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Abstract

A major goal in natural product discovery programs is to rapidly dereplicate known entities from
complex biological extracts. We demonstrate here that molecular networking, an approach that
organizes MS/MS data based on chemical similarity, is a powerful complement to traditional
dereplication strategies. Successful dereplication with molecular networks requires MS/MS
spectra of the natural product mixture along with MS/MS spectra of known standards, synthetic
compounds, or well-characterized organisms, preferably organized into robust databases. This
approach can accommodate different ionization platforms, enabling cross correlations of MS/MS
data from ambient ionization, direct infusion, and LC-based methods. Molecular networking not
only dereplicates known molecules from complex mixtures, it also captures related analogs, a
challenge for many other dereplication strategies. To illustrate its utility as a dereplication tool, we
apply mass spectrometry-based molecular networking to a diverse array of marine and terrestrial
microbial samples, illustrating the dereplication of 58 molecules including analogs.

Natural products (NPs) are produced by various life forms as specialized metabolites that
control cellular processes and drive biology.1 They are also some of the most prolific
sources of therapeutics.2 Despite the overwhelming number of NPs and NP derivatives
approved by the FDA, the majority of the pharmaceutical industry has reduced their reliance
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on NP-based drug discovery programs, in part due to the costs behind high rates of
rediscovery in the late stages of the isolation process. However, academic and other
scientists continue to explore the natural world for molecules with interesting chemistries,
for they are the drivers of biology and are important to biotechnology, biofuels, agriculture,
and medicine.1

Dereplication, or the identification of known molecules, early in the NP workflow
minimizes time, effort, and cost.3 Current dereplication strategies include hyphenated
techniques, such as HPLC-MS, HPLC-NMR, HPLC-NMR-MS, and HPLC-SPE-NMR,4-6

or bioactivity fingerprints, such as cytological profiling or BioMAP.7,8 The common
denominator of these strategies is the attempt to exploit the fact that structurally similar or
identical molecules share similar physical characteristics, such as UV-vis profiles,
chromatographic retention times, MS, NMR chemical shifts, or biological properties.
However, even when multiple characteristics are experimentally verified, a full elucidation
either occurs late in the workflow or otherwise remains elusive. Hence, alternative and
orthogonal dereplication strategies need to be developed.

Mass spectrometry based dereplication is critical to modern natural product dereplication
pipelines, the processes of characterizing natural products via an established infrastructure
of structural analyses to identify known molecules.9-13 MS is more sensitive than NMR,
however, it is often difficult to reliably dereplicate a given compound when solely using
precursor or parent masses because of the sheer number of results returned when searching
databases such as AntiBase,14 MarinLit,15 Beilstein Dictionary of Natural Products,16 and
SciFinder. However, MS/MS fragmentation has yet to be routinely exploited in NP
dereplication. In principle, MS/MS data are definitive characteristics of a molecule, and thus
could be effectively used in dereplication. The underlying assumption of MS together with
MS/MS-based dereplication is that structural architecture, chemical stability, and functional
groups combine to dictate reactivity by collision-induced dissociation in the gas phase, and
therefore, similarities in MS/MS fragmentation patterns can be used as proxies for chemical
similarity. Thus, these MS/MS patterns are more discriminatory than parent mass alone.
Because natural product workflows typically incorporate LC-MS analysis, and MS/MS data
can be simultaneously acquired on most mass spectrometers, introduction of molecular
networking does not require significant adjustment of the current NP discovery process.
Here we present molecular networking as a complement to current dereplication strategies.

Mass spectrometry-based molecular networking relies on the observation that structurally
similar molecules share similar MS/MS fragmentation patterns. Molecular networking is
implemented in three fundamental steps (Figure 1). First, MS/MS spectra are collected.
Second, a molecular network is generated using ‘cosine scores’ which measure relatedness
in MS/MS spectra and can be visualized using Cytoscape, a tool designed to visualize
correlations of large datasets.17-20 Finally, the molecular network is analyzed as described in
Figure 2. Thus, a molecular network is a visual representation of molecular relatedness
(chemical similarity) of any given set of compounds.

