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Abstract

The biosynthetic potential of marine-sediment-derived Gram-negative bacteria is poorly
understood. Sampling of California near-shore marine environments afforded isolation of
numerous Gram-negative bacteria in the Proteobacteria and Bacteriodetes phyla, which were
grown in the laboratory to provide extracts whose metabolites were identified by comparative
analyses of LC-mass spectrometry and MS” data. Overall, we developed an assemblage of seven
bacterial strains grown in five different media types designed to coax out unique secondary
metabolite production as a function of varying culture conditions. The changes in metabolite
production patterns were tracked using the GNPS MS? fragmentation pattern analysis tool. A
variety of nitrogen-rich metabolites were visualized from the different strains grown in different
media, and strikingly, all of the strains examined produced the same new, proton-atom-deficient
compound, 1-methyl-4-methylthio-g-carboline (1), C13H12N5S. Scaleup liquid culture of
Achromobacter spanius (order: Burkholderiales; class: Betaproteobacteria) provided material for
the final structure elucidation. The methods successfully combined in this work should stimulate
future studies of molecules from marine-derived Gram-negative bacteria.
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Harnessing the biosynthetic machinery of marine-derived bacteria should open the door to
expand on the treasure trove of bioactive molecules obtained over the past 40+ years from
terrestrial strains.} An insightful progress report by Williams? highlighted that from 1997 to
2008 marine natural products-driven research on Gram-negative nonphotosynthetic bacteria
accounted for only 16% of 659 compounds reported, illustrating that research on such taxa
appears underexplored. A similar situation is shown in literature published during 2014.3 A
total of 164 new marine compounds were described from four heterotrophic bacterial phyla
consisting of 71.3% from Gram-positive Actinobacteria vs 15.9% from Gram-positive
Firmicutes, 10.4% from Gram-negative Proteobacteria, 1.2% from Gram-negative
Bacteriodetes, and 1.2% via eDNA workup of a sediment sample. Similarly, we discussed in
a 2014 review* that the chemical study of marine-derived Gram-negative bacteria is
underdeveloped. This was followed by our 2105 report describing strategies to use
California near-shore environments as a source of a Gram-negative bacterium that in culture
afforded kailuin cyclic depsipeptides.® Further underscoring new opportunities is a 2015
Jensen—Fenical® team publication describing a unique collection of 20 Gram-negative
marine-derived strains from the Bacteroidetes and Proteobacteria phyla, which produced aryl
alkaloids. Another relevant recent finding was the disclosure of salimyxins A/B from a
cultured Gram-negative (phylum: Proteobacteria) strain,’ isolated from a Santa Barbara,
California, beach sediment. Adding to this record was the isolation of the tunicate-derived
cytotoxin didemnin B from cultures of the Gram-negative 7istrel/la (phylum: Proteobacteria),
isolated by two independent research groups during the study of a marine sediment from
Japan and a Red Sea water column sample.8

Described herein are results on the further mining of a UC Santa Cruz library of Gram-
negative bacterial strains for chemical diversity. Our collection now includes samples
representing more than 100 operational taxonomic units (OTUs), and the work flow involves
a three-step process. First, we employ low-nutrient, long-incubation isolation methods to
maximize the variety of isolatable Gram-negative strains. This is followed up by taxonomic
identification to limit redundancy and de-emphasize exploration of common Gram-negative
rods of the Proteobacteria, especially Vibrio, Pseudoalteromonas, and Pseudomonas.
Second, each unique strain is grown in a panel of five liquid media (see Table S1) with the
idea that diversity in primary metabolism and environmental stress may trigger unique
secondary metabolite production. Finally, extracts from each strain and media condition are
analyzed using the GNPS MS/MS? networking strategy introduced in 2012 by Dorrestein—
Bandeira.92 By tagging each extract’s mass spectra with its strain and media attributes,
especially when accurate (experimental error +0.003 amu) MS! and MS? data are obtained,
we can explore dereplication—identification of metabolites produced in a strain- or media-
dependent manner. Reported below are results from a campaign to chemically mine Gram-
negative bacteria driven by the characterization (a) of known molecules rich in nitrogen
atoms, (b) of compounds possessing new structural diversity, and (c) of substances whose
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scaffolds can potentially answer questions about the symbiotic relationships driving marine
microbial heterocycle biosynthesis.

