UC San Diego
UC San Diego Electronic Theses and Dissertations
Title
Mass Spectrometry guided Analogs of Bioactive Molecule Discovery

Permalink
https://escholarship.org/uc/item/9s6813dr

Author
Peng, Yao

Publication Date
2015
Peer reviewed|Thesis/dissertation

eScholarship.org

Powered by the California Digital Library
University of California

UNIVERSITY OF CALIFORNIA, SAN DIEGO

Mass Spectrometry guided Analogs of Bioactive Molecule Discovery

A Thesis submitted in partial satisfaction of the
requirements for the degree Master of Science

in

Chemistry

By

Yao Peng

Committee in charge:
Professor Pieter C. Dorrestein, Chair
Professor William H. Gerwick
Professor Roy Wollman

2014

Copyright
Yao Peng, 2014
All rights reserved.

The Thesis of Yao Peng is approved, and it is acceptable in quality and form for
publication on microfilm and electronically:

Chair

University of California, San Diego
2014

iii

DEDICATION

I would like to dedicate this work to my family for being a source of strength. Without
them, I will not be here.

iv

TABLE OF CONTENTS
Signature Page .................................................................................................................. iii
Dedication

.................................................................................................................. iv

Table of Contents ................................................................................................................ v
List of Figures ................................................................................................................. vii
List of Tables .................................................................................................................. ix
Acknowledgements ............................................................................................................. x
Abstract of the Thesis ........................................................................................................ xi
Chapter 1
1.1

1.2

1.3
Chapter 2

General Introduction ................................................................................... 1
Specilized Metabolites ................................................................................ 2
1.1.1

Specialized Metabolites Introduction ............................................. 2

1.1.2

Specialized Metabolites Discovery ................................................. 3

1.1.3

Analogs of Specialized Metabolites Discovery .............................. 4

Mass Spectrometry...................................................................................... 6
1.2.1

Mass Spectrometry Introduction ..................................................... 6

1.2.2

Tandem Mass Spectrometry ........................................................... 8

1.2.3

MS/MS networking......................................................................... 9

References ................................................................................................. 11
MS/MS networking guided comparative dereplication and discovery of
analogs of bioactive molecules ................................................................. 13

2.1

Introduction ............................................................................................... 14

2.2

Results and Discussion ............................................................................. 16

v

2.3

Supporting Information ............................................................................. 27
2.3.1

Strains and materials ..................................................................... 27

2.3.2

Bacterial metabolic extraction ...................................................... 28

2.3.3

Data-dependent MS/MS dataset collection ................................... 28

2.3.4

LTQ/FT-ICR MS analysis ............................................................ 29

2.3.5

Peptide extraction and purification ............................................... 29

2.3.6

MALDI-TOF MS analysis of peptide samples ............................. 31

2.3.7

NMR measurement ....................................................................... 31

2.3.8

Stereochemical analysis of stenothrisercin by Marfey’s analysis. 31

2.3.9

Genome sequencing and de novo assembly for napsamycin,
arylomycin and stenothrisercin gene cluster in Streptomyces sp.
DSM5940 ..................................................................................... 32

2.3.10 Sequence definition of the gene cluster in Streptomyces sp.
DSM5940 ...................................................................................... 33
2.4
Chapter 3

References ................................................................................................. 50
Harnessing Molecular Networking for High Throughput Screening
for Marine Specialized Metabolites .......................................................... 53

3.1

Summary ................................................................................................... 54

3.2

Research Goals.......................................................................................... 55

3.3

References ................................................................................................. 56

vi

LIST OF FIGURES
Figure 2-1.

MS/MS networking guided novel analogs discovery from unsequenced
bacteria ...................................................................................................... 16

Figure 2-2.

Molecular network of Streptomyces roseosporus and Streptomyces sp.
DSM5940 revealed 4 groups of NRPs derivatized metabolites................ 18

Figure 2-3.

Alignment of Stenothricin and Stenothrisercin candidate biosynthetic
gene cluster and Proposed Biosynthetic Pathway ..................................... 21

Figure 2-4.

Cytological profiling of stenothrisercin bioactivity .................................. 25

Figure 2S1.

Alignment of MS/MS of napsamycin m/z 853 and m/z 855 spectra
from S. roseosporus and S. sp. DSM5940. ............................................... 35

Figure 2S2.

Alignment of MS/MS of arylomycin m/z 825 and m/z 839 spectra from
S. roseosporus and S. sp. DSM5940 ......................................................... 36

Figure 2S3.

Alignment of MS/MS of stenothricin m/z 1132, 1146 and Compound
1-5 m/z 1091, 1105 spectra from S. roseosporus and S. sp. DSM5940,
reveals the sequence tag CysA-Dhb-Ser-Dpr-Dhb in Compond 1-5 core
structure..................................................................................................... 37

Figure 2S4.

Annotated MS/MS analysis of Compound 1-5........................................ 38

Figure 2S5.

1

Figure 2S6.

HSQC based differential analysis of stenothricin and stenothrisercin

H NMR spectrum of stenothrisercin (600 MHz, CD3OD) ...................... 39

(600 MHz, CD3OD) .................................................................................. 40
Figure 2S7.

HMBC based differential analysis of stenothricin and stenothrisercin
(600 MHz, CD3OD). ................................................................................. 41

vii

Figure 2S8.

dqfCOSY based differential analysis of stenothricin and stenothrisercin
(600 MHz, CD3OD) .................................................................................. 42

Figure 2S9.

TCOSY based differential analysis of stenothricin and stenothrisercin
(600 MHz, CD3OD) .................................................................................. 43

Figure 2S10. Marfey’s L-FDVA derivatives of stenothrisercin hydrolysate and
standard amino acids via LCMS. .............................................................. 44
Figure 2S11. Phylogenetic analysis of C domains from stenothrisercin NRPS gene
cluster. ....................................................................................................... 46

viii

LIST OF TABLES
Table S1. 2D NMR spectroscopic data for amino acids of stenothrisercin 1109 in
CD3OD. 13C and 1H chemical shifts were determined by HSQC and HMBC
spectra. ............................................................................................................ 47
Table S2. Annotation of genes in the stenothrisercin biosynthetic cluster and predicted
function. .......................................................................................................... 49

ix

ACKNOWLEDGEMENTS
Foremost, I would like to thank my research advisor, Pieter Dorrestein, for his
support as the chair of my committee and for leading me into the mass spectrometry and
natural products fields which disclose a new world for me. Also, I want to thank all
Dorrestein lab members for creating such an exciting lab atmosphere. Laura Sanchez,
Vanessa Phelan, Amina Bouslimani, Tal Luzzatto, Neha Garg, Carla Porto, Mike
Meehan, Wei-Ting Liu, Jane Yang, Jeramie Watrous, Roland Kersten, Cheng-Chih
(Richard) Hsu, Don Nguyen, Cliff Kapono, Dimitrios Floros, Jimmy Zeng, Jennifer
Fang, and of course Kathleen and Tatiana Dorrestein. It has been an absolute pleasure
and an honor working with these folks.
Next I would like to thank all the professors who has been served in my
committee, Prof. Gerwick and Prof. Wollman for taking the time to review this thesis,
providing valuable comments, and attending my defense.
Chapter 2, in part, is currently being prepared for submission for publication of
the material. Wei-Ting Liu, Anne Lamsa, Paul D. Boudreau, Vanessa V. Phelan, Laura
M. Sanchez, Roland D. Kersten, Ronnie G. Gavilan, Pep Charusanti, Brendan M.
Duggan, Bernhard Ø. Palsson, Marcelino Gutiérrez, Bradley S. Moore, William
Gerwick, Kit Pogliano, Pieter C. Dorrestein. The thesis author was the primary
investigator and author of this paper. I would like to take this opportunity to
acknowledge the contributions of all these co-authors.
Last but not least, I honestly thank my boyfriend, Jiacong Li, for his endless
support in both my career and life.