Because structurally similar NPs share similar MS/MS fragmentation patterns, molecular
families tend to cluster together within a network.17 These networks then allow for the
simultaneous visual exploration of identical molecules, analogs, or compound families,
within single or multiple datasets and from a wide variety of biological sources.17,18 Within
the network, one node corresponds to one consensus MS/MS spectrum, a mathematical
merging of MS/MS spectra with nearly identical precursor mass and peak patterns, and is
typically labeled with the precursor mass. Edges (lines) connect nodes with related
consensus MS/MS spectra. In the networks depicted in this manuscript, we have added node
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and edge attributes so that the color of the node corresponds to the origin of the sample and
the thickness of the edge reflects the similarity as defined by the cosine score.

In the current study, we generated two networks of MS/MS data from phylogenetically
distinct sample sets to demonstrate how molecular networking can be used to dereplicate
known compounds and identify close analogs. One network contained LC-MS/MS spectra
of fractionated extracts and purified NPs from cyanobacterial collections. The other network
combined MS/MS spectra from direct analysis of microbial colonies using ambient
ionization nanoDESI18 and direct infusion nanoESI of purified NPs and extracts of well-
studied bacteria. The MS/MS data of purified NPs act as “seed” spectra, which serve as the
initial focal points in the network when processed with the MS/MS spectra from a mixture
of unknown compounds. Implementation of molecular networking to six cyanobacterial
collections and eight bacterial strains resulted in the concurrent dereplication of four NPs
and 38 possible analogs, and eight NPs and eight analogs, respectively, encompassing NPs
of different structural classes, such as polyketides, alkaloids, and peptides. The identification
of known molecules is most rapid when standards are included, but the utility of molecular
networking does not depend on inclusion of a database. Networking identifies potential
analogs and guides the user to molecules that may be unknown, thereby decreasing the time
to the decision as to pursue or not pursue the isolation of individual metabolites.

RESULTS

The cyanobacterial network contained MS/MS data from six different marine collections
(Figure 3) and five pure NPs which had been previously characterized by NMR, UV-vis,
HRMS and comparison to MarinLit and/or chromatographic retention times.15 The bacterial
network (Figure 4) was generated from direct infusion of extracts or direct sampling via
nanoDESI18 of eight bacterial strains from three phyla (Firmicutes, Actinobacteria, and
Proteobacteria), 13 NP standard samples, and 104,228 MS/MS spectra from five
metabolomics databases. However, the actual number of unique compounds in these
databases is much less as there are multiple spectra for many compounds. In the networks,
each cyanobacterial collection or bacterial strain is represented by a different color;
overlapping experimental nodes with data from more than one organism are grey circles,
nodes that are a consensus of experimental and seed spectra are dark green squares, and seed
nodes that do not overlap with experimental data are light green triangles. The dereplicated
nodes were manually inspected and MS/MS fragmentation patterns were annotated to verify
that the fragmentation patterns were related (Supporting Information).

Molecular networking of the cyanobacterial data resulted in dereplication of carmabin
A,21tumonoic acid I,22 barbamide,23 and carmaphycin B;24 interestingly, carmaphycin A
was not present in the network. Carmabin A was present in fractions of a Moorea sp. extract
(Figure 2) and the cluster of nodes around carmabin A included precursor masses and
corresponding MS/MS spectra (Figure S2, Supporting Information) that agreed with the
analogs carmabin B and dragomabin.25

A cluster of six dark green square nodes revealed that a mixed collection of two
cyanobacteria, Lyngbya sp. and Schizothrix sp. from Papua New Guinea, contained
tumonoic acid I (Figure 3C).22 This cluster suggested the presence of five analogs within the
seed LC-MS/MS run for tumonoic acid I, which was supported by MS/MS spectra and
extracted ion chromatograms (EICs) (Figure S4, Supporting Information).

From the network, it was determined that barbamide, with its characteristic complex
chlorine isotope pattern, was present in multiple collections (Figures 3D and S5, Supporting
Information).23 In addition to this “seed,” the recently described 4-O-demethylbarbamide
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along with its chlorine isotope pattern were also present,26 as well as a putative analog of
barbamide. The MS/MS fragmentation pattern for 4-O-demethylbarbamide contained an
intact y ion, thus supporting its assignment. The MS/MS spectrum for the putative
barbamide analog contained b and y ions consistent with dechlorobarbamide.27

Carmaphycin B and two nodes suggestive of novel carmaphycin analogs were dereplicated
from the cyanobacterial network.24 Carmaphycin B was present in the crude sample from
one collection from Panama, confirmed by matching MS/MS fragmentation patterns and
retention times. The two novel carmaphycin analogs, one consistent with a non-oxidized
methionine analog and a second with an m/z 511, were supported by the presence of b and y
ions in the MS/MS spectra (Figure S6, Supporting Information). These predictions are being
pursued with a full structure elucidation of each following isolation and NMR analysis.

