreviations). A reference list of all gene clusters with reported
glycosylation genes was compiled.

Each gene cluster was tested if the specific glycosylation genes match any of the observed
MS/MS candidate sugars based on Table 2, i.e. if the biosynthetic genes of an observed sugar
are present in a candidate GNP gene cluster. A putative match was confirmed by matching of
additional candidate MS/MS sugars to genes in the candidate gene cluster. Next, the candidate
GNP gene cluster was fully analyzed by BLAST-analysis of closest functional homologs and a

natural product class was assigned based on non-glycosylation biosynthetic genes.

4.4.4 Purification of glycosylated natural products

Cinerubin B was isolated from a 1 L ISP2 medium culture (4 g yeast extract, 10 g malt
extract, 4 g D-glucose, ad 1000 ml Millipore-filtered water) which was inoculated with a 10 ml
ISP2 starter culture (6 d, 28 °C, 225 rpm) from spore suspension inoculation and incubated for 7
days at 28 °C and 225 rpm. The liquid culture was extracted with ethyl acetate (3x). The crude
extracts were combined and dried completely by rotovaporation. The crude extract was
resuspended in methanol and separated by gel filtration chromatography (solid phase: Sephadex
LH20, GE Life Sciences, mobile phase: methanol). Gel filtration fractions were analyzed by dried-
droplet MALDI-TOF MS for the presence of cinerubin B. Gel filtration fractions with cinerubin B
were further purified by semi-preparative reversed-phase HPLC (Luna reversed phase C18
column, 10x250 mm, 5 micron, 100 A, Phenomenex). HPLC fractions were analyzed by dried-
droplet MALDI-TOF MS for the presence and purity of cinerubin B for subsequent NMR analysis.

Arenimycin B was isolated from a 6 | A1 medium culture of Salinispora arenicola CNB-
527 after 9 day growth at 28°C and 225 rpm. At the end of the cultivation, washed Amberlite
XAD-7 resin (20 g/L, Sigma-Aldrich) was added to the S. arenicola culture for 2 h. Subsequently,
the resin and cells were separated from the supernatant by cheesecloth filtration. Half of the resin
and cells were soaked in acetone and the other half was soaked in methanol for 2 h. The crude

extracts were filtered, rotary evaporated, resuspended in methanol and subjected to flash column
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liquid-chromatography (reverse phase C18 silica gel, Sigma Aldrich). 20-100% methanol/water
fractions were collected and analyzed by LC-MS to identify fractions with arenimycin B.
Arenimycin B eluted in 80% methanol. Arenimycin fractions were combined, concentrated by
rotovaporation and subjected to semi-preparative HPLC (Luna reversed phase C18 column,
10x250 mm, 5 micron, 100 A, Phenomenex) with a 10-100% acetonitrile/water gradient (45 min, 3
mL/min flow rate). HPLC fractions were analyzed for arenimycin B by LC-MS or dry droplet
MALDI-MS. Arenimycin HPLC fractions were combined and subjected to analytical HPLC (Luna
reversed phase C18 column, 4.6x250 mm, 5 micron, 100 A, Phenomenex) with a 60 min gradient
(25-75% acetonitrile (0.1%TFA)). HPLC fractions were analyzed for arenimycin B by LC-MS.

<1mg of arenimycin B were isolated from 6 L of liquid culture of S. arenicola CNB-527.

4.4.5 NMR analysis of glycosylated natural products

NMR data were acquired at the UCSD Skaggs School of Pharmacy and Pharmaceutical
Sciences NMR Facility on a 600 MHz Varian NMR spectrometer (Topspin 2.1.6 software, Bruker)
with a 1.7 mm cryoprobe. Each purified glycosylated natural products was dissolved in MeOD-d4
and subjected to NMR structure elucidation ('"H, DQF-COSY, 'H->C HMBC, NOESY). NMR data

were analyzed with Topspin 2.1.6 software (Bruker).
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Table 1: Prediction of gene clusters of glycosylated natural products in finished actinobacterial genomes (Oct 2012, JGI
database) by AntiSMASH analysis of GenBank genome files and subsequent analysis of glycosylation genes in
predicted gene clusters. Predicted GNP pathways were differentiated by presence or absence of specific glycosylation
genes. Predicted GNP pathways are highlighted in grey and corresponding strain genomes and families in yellow.

[strain [Genbank Genus Family Putative GNP pathway - no specificgenes (#- |Putative GNP pathway - with specific genes (#- AntiSMASH gene cluster)
|AntiSMASH gene cluster)
11 INC_008578.1 other - 16T none
CCM, DSM 20595 [cP002045.1 none none
curtisii ATCC 43063 [CP001992.1 [Mobiluncus none none
[Actinosynnema mirum 101, DsM 43827 [cP001630.1 10- nrps, 16T 5- nucleoside, 1GT, 1specgene
12 - nrps-tipks - 16T 22- oligosaccharide-tipks, 2GT, 1 spec gene
14 - nrps, 1GT
15 - tipks, 16T
cavernae HKI 0122, DSM 12333 [cPo01618.1 none none
Catenulispora acidiphila 10139908, DSM 44928 [cPo01700.1 6~ nrps, 16T 8- terpene, 26T, 2 spec genes
7- nrps-lant-tipks, 16T
i flavigena 134, DSM 20109 [cPo01964.1 T [t2pks - 16T none
llulomonas fimi NRS 133, ATCC 484 [cPo02666.1 Cellulomon c none none
Celvibrio gilvus ATCC 13127 [CP002665.1 Cell terpene - 1GT none
CN-1, ATCC 700975 [cPoo1601.1 c tipks - 16T none
diphtheriae gravis NCTC 13129 BX248353.1 C none none
efficiens Y5-314 INC_004369.1 terpene - 16T none
Corynebacterium glutamicum Kalinowski ATCC 13032 NC_0069581  |C c terpene - 1GT none
tipks - 1GT
Corynebacterium glutamicum Nakagawa ATCC 13032 NC_0034503  |C terpene - 16T none
t1pks - 16T
glutamicum R INC_009342.1 none none
ikeium KA1l NC 0071641 __|C c none none
DSM 44385 [cP001620.1 none none
1002 [cP001809.2 C c [a-t1pks, 16T none
231 [cP001829.1 [a-t1pks, 16T none
FRCA1 [CP002097.1 c c [a-t1pks, 16T none
119 [cP002251.1 c none none
resistens DSM 45100 [cP002857.1 c none none
ulcerans 809 [cP002790.1 c 5 -tipks, 16T none
ulcerans BR-AD22 [cPo02791.1 5 -tipks, 1GT none
urealyticum DSM7109 NC 0105451 __|c c none none
Corynebacterium diphtheriae 31A [cP003206.1 [4-nrps, 167 none
6- tipks, 16T
diphtheriae BH8 [cP003209.1 5 -tipks, 1GT none
Corynebacterium diphtherie C7 (beta) NC_0168011  |C c 5-nrps, 1GT none
6- tipks, 1GT
Corynebacterium diphtheriae COCE 8352 [cPo03211.1 5 nrps, 16T none
7- tipks, 16T
diphtheriae HCOL [cPo03212.1 [a-t1pks, 16T none
diphtheriae HC02 [CP003213.1 c c [6- tipks, 1GT none
diphtheriae HC03 [cPo03214.1 6~ tipks, 16T none
diphtherioe HC04 [CP003215.1 C c [7- tipks, 16T none
Corynebacterium diphtheriae INCA 402 [cP003208.1 2-nrps, 16T none
6- tipks, 16T
diphtheriae PW8 [cP003216.1 C 5- tipks, 16T none
diphtherioe VAOL [cP003217.1 c 6~ tipks, 16T none
1/06A [CP003082.1 c 3-t1pks, 16T none
267 [cP003407.1 none none
3/995 [CP003152.1 c c [~ tipks, 16T none
316 [cP003077.1 [a-t1pks, 16T none
22/02A [CP003062.1 C c [4-tipks, 16T none
CIP52.97 [cP003061.1 [a- t1pks, 16T none
54896 [CP003385.1 C c 4- tipks, 16T none
PAT10 [cP002924.1 c 4~ tipks, 16T none
ulcerans 0102 [APo122841 c 5- tipks, 1GT none
variabile DSM 44702 [CP002917.1 c none none
faecium 6-10, DSM 4810 [CP001643.1 none none
Kytococcus sedentarius 541, DSM 20547 [CP001686.1 Kytococcus 2 tipks, 1GT none
Frankia alni ACN14a cT5732132 Frankia [Frankiaceae [GC1- tipks - 16T none
GCa - terpene - 1GT
GC5 - tipks - 16T
GC6 - t1pks - 16T
GC7 - nrps - 16T
GC11 - tipks -16T
GC13 - tipks - 1GT
18 - other - 1GT
Frankia sp. CcI3 [CP000249.1 Frankia [Frankiaceae [GC2- terpene - 16T none
6C3- tipks - 16T
GCa- tapks - 16T
GC8 - other - 5GTs
GC19- lant - 16T
GC24 - terpene - 1GT
Frankia sp. EAN1pec [cP000820.1 Frankia [Frankiaceae none none
Frankia sp. Eullc (CP002299.1 Frankia [Frankiaceae 2 tipks, 16T none
4- t1pks, 16T
Frankia symbiont of Datisca glomerata INC 0156561 |Frankia [Frankiaceae 2- t2pks, 26Ts none
5 - tipks, 1GT
11 - t2pks, 16T
idens DD2 FO117623.1 none none
obscurus G-20, DSM 43160 [CP001867.1 [GC2 ~other, 66Ts none
[stackebrandtia nassauensis LLR-40K-21, DSM 44728 [cPo01778.1 [GC2 - nrps-tipks - 16T none
GC15 - other - 16T
Gordonia bronchialis 3410, DSV 43247 [cPo01802.1 Gordonia (Gordoniaceae 1-tipks, 16T none
6-terpene, 16T
Gordonia polyisoprenivorans VH2, DSM 44266 [CP003119.1 Gordonia 6- 16T 4-nrps, 5GT, INT, spec genes
CP003120.1 7- terpene, 5GTs
9- nrps, 16T
11- nrps, 3GTs
13- terpene, 16T
calvum 7KIP, DSM 43043 [cP002343.1 none none
[Jonesia denitrificans 55134, DSM 20603 [cP001706.1 lJonesia none none
SRS30216 INC_009664.2 | Kineococcus 3- other, 16T none
Clavibacter michiganensis michiganensis NCPPB 382 NC_0094801 |Clavibacter [Microbacteriaceae none none
INC_009478.1
INC_009479.1
Leifsonia xyli xyli CTCBO7 INC_006087.1___|teifsonia none none
Microbacterium testaceum StLB037 INC 0151251 1 t3pks, 16T none
Tropheryma whipplei TW08/27 BX072543.1 Tropheryma none none
Tropheryma whipplei Twist INC 0045723 |Tropheryma none none
[Arthrobacter arilaitensis re117, CIP108037 NC 0145501 |Arthrobacter 1- 26T none
[Arthrobacter aurescens TC1 INC_008711.1 [4-t3pks, 16T none
NC_008712.1
NC_008713.1
[Arthrobacter chiorophenolicus AG INC_011886.1 none none
NC_011881.1
NC 011879.1
[Arthrobacter phenanthrenivorans Sphe3 INC_015145.1 2-t3pks, 16T none
INC_015146.1
NC_015147.1
[Arthrobacter sp. F824. INC_008541.1 none none
INC_008537.1
INC_008538.1
INC_008539.1
Kocuria rhizophila DC2201 INC_010617.1 __|Kocuria none none
Fleming NCTC 2665 [cPo01628.1 terpene - 16T none
ATCC 33209 [CP000910.1 [~ tipks, 16T none
Rothia ATCC 17931 [cP002280.1 Rothia none none
[Rothia mucilaginosa DY-18 NC 0137151 |Rothia none none
[Actinoplanes missouriensis NBRC 102363 [AP012319.1 [GC2- nrps - 16T [GC6 - t2pks - 1GT, INT, 14,6DH, 5 specgenes
GC7 - tipks-nrps-terpene - 16T
GC8 - other - 16T
[Actinoplanes sp. SE50/110 [cP003170.1 [GC12- tipks - 16T pS(LPS) - 2T, spec genes
|GC5 - amglyceycl - 2GTs, INT, 14,6DH, 15pecgenes
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Table 1 (continued): Prediction of gene clusters of glycosylated natural products in finished actinobacterial genomes (Oct
2012, JGI database) by AntiSMASH analysis of GenBank genome files and subsequent analysis of glycosylation genes in
predicted gene clusters. Predicted GNP pathways were differentiated by presence or absence of specific glycosylation
genes. Predicted GNP pathways are highlighted in grey and corresponding strain genomes and families in yellow.