x

ABSTRACT OF THE THESIS
Mass Spectrometry guided Analogs of Bioactive Molecule Discovery
by
Yao Peng
Master of Science in Chemistry
University of California, San Diego, 2014
Professor Pieter C. Dorrestein, Chair

Recently, there has been remarkable interest in mining the chemical diversity in
specialized metabolites scaffolds to identify novel molecules with altered bioactivity
from natural source. Here, we present the use of MS/MS networking guided comparative
metabolomics to profile sequenced and unsequenced bacteria. This enables the
dereplication of known specialized metabolites as well as the discovery of new analogs
that are produced in an environmental unsequenced bacterium Streptomyces sp.
DSM5940 by comparing the metabolic output with a sequenced bacterium Streptomyces
roseosporus. The following differential comparison of gene cluster profiling, MS/MS and
2D NMR greatly accelerates the structure elucidation process, allowing us to rapidly
xi

identify an analog of the stenothricins in which a lysine is changed to a serine, which we
have named stenothrisercin. The finally cytological profiling indicates lysine may be an
essential structural motif for the antimicrobial activity. Our study demonstrates MS/MS
networking, along with differential comparison significantly accelerates the process of
mining new natural product analogs.

xii

Chapter 1
General Introduction

1

2

1.1 Specialized Metabolites
1.1.1 Specialized Metabolites Introduction
Specialized metabolites, also known as secondary metabolites or natural
products, are low molecular weight bioactive compounds from microbial sources.(1)
The important classes of compounds within specialized metabolites such as
polyketides,(2) non-ribosomal peptide,(3, 4) alkaloids, terpenoids, shikimate derived
molecules and aminoglycosides can be produced by bacteria, fungi, lichens, marine
invertebrates, plants, insects and mammals. The structural diversity and complexity of
specialized metabolites makes them able to target biological macromolecules and have
better drug-like properties than a random sample of compounds prepared by organic
synthesis. Over half a century of screening for natural products from fungi and bacteria
enables hundreds of thousands of specialized metabolites being isolated and tested as
antibiotics, therapeutics and life-style drugs. For example, daptomycin, originally
produced by Streptomyces roseosporus, is being used as therapeutic drug for bacteria
skin infection and providing 600-700 million dollars per year in revenue to CUBIST.(5)
Even sometimes, specialized metabolites do not make it directly through clinical trials
to become drugs, many drug candidates are derived from specialized metabolites
template using synthesis. Such as ziconotide, a synthetic version of a peptide ﬁrst
isolated from the venom of Conus magus, was launched for the treatment of patients
suffering from chronic pain. A review by Newman and Cragg(6) analyzing the sources
of new drugs from 1981 to 2006 indicates that almost 50% of new drugs introduced
during this period had a natural product origin, especially in the case of anticancer and
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anti-infective agents. Therefore, it became obvious that specialized metabolites, made
by living organisms, play a pivotal role in the development of pharmaceutical agents,
either directly or through structural inspiration.

1.1.2 Specialized Metabolites Discovery
Traditionally, the techniques for locating and exploring specialized metabolites
always carried out through isolating compounds followed by structure elucidation.
Typically, once a novel structure compound or a bioactive compound is detected, large
effort will spend on purifying this target compound from strain extracts and elucidating
structure based on spectroscopic information. The advent of high-throughput, rapid and
cheap genome sequencing has completely open up an entirely new approach to
specialize metabolite discovery by identifying gene clusters associated with bioactive
compounds production.(7) Recent bacteria genome sequencing data indicated that there
were surprisingly more biosynthetic clusters than suspected, revealing a huge potential
space for new specialized metabolite discovery.(1) Meanwhile, public available search
tools, such as GenBank, are able to correlate the newly sequenced organisms with gene
clusters for known products in database and assign putative identities to gene clusters of
the newly sequenced organism. More importantly, the predictive nature domain binding
specificity of non-ribosomal peptide synthases (NRP’s), polyketide synthases (PKS’s)
and NRPS-PKS hybrid systems is able to predict the core scaffold of specialized
metabolites based on the NRPS or PKS gene cluster within genome sequence.
However, even though specialized metabolites are an inexhaustible source of
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therapeutic lead molecules and the recent technical advances highly support the
discovery process, many large pharmaceutical companies have chosen this time to quit
specialized metabolite discovery world.
The collapsing cycle of decreasing investment and decreasing returns from the
industry is caused by several challenges that face the specialized metabolites discovery.
Although the traditional bioactive compound discovery method worked very well, it
can only target for those high production and easy detection specialized metabolites.
With the increasing number of anti-infectives being used in pharmaceutical treatment, a
new crisis situation has arisen in the form of multidrug-resistant infections diseases.(5)
There is no shortage of specialized metabolites from natural environment that could
become the new sources for beneficial compounds.(8) Additionally, decoding pathways
from genome sequences for the production of novel compounds is not only very time
intensive, but it only reveal the production capacity of living organisms, as opposed to
monitoring the metabolite itself. Even if finding a new metabolite from genome mining
is not an issue, growth of an environmental microbe under laboratory conditions is not
an easy task. It is estimated that less than 1% of microbial species from the
environment are cultivable using traditional microbiological methods. Therefore, the
search for specialized metabolites must continue with renewed vigor.

1.1.3 Analogs of Specialized Metabolites Discovery
Recently, the analogs dissimilar to any known compounds caused by natural
combinatorial biosynthesis, such as enzyme multi-functionality(9, 10) or domain
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promiscuity,(11, 12) have been catching specialized metabolites scientists’ eyes. The
versatility of microbial assembly lines made it possible to produce different natural
products sharing same scaffold but diverse structure motifs. In this case, the problem
faced by pharmaceutical lead compound discovery has been simplified to how to more
thoroughly explore the high chemodiversity from living organisms. With many new
instrument configurations applied to the modern mass spectrometer, not only can it
serve as a tool to confirm the mass of chemically extract compound, but also it is
becoming an invaluable tool in basic science research as well as the pharmaceutical
industry due to its ability to sensitively and accurately analyze highly diverse chemical
mixtures.(13) In order to effective access to diverse molecular compounds for the
specialized metabolites discovery, we made use of mass spectrometry and applied
MS/MS networking technique(14) to rapidly dereplicate known compounds(15) and
discover new analogs.