The cyanobacterial network also contained two clusters from Moorea bouillonii that contain
precursor masses that correspond to known lyngbyabellins and apratoxins. M. bouillonii is
well known to produce both lyngbyabellins and apratoxins, and these clusters could be
identified based on MS/MS fragmentation, precursor masses, and isotopic patterns despite
the lack of seed spectra for dereplication. The lyngbyabellin A28 cluster had masses, which
suggested novel analogs including a rare monochlorinated species, a deoxygenated species,
a demethylated species, a demethylated and deoxygenated species, and a methylated species.
Additionally, the precursor masses for these analogs had distinct isotopic patterns
characteristic of chlorinated species, thus providing orthogonal evidence for the presence of
lyngbyabellin analogs in this cyanobacterial sample. The other cluster contained 67 nodes
and likely contained apratoxins A and B29,30 as well as precursor masses suggestive of the
analogs apratoxins D,31 E,32 F, and G33 (Figure S7, Supporting Information). However, the
molecular formulas of these compounds could not be definitively assigned due to high ppm
error values and the lack of standard MS/MS spectra.

In the bacterial and database network, molecular networking enabled the dereplication of
polycyclic polyketide-type antibiotics termed abyssomicins,34-36 phenazines,37

quinolones,38 and surfactin lipopeptides.39 MS/MS spectra of two of the NMR-pure
abyssomicin standards formed consensus nodes from data directly collected from
Verrucosispora sp. MS100128, thereby dereplicating abyssomicins B and H as well as
revealing abyssomicin H (+OH) as previously described36 (Figures 4C and S11, Supporting
Information). Nodes for abyssomicins C, D, and L were also present in the network, but
these nodes originated from standards and were not present in the sample. Similarly, the
node corresponding to proximicin B, previously determined to be produced by
Verrucosispora sp. SRM7, was present in the network but did not match or connect to any
experimental SRM7 node.40

Molecular networking analysis of data-independent nanoDESI-MS/MS of Pseudomonas
aeruginosa PAO1 and PA1441 with five reference spectra – hydroxyphenazine,
methoxyphenazine, N-methylphenazine, Pseudomonas quinolone signal (PQS), and
pyocyanin – resulted in dereplication of methoxyphenazine,41 pyocyanin, PQS, a reduced
pyocyanin analog, phenazine, and 2-heptyl-4-quinolone (HHQ). Pyocyanin (m/z 211 [M
+H]+) was immediately linked to a putative analog 2 amu higher, corresponding to a
reduced analog. PQS exhibited a perfect match between experimental and reference data,
resulting in an overlapping node. Nodes corresponding to methoxyphenazine and N-
methoxyphenazine were also present in this cluster (Figure 4B).

Molecular networking dereplicated prodigiosin from Serratia marcescens sp. Environmental
Strain 129 (Lab Environmental Strain Collection), without a “seed” spectrum or a full
characterization of the organism. S. marcescens sp. ES129 was isolated from soil, produced
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a red pigment, and was sampled directly via nanoDESI.18S. marcescens strains are known to
produce the red-pigmented antibiotic prodigiosin (m/z 323.1997 calcd), a tripyrrole alkaloid,
which has a published MS/MS spectrum.42 Comparison of the sample MS/MS spectrum to
the published verified that the fragmentation patterns matched. Thus, m/z 324 from S.
marcescens sp. ES129 matches to prodigiosin.

Nodes from Dietzia sp. FI-1026 extracts clustered with nodes from B. subtilis and surfactin
MS/MS datasets in two clusters that were assigned to singly charged and doubly charged
surfactin (Figure 4E and F, respectively). The consensus nodes (dark green squares) in both
clusters contained MS/MS spectra from all three sources, and contained protonated as well
as sodium and potassium adducts of surfactins C13-15. The cluster for singly charged
surfactin (Figure 4E) revealed nodes with a precursor mass m/z 994.6, a difference of 14
amu less than surfactin-C13, suggesting the presence of a surfactin-C12.