Strain [Genbank Genus. [Family Putative GNP pathway - no specificgenes (- |Putative GNP pathway - with specific genes (# - AntiSMASH gene cluster)
|AntisMASH gene cluster)
Micromonospora aurantiaca ATCC 27029 CP002162.1 GCa - NRPS-PKS - 2GT [GC12- oligosaccharide-type Il PKS - 7GT, INT, 14,6DH, 5 spec genes
GC6 - hybrid - 16T
Gc10- -361
Micromonospora sp. (5 CP002399.1 GC10- nrp: 36T B voe Il PKS - 5GT, 14,6DH, INT, 6 specgenes
GC14- lant-nrps-tipks - 1GT
GC17 - NRPS-PKS - 26T
[Salinispora arenicola CNs-205 (CP000BS0.1 Salinispora Micromonosporaceae GC12 - ameglyceyel (GCa - type | pks-nrps - 2GT, INT, spec genes
7 - oligosaccharide-tipks - 4GT, 5 spec genes.
|GC10- indole - 1GT, INT, 14,60H,
[Salinispora tropica CNB-240 NC_009380.1 __|salinispora none [GC4 - type Il pks -2GT, INT, 14,6-DH,
‘maris AB-18-032 cP002638.1 none none
[Amycolicicoceus subflavus DQS3-9AT NC_015564.1 6 terpene, 1GT 2-nrps, 1GT, INT, Ispec gene
NC_015560.1 8- tipks, 16T
NC_015561.1
ofricanum GM041182 NC_015758.1 i 12 tipks-nrps, 2GTs 6~ tipks, 5GTs, 1spec gene
avium 104 CP000479.1 11~ 4GTs 13- terpene, 1GT, Ispecgene
leprae Brag23 NC_01189.1 2- 1pks, 3GTs 5 tipks, 1GT
Mycobacterium avium paratuberculosis K-10 NC_002944.2 i none none
Mycobacterium bovis AF2122/97 NC_002945.3 12 tipks-nrps, 3GTs 6- tipks, 5GTs, 1specgene
Mycobacterium bovis BCG Pasteur 1173p2 NC_008769.1 12 tipks-nrps, 2GTs 6- tipks, 5GTs, 1spec gene
[Mycobacterium bovis BCG Tokyo 172 NC_012207.1 12 tipks-nrps, 2GTs 6- tipks, 5GTs, 1spec gene
[Mycobacterium canettii CIPT 140010059 HES72590.1 6- tipks, 5GTs none
12- tipks-nrps-oligosaccharide, 3GTs
14 tipks, 16T
[Mycobacterium gilvam PYR-GCK NC_009338.1 2-nrps, 1GT [a-tipks, specgene
NC_009339.1 7- terpene, 1GT
CP000658.1 11- t13pks, 16T
CP000659.1
Mycobacterium leprae TN NC_002677.1 2- Ipks, 2GTs none
5 - tipks, 16T
[Mycobacterium marinum M, ATCC BAA-535 NC_010612.1 10~ tipks-nrps, 1GT none
NC_010604.1 14 tipks-nrps, 4GTs
Mycobacterium smegmatis MC2 155 NC_008596.1 2- nrps-tipks, 3GTs, 14,6DH none
10- t1pks-nrps, 2GTs
11- nrps, 16Ts
14 nrps, 3GTs
Mycobacterium gilvam Spyri NC_014814.1 1-nrps, 16T none
NC_014811.1 4~ terpene, 16T
NC_014812.1 7- t3pks, 16T
13- tipks, 16T
Sp. 1DME0L CP002329.1 none 7-other, 1GT, Ispecgene
5p.JLS CP000S80.1 12- tipks, 16T none
[Mycobacterium sp. KMS CP000518.1 i 7 nrps-tipks, 36Ts none
CP000519.1
CP000520.1
Mycobacterium sp. MCS CP000384.1 ic 3- nrps-tipks, 36Ts none
cPo00385.1
(Mycobacterium tuberculosis CCDCS079 CP001641.1 6- tipks, 5GTs none
12- tipks-nrp: 26Ts
is CCDC5180 cPo01642. 1 6- tipks, 5GTs none
s CDC1551 NC_002755.2 12 tipks-nr 26Ts
(Mycobacterium tuberculosis F11 (ExPEC) NC_009525.1 i ic 6 - tipks, 5GTs none
12 tipks-nrp: 36Ts
[Mycobacterium tuberculosis H37Ra (CP00011.1 6- tipks, 56T none
12 - tipks-nrps-oli 26Ts
Mycobacterium tuberculosis KZN 1435 (MDR) CP001658 1 o 1pks-nrps, 3GTs none
11- tipks, 56Ts
Mycobacterium ulcerans Agy99 NC_008611.1 i i none 3-nrps, 3GTs, 2spec genes
NC_005916.1
[Mycobacterium vanbaalenii PYR-1 NC_008726.1 7-other, 4GTs none
13- t1pks, 16T
Mycobacterium bovis BCG Mexico CP002095.1 6- tipks, 4GTs none
12 - tipks-nrps, 36Ts
[Mycobacterium chubuense NBB4 CP003053.1 i 12- tipks, 26T 11- other, 1GT, 1spec gene
CP003054.1
CP003055.1
re MOTT-02 CP003323.1 i 3-nrps, 1GT 15 - terpene, 1GT, 2 spec genes
re MOTT-64 CP003324.1 none 15 terpene, 1GT,
[Mycobacterium massiliense GO 06 (CP003699.1 1-tlpks, 56T 12- nrps, 3T, INT, 1specgene
13- nrps, 26Ts
rhodesiae NBB3 CP003169.1 [a-Tant, 16T 2- tipks-nrps, 5GTs, 14,6DH, specgenes
6- tipks, 1GT
13- 2pks, 16T
Mycobacterium tuberculosis CTRI-2 CP002992.1 6- tipks, 3GTs none
13 - tipks-nrps, 3GTs
[Mycobacterium tuberculosis KZN 4207 (DS) CP001662.1 o Ipks-nrps, 4GTs none
11 tipks, 56Ts
s RGTB327 CP003233.1 none none
is RGTBA423 CP003234.1 8- tipks-nrps, 16T none
5 U NC_016934.1 6~ tipks, 4GTs none
[Nakamurella multipartita Y-104, DSM 44233 cP001737.1 terpene - 1GT none
Nocardia farcinica 1FM 10152 [AP00G618.1 Nocardia Nocardiaceae (GC1- tipks - 5GTs none
AP006619.1 GC17- nrps - 16T
AP006620.1
(Nocardia cyriacigeorgica GUH-2 NC_016887.1  |Nocardia Nocardiaceae 1-tipks, 3GTs none
6- nrps, 36T
15 - nrps, 16T, 14,60H
19- nrps, 16T
[Rhodococcus equi 1035 FN563149.1 GC2- terpene - 1GT (GC14- nrps - 2GT, INT, 14,6DH, 1specgene
GC7 - terpene - 16T
GC10- other - 16T
GC11- tipks - 4GTs
Rhodococcus erythropolis PRA (AP008957.1 GC1- t1pks - 6GTs none
AP008931.1 GC2- tipks - 16T
AP008932.1 GC5 - nrps - 26Ts
AP008933.1 GC8 - nrps - 16T
GC10- nrps - 1GT
GC12- terpene - 1GT
GC15 - amglyceyel - 1GT
[Rhodococeus opacus B4 [APOI1115.1 GC1-nrps - 16T (GC13- tipks - 1GT, 1specgene
APO11116.1 GC3 - terpene - 1GT
APO11117.1 GC12 - tipks - 12GTs
GC19- nrps - 4GTs.
GC20 - nrps - 3GTs.
[Rhodococeus jostii RHAL (CP000A31.1 (GC11- tipks - 5GTs (GC17- nrps - 2GTs, 2NTs, 14,60H, spec genes
CP000432.1 GC18- nrps - 1GT, 2NTs, 14,6DH, spec genes
CP000433.1 GC20 - nrps - 16T, INT, spec gene
cP000434.1
Kribbella flavida 1FO 14399, DSM 17836 CP001736.1 Kribbella none none
Nocardioides sp. 15614 NC_008699.1 none none
NC_008697.1
Nocardiopsis dassonvillei dassonvillei DSM 43111 NC_014210.1 none 13- lant-oligosaccharide, 8GTs, INT, 14,6DH, spec genes
NC_014211.1
fusca X [CP00008E 1 3-bcin, 16T none
variabilis 225 CP002810.1
[Xvianimonas cellulosilytica XIL07, DSM 15894 CP001821.1 none none
cP01822.1
Microlunatus phosphovorus NM-1 [AP012204.1 Microlunatus none none
acnes 266 CP002409.1 none none
acnes 6609 CP002815.1 none none
Propionibacterium acnes KPAI71202 NC_006085.1___|Propionibacterium Propionibacteriaceae none none
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Table 1 (continued): Prediction of gene clusters of glycosylated natural products in finished actinobacterial genomes (Oct
2012, JGI database) by AntiSMASH analysis of GenBank genome files and subsequent analysis of glycosylation genes in
predicted gene clusters. Predicted GNP pathways were differentiated by presence or absence of specific glycosylation
genes. Predicted GNP pathways are highlighted in grey and corresponding strain genomes and families in yellow.

Strain (Genbank (Genus Family Putative GNP pathway - no specificgenes (#- [Putative GNP pathway - with specific genes (# - AntiSMASH gene cluster)
|AntiSMASH gene cluster)
acnes SK137 CP001977.1 jonit none none
reichii shermanii CIRM-BIAL NC_014215.1 i jonit none none
acnes ATCC 11828 CP003084.1 i none none
acnes TypelA2P.acn17 CP003196.1 none none
acnes TypelA2 P.acn31 CP003197.1 none none
Propionibacterium acnes TypelA2 P.acn33 CP003195.1 i none none
[Amycolatopsis mediterranei U32 (CP002000.1 Amycolatopsis Pseudonocardiaceae GC13 - nrps-tipks-terpene - 1GT GC1- type | PKS - 1GT, 2 spec genes
GC14- tipks - 16T GC22 - nrps-oligosaccharide-t2pks - 9GT, INT, spec genes
GC15 - tipks - 16T
5699 CP003729.1 14~ tipks, 1GT 22- nrp: 1pks - 9GTs, INT,
Pseudonocardia dioxanivorans CB1190 CP002593.1 none none
CP002594.1 none none
CP002595.1 none none
CP002596.1 none none
CP002597.1 none none
CP002598.1 none none
[saccharomonospora viridis P101, DsM 43017 CP001683.1 [Saccharomonospora i none none
[saccharopolyspora erythraea NRRL 2338 white AM420293.1 i GC7 - tlpks - 1GT GC3- tipks - 26T, 11 specgenes

GC14- terpene - 1GT
GC25- tipks - 1GT
GC27 - terpene - 1GT

keddieii ST-74, DSM 10542 CP001819.1 none none
rotundus CDC 1076, DSM 44985 CP001958.1 i il 8-tipks, 16T none
Kitasatospora setae KM-6054, NBRC 14216 NC_016109.1 Kitasatospora [streptomycetaceae 8- terpene, 1GT, INT 7- siderophore, 1GT, 1specgene
10- t3pks, 1GT, INT, 14,6DH
[streptomyces avermitilis MA-4680 NC_003155.4 (GCS - NRPS-PKS - 1GT [GC6-type | PKS - 1GT, INT, 14,6DH, 5 spec genes.
NC_004719.1 GC27 - melanin - 2T, polysaccharide? GC7 - terpene - 1GT, INT, 2 spec genes
GC31- type | PKS - 1GT (GC11- hopane - 1GT, INT, 2 spec genes
GC33 - type | PKS - 1GT
streptomyces bingchenggensis BCW-1 NC_016582.1 GC7- type | PKS - 1GT, 14,6DH GC34 - type Il PKS - 5GT, INT, 14,6DH, 5 spec genes
GC19- terpene - 1GT GC39- type | PKS - 3GT, INT, 4,6DH - 3 spec genes

GC26 - NRPS-PKS - 1GT
GC27 - NRPS - 1GT

streptomyces coelicolor A3(2) NC_003888.3 GC8 - melanin - 1GT none
NC_003904.1 GC21 - hopane - 1GT, INT
[streptomyces griseus griseus NBRC 13350 NC_010572.1 GC6 - t1pks - 1GT GC7 - oligosaccharide - 1GT, INT, 14,6DH, 4 spec genes
GC33 - nrps - 1GT GC12- terpene - 2GT, INT, 1spec gene
GC27 - amglyccyl - 2GTs, 1NT, 14,6DH, spec genes
streptomyces scabiei 87.22 NC_013929.1 none GC7- terpene - 1GT, INT, 1 spec genes
GC26 - type | PKS - 1GT, 14,60H,
streptomyces cattleya NRRL 8057 CP003219.1 GC13 - terpene - 16T (GC24 - butyrolactone-t1pks-nrps - 1GT, INT, 2 spec genes

GC19- hopene - 1GT, INT
GC20- t3pks - 1GT

CP003229.1 none none
st sp. Tu6071 CM001165.1 GCS - hopene - 1GT, INT GC8- terpene - 1GT, INT, 14,60H, spec genes
streptomyces flavogriseus ATCC 33331 CP002475.1 [streptomyces GC16- terpene - 16T GC6- terpene - 1GT, INT, 1spec genes