6

1.2 Mass Spectrometry
Mass spectrometer, can be described as a scale, has the ability to weigh small
molecules not visible to the human eye and distinguish them based on their unique
weight. It consists of three basic components, the ion source, mass analyzer and ion
detector.
1.2.1 Mass Spectrometry Introduction
The role of the ion source is to introduce molecules into the mass spectrometer
and convert them to a charged form. There are two kinds of ionization sources used in
this thesis: matrix assisted laser desorption ionization (MALDI) and electrospray
ionization (ESI). In MALDI, the analyte of interest is mixed with a large mole excess of
matrix compounds which absorbs efficiently at the laser wavelength. The matrix allows
the energy from the laser to be dissipated and also assists with the ionization sample
molecules through electron transfer and chemical processes. The success of MALDI
mass spectrometry is relying on the morphology of the crystallized sample surface. The
addition of organic solvents to the solution or the use of heat to spray matrix and assist
drying process would give a thin and uniform surface of analyte and matrix, resulting in
more reproducible mass spectra being obtained. Due to the difficulty in conjunct
various chromatographic approaches with the MALDI mass spectrometry where the
sample inlet is from a solid state, the electrospray ionization has been used to deliver
liquid analyte to the mass spectrometer. By passing the analyte solution through a
needle held at high voltage, the solution becomes an electrolyte and the droplets at the
needle tip have been charged with positive or negative charge. As the droplet
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evaporates, the ions within them move closer together. At some point there are
sufficient Coulombic repulsive forces between the ions to overcome the liquid surface
tension, the big droplets divided into small droplets and the new forming small droplets
continue to undergo this process. Eventually, the solvent-free ions are produced and are
passed through the mass analyzer and detector.
After ions are formed in the source, they are accelerated into the mass analyzer
where they are separated according to their mass to charge ratio through the use of
electric and magnetic field. In general, mass analyzers can be defined by their
sensitivity, resolution and mass accuracy. Linear ion trap (LTQ) has fast scan rate,
enabling it to couple with liquid chromatography and achieve high-throughput analysis.
However, its low mass accuracy and resolution makes signal assigning error-prone.
Fourier tramsform ion cyclotron resonance (FTICR) mass analyzers have a higher
resolution and accuracy among current commercial available mass spectrometer
analyzer but suffer from its sensitivity as well as the low scan rate. Although
sometimes, we coupled LTQ with FTICR mass analyzer to overcome their individual
shortcomings and achieve a reasonable analysis, the low mass cutoff in LTQ and
FTICR made the low m/z product ions unstable thus not detectable in ion trap type
instrument. On the contrary, Quadrupole ion trap (Q-TOF) represents a superior
instrumental option which does not suffer from low mass cutoff and owns moderate
accuracy and scan rate. But it cannot generate deeper stages of tandem mass
spectrometry. In this case, each mass analyzer has it merits as well as shortages. In
ideal situation, spectra were generated from multiple types of analyzers and act as
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complementary information for different purpose of analysis. After separated and
analyzed in the mass analyzer, the ions are passed onto an ion detector producing an
electrical current that is amplified and detected.

1.2.2 Tandem Mass Spectrometry
The development of tandem mass spectrometry greatly helps the structure
annotation process and made the mass spectrometry become extremely valuable in life
science research. The general workflow for tandem mass spectrometry is first ionizing
the target molecules before enter into the mass spectrometer and measuring the intact
ion masses, also known as parent mass or precursor ions. Once the interest ion has been
selected, it will go through fragmentation process and generate a set of product ions.
Since the way a molecule fragments is dictated by its chemical structure, the
fragmentation pattern for a given molecule is typically unique to that compound and
can be used to partially and sometimes fully elucidate the structure of a molecule.
Although there are a lot of methods to generate fragment ions, collision induce
dissociation (CID) is the most widely used one for cyclic peptides characterization as
most software and algorithms available to date are designed for CID type of
fragmentation. Thus in this section, we mainly focus on discussing fragmentation
features of ions under CID.
Under CID, the interest ion is accelerated by an electric potential into the
collision cell and collide with neutral gas, such as helium or nitrogen. This neutral gas
is used to both stabilize ion trajectories through collisional cooling and effect the
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dissociation of activated ions. The collision with neutral gas transfers kinetic energy to
the internal energy of the selected ions, eventually causes the bond breakage. For some
types of compounds, the fragmentation pattern can be predicted based on the chemical
properties of linkages. Such as peptides, the fragmentation within CID normally yield
two series of ions, known as “b” and “y” ions, containing different length of sequence
bearing N or C-terminal end respectively. In fragmentation route of peptides, the
protonation on amide nitrogen always weakens the adjacent amide bond and facilitates
the nucleophilic attack by neighboring carbonyl carbon. In this case, peptides
predominantly fragment at the amide bond between amino acids and the resulting
fragment peaks would have a mass difference equivalent to the mass of amino acid
residue that was lost. Finally, the building block of the peptides can be read from the
tandem mass spectra based on the sequential mass shifts between fragment peaks that
correspond to amino acid residues.

1.2.3 MS/MS networking
Even though the tandem mass spectrometry greatly accelerates the structure
elucidation process of specialized metabolites, manually analyzing the complicated
fragmentation data from complicated mass spectrometry environment still requires a
significant time and monetary investment. In our laboratory, we developed a new
technology, termed MS/MS networking. It utilizes MS and MS/MS data sets from
LCMS runs of crude extracts to broadly detect compounds in an extracts as well as
reveal their structural relationships to one another from algorithms applied to MS/MS
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data. Specificity, similarities are calculated for each simplified MS/MS data with a
minimum six matching peaks by a modified cosine calculation that take into account
the relative intensities of the fragment ions as well as the precursor ion m/z difference
between the paired spectra. After merging the identical MS/MS spectra and converting
all fragments to cosine score, the top K nodes will be viewed using Cytoscape and
generated a molecular map. In this map, each node represents a single consensus
MS/MS spectrum for a given parent mass; the color of a node reflects the extract origin;
the thickness of an edge between nodes indicates the similarity score for that spectral
pair where a core of 1.0 indicates two spectra of the same compound. Because
structurally similar molecules share similar MS/MS fragmentation patterns, this
network then allow for the simultaneous visual exploration of identical molecules,
analogs, or compound families, within single or multiple data sets and from a wide
variety of biological sources. Especially, those identified spectra could be used as
“seeds” to explore their new analogs produced from different sources.
In this thesis, we demonstrate the application of the mass spectrometry based
methodologies, MS/MS networking, in the discovery of analogs of bioactive compound.
Chapter 1 provides an introduction of specialized metabolites and an overview of mass
spectrometry based technology, such as tandem mass spectrometry and MS/MS
networking, employed to assist the specialized metabolites process. In Chapter 2, I give
an example of how MS/MS networking can be used to dereplicate known specialized
metabolites and accelerate the new analogs of bioactive compound discovery. And
finally, Chapter 3 describes ongoing and future work regarding using this technique to
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explore high chemodiversity of marine organisms. The goal of this project is to
correlate of compounds diversity and abundance in cyanobacteria with their
geographical distribution, which will greatly facilitate the search of pharmaceutical lead
compounds from marine environment in the future.
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2.1 Introduction
Today, natural product scientists appreciate the specialized metabolite diversity
caused by natural combinatorial biosynthesis,(1, 2) such as enzyme multifunctionality,(3, 4) broad substrate specificity(1), domain promiscuity, module skipping
or new domain combinations in “assembly lines” of polyketide synthases and
nonribosomal peptide synthases(5-7). Compared with organic synthesis of analog
libraries with derivatized functional groups, mining analogs from natural source are
more favorably biased toward molecules containing novel structure motifs. To fully
realize the potential of metabolic chemodiversity in developing new drugs, there is a
critical need for better strategy to globally capture chemical repertoires from microbes
for the discovery of new analogs with modulated bioactivity.
Recent studies have demonstrated that Streptomyces roseosporus is a prolific
producer of NRPS derived specialized metabolites, some with antibacterial activity,
including napsamycin, daptomycin, arylomycin and stenothricin. In 2011, Leonard et al.
identified the napsamycin biosynthetic gene cluster in an unsequenced actinomycete,
Streptomyces sp. DSM5940.(8) Due to the divergent background and ecological
condition of these two strains, we hypothesized that the napsamycin molecular family
produced by Streptomyces sp. DSM5940 contains several novel analogs different from
those produced by Streptomyces roseosporus.
MS/MS networking developed in our lab is an improved data visualization and
organization strategy where molecules sharing similar MS/MS fragmentation patterns
and spectra tend to group together. Different molecules are represented as nodes
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connected by edges within the network. The thickness of edges represents the similarity
of MS/MS spectra, and is typically defined as a cosine score.(9) To illustrate the utility
of MS/MS networking in mining for new analogs, we subjected both Streptomyces
roseosporus and Streptomyces sp. DSM5940 metabolomes to LC-MS/MS in a datadependent manner. The resulting MS/MS spectra were networked and displayed in
Cytoscape(10, 11) with color coded origin of the sample. In this case, a searchable
MS/MS network from the two organisms, composed of 855 nodes, was created (Figure
2). Previously identified molecular families can act as searching probe to quickly
dereplicate known molecules and facilitate mining for new analogs.
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Figure 2-1. MS/MS networking guided novel analogs from unsequenced bacteria.
Steps are as follows: (A) Generation of molecular network from special metabolites
produced by different organisms. (B) Dereplication of known molecules and detection of
novel analogs. (C) Structure elucidation by differential analysis based on MS/MS, 2D
NMR and gene cluster profiling. (D) Characterization of stenothrisercin.