RESULTS AND DISCUSSION

In this project we sought new approaches to gain an efficient understanding of the
biosynthetic potential of new sediment-derived Gram-negative strains being added to our
collection. Many strains were identified as distinct OTUs10 by 16S rRNA and included (a)
54 cultivable Gram-negative bacteria obtained at 41 sites in the Monterey Bay, California,
and (b) 96 Gram-negative bacterial strains responsive to culturing from sampling at 66
beaches in Humboldt, California. Overall, a subset of 80 strains from this cohort were
characterized as members of the phyla Proteobacteria (P) and Bacteriodetes (B) as follows:
Monterey Bay strains P = 21, B = 18 vs Humboldt strains P = 36, B = 5. Signature
metabolites from marine-derived members of both phyla are poorly understood. Also, the
relative presence of many samples from the Bacteriodetes of the Monterey Bay was
unexpected and presented an opportunity for additional discovery. We needed a
chemodiversity prioritization filter to rank this library of >150 samples, and the strategy of
genome mining provided one possible pathway. Eventually, two methods were chosen to
shift from a time-consuming trial- and-error analysis, and these involved (a) aggressive use
of MS” data processed by the GNPS tools® for comparative metabolomics analysis and/or
(b) in silico analysis of draft genome sequencing data using tools such as antiSMASH! to
assess biosynthetic richness via the presence of putative secondary metabolite gene clusters.
We employed the former strategy since our strains were not well represented among
currently sequenced microbial genomes in public repositories and large-scale sequencing
efforts could not be justified without motivating chemistry. In addition, successful use of
bioinformatics tools to pinpoint specific molecules through gene cluster analysis of Gram-
negative marine-derived bacteria has been modest.12

The kailuin cyclic depsipeptide mixtures® biosynthesized from P. halotolerans (Gram-
negative strain M128SB283Ax), obtained from Monterey Bay, California, coastal littoral
zone sediments, provided an excellent test-bed for additional proof of concept studies.
Overall, five samples, along with two Photobacterium halotolerans (strains M128SB283Ax
and M132NCO031Ax: phylum Proteobacteria, class y-proteobacteria), were chosen for MS-
based metabolomics studies. These strains are (i) Proteobacteria Achromobacter spanius
(class B-Proteobacteria), Pseudomonas benzenivorans (class y-Proteobacteria), and
Pseudoaltermonas elyakovii (class y-Proteobacteria) and (ii) Bacteriodetes Pontibacter
korlensis (class Cytophaga) and Cellulophaga baltica (class Flavobacteria). The criteria for
assembling this set included (a) their confirmed 16s rRNA sequences substantiating their
classification as Gram-negative bacteria, (b) the availability of multiple extracts from
cultures grown in our five standard media, and (c) the ability to reculture each sample from a
cryopreserved sample. Aside from scant work on 2. halotolerans® and P. elyakovii'3 there
are no reports on the biosynthetic products from these other four species.

The process to assess the biosynthetic richness of each strain involved metabolite profiling
by mass spectrometry molecular networking,® and final profiles created for three samples
are shown in Figure 1. There has been intense interest by the natural products community in
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using the tool called Global Natural Product Social Molecular Networking (GNPS).%? Most
studies have involved comparing data collected against benchmark compounds housed in
individual laboratories or those in shared libraries (described on the Web site http://
gnps.ucsd.edu/). Our implementation of this strategy was different. It involved searching for
comparative uniqueness among metabolites potentially biosynthesized from our collections
by subjecting each strain to culturing in the standard media types (summarized in Table S1).
It is important to note that three of these (coded: M1, M3, M4) are made up with “seawater
salts” and a “trace elements solution”. Alternatively, two others (coded: M2, M5) are
constituted with DI-H,0 only.

As noted above, each of the seven strains were cultured in the five standard liquid media
(Table S1), which provided a large array of individual samples plus five media “blanks”. We
obtained high-accuracy MS? (+0.003 amu) data coupled with medium-accuracy MS?
fragmentation data for the 10 most intense ions from each primary scan and used these
spectra as input for mass spectral networking via the GNPS tool. A sample of the more
distinctive networks obtained is represented by the interconnected nodes depicted in panels
A-D of Figure 1. In contrast to the complexity of these networks the result shown in panel E
contained only one node with an m/z229.079. This type of network is difficult to recognize
among the hundreds of other single-node clusters that are commonly obtained in GNPS
network outputs. We flagged this mass as potentially important based on its high peak area
in strain M125SB302Ax and found it was present as a very minor component in the extracts
of all strains listed above based on extracted ion chromatograms of the original spectra.
However, the low relative ion intensity prevented its selection for MS? in three strains,
precluding its inclusion in the GNPS network for those strains (Figure 1). The types of
metabolites present in A— D of Figure 1 will be discussed first followed by an explanation of
the unusual circumstance and molecular structure of the [M + H]* m/z 229 compound
produced by all the strains in multiple media types.