DISCUSSION

Mass spectrometry-based molecular networking is a useful tool when applied to
cyanobacterial and bacterial MS/MS datasets. In the current study it was used to dereplicate
58 molecules including analogs. Three advantages of molecular networking as a
dereplication strategy are highlighted here. First, it allows for the simultaneous identification
of known NPs and analogs from complex mixtures. Second, molecular networking is
compatible with any mass spectrometry ionization platform. And lastly, molecular
networking is easily incorporated into standard NP discovery workflows.

Molecular networking based dereplication can be used to match identical as well as related
molecules, an asset that was quite apparent with the cyanobacterial examples. The carmabin
A consensus node clustered tightly with four other nodes (Figures 2 and 3A). The carmabin
A node was found in one Moorea sp. sample. This node strongly clustered with m/z 705.1
and 645.0, found in the same cyanobacterial sample; m/z 705.1 was also found in a
collection of Schizothrix sp. After examination of the MS/MS spectra and comparison to the
seed NP, these compounds were dereplicated as carmabin B and dragomabin, respectively.
Thus, one identical match in the network resulted in the dereplication of two additional NPs.

In the case of carmaphycin, the network contained a node for carmaphycin B from a
collection of Schizothrix sp. when both A and B were used as seeds. Moreover, there were
nodes for previously uncharacterized carmaphycin analogs of m/z 499.9 and 511.0.
Inspection of the MS/MS spectra revealed an intact b ion for both analogs suggesting the
valine and lipid chain were intact. For m/z 499.9, the mass difference and corresponding y
ion suggested the presence of a non-oxidized methionine residue, while the modification for
m/z 511.0 is uncertain and would require a full structure elucidation via NMR to identify the
location and modified moiety.

Tumonoic acid I was dereplicated from a mixed Schizothrix sp. and Lyngbya sp. collection
by retention time comparison with a verified standard in addition to examination of the MS/
MS spectra. Novel tumonoic acid analogs were present in the collection as well as the seed
sample. EICs for the seed suggested that the analogs were present in low concentration, as
their UV signal/s was/were not detected in the chromatogram. This result highlights the
exceptional sensitivity of mass spectrometry and molecular networking which thus allows
for the identification of even very low abundance NPs.

The molecular networking approach depends on the existence of related fragmentation
patterns from natural products. The limitations of this approach reflect the limitations
inherent to mass spectrometry, ranging from a limited number of fragment ions and the
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ability to ionize molecules to the inability or difficulty to determine stereochemistry and
regiochemistry. As molecular weight decreases, the number of possible fragments from a
molecule decreases, resulting in similar MS/MS spectra for lower molecular weight
molecules. Molecular networking, as implemented in this work, does not include a spectrum
quality filter or score, nor is there an all-encompassing data conversion program to account
for differences in vendor-specific MS/MS data. Hence, spectra with a high signal to noise
ratio, or spectra with single intense ions are included in molecular networks, typically in the
condensed clusters. Careful neighborhood analysis in the condensed clusters still reveals
related molecules.

Additional tools and information that mass spectrometry provides can also be incorporated,
but has not been done at this time. For example, the mass defect analysis of the parent
masses between two nodes can be utilized for analog identification when matched to known
modifications. If both nodes are unknown, the mass defect analysis can be propagated to
other connected nodes until a known node is reached. Then confirmation of the putatively
assigned structures relies on manual annotation of MS/MS spectra in addition to orthogonal
analytical methods. Despite these mass spectrometry caveats, molecular networking is
relevant to NP dereplication and has wide utility. Any mass spectrometry ionization
platform is compatible with molecular networking at multiple stages of the workflow
(Figure 5), as long as MS/MS spectra are acquired with similar methods of fragmentation43

(thermal activation, such as collision-induced dissociation (CID),44 higher energy collision
dissociation (HCD),45 and infrared multiphoton dissociation (IRMPD);46 non-endergonic
fragmentation, such as electron transfer dissociation (ETD)47 and electron capture
dissociation (ECD);48 chemical ionization (CI) induced fragmentation49), polarity (positive
versus negative mode), and collision energies. Advances in ionization methods in mass
spectrometry, including ambient ionization, remove the time and labor for sample work-
up,50,51 allowing for implementation of molecular networking at early stages of natural
product discovery.17,18,37 A variety of ionization sources, such as ESI, nanoDESI, and direct
infusion nanoESI, were used to generate the MS/MS spectra that were networked together in
this study. The utility of molecular networking extends to low molecular weight molecules,
such as less than m/z 400 as exemplified by the phenazines and quinolones produced by
Pseudomonas aeruginosa (Figures 4A and B). These NPs have been implicated in virulence
and competitive fitness.52 For example, methoxyphenazine and N-methylphenazine
appeared to fragment differently from phenazine when manually inspected (Figure S10,
Supporting Information). Their nodes were still found in the same region of the network,
indicating an underlying fragmentation similarity between these compounds (Figure 4B).
Although we do not know the limit of MS/MS spectra that can be included in a network, we
hypothesize that including more MS/MS data in a network will improve the quality of the
networking.