2.2 Results and Discussion
Based on the genome analysis in previous studies,(8, 12) we first aimed to
search for napsamycin analogs within clusters representing the napsamycin molecular
family.

As expected, we identified a large cluster of 38 nodes corresponding to

molecules from Streptomyces sp. DSM5940 and S. roseosporus. Within this cluster, 22
nodes putatively correlate to the napsamycin molecular family, 9 of which had identical
MS/MS spectra previously determined as being produced by S. roseosporus.
Unfortunately, manual inspection of MS fragment ions from all the nodes within this
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napsamycin cluster showed consistent fragmentation patterns from both strains (Figure
S1).
Following the same protocol, we then searched for chemical diversity analogs in
clusters belonging to the molecular families of daptomycin, arylomycin and
stenothricin produced by both actinomycetes under our conditions.(13) Mapping the
searchable network revealed a small cluster with 8 nodes representing the arylomycin
molecular family with masses ranging from 811 to 867 Da composed of nodes from
both strains (Figure 2D, Figure S2). Additionally, Na and K adducts of arylomycin with
different fatty acid chain lengths form grouped sub-clusters. However, there were no
nodes from Streptomyces sp. DSM5940 present in the cluster of daptomycin variants
from S. roseosporus (Figure 2C),suggesting that the Streptomyces sp. DSM5940
genome lacks the daptomycin biosynthetic machinery. This observation is not
surprising considering that no trace of the daptomycin synthetic machinery has been
observed in any available Streptomyces sp. DSM5940 genome sequence data.

18

Figure 2-2. Molecular network of Streptomyces roseosporus and Streptomyces sp.
DSM5940 revealed 4 groups of NRPs derivatized metabolites (A) Napsamycin, (B)
Stenothricin, (C) Daptomycin, (D) Arylomycin

MS/MS network mining for stenothricin related molecules displayed a single
large cluster ranging from 1090 to 1192 Da containing nodes previously seen in S.
roseosporus data. Unexpectedly, we observed 8 nodes from Streptomyces sp.
DSM5940 forming a cluster connected to the stenothricin cluster by a single node
(Figure 2B). Parent mass comparison between all the ions in these two sub-clusters
revealed that each node within this new group has a matching node of plus 41 Da in the
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stenothricin cluster in S. roseosporus. Although we queried most available databases,
no literature has previously reported this new cluster of stenothricin analogs.
Stenothricin, based on our recent studies, has a distinct bioactive potential against both
Gram-negative and Gram-positive strains, as well as a panel of clinically important
pathogenic bacteria. Considering that MS/MS clustering is dependent upon chemical
similarity between molecules, we hypothesized that these novel analogs were
structurally related to stenothricin and were of interest considering their anti-bacterial
potential.
We were next interested in the chemical structure of these stenothricin
analogues. Notably, with ever-increasing knowledge of NRPS biosynthetic paradigms,
the ability to directly correlate primary genetic information and chemical structure is
now relatively straightforward, thus allowing a decision to be made concerning their
value before isolation efforts.(14) For this purpose, the Streptomyces sp. DSM5940
genome was subjected to partial genome sequencing by Ion Torrent and Illumina
MiSeq with paired end sequencing. The resulting contigs were assembled by Geneious
5.1.1 using the Streptomyces roseosporus 15998 genome sequence as template. The
BLAST homology revealed an 88% identity between all the sequences obtained from
Streptomyces sp. DSM5940 and S. roseosporus. Here, we aimed to identify the
candidate gene cluster encoding enzymes required for biosynthesis of this stenothricin
analog, closed the gaps in the adenylation domain sequence by PCR and annotated the
amino acid sequence based on NRPSPredictor2.(15) All of the 10 amino acid codes
predicted by Stachelhaus A-domain specificity rules(16) in the candidate analog NRPS
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assembly-line were in agreement with those in the proposed stenothricin genes, with
perfectly matched NRPS modules and highly identical assembly genes, except for some
differences in the eighth module, changing from DVFESGGVAK to DVWHVSLVDK
(Scheme 1, Table S2). It has been demonstrated that His278/Ser301 is universally
conserved in A-domain pocket specifically for serine with a proposed function on the
hydrogen bonding of His278 nitrogen to Ser301 hydroxyl group, which in turn
hydrogen bonds to the hydroxyl group in serine substrate.(17) By replacing
Glu278/Ser299 to His278/Ser301, the salt bridging functional role in the pocket
designed for lysine would be replaced by hydrogen bonding, leading to the replacement
of serine in the eighth module. Therefore, we named these new group analog
stenothrisercin. The stereochemical configuration of stenothrisercin can be inferred by
C-domain phylogenetic clustering, indicating a D-configuration in Cysteic acid 1,
Threonine 2,5, Serine 7 and L-configuration of Serine 3,6 (Figure S9).

Figure 2-3. Alignment of Stenothricin and Stenothrisercin candidate biosynthetic gene cluster and Proposed
Biosynthetic Pathway