CP002476.1
CcP002477.1
[streptomyces venezuelae ATCC 10712 FR845719.1 [streptomyces st none |GC18 - t2pks - 16T, INT, 14,6DH,
streptomyces hygroscopicus jinggangensis 5008 NC_017765.1 none 2- aminoglycoside, 1GT, INT, spec genes
NC_017766.1 32- terpene - 1GT, INT, Ispecgene
NC_016972.1
[streptosporangium roseum N1 9100, DsM 43021 NC_013595.1 none none
NC_013596.1 none none
Thermomonospora curvata DSM 43183 NC_013510.1 3- nrps, 1GT [4- t2pks-tipks, 2GT, INT, 14,6DH, 6 specgenes
9- tipks, 1GT
Tsukamurella paurometabola 33, DSM 20162 NC_014158.1  |Tsukamurella Tsukamurellaceae 5- t3pks, 1GT 8- tipks, INT, 1GT, 2 spec genes
NC_014159.1
Thermobispora bispora R51, DSM 43833 cP001874.1 i none none
ATCC 15703 NC_008618.1 i none none
Bifi animalis factis ADOLL CP001213.1 Bifi none none
Bifi animalis lactis BB-12 CP001853.1 Bifi none none
Bifidobacterium animalis lactis BI-04, ATCC SD5219 Bifidobacteriaceae none none
Bifidobacterium animalis lactis DSM 10140 Bifi none none
‘animalis lactis V9 cP001892.1 Bifidobacts none none
animalis subsp. lactis CNCM 1-2494 CP002915.1 i none none
Bifi bifidum PRL2010 CP001840.1 i Bifi none none
Bifi bifidum S17 CP002220.1 Bifi none none
Bifi breve ACS-071-V-Schgb cP002743.1 Bifi none none
|aifidobacterium breve Ucc2003 CP000303.1 Bifidobacterium Bifi none none
dentium Bd1 CP001750.1 Bifidobacts none none
Bifi longum DJO10A NC_010816.1 Bifi none none
Bifi longum NCC2705 NC_004307.2 i Bifi none none
Bifi longum infantis 157F-NC NC_015052.1 Bifi none none
Bifi longum infantis ATCC 15697 NC_017219.1 if Bifi none none
|aifidobacterium longum longum BBMN6S Bifi none none
i longum longum JOM301 CP002010.1 none none
Bifi longum subsp. longum KACC 91563 NC_017221.1 Bifi none none
Bifi lis animalis ATCC 25527 Bifi none none
Bifi animalis lactis BLCT CP003039.1 Bifi Bifi none none
Gardnerella vaginalis ATCC 14019 [NC_o14644.1 Bifi none none
Gardnerella vaginalis 409-05 NC_013721.1 Bifidobact none none
Gardnerella vaginalis HMP9231 NC_017456.1 i none none
[Atopobium parvulum 1PP 1246, DSM 20469 CP001721.1 c i none none
c glomerans PW2, DSM 20642 NC_015389.1 2 none none
2 curtum 12-3, DSM 15641 NC_013170.1 c none none
Eggerthella lenta VPI 0255, DSM 2243 CP001726.1 Eggerthella c none none
sp. Y¥7918 NC_015738.1 2 none none
pamelaeae 7-10-1-bT, DSM 19378 FP929047.1 C none none
Olsenella uli VP1, DSM 7084 CP002106.1 Osenella c none none
slackia RHS 1, DSM 20476 cPoo1684.1 [Stackia 2 none none
Rubrobacter DSM 9941 NC_008148.1 aceae none none
Conexibacter woesei ID131577, DSM 14684 NC_013739.1 c none none




Table 2: MS-glycogenetic code. Grey square indicates enzyme is present in corresponding sugar
pathway. White square indicates enzyme is not present in corresponding sugar pathway.
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N,N-dimethyltransferase
O-methyltransferase
N-ethyltransferase
acetyltransferase
carbamoyltransferase
pyrrolyltransferase
oxidoreductase
oxidative deaminase
dehydrogenase
N-oxidase

[Y-Mass shift |B-massshift |C-mass shift |Sugar |
(Da] [Da] [Da] AT
T
110.03678|  111.044056| _ 129.054621|L-aculose
112.05243| _ 113.059706| _131.070271L cinerulose A
114.06808|  115.075356|  133.085921L-rhodinose
125047679 126.054955 _ 144.06
128.047345| _ 129.054621] _ 147.065186|L-cinerulose B
128.08373| __ 129.091006| _147.101571]0-methyl-L-amicetose
12808373 129.091006| _147.101571[4-O-methyl-L-thodinose
129.078979| __130.086255|
129.078979] __130.086255 acosamine N/A
120078979 130.086255]  148.096820|L- i
130.062995] _ 131.070271] _149.080836|D-digitoxose
130062995 131.070271] _ 149.080836|L-digitoxose
130.062995]  131.070271] _ 149.080836[2-deoxy-L-fucose
130.062995] _ 131.070271] _ 149.080836|D-olivose
130062095 131.070271] _149.080836|D-oliose
130.062095]  131.070271] _ 149.080836|L-boivinose N/A
141.078979]  142.086255] _ 160.096820]4-ox0-L-vancosamine
141115363 142122639 160.133204[D-forosamine
143.094628] _ 144.101904]  162.112469|L-acti i
143.094628] _ 144.101904]  162.112469[3-epi-L
152.11145'-
162.112469)|L
144.078645] _ 145.085921]  163.096486|D-chalcose
144.078645] 145085021 163.096486|D-mycarose
144.078645] _ 145.085921]  163.096486|3-O-methyl-L-olivose/L-oleandrose
144.078645] _ 145.085921]  163.096486|olivomose
145.073894]  146.081170] _ 164.091735[D.
146.040152| _ 147.047428| _ 165.057993|4-deoxy-4-thio-D-digitoxose
146.05791  147.065186|  165.075751|D-fucofuranose
14605791 147.065186|  165.075751|D-fucose
146.05791]  147.065186] _165.075751]L-rhamnose
146.05791|  147.065186] _ 165.075751|L-quinovose N/A
146.05791  147.065186| _165.075751|D-quinovose N/A
157110279  158.117555|  176.1281204-N-ethyl-4-amino-3-O-methoxy-2,4,5
157.110279)| 153.1175§| 176.128120|D-3-N-methyl -4~ hyl-L
157110279 158.117555]  176.128120|N,N-dimethyl-L N/A
157.110279] 158117555 176.128120[D. i
157110279 158.117555]  176.128120|L
157.110279) 176.128120)
157.110279) 176.128120| -
157110279 158.117555] _ 176.128120|D-
157120279 158.117555]  176.128120)k N/A
158.081719]  150.088995]  177.099560|L-noviose
158094295 150.101571]  177.112136|L-cladinose
150.089544]  160.096820]  178.1073852"N-methyl-D.
160.055802]  161.063078| _ 179.073643|4-deoxy-4 D-digi N/A
160.07356| __161.080836| _179.091401|D-digitalose
160.07356| _ 161.080836]  179.091401[3-O-methyl-thamnose
160.07356| __ 161.080836| _ 179.091401[2-O-methyl-L-thamnose
160.07356] __ 161.080836] __179.091401[6-deoxy-3-C-methyl-L-mannose
161.068809] 162076085 180.086650|4,6-dideoxy-4 ino-D-gl
162.052825] _ 163.060101 _181.070666|hexose
171.125929) 190.143770[3-N,N-dimethy| L
171125029 172.133205] _ 190.1437, sugar C N/A
172.07356| __ 173.080836| _ 191.091401|chromose D (4-O-acetyl--D-oliose)
173.068809]  174.076085|  192.086650|4-O-carbamoyl-D-olivose
173105194 174.112470] _ 192.123035[D-
173105194  174.112470] _ 192.123035[3-N,N-dimethyl-D-mycosamine
174.08921  175.096486  193.107051|2,3-O-dimethyl-L-thamnose
174.08921  175.096486 _ 193.107051|2,4-0-dimethyl-L-thamnose
174.08921  175.096486 _ 193.107051|3,4-O-dimethyl-L-thamnose
178.029982|  179.037258| _197.047823[2-thioglucose
186.08921|  187.096486| _ 205.107051|olivomycose (L-chromose B)
187.120844|  188.128120]  206.138685/4-N,N-dimethylamino-4-deoxy-5-C-methyl-|
188.10486|  189.112136| _ 207.122701[2,34-tri-O
219.122701[4-O-acetyl-L-arcanose
202.107385] __220.117950[3-N-acetyl-D.
201100109 202.107385] _ 220.117950|3-O-carbamoyl-L-noviose
20212051 203.127786]  221.138351[L-nogalose
215115759 216,123035] _ 234.1336004-0-acetyl-D.
217.095024] _ 218.102300] __ 236.112865[3-O-carbamoyl-4-0-methyl-L-noviose
243.110674] _ 244.117950] _ 262.128515[3-N-acetyl-4-O-acetyl-D-ravi
281126324 zsz.mﬁ 3m.14ﬁ3715'7methy\7 “pyrrolylcarbonyl-)4-0-
methyl-L-noviose
3KR | 4KR 2AT | 3AT | 4AT H
KR AT AT
‘Common bacterial sugar
[Y-Mass shift ass shift |imassshift Sugar Legend
(Da] [Da] (Da) nucleotidylyltransferase
132.04244] 133,04964] 151.0602|D-arabinose 4,6-dehydratase
146.05744] 147.06464] 165.0752| L-rhamnose 2.3-dehydratase
146.05744] 147.06464] 165.0752| L-fucose
146.05744| 147.06464] 165.0752|D-rhamnose 3,4-dehydratase
161.06844] 162.07564] 180.0862[D i 3-KR 3-ketoreductase
162.05244)] 163.05964)] 181.0702|D-glucose 4-KR 4-ketoreductase
162.05244] 163.05964] 181.0702|D-galactose epimerase
162.05244] 163.05964] 181.0702|D-mannose 3,4-isomerase
176.03244] 177.03964] 195.0502]glucuronic acid fucopyranose isomerase
176.03244] 177.03964] 195.0502]D-galacturonic acid 2.AT 2-aminotransferase
176.06844) 177.07564] 195.0862]6-methoxy-D-glucose
:‘: 3-AT 3-aminotransferase
176.06844] 177.07564] 195.0862|3-methoxy-D-mannose ;

203.079) 204.08664| 222.0972|N-acetyl-D-glucosamine LAY 4-aminotransferase
203.07944] 204.08664] 222.0972|N-acetyl-D-galactose C3-methyltransferase
220.05844| 221.06564] 239, ic acid C5-methyltransferase
291.09542 292.10262| 310.11318[N-5-acetylneuraminic acid N-methyltransferase
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Table 2 (continued): MS-glycogenetic code. Grey square indicates enzyme is present in corresponding

sugar pathway. White square indicates enzyme is not present in corresponding sugar pathway.

[Sugar Pathway reference
MT
N-MT_[ N,N-dMT | O-MT | N-ET | AcT | CarbT | PyT1/2 (Pubmed ID) (Genbank ID)
L-aculose 17395717, 12137949, 11016846 AF264025, AF257324
Lcinerulose A 17395717, 12137949, 11016846 AF264025, AF257324
L-rhodinose 17395717, 12137949, 11016846 AF264025, AF257324
rednose 17395717, 12137949, 11016846 AF264025, AF257324
Lcinerulose B 17395717, 12137949, 11016846 AF264025, AF257324
0-methyl-L-amicetose 16632249) DQ230532
[a-0-methyl-L-rhodinose 12770825 AF521085)
STMDNRLM
L-acosamine 12596194 NIA
L 12617516 AB0BB119|
D-digitoxose 16723573 DQ176871
L-digitoxose 17985890] EU301739)
2-deoxy-L-fucose 12137949, 11016846 AF264025, AF257324
D-olivose 10770761 AF055579|
D-oliose 10660060, 11254130, 15712316 X89899|
L-boivinose N/A NiA]
4-0x0-L- 10390204 Y16952
11358695, 11544225 AY007564
L 12506194 NiA|
3-epi-L 9545426 AJ223998, AJ223999
12506194 HE589771
L 15112997 AB0B6653|
D-chalcose 15561847 AY509120)]
D-mycarose 10220165, 10658660 AF055922, AF147704, SFU08223)
3-0-methyl-L-olivose/L 10449723 AB032523|
15112992 AJ578458]
10873841 AF263912
[4-deoxy-4-thio-D-digitoxose 12183629) AF497482|
12822997 AY233211]
D-fucose 15011378 AJ786382, AJ786383)
L-rhamnose 11358695, 11544225 AY007564
L-quinovose N/A NIA]
D-quinovose N/A) N/A|
4-N-ethyl-4-amino-3-0-methoxy-2, 12183629 AF497482)
D-3-N-methyl-4-O-methyl-L 12617516 AB08B119]
J.N-dimethyl N/A NiA|
D 9353926 SEU77459)
L 10972798 AF263245|
9349712 AF187532)
C 12137949, 11016846 AF264025, AF257324
15271354 AY196994
N/A|
L-noviose 10770754 AF170880)
L-cladinose 9353926 SEU77459)
2-N-methyl-D AY117439)
[-deoxy-a-methylthio-a-D-digitoxose. N/A
D-digitalose 15011378 AJ786382, AJ786383)
3-0-methyl-thamnose 12183629 AF497482
2-0-methyl-L-thamnose 11358695, 11544225 AY007564
6-deoxy-3-C-methyl-L-mannose 9349712 AF187532)
4,6-dideoxy-4-hydroxylamino-D-glucose 12183629) AF497482|
hexose 12506194 HE589771
3-N,N-dimethyl-L 15271354 AY 196994
sugar C N/A NiA]
chromose D (4-0-acetyl-B-D-oliose) 15112992 AJ578458]
4-0-carbamoyl-D-olivose 16207901 DQ149987]
D- 21264378 FN565485|
3-N,N-dimethyl-D: 10220165, 10658660 AF055922, AF147704, SFU08223)
2,3-0-dimethyl-L-thamnose 11358695, 11544225, AY007564]
2,4-0-dimethyl-L-thamnose 11358695, 11544225 AY007564
3,4-0-dimethyl-L-thamnose 11358695, 11544225 AY007564|
2- 20443562 HMO55942)
(L-chromose B) AJ578458]
[4-N,N-dimethylamino-4-deoxy-5-C-methyl- 12183628 AY048670)
rhamnose
2,3,4-tri-0 11358695, 11544225 AY007564)
4-0-acetyl-L-arcanose 10767533 AB088224|
yl i 21264378 FN565485)
3-0-carbamoyl-L-noviose 10770754 AF170880|
L-nogalose 9349712 AF187532)
4-0-acetyl 21264378 FN565485)
3-0-carbamoyl-4-0-methyl-L-noviose 10770754 AF170880|
3-N-acetyl-4-0-acetyl-D- 21264378 FN565485|
3-(5-methyl-2"-pyrrolylcarbonyl-)4-0- 12480894 AF329398|
methyl-L-noviose
N-MT_| N,N-dMT | O-MT | N-ET | AcT | CarbT | PyT1/2
MT