Molecular networking was used to dereplicate abyssomicins B and H, two members of a
newer class of polyketide antibiotics. There was no node for abyssomicin J; the proposed
structure of abyssomicin J consists of a dimer of abyssomicin K connected by a thioether.
Abyssomicins C, D, and L nodes were present as seed nodes only. Abyssomicin C is one of
a handful of new potential antibiotics with activity against gram-positive bacteria such as
methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-resistant S. aureus
(VRSA) through inhibition of p-aminobenzoate (pABA) biosynthesis.34 Thus, identification
of analogs via molecular networking may lead to more candidate antibiotics.

The incorporation of seed spectra is not necessary for molecular networking to be useful. In
the cyanobacterial network, there were no seed spectra for the lyngbyabellins or apratoxins,
yet these two well-known compound families formed two distinct clusters and were
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identified. Detection of new analogs in these compound families will be helpful for
developing an understanding of structure-activity relationships (SAR).

Molecular networking can be easily integrated into existing NP workflows to provide useful
guidance in the discovery of new bioactive substances. To highlight one example,
fractionated extracts of cultivated Dietzia sp. FI-1026, originally isolated from fish
intestines,53 were previously screened against 15 bacterial strains via BioMAP analysis.8

The BioMAP profile clustered to valinomycin and cytological profiling using HeLa cells
showed cell death (Supporting Information). The MS/MS spectra of these extracts were
included in the bacterial network and clustered with surfactin and B. subtilis (Figure 4D and
E). The presence of FI-1026 nodes in both the singly charged and doubly charged surfactin
clusters increased confidence that the bioactive component of the FI-1026 samples was
surfactin. Because this is a well-studied molecule, it was likely introduced as a contaminant
during the preparation of the sample. Hence, the fractions from this particular experiment
were eliminated from further analysis.

At a cosine score cutoff of 0.65, the bacterial and database network (Figure 4) contained
1,948 total nodes, of which 296 (15.2%) were database MS/MS nodes or overlapping nodes
with a database MS/MS spectrum. Most of these database nodes were less than m/z 400 and
were located in the condensed cluster, the portion of the network concentrated with nodes
and edges. A majority of these nodes 276 (14.2%) were nodes with MS/MS spectra from
databases only, three were nodes (0.15%) for consensus between a database and standard,
and 17 (0.87%) were nodes for consensus between a database and a bacterial sample. Of the
17 consensus nodes of interest, none were able to be dereplicated, highlighting the need for
an integrated use of relevant MS/MS libraries, databases, and de novo structure elucidations.

Developing relevant MS/MS libraries for microorganisms will significantly benefit NP drug
discovery efforts by improving the results of the dereplication strategy presented herein. In
the next few years, we aim to create an open access database of MS/MS spectra of known
molecules, with data repository and search functionality for public use. Once data are
collected and deposited, there will be less need for others to repeat data collection for that
sample, saving time and resources. As this collection grows, the database will become more
useful, and may transform first pass natural product analysis in a fashion similar to that of
gene annotations in GenBank.54,55

There are many conceivable creative applications of molecular networking, such as
taxonomic dereplication of mixed samples in parallel to metagenomics studies,56 inclusion
of genealogy to successfully dereplicate molecules, SAR and biosynthetic pathway
prediction studies, and the creation of an all-encompassing database for metabolomics
studies of host-pathogen systems as diagnostic tools for human health.