* Dash lines represent gaps in genes
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To structurally confirm this molecular family, we set out the interrogation on
differential analysis based physical structural spectra comparison. This approach relies
on comparing fragment ions from tandem mass spectrometry and correlations from 2D
NMR spectroscopy. Alignment with well characterized structure data will significantly
simplify the querying of different structural motifs in previously undetected analogs by
the removal of overlapping signals that are not of interest. In differential analysis, great
care must be taken to ensure the identity in sample preparation, data acquisition,
processing and interpretation.
The separate stenothrisercin cluster with 8 nodes included the following series
of ions at m/z 1077, 1091, 1105, 1109 and 1133, referred to as stenothrisercin 1-5 in
this paper. To query the -41 Da modification, we examined the MS fragmentation data
of stenothrisercin 1-5, identified the potential amino acid sequence tags, and compared
them with those from five main literature report stenothricin variants at m/z 1118, 1132,
1146, 1160, 1174. The mass shift 151- 83- 87- 86- 83 in stenothrisercin 1-5 was
identical to that which came from the stenothricin MS/MS data, suggesting the same
sequence tag of CysA-Thr-Ser-Dpr-Dhb in new peptide building block with
modification or exchangeable amino acid caused by 41 Da localizing at the stenothricin
C-terminus (Figure S3). The inability to achieve de novo sequencing of peptides from
these y-ion series required us to examine other mass shifts in the MS fragmentation
spectrum by taking into account the fragmentation gas-phase behavior. MS/MS analysis
of stenothrisercin 1-5 yielded another potential fragment group with 151-172-87 that
was first processed into the sequence tag CysA-172-Ser (Figure S4 A). The 172 Da
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mass could arise from the sequence mass of N-Me-Gly plus Thr during the macrocycle
formation between the C-terminal methylated Glycine and second Threonine in the
stenothricin backbone. In this case, instead of the commonly fragmentated Thrmacrolactone bond, the amide bond between threonine 2 and serine 3 was broken as the
initial ring-opening site (Figure S4 B). According to the sequence tag CysA-Thr&NMe-Gly-Ser it generated, the amino acid right behind N-Me-Gly at thestenothrisercin
1-5 C-terminus has a high potential to be serine instead of the lysine which is present in
stenothricin. To explore this scenario, the predicted core peptide sequence was
compared in its calculated mass to the observed mass in MSn analysis. All observed
intact masses of stenothrisercin 1-5, together with the MS fragmentation, were within
5 ppm error under external calibration condition, in agreement with the predicted
structure where serine has replaced lysine (Figure S5 C).
For final confirmation of the structure of stenothrisercin from the Streptomyces
sp. DSM5940 strain, large scale fermentation, extraction, and HPLC purification was
undertaken for differential NMR based comparison of metabolite production.(18, 19)
HSQC, HMBC, dqfCOSY and TOCSY spectra acquired for stenothrisercin 1091 were
compared with the original stenothricin 1132 reported using an overlay algorithm
designed to highlight structural differences (Figure S5-8, Table S1). After excluding the
same structural motifs displayed in CysA-1, Thr-2, Ser-3, Dap-4, Dhb-5, Val-6, Ser-7,
N-MeGly-9 from these two compounds, we observed a disappearance of all lysine C-H
coupling systems in stenothrisercin HSQC spectrum, as well as a lack of all long range
coupling systems from C-5 to C-9 in dqfCOSY and TOCSY data from the original
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stenothricin spectra. In addition, 2D NMR spectra for stenothrisercin revealed three
serine dependent spin systems instead of two with a

13

C -1H sequence from carbonyl

carbon C-4 (δC 172.64) to methine protons H-6 (δH 3.70, 3.81) through α proton H-5
(δH 5.17) in additional serine amino acid. Correspondingly, the stenothrisercin structure,
featuring a serine 8 between serine 7 and a methylated glycine 9 in the peptide core
structure, has been established. The absolute configurations of the amino acids in
stenothrisercin have been clarified by Marfey’s analysis(20, 21) applied for the acid
hydrolysate of stenothrisercin in comparison with standard amino acids. Retention
times of 1-fluoro-2,4-dinitrophenyl-5-L-valine amide (L-FDVA) derivatives have been
compared with the FDVA converted standard amino acid by Ultra Performance Liquid
Chromatography(UPLC)-MS, revealing the existence of D-allo-Thr, L-Dap, L-Val and
D, L-Ser with a ratio of 1:2 in stenothrisercin (Figure S9). Thus, the differential
analysis in physical structural spectra matched to the stenothrisercin core structure
predicted by putative biosynthetic pathways.
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Figure 2-4. Cytological profiling of stenothrisercin bioactivity. (A-D) Fluorescence
micrographs revealed the effect on cell architecture of E. coli lptD when treated with (A)
10 % MeOH (B) 40 µg/ml stenothrisercin (C) 0.5 % DMSO (D) 20 µg/ml stenothricin.
Cells are stained with a member stain FM 4-64 (red), a permeable DNA stain DAPI
(blue), and an impermeable DNA stain SYTOX green. (E) Growth curve of cells treated
with 40 µg/ml stenothrisercin and 20 µg/ml stenothricin.
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Once we identified stenothrisercin as a stenothricin analog, we wondered what
effect these differences would have on the biological activity. Cytological profiling, a
fluorescence microscopy method,(22) was utilized to observe the effects at a single cell
level of treatment with the compounds. We have previously shown that the stenothricin
mixture possibly acts in a detergent-like manner, causing membrane staining that
appears to fill the cytoplasm in both Bacillus subtilis and E. coli lptD cells. Due to
difficulty in obtaining a single purified stenothrisercin variant, performed the
bioactivity test using a mixture of stenothrisercin 1091 and 1115. Cells treated with
stenothrisercin did not show the same membrane phenotype as stenothricin, and in fact,
B. subtilis cells did not show any major effects by microscopy or a drop in viability
after treatment with 40 µg/ml stenothrisercin (data not shown). E. coli lptD cells treated
with 40 µg/ml show a drop in viability similar to treatment with stenothricin at 20
µg/ml, although the cytological profiles do not look the same. Both stenothricin and
stenothrisercin treatment caused permeability of all cells to SYTOX green by two hours
(Figure 3B,D), however, the membranes of stenothrisericin-treated cells appear largely
intact with on modest lack of uniformity in staining with FM 4-64.

In contrast,

stenothricin treatment produces dramatic effects on the membrane, which appears to fill
the cytoplasm. We previously noted that the membrane effects of stenothricin appear
similar to the effect of the non-ionic detergent n-nonyl-β-D-glucopyranoside. Since the
antimicrobial activity of a peptide can be influenced by their charges, hydrophobicity
and amphipathicity,(23) the positively charged lysine present in stenothricin but not
stenothrisericin, might enhance its ability to solubilize negatively charged bacterial
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membranes. Changing this lysine to serine changes the mechanism of action, so that
stenothrisercin still permeabilizes the cell membrane to SYTOX green and with the
dramatic effects on membrane architecture observed with stenothricin.
In conclusion, our MS/MS network-based global comparative dereplication of
metabolite production from an unsequenced strain, in conjunction with differential
analysis from MS/MS, 2D NMR and gene profiling, revealed the discovery of
stenothrisercin from an unsequenced bacterium. Particularly, MS/MS networking
enables fast and reliable connection between metabolomes from unrelated strains and
identification of analogs with novel structure motifs with the goal to facilitate the
mining of antibiotics in therapeutic discovery. This approach can also be extended to
streamline screening special metabolites from hundreds of thousands of nature sources,
or even from our human microbiome through one single MS/MS network.

2.3 Supporting Information
2.3.1 Strains and materials
Streptomyces

sp.

DSM5940,

obtained

from

Eberhard-Karls-Universität

Tübingen, Germany, was originally isolated from a soil sample collected from the
Andaman Islands, India4. Streptomyces roseosporus NRRL 15998 (29) was acquired
from the Broad institute, MIT/Harvard, MA, USA, whose parent strain S. roseosporus
NRRL 11379 was isolated from soil from Mount Ararat in Turkey. All chemicals used
for ISP2 were purchased from Sigmal-Aldrich. Organic solvent were purchased from
J.T. Baker.
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2.3.2 Bacterial metabolic extraction
Two single ISP2 agar plate was inoculated with S. roseosporus and S. sp.
DSM5940 starter culture respectively by 4 parallel streaks. After incubating for 10 d at
28 °C, the agar was sliced into small pieces, put into a 50 ml centrifuge tube, covered
with equal amount of Milli-Q water and n-butanol and shaked at 225 rpm for 12 h at 28
°C. The n-butanol layer were collected via transfer pipette, centrifuged and dried with
rotary evaporator.