nudleotidylyltransferase
4,6-dehydratase
2,3-dehydratase
3,4-dehydratase
3-ketoreductase
4-ketoreductase
epimerase
3,4-isomerase
fucopyranose isomerase
2-aminotransferase

3-aminotransferase
4-aminotransferase
C3-methyltransferase
CS-methyltransferase
N-methyltransferase
N,N-dimethyltransferase
O-methyltransferase
N-ethyltransferase
acetyltransferase
carbamoyltransferase
pyrrolyltransferase
oxidoreductase

oxidative deaminase
dehydrogenase

N-oxidase
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Table 5: 'H and "*C NMR Data for cinerubin B (1-hydroxyaclacinomycin A) in MeOD-d4.

1 158.9 rhodosamine
2 130.3 7.39 dd 9.5,13.4 1' 101.3 5.59 d 4
3 7.39 dd 9.5,13.4 2 (e) 28.6 2.04 dt 4,12.8
4 158.9 (f) 2.22 cm 4
4-OH N/A 3 63.8 12.8 d 12.8
4a 113.9 4' 74.5 bs
5 192.2 5 68.4 4.24 q 6.6
5a 6' (Me) 17.8 1.38 d 6.6
6 163.1 3'-NMe; (Me) 2.89 43 s
6-OH N/A 3.05 40.7 s
6a 143.9 2'-deoxyfucose
7 72.2 5.15 d 4.4 1" 101.3 5.38 d 4.4
8 (@) 356 25 cm 2" (9) 26.5 2.65 dt 4.4,18.9
(b) 2.23 cm (h) 1.95 dd 4.8,12.3
9 71.7 3" 67.5 4.29 dt 4.0,12.3
9-OH N/A 4" 67.5 4.09 bs
10 58.1 4.11 s 5" 67.5 4.13 q 6.6
10a 132.7 6" (Me) 16.4 1.26 d 6.6
11 120.5 7.72 s 3"-OH N/A
11a 116.3 cinerulose B
12 187 ™ 92.4 5.2 d 3
12a 113.9 2" 64.2 4.45 dd 3
13 (c) 333 1.77 dt 21.6,7.0 3" (i) 53 248 cm
(d) 1.55 dt 21.8,7.0 () 2.77 dd 2.6,14.5
15 4" 210
21 (Me) 6.6 1.09 t 7.3 5" 79.2 4.74 q 6.6
22 (MeO) 517 3.69 s 6" (Me) 16.4 1.31 d 6.6

Abbreviations: Me — methyl, MeO — methoxy, N/A — not annotated, the hydroxyl-protons were
solvent exchanged and, thus, not observed. s — singlet, d — duplet, m — multiplet, q — quartet, t —
triplet, c — complex.
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Chapter 4, in full, is currently being prepared for submission for publication of the
material. Kersten, R.D., Ziemert, N., Crisemann, M., Duggan, B.M., Jensen, P.R., Dorrestein,
P.C., Moore, B.S. The dissertation author was the primary investigator and author of this material.

R.D.K. designed and carried out experiments, analyzed data and wrote the paper. N.Z.
carried out bioinformatic experiments and analyzed data. M.C. carried out MS experiments and
analyzed data B.M.D. carried out NMR experiments. P.R.J). provided genome information and

analyzed data. B.S.M. and P.C.D. designed experiments, analyzed data and wrote the paper.
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Bioactivity-guided genome mining reveals the

lomaiviticin
Salinispora tropica

biosynthetic

gene cluster in

Roland D. Kersten®, Amy L. Lane™, Markus Nett!, Taylor K.S. Richter?, Brendan

M. Duggan', Pieter C. Dorrestein®“"®l Bradley S. Moore

The use of genome sequences has become routine in guiding
the discovery and identification of microbial natural products
and their biosynthetic pathways. In silico prediction of
molecular features, such as metabolic building blocks,
physico-chemical properties or biological functions, from
orphan gene clusters has opened up the characterization of
many new chemo- and genotypes in genome mining
approaches. Here, we guided our genome mining of two
predicted enediyne pathways in Salinispora tropica CNB-440
by a DNA interference bioassay to isolate DNA-targeting
enediyne polyketides. An organic extract of S. tropica showed

Introduction

Microbial genome sequencing has increased dramatically over
the past decade, providing access to a tremendous amount of
information about the genetic capability of microorganisms to
produce natural products."! Biocinformatics analyses have
revealed that the number of putative natural product biosynthetic
gene clusters often greatly exceeds the number of reported
metabolites,? suggesting that a large portion of nature’s chemical
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DNA-interference activity that surprisingly was not abolished
in genetic mutants of the targeted enediyne pathways,
ST_pks1 and spo. Instead we showed that the product of the
orphan type Il polyketide synthase pathway, ST_pks2, is
solely responsible for the DNA-interfering activity of the parent
strain. Subsequent comparative metabolic profiling revealed
the lomaiviticins, glycosylated diazofluorene polyketides, as
the ST_pks2 products. This study marks the first report of the
59 open reading frame lomaiviticin gene cluster (lom) and
supports the biochemical logic of their dimeric construction via
a pathway related to the kinamycin monomer.

potential remains unexplored. Realization of the chemistry
encoded by orphan gene clusters may afford access to the next
generations of drugs as well as insights into evolutionary benefits
of the plethora of biosynthetic genes maintained within microbial
genomes.

Researchers have developed a variety of approaches to
discover natural products associated with orphan gene
clusters.®#  Such genome mining strategies include inactivation
of selected gene clusters followed by comparative metabolic
profiling of mutant and wild-type strains,” prediction of physico-
chemical properties from biosynthetic gene sequences,”®
manipulation of genes regulating biosynthetic pathway
expression,” isotope labeling of predicted biosynthetic precursors
in combination with isotope-guided fractionation,’® heterologous
expression of orphan biosynthetic genes,” and mass
spectrometry-guided genome mining.!'”

The discovery of novel natural products that impede DNA
replication or function is of interest since DNA-interfering
molecules have potential cancer chemotherapeutic
properties,!'""¥ especially as drug conjugates linked to
monoclonal antibodies.!"® Hallmark examples of DNA-targeting
natural products include the enediyne antibiotics." Their
biosynthesis involves an iterative acting type | polyketide
synthase, which assembles the distinctive core structure common
to all members of this natural product family.!"® Enediynes feature
two acetylenic groups that are linked via a conjugated double
bond. They are differentiated into two subclasses possessing
either 9-membered rings, as exemplified by neocarzinostatin, or
10-membered rings, such as calicheamicin and dynemicin (Figure
1A).I" These cytotoxic agents intercalate into chromosomal DNA
in a sequence-specific manner and cause strand scission via a
radical mechanism."®!
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Actinomycetes are prevalent sources of DNA-interfering
natural products, including enediynes.*' Genome sequenced
Salinispora species devote approximately 10% of their genetic
material to natural product biosynthesis, which includes several
orphan enediyne polyketide synthase (ePKS) gene clusters.['""®!
Although the 5.2-Mbp genome of the Salinispora tropica strain
CNB-440 harbors at least 19 putative biosynthetic gene
clusters,"! only five of these loci are linked with characterized
natural products.'®?? Its untapped metabolic potential thus
makes S. tropica a promising candidate for genomics-guided drug
discovery. The S. tropica CNB-440 genome contains two ePKS
gene clusters, the ST_pks1 and spo loci. While the product of the
former is not known, the spo gene set is associated with the
biosynthesis of two chlorinated cyclopenta[a]indenes. Sporolides
A and B were proposed to be degradation products of a reactive
9-membered enediyne precursor molecule (Figure 1A,
Supplementary Figure 1A).2>2* While the potent proteasome
inhibitor salinosporamide A was isolated from this strain and is
currently in clinical trials for treatment of multiple myeloma,®' no
DNA-interfering anticancer natural products have been reported
from S. tropica.

Herein, we report the identification of DNA-targeting natural
products from S. tropica CNB-440 via bioactivity-guided genome
mining. Allelic-exchange mutagenesis of select biosynthesis
genes, DNA interference assays and comparative metabolite
profiling tracked the observed biological activity not to one of the
anticipated enediyne pathways but exclusively to ST_pks2, an
orphan biosynthetic gene cluster predicted to yield an
anthracycline-type antibiotic. The metabolites associated with the
ST_pks2 locus were subsequently identified as the lomaiviticins,
glycosylated diazofluorene polyketides with potent anticancer
activity originally discovered from Salinispora pacifica strain DPJ-
0019 (formerly Micromonospora  lomaivitiensis).?®*  The
discovery of the lomaiviticin pathway provides the molecular logic
for the construction of these complex organic molecules and, in
the long term, may help generate new bioactive derivatives by
genetic engineering. Furthermore, the described genome mining
approach may offer an effective strategy to mine for new DNA-
interference natural products and their pathways with potential
applicability as antitumor chemotherapies.

Results and Discussion

Bioinformatic prediction and biochemical detection of DNA-
damaging chemotypes in Salinispora tropica CNB-440

The first step in the search for DNA-interfering chemotypes from
the S. tropica CNB-440 genome was the bioinformatic analysis of

candidate gene clusters. Initially, the two ePKS pathways in the S.

tropica CNB-440 genome, spo and ST_pks1, were targeted. The
ST_pks1 locus was uncharacterized and not related to known
enediyne molecules from S. tropica.

Proteins encoded by the ST_pks7 genes exhibit strongest
homology to enzymes required for the biosynthesis of dynemicin,
a 10-membered enediyne.?® Interestingly, ST pks1 (Figure 1B,
Supplementary Table 1) lacks ORFs for the synthesis of
anthraquinone- or sugar-based groups that are typically clustered
with epks genes and account for the extensive functionalization of
the enediyne core. In dynemicin biosynthesis, genes encoding
tailoring enzymes are chromosomally distinct from enediyne-
associated genes,"™ and an analogous scenario is plausible for
the proposed ST_pks17-encoded enediyne as well.

The spo cluster (Figure 1C) includes all genes required for
enediyne biosynthesis and is expected to yield a 9-membered

enediyne product (Figure 1A). Most 9-membered enediynes are
highly unstable relative to their 10-membered counterparts,”®! and
the spo enediyne product was proposed to readily undergo
nonenzymatic Bergman-type cyclization in the presence of
chloride anions, yielding sporolides A and B (Supplementary
Figure 1A).22330 Even though the enediyne origin of the
sporolides has not been experimentally confirmed, previous in
vitro studies supported an involvement of spo genes in the
biosynthesis of their cyclohexenone residue.*?

To determine whether S. fropica produces DNA-damaging
antibiotics, as predicted by bioinformatic analysis, the strain was
fermented in a commonly employed seawater-based medium,
and chemical extracts from multiple time points were evaluated
for DNA-interfering natural products using the well-established
biochemical prophage induction assay (BIA).*" DNA-damaging
activity was most pronounced for methanol/ethyl acetate extracts
of S. tropica cultures harvested 6-10 days after inoculation
(Supplementary Figure 2A), suggesting that at least one of the
biosynthetic clusters predicted to yield DNA-interfering enediyne
compounds was expressed.