In conclusion, molecular MS/MS networking is an alternative approach that can be used for
dereplication. The workflow can be incorporated at any stage of a natural product discovery
program. Additionally, it is compatible with workflows currently in use in many natural
product laboratories that use MS to characterize their samples by acquiring MS/MS at the
same time. This will be useful to capture a wide range of structural classes and analogs even
when the retention times are very different or if different ionization platforms are used; the
only requirement is to obtain MS/MS. Molecular networking should find utility in efficiently
dereplicating mixtures and pure compounds alike, especially for finding related analogs in
our efforts to gain insight into the functional roles of these fascinating specialized
metabolites.
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Experimental Section

Bacteria

Bacteria (Pseudomonas aeruginosa PAO1 and PA14, Serratia marcescens sp. ES129,
Verrucosispora sp. MS100128 and SRM7) were sampled directly from colonies grown on
agar media via nanoDESI using a modified Prosolia Omnispray DESI source coupled to a
6.42 T Thermo LTQ-FT-ICR mass spectrometer.18,41 Additional bacteria (Bacillus subtilis
3610 and PY79 and Dietzia sp. FI-1026) were extracted then directly infused into the mass
spectrometer using a Triversa nanomate-electrospray ionization source (Advion Biosystems)
coupled to a 6.42 T Thermo LTQ-FT-ICR mass spectrometer. Strain-specific growth
conditions are described in the Supporting Information. For nanomate, samples were diluted
in 50:50 MeOH:H2O and then directly infused using a back pressure of 0.35-0.5 psi and a
spray voltage of 1.3-1.45 kV. FT-MS and ion trap MS/MS spectra were acquired using Tune
Plus software version 1.0 and Xcalibur software version 1.4 SR1. The instrument was tuned
on m/z 816, the 15+ charge state of cytochrome C. The instrument scan cycle consisted of
one 10 min segment, during which a profile FT scan with a resolution of 25,000 was cycled
with four data-dependent scans in the ion trap. The data-dependent scan iteratively cycled
through the top four most intense ions from the FT scan, after which they were placed on an
exclusion list for 600 s. Purified compounds, hydroxyphenazine, methoxyphenazine, N-
methylphenazine, PQS (pseudomonas quinolone signal), pyocyanin, abyssomicins B, C, D,
H, J, and L, proximicin B, and commercially available surfactin from B. subtilis (Sigma
S3523), were also directly infused into the mass spectrometer. MS/MS data were collected
in a data dependent manner, during which profile mode FT-MS scans cycled with five MS/
MS scans in the ion trap. The five most abundant peaks were fragmented and then added to
an exclusion list. Data were acquired for 10 min.

Cyanobacteria

Moorea bouilloni PNG05-198 (GenBank collection number FJ041298, containing
apratoxins A and B as well as lyngbyabellin A) and a mixture of Lyngbya sp. and
Schizothrix sp. (containing tumonoic acid I) were collected from Papua New Guinea, while a
red filamentous cyanobacterium (containing barbamide), a red Moorea sp. (containing
carmabin A), and a brown Schizothrix (containing carmaphycin B) were collected from
Panamá. Specific collection information is described in the Supporting Information. Each of
the five cyanobacterial collections was extracted with 2:1 CH2Cl2/MeOH, fractionated into
nine sub-fractions using silica gel Vacuum Liquid Chromatography (VLC) (hexane, EtOAc,
MeOH). VLC fractions were analyzed via LC-MS/MS on a Thermo Finnigan Surveyor
Autosampler-Plus/LC-Pump-Plus/PDA-Plus system coupled to a Thermo Finnigan LCQ
Advantage Max mass spectrometer fitted with a Phenomenex Kinetex C-18 100 Å 100 ×
4.60 mm column, using a flow rate of 700 μL/min and a linear gradient from 50% B (A:
0.1% HCO2H in water, B: CH3CN) to 100% B over 25 min. The divert valve was set to
waste for the first 2.5 min. ESI conditions were set with the capillary temperature at 325 °C,
source voltage at 5 kV, and a sheath gas flow rate of 69 L/min. There were four scan events:
positive MS, window from m/z 300-2000, then three data dependent MS/MS scans of the
first, second, and third most intense ions from the first scan event. MS/MS settings of 35%
normalized collision energy, default charge of 1, minimum intensity of 105 counts, isolation
width of m/z 2, dynamic exclusion count of 5, repeat duration of 1 min, exclusion list size of
25, and an exclusion duration of 3 min.