2.3.3 Data-dependent MS/MS dataset collection
MS/MS datasets were collected both with or without LC separation in-line with
mass spectrometry. For LC-MS, capillary columns were prepared by drawing a 360 μm
O.D., 100 μm I.D. deactivated, fused silica tubing (Agilent) with a Model P-2000 laser
puller (Sutter Instruments) (Heat: 330, 325, 320; Vel, 45; Del, 125) and were packed at
600 psi to a length of about 10 cm with C18 reverse-phase resin suspended in methanol.
The column was equilibrated with 95% of solvent A (water, 0.1% AcOH) and loaded
with 10 μl (10 ng/μl in 10% CH3CN) of bacterial butanol extract of two streptomyces
strains by flowing 95% of solvent A and 5% of solvent B (CH3CN, 0.1% AcOH) at 200
μl/min for 15 mins. A gradient was established with a time-varying solvent mixture
[(min, % of solvent A): (20, 95), (30, 40), (75, 5)] and directly electrosprayed into the
LTQ-FT MS inlet (source voltage, 1.8 kV; capillary temperature, 180 C). The first scan
was a high resolution broadband scan. The subsequent six scans were low resolution
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data-dependent on the first scan. In each data-dependent scan, the top intensity ions
excluded the ones in exclusion list were selected to be fragmentated by CID which
generated hundreds of fragmentation spectra collected as individual data events. The
resulting .RAW files were converted to .mzXML using the program ReAdW
(tools.proteomecenter.org).

2.3.4 LTQ/FT-ICR MS analysis
Crude extraction sample were dissolved in spray solvent 50:50 MeOH/H2O
containing 1 % formic acid, and injected for MS analysis by a nanomate-electrospray
robot (Advion) for consecutive electrospray into the MS inlet of a LTQ/FT-ICR mass
spectrometer (Thermo Finnigan). The identities of these peptides were determined by
intact exact mass analysis followed by MS/MS collision induced dissociation (CID)
fragmentation acquiring on both 6.42 T Finnigan LTQ-FTICR MS and a Finnigan
LTQ-MS positive ion mode. MS fragmentation employed the following settings:
normalized collision energy of 35%, an activation Q of 0.25, and an activation time of
50 to 80 ms. All FT-ICR-MS spectrum were recorded with a resolution of 100,000.
Data were analyzed using QualBrowser.

2.3.5 Peptide extraction and purification
400 whole ISP2 agar plates were inoculated with spore suspension of
Streptomyces sp. DSM5940 strain. The plates were incubated for a time-course
experiment at 30 °C. At defined time intervals, 1cm to 1cm agar area covered with
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colony was excised, extracted by methanol and then analyzed by MALDI-TOF MS
aiming to find the best time point for large extraction. After that, the agar was sliced
into small pieces and extracted twice with equal amount of Milli-Q and n-butanol for
12 h at 28 °C and 225 rpm in two 2.8 liter-Erlenmeyer flask. The extracts was separated
from agar by cheesecloth filtration and, subsequently, from cell debris and Milli-Q by
centrifugation (4000 rpm, 10 min). N-butanol extracts was dried with a rotovaporator,
resuspended in 1 ml methanol, and placed on a methanol-equilibrated Sephadex LH20
column (length: 30 cm, diameter: 2.4 cm). The extract was separated with a methanol
mobile phase at a flow rate of 0.5 ml/min. Each fraction was then analyzed by MALDITOF MS for peptide content. Stenothrisercin-comprising gel filtration fractions were
then combined and further purified by twice runs reversed-phase HPLC. The first
HPLC (SUPELCO C18, 5 μm, 100 Å, 250 x 10.0 mm) purification was performed with
a gradient running from 50% to 75% solvent B in 35 minutes at flow rate 2 ml/min.
Fractions that contain target peptides were collected, combined and dried in ten vials
based on the retention time on the C18 HPLC column and major analogues
components. These ten vials each were re-suspended and subjected to a second run of
HPLC (Thermo, Syncronis Phenyl HPLC, 5 μm, 150 x 4.6 mm) by an isocratic elution
with 35% solvent B. Fractions are collected manually and identified by MALDI-TOF
MS. Solvent A is H2O containing 0.1% TFA; solvent B is CH3CN containing 0.1%
TFA. Purified stenothrisercin 1091 and 1105 were lyophilized and stored at -80 °C
before using for structural elucidation and bioassay.
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2.3.6 MALDI-TOF MS analysis of peptide samples
MALDI-TOF MS was used to detect target peptides in time-course cultivation
experiment as well as fractions of gel filtration and HPLC. The sample was mixed 1:1
with a saturated solution of Universal MALDI matrix in 78 % acetonitrile containing
0.1 % TFA and spotted on a Bruker MSP 96 anchor plate. The sample was dried and
inserted into the Autoflex Bruker Daltonics mass spectrometer. External calibration was
done by a Peptide standard mix (Bruker Daltonics). The sample was run in positive
reflectron mode. Mass spectra were obtained with the FlexControl method and a single
spot was acquired by 500 shots with 500-800 μm laser interval and 6.5-11.2 Detector
Gain- Reflector. Single spot MALDI-TOF MS data was analyzed by FlexAnalysis
software.

2.3.7 NMR measurement
50 µg stenothrisercin 1091 were dissolved in 30 µL of CD3OD for NMR
acquisition. 1H-NMR spectra were recorded on Bruker Avance III 600 MHz NMR with
1.7 mm Micro-CryoProbe at 298 K, with standard pulse sequences provided by Bruker.
The data was overlay with previously stenothricin1132 NMR dataset and analyzed
using the MestReNova software.

2.3.8 Stereochemical analysis of stenothrisercin by Marfey’s analysis(20)
10 µg (400 µg/ml MeOH solution) stenothrisercin 1091 and 1105 mixture was
dissolved in 750 µL of 6M HCl (aq) and transferred to a conical microwave reaction
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tube with a stir bar. The solution was stirred and heated by microwave to 160 °C for 5
min. The resulting hydrolysate was dried under N2 (g) flow, and redisolved in 50 µL of
a 1 M NaHCO3 (aq) and to this was added 100 µl of 1 mg/ml L-FDVA (1-fluoro-2,4dinitrophenyl-5-L-valine amide) in acetone. The reaction mixture was incubated at 35
°C for 1 h and quenched with 25.0 µL of 2 M HCl (aq). After dried the reaction mixture
under N2 (g) flow, 500 µL of CH3CN was added to resuspend the resulting products,
flowed by transferring to a fresh LC-MS vial with a syringe filter. The L-FDVA
derivatives were analyzed by UPLC-MS(Phenomenex C18, 1.7 μm, 100 Å, 50 x 2.10
mm) with a 0.5 mL/min multi-step gradient solvent system (15% isocratic aqueous
CH3CN (0.1% TFA) over 15 min; 15% aqueous CH3CN to 50% aqueous CH3CN (0.1%
TFA) over 10 min; 95% CH3CN (0.1% TFA) for 5 min). The retention times (min) of
the derivatives were compared with those of authentic derivatized standards, with the
exception of inseparable D vs L-CysA: D-Ser (14.6 min), L-Ser (13.4 min), D-Thr
(17.5 min), L-Thr (12.7 min), D-allo-Thr (16.2 min), L-allso Thr (14.7 min), monomer
D-Dpr (3.7, 5.2 min), monomer L-Dpr (4.4, 5.2 min), dimer D-Dpr (22.0 min), dimer
L-Dpr (22.7 min), D-Val (21.3 min), L-Val (18.7 min). The hydrolyzed peaks with the
expected masses were found at 13.4, 14.6, 16.2, 4.4, 5.2, 22.7, 18.7 min, corresponding
to L-Ser, D-Ser, D-allo-Thr, L-Dpr and L-Val. Additionally, the integration of peak
area from D,L-Serine derivatives showed the quantity ratio was 2:1.