S. tropica enediyne genotypes are not responsible for
biosynthesis of DNA-interfering chemotypes

To explore whether the candidate gene clusters ST_pks7 and spo
are associated with the observed DNA-damaging activity, a key
biosynthetic gene from each cluster was inactivated and replaced
with a gene for apramycin resistance (aprR) via PCR-targeted
gene replacement.®? BIA activities were then compared between
chemical extracts from individual mutants and the wild type strain
(Supplementary Figure 2).

Elimination of the ePKS gene spoE from the spo cluster
yielded a spoE::apr® mutant incapable of sporolide production
(Supplementary Figure 1B), confirming that the sporolides are
indeed ePKS-derived products as originally suspected. However,
chemical extracts from the spoE::apr® mutant exhibited the same
activity profile as the wild type strain in the BIA (Supplementary
Figure 2C), indicating neither sporolides A and B nor their
proposed 9-membered enediyne precursor (Supplementary
Figure 1A) were responsible for the observed DNA interference in
the BIA. We suspect that this enediyne may decompose too
rapidly for BIA detection due to the lack of a protective carrier.
Most characterized gene clusters for 9-membered enediynes
encode an apoprotein that sequesters the enediyne to enhance
its stability and thus facilitate biological activity.[®?*! However, no
proteins with homology to characterized enediyne-stabilizing
proteins were found within the S. tropica genome, suggesting that
this organism lacks mechanisms for 9-membered enediyne
stabilization and offering an explanation for the apparent
instability of the proposed sporolide precursor. A similar
transformation was hypothesized for the cyanosporasides from
Salinispora  pacifica ~CNS-143, which also have a
cyclopenta[a)indene core structure derived from a putative 9-
membered enediyene precursor.!

From the ST_pks?1 gene cluster, PCR-targeted gene
elimination of the putative 10-membered ePKS encoded by
strop0598 yielded a mutant with BIA activity equivalent to that of
the wild type (Supplementary Figure 2B), thus eliminating
ST_pks1 as a candidate for biosynthesis of the observed DNA-
interfering active metabolite. Further, LC-MS profiling of the
mutant and wild type extracts revealed no evidence for enediyne
natural products (data not shown), suggesting that the orphan
ST_pks1 gene cluster is either inactive under the selected
fermentation conditions or expressed at low levels.
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Type Il PKS pathway ST_pks2 produces DNA-interfering
compounds in S. tropica CNB-440

As no enediyne was responsible for causing DNA-interference in
S. tropica extracts as originally suspected, we evaluated the other
orphan biosynthetic pathways for the responsible agent. Another
prominent class of DNA-targeting natural products from
actinomycetes are aromatic polyketides such as the anthracycline
anticancer agents.® Aromatic polyketides are commonly
biosynthesized by type Il PKSs and are often glycosylated.®®
Glycosylated anthracycline anticancer agents, such as
daunomycin, can intercalate into chromosomal DNA with their
polyketide moiety, while the glycosyl moiety binds the
phosphoribose DNA backbone.®” The S. tropica CNB-440
genome contains two orphan type Il PKS pathways, ST_pks2 and
ST_pks3. The ST_pks3 locus (Supplementary Figure 3A,
Supplementary Table 2) encodes the synthesis of a putative
spore pigment polyketide related to the whiE dodecaketide
product of unknown structure from Streptomyces coelicolor
A3(2).5% We explored its function by gene elimination of the
predicted ST_pks3 B-ketosynthase (strop2500) and sporulation
phenotyping on A1 agar. The ST_pks3 mutant showed loss of
spore pigmentation compared to wild type S. tropica confirming a
predicted spore pigment product (Supplementary Figure 3B). The
ST_pks2 gene cluster, on the other hand, is predicted to encode
production of a glycosylated aromatic polyketide, thereby making
it a more promising alternative target in the search for a DNA-
interfering molecule than the ST_pks3 spore pigment.

To examine the function of the ST_pks2 gene cluster
(Figure 1D), we eliminated the putative B-ketosynthase gene
strop2223 to yield a strop2223::apr® mutant. The organic extract
of this mutant was inactive in the BIA (Supplementary Figure 2D),
thereby correlating the DNA-interference activity observed from
wild type S. tropica exclusively to the ST_pks2 gene cluster and
not to either of the enediyne-encoding gene clusters (ST_pks1
and spo). In light of prior research correlating the observation of
ePKS-encoding genes with BIA activity,*”! we found this result
surprising. This earlier work, however, did not confirm their
observations with gene deletions or compound isolation, thus
leaving open the possibility that non-enediyne polyketides were
responsible for the observed biological activity.

Characterization of ST_pks2 as the lomaiviticin biosynthetic
gene cluster (lom)

To identify the DNA-interfering glycosylated polyketide predicted
by bioinformatics analysis of the orphan ST_pks2 gene cluster,
we employed an LCMS"-based comparative metabolite profiling
strategy. In LCMS" traces of the wild type extract, several
masses were detected that were absent in the corresponding
mutant sample (Figure 2A/B, Supplementary Figure 4). One
compound with an exact mass of 1338.5319 Da showed
candidate deoxysugar fragments (158.12 m/z — putative N,N-
dimethyldideoxysugar; 145.09 miz - putative O-
methyldideoxysugar) in the MS/MS spectrum (Figure 2C),
indicating a putative glycosylated natural product. The compound
was isolated as a burgundy-red solid by MS-guided fractionation
via reversed phase-flash column chromatography from a
methanol/ethyl acetate extract of a culture of S. tropica CNB-440.
NMR analysis enabled the characterization of the molecule as
lomaiviticin  C  (Figure 2D, Supplementary Figure 5,
Supplementary Table 3), a glycosylated aromatic polyketide
recently described from S. pacifica strain DPJ-0019.% In addition,
other known derivatives, lomaiviticins A, D and E, were identified
by LCMS" (Supplementary Figure 6).2"%® |n the B-ketosynthase
mutant, no NDP-deoxysugar accumulation was detected (data

not shown) as these NDP-species should have a generally short
lifetime in cell metabolism due to their high energy content.

Lomaiviticin A was first isolated by Carter®” and is the
derivative with most potent anticancer activity.”® Its C—C dimeric
diazofluorene core is also found in its monomeric form in
kinamycin natural products from Streptomyces
murayamaensis.”®*® While the kinamycin gene cluster (kin) was
previously reported by Gould in 1998,°% the lomaiviticin
biosynthetic gene cluster (lom) remained unknown until now. The
lom locus is predicted to comprise 59 ORFs, which includes all
biosynthetic genes putatively involved in the construction of the
diazofluorene core in kinamycin (Table 1, Supplementary Figure
7).%%1 The Jom cluster contains three additional PKS genes
adjacent to the minimal type 1l PKS genes for the incorporation of
a propionate starter unit in contrast to a starter acetate unit in
kinamycin (Supplementary Figure 7). Putative biosynthetic gene
products include two glycosyltransferases and several
deoxysugar biosynthetic enzymes that nicely correlate with the
glycosylation pattern of the lomaiviticins (Supplementary Figure
8). In addition, the gene cluster contains a FAD-dependent
monooxygenase gene, strop2191, that is homologous to ActVA-
Orf4 from the actinorhodin biosynthetic gene cluster in S.
coelicolor A3(2). ActVA-Orf4 catalyzes the C-C dimerization
reaction of two benzoisochromanequinone monomers in
actinorhodin biosynthesis."” We thus suspect that its homolog,
Strop2191, catalyzes the dimerization of kinamycin-like
diazofluorene monomers in lomaiviticin biosynthesis. The
dimerization could occur from C2 after a dihydroxylation at C3
and C4 and a hydroxylation at C10 as enzymatic hydroxylations
might be sterically hindered in the dimer (Supplementary Figure
7). A homolog of Strop2191 is not present in the homologous kin
cluster. These diazo-forming and dimerizing enzymes await
characterization.

Conclusion

In this study, we identified the lomaiviticin biosynthetic gene
cluster (ST_pks2 = lom) in Salinispora tropica CNB-440 via
bioactivity-guided genome mining. Motivated by ST_pks? and spo,
two S. tropica enediyne gene clusters without characterized
enediyne products, we analyzed organic extracts with the BIA, an
assay for rapid screening of DNA-interfering chemotypes, to
detect a S. fropica DNA-targeting chemotype. Although we did
indeed measure a BlA-based activity, gene elimination
experiments showed that this observed bioactivity was not
caused by an enediyne pathway product. Instead we correlated
the BIA bioactivity to the products of the type Il PKS pathway,
ST_pks2. Comparative metabolic profiling vyielded the
lomaiviticins as ST_pks2 products and, thus, as the observed
BlA-positive compounds. Our approach of using the BIA in
combination with genome mining and gene elimination may prove
an effective strategy to identify new DNA-targeting chemo- and
genotypes beyond enediyne scaffolds. The identified biosynthetic
gene cluster for a highly complex and stereospecific natural
product such as lomaiviticin A can open up semisynthetic and
heterologous expression routes as alternatives for their
challenging production via total synthesis.

Experimental Section

General
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All chemicals were acquired from Fisher Scientific, Sigma Aldrich and
Honeywell Burdick & Jackson, and solvents were of HPLC grade or
higher. HPLC analyses were conducted with an Agilent 1200 HPLC
system with diode array detection. LC-MS analyses were conducted
with an Agilent 6530 Accurate-Mass Q-TOF MS (MassHunter
software, Agilent) equipped with a Dual electrospray ionization source
and with an Agilent 1260 LC system (ChemStation software, Agilent)
with diode array detector. NMR data were acquired at the UCSD
Skaggs School of Pharmacy and Pharmaceutical Sciences NMR
Facility on a 600MHz Varian NMR spectrometer (Topspin 2.1.6
software, Bruker) with a 1.7 mm cryoprobe.

Gene inactivation

Targeted biosynthetic genes within S. tropica gene clusters (ST_pks1,
ST_pks3, lom, and spo) predicted to yield DNA-interfering natural
products were inactivated by PCR-based mutagenesis following
previously established methods.* Briefly, the apramycin resistance
(aac(3)IV) cassette from plJ773 was PCR amplified and extended
using primer sequences (Supplementary Table 4). Extended antibiotic
resistance cassettes were introduced by electroporation into
Escherichia coli BW25113/pKD20 carrying appropriate pCCFOS-
based fosmids BHXS2039 (for ST_pks?1 genes), BHXS0939 (for
ST_pks3 genes), BHXS5407 (for lom genes), and BHXS4676 (for spo
genes). The mutated fosmid was then transferred into S. tropica CNB-
440 by conjugation from E. coli S17-1, and gene replacement
confirmed by colony PCR and sequencing of PCR products. Gene
replacement experiments were minimally carried out in duplicate.

S. tropica fermentation and biochemical prophage induction
assay (BIA)

Wild type S. tropica CNB-440 as well as spoE::apr”, strop2223::apr”,
strop2500::apr”™, and strop0598::apr™ mutants were cultured at 28 °C
in Fernbach flasks containing A1 medium (1 L, 1% starch, 0.4% yeast
extract, 0.2% peptone, 0.1% calcium carbonate, 3% InstantOcean®
sea salt). Inoculation occurred with A1 medium starter cultures (10
mL) in falcon tubes (50 mL). Flasks were shaken at 225 rpm, and
time point samples (50 mL) were drawn every two days starting on
day 4. Each sample (50 mL) was evenly divided into two portions.
The first portion was clarified by centrifugation at 5000 rpm for 10 min
to provide a supernatant sample. The remaining mycelial pellet from
this portion was suspended in methanol (MeOH, 25 mL), stirred for 30
min at room temperature, and cell debris subsequently removed by
centrifugation. The second portion of S. tropica fermentation (25 mL)
was extracted three times with an equal volume of ethyl acetate.
Supernatant samples, as well as MeOH and EtOAc extracts, were
concentrated to dryness in vacuo. Samples were re-suspended at 1
mg/mL in their respective extraction solvents. The biochemical
prophage induction assay (BIA) was performed as previously
described.®" Briefly, extract (10 uL) was applied to agar plates
seeded with E. coli ATCC 33312 and incubated for 5 h at 37 °C. Soft
agar containing Fast Blue RR salt (1.2 mg/mL) and 6-bromo-2-
naphthyl-B-D-galactopyranoside (0.4 mg/mL) was added onto the
plate and color development was observed within 15 min. Cisplatin
was included as a positive reference (test concentration: 5 mg/mL
and 2-fold serial dilutions thereof). The fermentation medium and
solvents were also assayed alone and negative for BIA activity. Every
assay was run at least in duplicate. For sporulation phenotyping, wild
type S. tropica CNB-440 and strop2500::apr™ mutant were inoculated
on an A1 agar plate (18 g agar/L A1 medium) and incubated for 14
days at 28°C.