In alternative preparation, cyanobacterial extracts were first separated by VLC to create nine
fractions of distinct polarity, which were then analyzed by LC-MS/MS to generate the
molecular network. Using the same instrument and the same column with a flow rate of 700
μL/min and a linear gradient from 40% to 100% B over 20 min, MS data from three scan
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events were acquired: first scan negative MS, window from m/z 80-2000; second scan
positive MS, window from m/z 100-2000; and third scan MS/MS data dependent most
intense from second scan, using the same ESI and MS/MS settings but without dynamic
exclusion. Characterized NPs (carmaphycins A and B, barbamide, carmabin A, tumonoic
acid I), either purified or synthesized, and an injection consisting only of solvent, were also
analyzed via LC-MS/MS. The retention times and MS/MS spectra for the standards were
manually verified against the MarinLit database15 and previously published data,
respectively.21-24,26

Molecular Networking

The data was converted to mzXML format, a text-based format used to represent mass
spectrometry data describing the scan number, precursor m/z, and the m/z and intensity of
each ion observed in MS/MS, using ReadW from Thermo or msconvert, part of the
ProteoWizard package.57 The bacterial network also included selected MS/MS data of ions
below m/z 2000 from HMDB,58 LipidMaps,59 MassBank,60 NIST61 and other databases
including in house data in mgf format 62, a tab delimited text-based representation of the
mass spectrometry data. Once all the data were in a text format (mzXML or mgf), the data
were subjected to Spectral Networks, which includes MS-Clustering,63 followed by
generating text files with attributes using MATLAB which were imported into Cytoscape
3.8.2 for visualization as a network.18

Computationally, the spectra are converted into unit vectors in n-dimensional space and
pairs of vectors are compared with a dot product calculation, which by definition includes
the cosine of the angle between the two vectors, herein referred to as the cosine similarity
score. The cosine similarity score (dot product) assigned to each pair of vectors ranges from
0 to 1, where 1 represents identical spectra. To reduce the complexity of the resultant
networks, identical MS/MS spectra are combined into consensus spectra, the comparison is
conducted between pairs of spectra that have at least six ions that match, cosine scores
below 0.5 are discarded, and two nodes are required to be in the top 10 cosine scores (K
parameter) in both directions for an edge to connect them in Cytoscape.

The MS-Clustering algorithm63 combines identical spectra into consensus spectra by
comparing only pairs of vectors from spectra with similar parent masses, within 0.5 Da, and
assigning cosine similarity scores to each pair. The pairs with a cosine score higher than
0.95 were combined into consensus spectra. Then Spectral Networks compared all possible
vector-pairs from consensus MS/MS spectra.18,64,65 The algorithm parameters include: mass
tolerance for fragment peaks (0.3 Da), parent mass tolerance (1.0 Da), the minimum
percentage of overlapping masses between two spectra (set at 45%), the minimum number
of matched peaks per spectral alignment (6), the minimum percentage of matched peaks in a
spectral alignment (40%), and a minimum cosine score of 0.5. The higher the cosine score
between two spectra, the more similar the MS/MS spectra, and by extension, the more
similar the corresponding molecules. Subsequent MATLAB scripts reported data with
cosine scores of and above the user-defined cosine threshold, herein chosen to be 0.65. The
data were then imported into Cytoscape and displayed as a network of nodes and edges.19