2.3.9 Genome sequencing and de novo assembly for napsamycin, arylomycin and
stenothrisercin gene cluster in Streptomyces sp. DSM5940
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Genome sequencing was carried out using both Illumina MiSeq and Ion Torrent
systems. Read pretreatment and de novo assembly were performed using CLC
Genomics Workbench v6.5 (CLC Bio, Aarhus, Denmark) based on Illumina and Ion
Torrent data. These reads were also tested by Velvet v1.2.07 using a range of k-mers
and MaSurCa v2.0.3.1 for hybrid assembling. The resulting draft genome sequence was
automatically annotated using the RAST server (http://rast.nmpdr.org/). The presence
of gene clusters coding for napsamycin, arylomycin and stenothrisercin in
Streptomyces sp. DSM5940 were confirmed by mapping reads on homologous gene
clusters present in S. roseosporus NRRL15998 and S. roseosporus NRRL 11379.

2.3.10 Sequence definition of the gene cluster in Streptomyces sp. DSM5940
The gene cluster sequence was annotated using the program Artemis to collate
data and facilitate annotation. Biosynthetic gene families were manually assigned by
performing an “all-against-all” Blast (NCBI) comparison of proteins within the
database. The adenylation domains within NPRS genes were further assessed by
NRPSpredictor2-based analysis. 10 amino acid code according to the Stachelhaus rules
were compared with known codes in stenothricin gene cluster. The condensation
domain sequences in this gene cluster were analyzed and identified as the six
condensation

families

(heterocyclization,

epimerization,

dual

condensation/epimerization (dual), condensation of L amino acids to L amino acids (L
to L), and condensation of D amino acids to L amino acids (D to L), and starter) as the

34

analysis done by Rausch et al(17). Sequence were annotated with the accession number
and C domain type and then aligned by ClustalW2.
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Figure 2S1. Alignment of MS/MS of napsamycin m/z 853 and m/z 855 spectra from
S. roseosporus and S. sp. DSM5940. A, C are MS/MS spectra observed from S. sp.
DSM5940. B, D are MS/MS spectra observed from S. roseosporus.
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Figure 2S2. Alignment of MS/MS of arylomycin m/z 825 and m/z 839 spectra from
S. roseosporus and S. sp. DSM5940. A, C are MS/MS spectra observed from S. sp.
DSM5940. B, D are MS/MS spectra observed from S. roseosporus.
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Figure 2S3. Alignment of MS/MS of stenothricin m/z 1132, 1146 and Compound 1-5
m/z 1091, 1105 spectra from S. roseosporus and S. sp. DSM5940, reveals the
sequence tag CysA-Dhb-Ser-Dpr-Dhb in Compond 1-5 core structure. A, C are
MS/MS spectra observed from S. roseosporus. B, D are MS/MS spectra observed from S.
sp. DSM5940. E, F sequence tagging of stenothricin and Compound 1-5.
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Figure 2S4. Annotated MS/MS analysis of Compound 1-5. A Alignment of FT
MS/MS of ions at m/z 1077, 1091, 1105, 1119, 1133. B Fragmentation scheme of
Compound 1-5 during CID. C MS/MS ion table corresponded to Compound 1-5.
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Figure 2S5. 1H NMR spectrum of stenothrisercin (600 MHz, CD3OD).
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Figure 2S6. HSQC based differential analysis of stenothricin and stenothrisercin
(600 MHz, CD3OD). A Stenothricin spectrum. B Stenothrisercin spectrum. Differences
in signals are boxed, representing the disappearance of lysine (blue) and the existence of
extra serine (red) in stenothrisercin.
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Figure 2S7. HMBC based differential analysis of stenothricin and stenothrisercin
(600 MHz, CD3OD). A Stenothricin spectrum. B Stenothrisercin spectrum. Differences
in signals are boxed, representing the disappearance of lysine 5-10 correlations (blue) and
the existence of extra serine (red) in stenothrisercin.
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Figure 2S8. dqfCOSY based differential analysis of stenothricin and stenothrisercin
(600 MHz, CD3OD). A Stenothricin spectrum. B Stenothrisercin spectrum. Differences
in signals are boxed.
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Figure 2S9. TCOSY based differential analysis of stenothricin and stenothrisercin
(600 MHz, CD3OD). A Stenothricin spectrum. B Stenothrisercin spectrum. Differences
in signals are boxed.
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Figure 2S10. Marfey’s L-FDVA derivatives of stenothrisercin hydrolysate and
standard amino acids via LCMS.
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Figure 2S10. Marfey’s L-FDVA derivatives of stenothrisercin hydrolysate and
standard amino acids via LCMS, Cont.
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Figure 2S11. Phylogenetic analysis of C domains from stenothrisercin NRPS gene
cluster. The first stenothrisercin C domain clustered with the other starter C domains.
Stenothrisercin C4, C7, C9 were among other LCL domains, while C2, C3, C6, C8
clustered with dual E/C domains, which suggested the L configuration in Serine3,
Serine8 and D configuration in Serine7. The stereochemistry of all C domains from
stenothrisercin was in the same pattern with that from stenothricin.
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Table S1. 2D NMR spectroscopic data for amino acids of stenothrisercin 1109 in
CD3OD. 13C and 1H chemical shifts were determined by HSQC and HMBC spectra.
Residu
e

N-MeGly-9

Ser-8

Ser-7

Val-6

Position

δC, type

δH

1

168.96, C

–

2a

52.98, CH2

4.80

2b

1, 3’

2b

52.98, CH2

3.93,

2a

1, 3’

3

36.77, CH3

3.18,

4

3’
rotomer

35.92, CH3

2.96,

2, 4

4
5

172.64, C
51.27, CH

–
5.17

6a/b

6a/b

4, 6a/b

5’
rotomer

53.17, CH

5.05

6’

6’

4, 6’

6a

63.10, CH2

3.70,

5

5

4,5

6b

63.24, CH2

3.81

5

5

4

6’
rotomer

63.62, CH2

3.75,

5’

5’

7
8

172.62
56.28, CH

4.84

9

64.02, CH2

3.56

8

8

10

173.19, C

–

11

60.00, CH

4.38

12, 13/14

12, 13/14

11’
rotomer

60.26, CH

4.34

12’, 13/14

12’, 13/14

12

32.99, CH

2.11

13/14

11, 13/14

11, 13/14

12’
rotomer

32.63, CH

2.16

11’, 13/14

11’, 13/14

11’, 13/14

13

19.43, CH3

1.01

12, 12’

11, 11’, 12,
12’

11, 11’, 12,
12’, 14

14

19.43, CH3

1.01

12, 12’

11, 11’, 12,
12’

11, 11’, 12,
12’, 13

COSY

TOCSY

HMBC

7
10, 12, 13/14,
15
10, 12’,
13/14, 15

48

Table S1. 2D NMR spectroscopic data for amino acids of stenothrisercin 1109 in
CD3OD. 13C and 1H chemical shifts were determined by HSQC and HMBC spectra,
Cont.
Residue

Dhb-5

Dpr-4

Ser-3

Thr-2

Cys-1

Position
15
16
17
18
19
20
21a
21b
22
23
23’
rotomer
24
24’
rotomer
25
26
27
27’
rotomer
28
28’
rotomer
29
30
30’
rotomer
31a
31’a
rotomer
31b
31’b
rotomer

δC, type
165.43, C
130.24, C
134.82, CH
13.24, CH3
170.23
52.32, CH
40.48, CH2
40.48, CH2
172.42, C
58.5, CH