Comparative metabolite profiling of wild type and mutant S.
tropica chemical extracts by LC-MS

Crude MeOH/EtOAc extracts of wild type and mutant S. tropica
strains were filtered through Acrodisc MS PTFE Syringe filters (Pall
Inc.) and adjusted in concentration (0.2 mg/mL). For HPLC analysis,
25 pl was injected on a Luna reversed phase C18 (5 um, 4.6 x 100
mm) HPLC column and subjected to a 10-100% MeCN (0.1% TFA) /

0.1% TFA gradient (15 min, 0.7 mL/min). For LCMS" analysis, crude
extract (2 pg) was injected onto a Phenomenex Luna C18 reverse
phase HPLC column (5um, 150x4.6mm) and was analyzed with an
Agilent 6530 Accurate-Mass LC/MS with an Agilent 1260 LC system
under the following LC conditions (1-3 min — 10% MeCN (0.1% TFA),
3-23 min - 10-100% MeCN (0.1% TFA), 23-25 min — 100% MeCN
(0.1% TFA), 0.7 mL/min). Q-TOF MS settings during the LC gradient
were as follows: Acquisition -Mass range 300-1500 m/z, MS scan rate
1/sec, MS/MS scan rate 2/sec, fixed collision energy 20eV, Source —
Gas Temperature 300°C, gas flow 11 L/min, Nebulizer 45 psig, lon
polarity positive, Scan source parameters — VCap 3000, Fragmentor
100, Skimmer1 65, OctopoleRFPeak 750. The MS was autotuned
with Agilent tuning solution in positive mode before each
measurement. LC(DAD) data were analyzed with ChemStation
software (Agilent), and MS data were analyzed with MassHunter
software (Agilent).

Isolation and characterization of ST_pks2 product, lomaiviticin C

Lomaiviticin C was isolated by MS-guided fractionation from an A1
medium culture (1L) of wild type S. tropica CNB-440 after 10 d
incubation. The cells of 500 ml of the culture were extracted with
MeOH for 30 min under stirring, and the remaining supernatant and
culture were extracted twice with EtOAc. The crude organic extract
was concentrated in vacuo, resuspended in MeOH (2 mL), and
loaded on a reversed phase C18 silica gel column for flash-column
chromatography. Lomaiviticin C was further purified as previously
described® using LC-MS for identification of lomaiviticin C-containing
fractions. Purified lomaiviticin C was dissolved in MeOD-d4 and
subjected to NMR structure elucidation (‘H, DQF-COSY, 'H-"C
HMBC, NOESY). NMR data were analyzed with Topspin 2.1.6
software (Bruker).
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Table 1. O of the I ic gene cluster (lom) from Salinispora tropica CNB-440.
Gene Size  Predicted function Closest homolog [similarity/identity, (%/%)] Reference Kinamycin
[aa] homolog
strop2172 524 Drug resistance transporter Drug resistance transporter [Salinispora arenicola CNS-205] (84/90) ABV98201
strop2173 161 Hypothetical protein Hypothetical protein [Salinispora arenicola CNS-205] (75/86) ABV98202
strop2174 276 ABC transporter ABC transporter [Catenulispora acidiphila DSM 44928] (56/39) ACU70166
strop2175 316 ABC transporter ABC transporter [Streptomyces sviceus ATCC 29083] (60/74) EDY54089
strop2176 171 Bleomycin resistance protein Bleomycin resistance protein [Streptomyces pristinaespiralis ATCC 25486] (63/79) EDY62258
strop2177 258 Hypothetical protein Alpha/beta hydrolase [Streptomyces sp. Mg1] (49/62) EDX26142
strop2178 278 Transcriptional activator Transcriptional activator [Streptomyces coelicoflavus ZG0656] (68/52) EHN80233
strop2179 113 Hypothetical protein Hypothetical protein [Lodderomyces elongisporus NRRL YB-4239] (63/40) XP_001524904
strop2180 281 AraC-family transcriptional regulator AraC-family transcriptional regulator [Micromonospora sp. ATCC 39149] (61/45) ZP_04603952
strop2181 477 NDP-hexose 2,3-dehydratase 3-dehydratase [Streptomyces coelicoflavus ZG0656] (81/72) EHN77727
strop2182 221 Hypothetical protein Hypothetical protein [Streptomyces coelicoflavus ZG0656] (79/63) EHN77694
strop2183 148 Carboxymuconolactone Carboxymuconolactone decarboxylase [Streptomyces coelicoflavus ZG0656] (73/58) EHN77723
decarboxylase
strop2184 275 Glutamine amidotransferases Peptidase C26 [Streptomyces coelicoflavus ZG0656] (77/67) EHN77724
strop2185 590 Aromatic ring hydroxylase XiaK [Streptomyces sp. SCSIO 02999] (61/47) AFK78077
strop2186 488 Protoporphyrinogen oxidase Protoporphyrinogen oxidase [Streptomyces coelicoflavus ZG0656] (73/62) EHN77710
strop2187 368 ParB domain protein nuclease Nuclease, partial [Streptomyces coelicoflavus ZG0656] (79/67) HN77721
strop2188 503 Anthrone hydroxylase FAD-binding monooxygenase [Streptomyces coelicoflavus ZG0656] (78/71) EHN77709 KinO2 (60/47)
strop2189 490 Anthrone hydroxylase FAD-binding monooxygenase [Streptomyces coelicoflavus ZG0656] (75/66) EHN77708
strop2190 263 3-oxoacyl-ACP reductase Short-chain dehydrogenase/reductase [Streptomyces coelicoflavus ZG0656] (82/71) EHN77698
strop2191 290 Putative dimerase NmrA family protein [Streptomyces coelicoflavus ZG0656] (76/67) EHN77697
strop2192 205 DSBA oxidoreductase DSBA oxidoreductase [Streptomyces hygroscopicus ATCC 53653] (71/57) ZP_07297742
strop2193 109 Polyketide synthesis cyclase Cyclase [Streptomyces antibioticus] (85/75) CAG14964 Kinl (82/70)
strop2194 261 Polyketide ketoreductase Short-chain dehydrogenase/reductase [Streptomyces bingchenggensis BCW-1] (85/77) YP_004965103 KinE (80/71)
strop2195 345 Polyketide O-methyltransferase O-methyltransferase [Streptomyces coelicoflavus] (78/63) EHN77696
strop2196 503 Anthrone hydroxylase SaqE [Micromonospora sp. Tu 6368] (70/59) ACP19351 KinOR (60/47)
strop2197 319 Polyketide aromatase SaqL [Micromonospora sp. Tu 6368] (71/61) ACP19357 KinD (67/55)
strop2198 479 FAD-dependent monooxygenase Putative FAD-dependent monooxygenase [Streptomyces albaduncus] (61/52), JagF CBH32087
strop2199 492 Anthrone hydroxylase Oxygenase-like protein [Streptomyces murayamaensis] (73/63) AA065343 KinO1 (73/63)
strop2200 247 Anthrone oxidase JadG [Streptomyces venezuelae] (62/46) AAV52247 KinG (68/52)
strop2201 627 Hypothetical protein Hypothetical protein [Streptomyces ambofaciens] (71/61) CAK51011
strop2202 118 4Fe-4S ferredoxin Putative ferredoxin [Streptomyces ambofaciens ATCC 23877] (83/75) CAI78079
strop2203 264 Hypothetical protein Hypothetical protein [Salinispora tropica CNB-440] (78/65) YP_001159312
strop2204 500 Glutamine synthetase Glutamine synthetase [uncultured bacterium BAC AB649/1850] (75/65) AEE65491
strop2205 484 Amidase Putative amidase [Streptomyces coelicoflavus ZG0656] (73/63) EHN77687
strop2206 428 Adenylosuccinate lyase Putative adenylosuccinate lyase [Streptomyces coelicoflavus ZG0656] (80/70) EHN77655
strop2207 137 N-acetyltransferase GCN5 Putative acetyltransferase [Streptomyces ambofaciens ATCC 23877] (79/72) CAI78074
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strop2208 523 ABC transporter-like protein NovA [Streptomyces coelicoflavus ZG0656] (82/69) EHN77703
strop2209 106 Dioxygenase Dioxygenase [Thermobifida fusca YX] (76/73) YP_290041
strop2210 136 Bleomycin resistance protein Bleomycin resistance protein [Salinispora arenicola CNS-205] (97/92) YP_001537194
strop2211 263 Bleomycin resistance protein Bleomycin resistance protein [Nesterenkonia sp. F] (61/42) ZP_09541316
strop2212 520 Secreted peptidase TAP domain-containing protein [Streptomyces coelicoflavus ZG0656] (72/61) EHN77722
strop2213 380 Glycosyltransferase Glycosyl transferase [uncultured bacterium] (57/41) AEM44235
strop2214 371 Polyketide O-methyltransferase O-methyltransferase [Ktedonobacter racemifer DSM 44963] (66/56) ZP_06965007
strop2215 313 O-methyltransferase NanM [Streptomyces nanchangensis] (77/60) AAP42862
strop2216 328 NDP-hexose 4-ketoreductase 4-ketoreductase [Streptomyces sp. TP-A0274] (68/56) BAC55215
strop2217 199 NDP-hexose 3,5-epimerase 3,5-epimerase [Streptomyces sp. TP-A0274] (77/67) BAC55217
strop2218 335 NDP-hexose 3-ketoreductase Putative 3-ketoreductase [Streptomyces galilaeus] (68/55) AAF73453
strop2219 244 Glycosyltransferase (auxiliary) Hypothetical protein [Salinispora arenicola CNS-205] (88/80) YP_001537195
strop2220 344 Glycosyltransferase Glycosyl transferase [Streptomyces cyanogenus] (55/42) AAD13553
strop2221 401 NDP-hexose 3,4-dehydratase/ 3,4-dehydratase-like protein [Streptomyces sp. KCTC 0041BP] (74/61) ABB52533
aminotransferase
strop2222 333 dTDP-glucose-4,6-dehydratase Putative dTDP-glucose-4,6-dehydratase [Actinoplanes missouriensis 431] (79/69) YP_005462170
strop2223 423 Minimal type Il PKS, KS Beta-ketoacyl synthase [Streptomyces acidiscabies 84-104] (82/71) ZP_10452176 KinA (79/66)
strop2224 423 Minimal type Il PKS, CLF Putative chain length factor (CLF) [Streptomyces ravidus] (76/62) CBH32808 KinB (73/59)
strop2225 84 Minimal type Il PKS, ACP ACP [Thermomonospora curvata DSM 43183] (73/48) YP_003300377 KinC (62/47)
strop2226 327 Propionate starter unit, AT AknF [Streptomyces galilaeus] (64/53) BAB72049
strop2227 322 Propionate starter unit, KS Putative modular polyketide synthase [Kitasatospora setae KM-6054] (45/30) BAJ32815
strop2228 107 Propionate starter unit, ACP Actinorhodin polyketide dimerase, ACP [Thermobifida fusca YX] (71/51) YP_289281
strop2229 160 AraC family transcriptional regulator AraC family transcriptional regulator [Salinispora arenicola CNS-205] (91/87) YP_001537196
strop2230 290 Glucose-1-phosphate thymidylyl- G1P thymidylyltransferase [Thermomonospora curvata DSM 43183] (87/72) YP_003300347

transferase
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Supplementary Figure 1| (A) Proposed Bergman-type cyclization of a highly labile 9-membered enediyne precursor to yield
observed sporolide A (1) and B (2). (B) LC profile comparison (monitored at 254 nm) of chemical extracts from wild type S.

tropica and the spoE gene elimination mutant, illustrating eradication of sporolides A/B biosynthesis in the mutant and
supporting the role of proposed enediyne PKS SpoE in sporolide biosynthesis.