To further simplify the network, the background nodes from solvent and the database nodes
that were not directly connected to a sample node via an edge were removed from the
network. Remaining nodes within the network were organized with the FM3 layout plug-
in,20 node colors were mapped based on the source files of the MS/MS, and the edge
thickness attribute was defined to reflect cosine similarity scores with thicker lines
indicating higher similarity. Sub-networks were generated in Cytoscape from isolated
portions of the larger network in order to improve visibility of node connectivity.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Three steps to implement molecular networking for dereplication
Experimental MS/MS spectra of samples, which can be of a high degree of complexity and
heterogeneity, and MS/MS spectra of known molecules, dubbed “seed” spectra, are
analyzed on a 64-bit Linux system. The resultant network is visualized in Cytoscape where
one node represents one consensus MS/MS spectrum and is labeled with the precursor mass,
and an edge represents relatedness, where edge thickness indicates cosine similarity.
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Figure 2. Validation of nodes and annotation of MS/MS spectra
Using the carmabin A “seed” as a starting node, molecular networking revealed that
carmabin A was present in two different cyanobacterial collections (also in Figure 3). In the
same cluster, there were three additional nodes of two precursor masses, m/z 645.0 and
705.1. Putative assignment of modifications based on the precursor mass difference –
sodium, potassium, alkylated, halogenated, oxidized, etc. – and mass differences between
peaks in the MS/MS spectra also provide insight to the structures of the related NPs. Manual
inspection of the carmabin A MS/MS spectrum showed a sequence tag consistent with b-
type ions. Inspection of the MS/MS spectra of the connected nodes, m/z 645.0 and 705.1,
matched to known lipopeptides in the same molecular family as carmabin A, but with
differing lengths and degrees of unsaturation of the lipophilic tail. With one seed, carmabin
A, molecular networking was able to dereplicate carmabin A and two MS/MS spectra that
match to the structurally related analogs, carmabin B and dragomabin.
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Figure 3. Cyanobacterial network with a cosine similarity score cut off of 0.65
This network was generated when extracts of cyanobacteria (six distinct collections) were
separated into nine fractions based on polarity and then analyzed via LC-MS/MS with five
known compounds. The inlaid portions of the network were rearranged in Cytoscape for
easier visualization of node connectivity. Italicized labels indicate putative assignments. A.
Standard “seed” spectra of carmabin A overlapped with three different cyanobacterial
collections (bold outlined dark green squares). Additionally carmabin B and dragomabin
were identified from the same collection and two different genera, respectively. B. A cluster
of nodes from a collection of Moorea bouillonii, a known producer of the lyngbyabellins,
was highly suggestive of lyngbyabellin A and potential novel analogs, including a
monochlorinated species. The presence of M+2 nodes within this cluster provided further
evidence for these analogs. C. Tumonoic acid I clustered closely with novel analogs present
in both the crude cyanobacterial sample and the pure seed compound. D. Barbamide and the
recently described 4-O-demethylbarbamide analog were present in multiple cyanobacterial
samples. Additionally, a dimethyl analog was present in two samples. E. Carmaphycins A
and B were included in the network, but only carmaphycin B was in one Schizothrix sp.
collection. Also, the precursor ion of a putative non-oxygenated methionine analog clustered
closely, as well as an analog with a precursor mass of m/z 511. F. A cluster of nodes from
Moorea bouillonii, a known producer of the apratoxins, putatively contained five known and
13 novel apratoxin analogs.
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Figure 4. Bacterial network with a cosine similarity score cut off of 0.65
This network was generated from direct infusion of extracts or direct nanoDESI-MS/MS
sampling of 8 bacteria, 14 known compounds,and 5 databases.The inlaid portions of the
network were rearranged in Cytoscape for easier visualization of node connectivity and
annotation.Italicized labels indicate putative assignments. A. 2-Heptyl-4-quinolone (HHQ)
and Pseudomonas quinolone signal (PQS) fragment similarly. The structures of the
connected database nodes do contain conjugated cyclic moieties, but are not of the same
molecular family as HHQ and PQS. B. Small molecules m/z <350 in the condensed cluster.
Commercial Pseudomonas aeruginosa molecules pyocyanin and methoxyphenazine overlap
with sample spectra, whereas N-methylphenazine does not. Phenazine fragments differently.
S. marcescens sp. ES129 yields a node with a precursor mass that matches to prodigiosin,
which is supported by comparison of the MS/MS sample spectra to published spectra. C.
MS/MS spectra of abyssomicins (Aby) B, C, D, H, and L purified from Verrucosispora sp.
MS100128 and proximicin B isolated from sp. SRM7 were incorporated into the bacterial
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network. Aby B and H “seed” spectra overlapped with data directly sampled from
Verrucosispora sp. VM37 (bold outlined dark green squares). Aby C, D, and L were
incorporated into the network, but do not match to sample data (bold outline light green
triangles). Aby J and proximicin B were not incorporated into the network. D. The surfactins
(Srf) 1+ cluster includes protonated (H), sodiated (Na), and potassiated (K) forms of
surfactinC13-15. Protonated precursor nodes are labeled with bold solid outlines. This cluster
reveals nodes for precursor mass m/z 994.6, 14 less than Srf-C13, suggesting the presence of
a C12 surfactin and was instrumental in dereplication of the bioactive molecule/s from
Dietzia sp. FI-1026 (cyan). E. Putatively assigned surfactin 2+ cluster.
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Figure 5.
Molecular networking can be easily implemented in traditional natural product workflows.
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