δH
–
–
6.83
1.83
–
4.81
3.68
3.48
–
4.41

57.13, CH

COSY

TOCSY

HMBC

15
17

15
17

15, 16, 18
15, 16, 17, 19

21a/b
20, 21b
20, 21a

21a/b
20, 21b
20, 21a

22
19, 20
19, 20

24

24

22, 24

4.54

24’

24’

22, 24’

61.96, CH2

3.99

23

23

23

62.69, CH2

3.96

23’

23’

173.92
52.40, CH
72.76, CH

–
4.71
5.46

26, 28

27’, 28’
26, 28

25
1

73.13, CH

5.20

26, 28’

26, 28’

28’

23.01, CH3

0.93

27

26, 27

27

16.04, CH3

1.04

27’

26, 27’

172.66, C
50.66, CH

–
5.58

31a/b

31a/b

50.60, CH

5.74

31’a

31’a/b

52.44 CH2

3.23

30, 31b

30, 31b

29, 30, 30’

52.55 CH2

3.20

30’, 31’b

30’, 31’b

29, 30, 30’

52.44, CH2

3.72

30, 31a

30, 31a

29

52.35, CH2

3.76

30’, 31’a

30’, 31’a

29
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Table S2. Annotation of genes in the stenothrisercin biosynthetic cluster and
predicted function.
Gene

Size
[aa]

Predicted function

Protein homolog

Protein
similarity/iden
tity [%/%]

Accession
number

StenA

514

Multidrug resistance efflux
pump

major facilitator superfamily permease
[Streptomyces roseosporus NRRL 11379]

99/98

ZP_04707162.1

StenB

189

TetR-family transcriptional
regulator

TetR family transcriptional regulator
[Streptomyces roseosporus NRRL 15998]

100/99

ZP_06582833.1

StenC

721

helicase

helicase [Streptomyces qlobisporus C1027] (93/89)

96/95

ZP_11377726.1

StenD

334

Oxidoreductase

oxidoreductase [Streptomyces
roseosporus NRRL 15998]

98/98

ZP_06582835.1

StenE

475

argininosuccinate lyase
(ArgH)

argininosuccinate lyase [Streptomyces
roseosporus NRRL 15998]

99/99

ZP_04707166.1

StenF

398

argininosuccinate synthase
(ArgG)

argininosuccinate synthase [Streptomyces
roseosporus NRRL 11379]

100/99

ZP_04707167.1

StenH

236

secreted protein/L,Dtranspeptidase

secreted protein [Streptomyces
roseosporus NRRL 15998]

97/98

ZP_06582839.1

StenI

178

arginine repressor (ArgR)

arginine repressor [Streptomyces
roseosporus NRRL 11379]

100/100

ZP_04707170.1

StenJ

403

N2-acetyl-L-ornithine:2oxoglutarate aminotransferase
(ArgD)

acetylornithine aminotransferase
[Streptomyces globisporus C-1027]

98/98

ZP_11377720

StenK

314

N-acetylglutamate kinase
(ArgB)

acetylglutamate kinase [Streptomyces
roseosporus NRRL 11379]

97/97

ZP_04707172

StenL

384

N2-acetyl-L-ornithine:Lglutamate N-acetyltransferase
(ArgJ)

bifunctional ornithine
acetyltransferase/N-acetylglutamate
synthase protein [Streptomyces
globisporus C-1027]

98/98

ZP_11377718

StenM

342

N-acetyl-gammaglutamylphosphate reductase
(ArgC)

N-acetyl-gamma-glutamyl-phosphate
reductase [Streptomyces globisporus C1027]

98/97

ZP_11377717.1

StenO

351

ornithine cyclodeaminase/2,3diaminopropionate
biosynthesis protein (SbnB)

ornithine cyclodeaminase [Streptomyces
roseosporus NRRL 15998]

99/99

ZP_06582846.1

StenP

1198

NRPS (A-T-CAS)

non-ribosomal peptide synthetase
[Streptomyces roseosporus NRRL 15998]

96/96

ZP_06582847.1

StenQ

271

type II thioesterase

conserved hypothetical protein
[Streptomyces roseosporus NRRL 15998]

98/97

ZP_06582848

StenR

75

MbtH-like protein

hypothetical protein SrosN1_04335
[Streptomyces roseosporus NRRL 11379]

97/96

ZP_04707179.1

StenU

431

cysteate synthase

L-threonine synthase [Streptomyces
roseosporus NRRL 11379]

100/99

ZP_04707187.1
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Chapter 3
Harnessing Molecular Networking for High Throughput Screening
for Marine Specialized Metabolites
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3.1 Summary
The marine environment is a relatively under explored niche which has great
prospective as a source for specialized metabolites with vast therapeutic potential.(1)
This “low hanging fruit” from marine organisms is greatly due to the lack of effective
tool to locating and exploring the structural diversity. In this chapter, I will describe
how MS/MS networking can be utilized to characterize chemical similarities and
diversities in the metabolome of multiple cyanobacteria collections originated from
various geographical locations across the equatorial. We will analyze five hundred
cyanobacteria extracts using mass spectrometry and clustered them based on
fragmentation similarities, to generate a molecular network that correlates the chemical
characteristics to the geographical distributions. The powerful tool of molecular
networking will enable the seeding of pure compounds and detects analogs production
across the globe. This data will have great impact on focusing the search of target
metabolites and its derivatives, facilitating the discovery of new active specialized
metabolites.
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3.2 Research Goals
As natural product continue to play a pivotal role in the development of
pharmaceutical agents, attention of specialized metabolites discovery has been drawn to
the creatures that had previously escaped collection and examination, such as marine
environment.(1, 2) This emphasis on marine microorganisms has been rewarded with
nine approved drugs being released to the market, either marine derived or inspired.
One specific class of bacteria, the cyanobacteria, is exceptionally prolific in diverse
specialized metabolites, producing chemically and biologically remarkable compounds
as dolastatin 10, the cryptophycins, and more can be anticipated from deploying more
sensitive and effective techniques.
We are currently collaborating with Gerwick laboratory at SIO, who has been
collecting marine cyanobacteria strains and extracts from around the world for 30 years,
including multiple locations in the Cariibbean, Central and South Pacific, Indo-Pacific
and Indian Ocean. The techniques described in Chapter 2 will enable a much improved
capacity to discover new molecular diversity or analogs in desired structural classes
from these cyanobacteria extracts. Using the LC-MS/MS profile of cyanobacteria
extracts and pure compounds, we are able to create a representation of chemical
universe of 500 distinct cyanobacteria extracts collected globally to correlate
compounds diversity and abundance with geographical distribution. The goals of
networking such a large number of cyanobacteria extracts would be to examine the
metabolic similarities and differences of cyanobacteria extracts from different locations,
determine whether geography and specific location plays a role in metabolic output,
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and to search for new derivatives and potential therapeutic compounds. Additionally,
200 pure compounds which originally isolated from cyanobacteria extract can be used
as good starting points for dereplication and new analogs discovery. Correlations
between geographical distribution and chemodiversity of specialized metabolites may
real the elicitors in the nature environment for secondary metabolite biosynthetic
pathway activation. This knowledge would fundamentally alter future investigations of
pharmaceutical lead compound discovery in from nature environment.

3.3 References
1.

Gerwick WH & Moore BS (2012) Lessons from the past and charting the future
of marine natural products drug discovery and chemical biology. Chemistry &
biology 19(1):85-98.

2.

Mayer A, et al. (2010) The odyssey of marine pharmaceuticals: a current
pipeline perspective. Trends in pharmacological sciences 31(6):255-265.