A B
wild type strop0598::apr® mutant
C D

SpoE::aprf mutant strop2223::aprf mutant

Supplementary Figure 2| BIA for methanol extracts from 7-day cultures of wild type S. tropica and gene elimination
mutants. Dark spots on the assay plate indicate DNA interference activity, with a complete loss of activity observed for the

strop2223 ketosynthase gene elimination mutant (n = 2, 10 uL of a 1mg/mL stock). (A) Wild type S. tropica. (B) ST_pks1
mutant. (C) spo mutant. (D) ST_pks2 (lom) mutant.
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Supplementary Figure 3 | Characterization of ST_pks3 as a spore pigment pathway. (A) The predicted ST_pks3 gene
cluster in Salinispora tropica CNB-440. See Figure 1 for color legend. (B) Sporulation phenotyping of wild type S. tropica
and the S. tropica ST_pks3 mutant on Al agar after 14d growth at 28°C.
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Supplementary Figure 4 | LC-MS comparative metabolic profiling of wild type (black) and strop2223 mutant (red)
Salinispora tropica CNB-440 revealing several abolished masses by ST_pks2 inactivation. Target mass peaks in the
wild type profiles are marked by asteriks.
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Supplementary Figure 6 | MS characterization of lomaiviticins A, C, D & E from a wild type Salinispora tropica CNB-440 extract. (A)
Lomaiviticn A, C, D & E as reported by H. He, et al. J. Am. Chem. Soc. (2001) and C. M. Woo, N. E. Beizer, J. E. Janso, S. B. Herzon, J. Am. Chem.
Soc. (2012). (B) HR-MS spectra of lomaiviticins A, C, D & E from LCMS/MS analysis.
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Supplementary Figure 6 | MS characterization of lomaiviticins A, C, D & E from a wild ty pe Salinispora tropica CNB-440 extract. (C) Predicted
deoxysugar fragmentation of lomaiviticin A, C, D & E (2012). (D) MS/MS spectra of lomaiviticins A, B, C & D from LCMS/MS analysis. Observed
B-ions of candidate MS/MS N,N-dimethylaminodeoxysugars are highlighted in red, candidate MS/MS O-methyldideoxysugars are highlightedin

blue.
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Supplementary Figure 7 | Proposed biosynthetic scheme of lomaiviticin A based on lom gene cluster and biosynthetic proposals
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Supplementary Table 1| Bioinformatic analysis of ST_pks1 gene cluster from Salinispora tropica CNB-440

212

Gene Size [aa] | Predicted function Closest homolog [similarity/identity, (%/%)] Reference
strop0568 652 |DNA-cytosine methyltransferase DNA-cytosine methyltransferase [Saccharomonospora paurometabolica YIM90007] |ZP_09032022
(75/62)
strop0569 60 transposase transposase 1S4 family protein [Streptomyces violaceusniger Tu 4113](75/64) YP_004816282
strop0570 385 [transposase transposase 1S4 family protein [Streptomyces violaceusniger Tu4113](79/66) YP_004816282
strop0571 661 [transposase AIPR protein [Streptomyces cattleya NRRL 8057 =DSM 46488] (61/46) YP_004912436
strop0572 504 |ATPase ATPase [Saccharothrix espanaensis DSM44229](70/55) YP_007041495
strop0573 329 |hypothetical protein hypothetical protein BN6_73910 [Saccharothrix espanaensis DSM 44229] (59/44) YP_007041494
strop0574 967 |endonuclease hypothetical protein BN6_73900 [Saccharothrix espanaensis DSM 44229](61/49) YP_007041493
strop0575 188 |[transcriptional regulator hypothetical protein AMIS_7920 [Actinoplanes missouriensis 431](71/57) YP_005460528
strop0576 51 hydrolase NUDIX hydrolase [Micromonospora lupini str. Lupac 08] (74/64) ZP_21030025
strop0577 206 |hypothetical protein hypothetical protein AMIS_8300 [Actinoplanes missouriensis 431](61/48) YP_005460566
strop0578 143 |hypothetical protein hypothetical protein RHA1_ro10346 [Rhodococcus jostii RHA1] (62/49) YP_708693
strop0579 158 |hypothetical protein hypothetical protein VAB18032_25335 [Verrucosispora maris AB-18-032](71/61) YP_004406765
strop0580 N/A |pseudogene N/A N/A
strop0581 174 |hypothetical protein hypothetical protein Sare_1943 [Salinispora arenicola CNS-205] (76/61) YP_001536819
strop0582 87 DNA-binding protein DNA-binding protein [Salinispora arenicola CNS-205] (81/62) YP_001536821
strop0583 337 [selenide, water dikinase selenide, water dikinase [Catenulispora acidiphila DSM 44928] (85/74) YP_003116389
strop0584 431 |selenocysteine synthase L-seryl-tRNA(Sec) selenium transferase [Streptosporangium roseum DSM 43021] YP_003339404
(74/66)
strop0585 604 [selenocysteine-specific translation selenocysteine-specific translation elongation factor [Catenulispora acidiphila DSM |YP_003116387
elongation factor 44928](69/57)
strop0586 478 |transposase, mutator type transposase mutator type [Salinispora arenicola CNS-205] (95/92) YP_001536532
strop0587 111 |transposase, mutator type transposase mutator type [Micromonospora aurantiaca ATCC 27029] (63/54) YP_003834873
strop0588 127 |glyoxalase glyoxalase [Streptomyces sviceus ATCC 29083](73/66) ZP_06921536
strop0589 192 [nitroreductase nitroreductase [Micromonospora sp. L5](80/75) YP_004085470
strop0590 590 |peptidase S9Bdipeptidylpeptidase IV peptidase S9B dipeptidylpeptidase IV domain-containing protein [Micromonospora |YP_003835617
subunit aurantiaca ATCC27029](91/87)
strop0591 287 |[type 11 methyltransferase methyltransferase [Micromonospora aurantiaca ATCC 27029] (84/76) YP_003835618
strop0592 315 |hypothetical protein hypothetical protein Micau_2505 [Micromonospora aurantiaca ATCC 27029] (81/75) |YP_003835620
strop0593 620 |FG-GAP repeat-containing protein fg-gap repeat protein [Micromonospora sp. L5] (89/84) YP_004085465
strop0594 349 [L-seryl-tRNA(Sec)selenium transferase |L-seryl-tRNA(Sec)selenium transferase [Micromonospora aurantiaca ATCC 27029] YP_003835622
(79/77)
strop0595 92 Beta-ketoacyl synthase hypothetical protein Micau_2508 [Micromonospora aurantiaca ATCC 27029] (61/52) |YP_003835623
strop0596 231 |hypothetical protein hypothetical protein Micau_2510 [Micromonospora aurantiaca ATCC 27029](92/81) |YP_003835625
strop0597 409 |Unknown conserved protein DynT3 [Micromonospora chersina] (87/73) ACB47047
strop0598 1951 |Enediyne core formingiterative DynE8 [Micromonospora chersina] ACB47048
polyketide synthase
strop0599 138  |4-hydroxybenzoyl-CoAthioesterase DynE7 [Micromonospora chersina] (70/55) ACB47049
strop0600 297 _|transcriptional regulator DynR7 [Micromonospora chersina] (51/37) ACB47062
strop0601 402 |PBSlyase HEAT-like repeat protein PBS lyase HEAT-like repeat protein [Micromonospora chersina] (71/54) ACB47059
strop0602 436 |ABC-1domain-containing protein hypothetical protein [Micromonospora chersina] (60/44) ACB47063
strop0603 397 |Cytochrome P450 Pla03 [Streptomyces sp. Tu6071] (58/43) ZP_08452004
strop0604 276 |methyltransferase type 11 methyltransferase [Roseiflexus sp. RS-1] (59/43) YP_001277818
strop0605 127 |bleomycinresistance protein Glyoxalase/bleomycin resistance protein/dioxygenase [Saccharomonospora ZP_09030707
paurometabolica YIM90007] (88/77)
strop0606 233 |activator activator of Hsp90 ATPase 1 family protein [Nakamurella multipartita DSM 44233] YP_003200395
(58/44)
strop0607 205 |[transcriptional regulator ArsR family transcriptional regulator [Kribbella flavida DSM 17836] (75/65) YP_003379641
strop0608 152 [transposase transposase [Frankia sp. EAN1pec] (66/56) YP_001505769
strop0609 227 |transposase transposase [Frankia symbiont of Datisca glomerata] (62/51) YP_004585588
strop0610 305 |[transcriptional regulator DynR7 [Micromonospora chersina] (50/36) ACB47062




Supplementary Table 2| Bioinformatic analysis of ST_pks3 gene cluster from Salinispora tropica CNB-440

Gene Size [aa] |Predicted function Reference
strop2486 321 [transketolase transketolase [Salinispora arenicola CNS-205] (95/93) YP_001537497
strop2487 323 [dehydrogenase, E1 component dehydrogenase E1 component [Salinispora arenicola CNS-205] (96/95) YP_001537498
strop2488 270 |hypothetical protein hypothetical protein Sare_2671 [Salinispora arenicola CNS-205] (99/98) YP_001537499
strop2489 309 [phytanoyl-CoAdioxygenase phytanoyl-CoA dioxygenase [Salinispora arenicola CNS-205] (94/89) YP_001537500
strop2490 389 [4-hydroxyphenylpyruvate dioxygenase 4-hydroxyphenylpyruvate dioxygenase [Salinispora arenicola CNS-205] (90/86) YP_001537501
strop2491 414 |beta-ketoacyl synthase beta-ketoacyl synthase [Salinispora arenicola CNS-205](95/92) YP_001537502
strop2492 538 |AMP-dependent synthetase and ligase AMP-dependent synthetase and ligase [Salinispora arenicola CNS-205] (94/91) YP_001537503
strop2493 166 |hypothetical protein N/A N/A

strop2494 374 [beta-ketoacyl synthase beta-ketoacyl synthase [Salinispora arenicola CNS-205](92/89) YP_001537505
strop2495 88 ACP hypothetical protein Sare_2679 [Salinispora arenicola CNS-205] (92/84) YP_001537507
strop2496 226 |4'-phosphopantetheinyl transferase 4'-phosphopantetheinyl transferase [Salinispora arenicola CNS-205] (82/78) YP_001537508
strop2497 466 |AMP-dependent synthetase and ligase AMP-dependent synthetase and ligase [Salinispora arenicola CNS-205] (92/89) YP_001537509
strop2498 119 |antibiotic biosynthesis monooxygenase |antibiotic biosynthesis monooxygenase [Salinispora arenicola CNS-205](92/90) |YP_001537510
strop2499 415 |beta-ketoacyl synthase | beta-ketoacyl synthase [Salinispora arenicola CNS-205] (94/92) YP_001537511
strop2500 423 |beta-ketoacyl synthase Il beta-ketoacyl synthase [Salinispora arenicola CNS-205] (96/95) YP_001537512
strop2501 135 |putative polyketide synthase, whiE cupin [Salinispora arenicola CNS-205] (93/91) YP_001537513
strop2502 239 |polyketide cyclase/dehydrase cyclase/dehydrase [Salinispora arenicola CNS-205] (92/90) YP_001537514
strop2503 458 |carbamoyl-phosphate synthase carbamoyl-phosphate synthase L chain ATP-binding [Salinispora arenicola CNS- YP_001537515

205](96/94)
strop2504 192 |acetyl-CoAcarboxylase, biotin carboxyl |acetyl-CoA carboxylase, biotin carboxyl carrier protein [Salinispora arenicola CNS-|YP_001537516
carrier protein 205](77/72)
strop2505 566 |acetyl-CoAcarboxylase, carboxyl acetyl-CoAcarboxylase, carboxyl transferase subunit beta [Salinispora arenicola |YP_001537517
transferase subunit beta CNS-205](94/92)

strop2506 110 |polyketide synthesis cyclase polyketide synthesis cyclase [Salinispora arenicola CNS-205] (96/92) YP_001537518
strop2507 275 [transcriptional activator SARP family transcriptional regulator [Salinispora arenicola CNS-205] (90/87) YP_001537519
strop2508 115 |polyketide synthesis cyclase polyketide synthesis cyclase [Salinispora arenicola CNS-205] (96/94) YP_001537520
strop2509 450 |FAD-binding monooxygenase FAD-binding monooxygenase [Salinispora arenicola CNS-205] (93/90) YP_001537521
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Supplementary Table 3| NMR analysis of ST_pks2 (lom) product, lomaiviticin C, at 600 MHz in MeOD-
d4. Abbreviations: br- broad, d- doublet, J — coupling constant in Hertz [Hz], m — multiplet, s — singlet, t
— triplet). Positions marked with ‘ in the table below correspond to hydroxyfulvene side of molecule. See

Supplementary Figure 6A for positions.

1 - - 196.7 - - -
2 3.89 1H,d,J=3.1Hz 45.8 C-1,-3,-4,-11a, - H-4,-2’ H-4,-12,-13,-2
11b, -2’
3 - - 81.5 - - -
4 5.43 1H,s 65.8 C-2,-3,-4a,-11b, - H-2 H-2,-1A
1A
4a - - 129.8 - - -
5 - - N/A - - -
5a/lla - - N/A/126.8 - - -
6/11 - - 183.0/180.8 - - -
6a/10a - - 112.7/111.6 - - -
7/10 - - 156.5/157.1 - - -
8/9 7.03/6.88 1H,d, /=92 Hz 128.7/127.1 C-7,-6a, -6/C-10, - H-9/H-8 H-9/H-8
1H, m 103, -11
11b - - 135.3 - - -
12 2.08-2.12/ 1H,m 28.7 C-2,-3,-13 H-12,-13 H-12,-13,-1B
2.27-2.31 1H, m
13 1.26 3H, m 7.8 C-3,-12 H-12 H-2,-12,-3B
1A 4.42 1H,d,J=9.2 Hz 93.9 C-4,-2A H-2A H-4, -2A, -3A, -5A
2A 1.36/1.79 | 1H,m/1H,dd,J= 39.5 C-1A, -3A, -4A H-1A, -2A, - H-1A, -2A, -3A
10.5/4.8 3A
3A 3.47-3.54 1H, m 65.8 C-2A, -4A H-2A, -4A H-1A, -2A
4A 1.93 1H, m 71.7 C-3A, -4A (N(CHs),), - | H-3A,-5A H-2A, -3A, -4A (N(CHs),), -6A, -3B
5A, -6A (OCHs)
4A (N(CHs),) 2.39 6H, s 40.4 - - H-3A, -5A
5A 3.37-3.41 1H, m 69.3 C-1A,-3A, -4A, -6A H-4A, -6A H-1A, -3A, -4A, -4A (N(CHs),), -6A
6A 1.50 3H,d,/=6.1Hz 18.9 C-5A H-5A H-4A, -5A
1B 6.38 1H, brs 92.7 C-3,-3B,-5B H-2B H-12, -2B
28 1.53/2.99 | 1H,m/1H,dd,J= 35.9 C-1B, -3B, -4B H-1B', -28’, H-1B, -2B, -3B
11.4/4.8 Hz -3B’
3B 3.76-3.81 1H, m 78.5 C-3B (OCHs), -4B H-2B, -4B H-2B, -3B (OCH;), -4B, -5B
3B (OCHs) 3.62/3.64 3H,s 57.0 C-3B H-2B, -3B, -4B, -5B, -6B
4B 3.11 1H,t,J=9.0Hz 76.0 C-3B, -5B, -6B H-3B, -5B H-2B, -3B, -5B, -6B
5B 3.93-3.99 1H, m 67.5 C-3B, -4B, -6B H-4B, -6B H-13, -3B, -4B, -6B
6B 1.30 3H, m 16.5 C-1B, -4B, -5B H-5B H-4B, -5B
1 - - 198.9 - - -
2’ 3.81 1H,m 44.8 C-1,-3,-4,-11a, - H-4,-2 H-4,-12,-13, -2
11b, -2’
3 - - 81.5 - - -
4 5.32 1H,s 66.3 Cc-2',-3,-4a’, -11a’, - H-2' H-2', -1A
11b’, -1A
4a’ - - 127.8 - - -
5 6.87 1H,m 119.5 C-4a’,-52’, -6, -11a’, - -
-11b’
5a’/11a’ - - 125.4/120.1 - - -
6'/11 - - 183.5/181.2 - - -
6a’/10a’ - - 114.5/115.5 - - -
7'/10 - - 155.7/154.7 - - -
8'/9’ 6.73/6.88 1H,d,/=9.2 Hz 125.1/125.4 C-7,-6a, -6/C-10, - H-9/H-8 H-9'/H-8’
1H, m 103, -11
11p’ - - 133.2 - - -
12’ 1.99-2.02/ 1H, m/1H, m 28.7 c-2,-3,-13 H-12',-13’ H-12’,-13’,-1B
2.14-2.19
13 1.19 3H,t,J=7.0Hz 7.8 C-3,-12 H-12 H-12’,-3B’, -5B’
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1A 4.50 1H,d,J=9.2 Hz 93.7 4, 2N H-2A' H-4, 27, 3N, 5N
Py 1.31/1.71 | 1H,m/1H,dd,J= 39.4 C-1A, 3N, -4N H-1A", -2A, H-1A', -2A", -3A'
11.4/4.8 3
3A7 3-47-3.54 1H, m 66.3 C-2A, -4A H-2A', -4A' H-1A’, -2A"
an 1.92 1H, m 717 C-3A",-4A (N(CHs),)', | H-3A",-5A" | H-2A’,-3A’, -4A (N(CHs),), -5A’, -
-5A’, -6A’ 6A’, -3B (OCH,)’
4A (N(CH),)’ 237 6H, s 40.4 - - H-3A’, -5A"
5A’ 3.36-3.41 1H,m 69.7 C-1A’, -6A" H-4A’, -6A’ H-1A’, -3A’, -4A (N(CHs),), -6A"
6A’ 1.46 3H,d,J=6.1Hz 18.5 C-5A H-5A’ H-4A’, -5A’
18’ 6.37 1H, brs 93.1 C-3',-38, 58’ H-28 H-12',-28'
28’ 1.54/3.04 | 1H,m/1H,dd,J= 35.7 C-18’,-3B', -4B' H-18', -28’, H-18, -28’, -38’
11.9/4.9 Hz -39’
38’ 3.76-3.81 1H, m 78.5 C-3B (OCHs), -4B’ H-28’, -48’ H-2B’, -3 (OCHs)', -4B’, -58’
3B (OCH,)’ 3.62/3.64 3H, s 57.0 C-38' - H-28', -3, -4B’, -5, -6B’
48 3.11 1H,t,J=9.0 Hz 76.0 C-3B',-5B', -6B’ H-3B’, -58’ H-28’, -3, -5B’, -6B’
58’ 3.93-3.99 1H, m 67.5 C-3B',-4B', -6B’ H-4B’, -68’ H-13',-38',-4B’, -68’
6B’ 1.30 3H, m 16.5 C-1B’,-4B', -58' H-58’ H-4B, -58

Supplementary Table 4| Primers for S. tropica gene knockouts

strop0598 forward
strop0598 reverse
strop2223 forward
strop2223 reverse
spoE forward

SpoE reverse

strop2500 forward
strop2500 reverse

CCGGGCCCGGCGGATTCGCCTAAGGAAGGCAGCCGCATGATTCCGGGGATCCGTCGACC
CATGTCGCCCCGATTTGGTCGCCACCGCCACCGCCACCTGTAGGCTGGAGCTGCTTC
CGGGAGAACGTCGGATCGACCGTGGCGGTGCCCCGGTGAATTCCGGGGATCCGTCGACC
GATCACCGCTGTCGTCATGCCGGACCCGTGCCCAACCGGTGTAGGCTGGAGCTGCTTC
CGTCCCCGACTCAGGCAAGGAGGTTGTGCCGGCATGAGCATTCCGGGGATCCGTCGACC
AGTCCTCCATCTGCGTTACCCGTCCTTCCCAGTCAGCACTGTAGGCTGGAGCTGCTTC
TGTGCGAGCCCCGCGGTCGCGAAACGGAGTGGCACCGTGATTCCGGGGATCCGTCGACC
CGCCGCCCCAAGCAGGACCAGCGCACTGTTGAACCCGTCTGTAGGCTGGAGCTGCTTC
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Chapter 5 Amendment — Characterization of two lomaiviticin genotypes in Salinispora
genomes

Two candidate lomaiviticin genotypes have been characterized in Salinispora genomes: genotype
1 (lom1) is the ST pks2-type from Salinispora tropica CNB-440, genotype 2 (lom2) has seven
additional genes and is only found in Salinispora pacifica genomes (Figure 31). LCMS-based
metabolic profiling of a lom genotype 2-Salinispora strain, Salinispora pacifica CNR-114, revealed
that lomaiviticin production occurred after 4 weeks (data not shown). In addition, a putative
metabolite of mass 939 Da was detected in a S. pacifica CNR-114 extract and in S. tropica lom-
knockout extracts after 10 days (Figure 32). This metabolite might compensate the slower or

diminished production of lomaiviticins in Jlom2-genotypes or lom1-knockouts, respectively.

Candidate lomaiviticin genotype 1 (lom 1, Salinispora tropica CMB-440, 5T pks2)
Strop_2172 Strop 2230

A - e oo - RN b

Type || PKS genes
Candidate lomaiviticin genotype 2 (lom2, Salinispora pacifica CNR-114)
B5118DRAFT_D0347 E11BDRAFT_D0& f o

YP_OO4E800063.
= ZP_OSE43402.1| 3-1sopropyimalats rogenase [Wocardla oraslian
[BLL3DRAFT_D0Z64 354 O-matnyitra referase YP_OO: 45,1 |multfunctional Syl @S e Senyoratas e3-0-mathyl trans far @se tomhd[matnytra nsfaras &
A0 Af partatetrosine/aromats aminstransfarass ZP_10453356.1| aminotra nefaras s [Stras o racas acigiscables B4-104] [£4/55) sminotransfarass

Lomaiviticin genotype distribution in Salinispora genomes

Genotype 1 (lom1): S. tropica CNS-197, CNH-898, CNB-536, CNB-476, 5. pacifica CNT-148, CNT-569
Genotype 2 (lom2): 5. pacifica CNT-001, CNT-003, CNT-084, CNT-131, CNT-603, CNR-114, CNT-855, CNR-894, CNT-796, CNS-103

Figure 31: Characterization of two lomaiviticin genotypes (lom1 and lom2) in Salinispora
genomes.
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Figure 32: LCMS-based identification of putative upregulated Salinispora metabolite metabolic
extracts of a lom2-strain and of lom7-mutant strains.
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Conclusions

In this dissertation, the concept of mass spectrometry-guided genome mining was
introduced in two approaches, peptidogenomics and glycogenomics. Sequencing of microbial
genomes has become cheaper and faster, thereby making it currently the most accessible ‘omic’-
dataset of a microbe. Consequently, genome databases are increasing exponentially [1]. Based
on the realization that ~90% of secondary metabolic gene clusters in microbial genomes are
uncharacterized [2], the increase of genomic information results in an increase of orphan
secondary metabolic gene clusters. Traditional in silico-guided genome mining approaches do not
match the pace with which genomes are sequenced nowadays as they only characterize one
pathway chemically per experiment [3]. The motivation of this dissertation was to introduce a
genome mining concept that could potentially link multiple pathways to their natural product
chemotypes in one experiment and, thus establish a blueprint for automated natural product
discovery by genome mining. The new approaches should then be tested by discovery of new
chemo- and genotypes of microbial natural products.

MS-guided genome mining rapidly connects natural products (chemotypes) with their
biosynthetic genes (genotypes) by matching de novo tandem MS structures to genomics-derived
structures of predicted secondary metabolites. In peptidogenomics (Chapter 2) [4], amino acid
mass shifts in peptide tandem MS spectra are connected to a ribosomal peptide precursor gene
or to a NRPS gene cluster in a microbial genome. Thus, the peptidogenomic approach can
readily differentiate between ribosomal and nonribosomal peptides. The candidate peptide
biosynthetic gene cluster can enable verification, classification, partial structure elucidation and
dereplication of the putative peptide natural product. In glycogenomics (Chapter 4), sugar mass
signals in tandem MS spectra of O-/N-glycosylated natural products are connected to
corresponding glycosylation genes in a secondary metabolic gene cluster via a MS-glycogenetic
code. The biosynthetic genes of the aglycone can enable the classification, structure prediction

and dereplication of the predicted GNP, and the glycosylation genes can enable further
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verification of a GNP chemotype-genotype connection. MS-guided genome mining is an iterative
approach in that a match of a tandem MS spectrum with a biosynthetic gene cluster is confirmed
by reanalysis of tandem MS and genetic data. The presented genome mining concept could be
automated as multiple chemotypes can be connected to their genotypes in one experiment. An
example is the characterization of three different ribosomal peptide chemotypes and
corresponding genotypes by tandem MS analysis of a Streptomyces roseosporus culture extract
[4].

MS-guided genome mining can enable discovery of new peptide and GNP chemotypes.
In this work, 18 new chemotypes were characterized by peptidogenomics and glycogenomics.
Furthermore, MS-guided genome mining can enable discovery of new genotypes of known
peptide and GNP chemotypes. Tandem MS analysis in combination with IMS and genomics
revealed the didemnin biosynthetic pathway in the genome of the marine a-proteobacterium
Tistrella mobilis (Chapter 3) [5]. In addition, LC-MS" analysis of extracts of the marine
actinobacterium Salinispora tropica [6] enabled the characterization of the lomaiviticins and their
biosynthetic gene cluster in the genome of S. tropica (Chapter 5) [7]. The characterization of the
didemnin and lomaiviticin biosynthetic gene clusters is an important discovery as both
compounds are potent anti-cancer agents [8-10]. A biosynthetic gene cluster of a target
compound produced in low yields from fermentation can open up an increased production by
heterologous pathway expression or genetic engineering of pathway regulators [11,12]. For
example, lomaiviticins have not entered clinical trials despite their high anticancer activities
because yields from fermentation and organic synthesis are too low to supply required amounts
of the most active derivative, lomaiviticin A [9]. The described lomaiviticin gene cluster could lead
to a solution to this supply problem by heterologous expression or genetic upregulation. A
biosynthetic gene cluster of a target compound can also enable production of structural
derivatives by genetic engineering for structure-activity relationship studies and clinical trials [13].

Peptidogenomics has been already applied by the Dorrestein and Moore groups and by other
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groups to characterize several chemo- and genotypes of new bioactive ribosomal and
nonribosomal peptides from diverse bacteria [14-17].

MS-guided genome mining can also uncover new biosynthetic mechanisms by
connecting peptidic and GNP chemotypes to their pathways. A combination of imaging mass
spectrometry, tandem MS and genome analysis has characterized a new activation mechanism
in NRP biosynthesis (Chapter 3) [5], in specific a putative didemnin activation mechanism. IMS
and tandem MS showed the secretion of didemnin B precursors with N-terminal acyl-glutamine
modifications prior to didemnin B occurrence. Genome analysis identified that the candidate
didemnin gene cluster had a starter NRPS for N-terminal incorporation of acyl-glutamine chains
into didemnin molecules. This led to the hypothesis that didemnins are biosynthesized as inactive
didemnin precursors X/Y with N-terminal acyl-glutamine modifications, secreted and then cleaved
by a putative extracellular esterase to form active didemnin B [5].

Ultimately, the introduced MS-guided genome mining approaches, peptidogenomics and
glycogenomics, can expedite the discovery of PNP and GNP chemistry, biochemistry and
bioactivity by rapid connections of PNP and GNP chemo- and genotypes from genome
sequenced microbes. Integration of these approaches with new metabolomic and genomic tools,
such as molecular networking [14] and AntiSMASH [18], respectively, and genetic and
metabolomic databases [19,20] can lead to automation of genome mining for natural product

discovery and integrate genome mining into natural product identification strategies.
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