Analyzing the MS2 network results obtained for 2 halotolerans (strain M128SB283AX)
seemed a logical first step because we had rigorously explored this strain under various
culture conditions and found it reproducibly afforded kailuins B-E, G, and H, which could
be isolated in good yields.> The compounds identified from semipreparative HPLC-based
isolations were nearly identical to those observed using the network data (see panel A) for 2
halotolerans grown in both media M3 and M4. Alternatively, these compounds were not
observed when this strain was grown in media M1, M2, and M5. Specifically, the six kailuin
compounds (B, C, D, E, G, H) could be correlated to four of the 10 nodes visualized in panel
A containing accurate (+0.003 amu) MS! data including kailuins B and C ([M + H]* m/z
726.502), kailuin D ([M + H]* m/z752.517), kailuins E and H ([M + H]* m/z754.532), and
kailuin G ([M + H]* m/z740.518). In addition, six other analogues, not purified during our
isolation work, could be inferred as obtainable via the [M + H]* MS! data in other network
nodes: kailuin D-18 ([M + H]* m/z770.527), kailuin C (or B) -18 ([M + H]* m/z744.511),
tetradehydro kailuin G ([M + H]* m/z736.501), didehydro kailuin C (or B) ([M + H]* m/z
724.487), kailuin A ([M + H]* m/z698.470), and unknown kailuin Z ([M + H]* m/z
712.487).
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The next action was to decipher the profiles shown in Figure 1, panels B-D. The sample ~.
benzenivorans produced different compounds dependent on the media type. Revealed in
panel B is that holomycin ([M + H]* /m/z214.994, C7H7N»0,S,)42 is produced in M1, and
its presence in the culture broths was verified by isolation and comparison of its NMR data
to that in the literature. Different, yet related heterocycles are produced in M1 and M4,
including a trio of xenorhabdinl® —~CH,— homologues [new: [M + H]* m/z 257.041
(C10H13N205S5); xeno-1: [M + H]* m/z271.056 (C11H15N205S5); and xeno-2: [M + H]*
m/z 285.072 (C12H17N205S5)]. Compounds of this dithiolopyrrolone class have been
isolated from a number of Gram-positive and Gram-negative bacteria, particularly from
Actinobacteria and y-Proteobacteria.14? There are additional sulfur-containing heterocycles
under study from the large-scale culturing of this strain, and they will be described
elsewhere. By contrast, culturing this strain in medium M5 produced a very different cluster
of compounds visualized in the eight molecular network nodes depicted in panel C. The
metabolite with [M + Na]* 77/z 1440.94 can be proposed to be theonellapeptolide le
(C71H127N13046), which we previously isolated from Indo-Pacific 7heonella sponges.16
However, this observation must be regarded as very preliminary because our repeated
attempts to isolate these compounds from large-scale reculturing have, to date, been
unsuccessful. Panel D depicts the elaboration of undescribed peptides by P. korlensis when
grown in medium M1, also reproducibly produced during large-scale culturing. The
molecule with [M + H]* m/2511.2906 has a formula of C,gH39N4O5 and can be sequenced
as Val-Phe-Val-Phe, justified by accurate MS? fragmentation data. Surprisingly, this
compound is not in the literature, and the same is evident for the other compounds visualized
in the network of panel D, which also have acyclic peptide-type MS? fragmentation patterns.

An unusual circumstance is associated with the simple network pattern of Figure 1 panel E,
because the single /m/z node associated with an [M + H]* m/2229.079 was seen from the
culturing of several distinct strains. This new compound, eventually determined to be 1-
methyl-4-methylthio-B-carboline (1), was always observed (by LC-MS or direct isolation) as
a minor component from seven strains (three shown in Figure 1 and four in Figure S14),
each grown in multiple media (see Experimental Section for the strain list). Also shown in
Figure S16 is that for the medium 4 control (no inoculation with a Gram-negative strain) a
peak corresponding to //z229.079 is not observed. The nonselective strain/media outcome
observed here was in sharp contrast to the patterns discussed above for Figure 1, panels A-
D, wherein each metabolite network varied as a function of the bacterium and culture
medium. Further illustrating the latter situation is that the kailuins (Figure 1 panel A) were
observed only from P. halotolerans (strain M128SB238Ax) cultured in either media M3 or
M4. The steps in the isolation and purification of 0.9 mg of 1 from a 20 L liquid culture
(M4) of A. spanius (strain M125SB302AX) are shown in Figure S14.

An initial indication that the characterization of compound 1, with isotopic mass = 228.0721
and subsequently deduced molecular formula C13H12N>5S, would not be a straightforward
dereplication came from two observations. First, 71 hits were obtained from a Dictionary of
Natural Products CHEMnet-BASEL7 search for compounds with masses differing from the
isotopic mass of 1 by £0.007 amu. Second, none of these known molecules fit the NMR data
for 1 shown in Table 1. Establishing the correct molecular formula of 1 required several
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steps. Inspecting the accurate mass [M + H]* cluster m/z229.0786 (100%), 230.0816
(14.6%), and 231.0741 (4.69%) (Figure S1) required one S atom (enhanced intensity of the
[M + H + 2]* peak). A ChemCalc18 search for formulas within £0.003 amu of the
experimental [M + H]* m/zyielded seven possibilities; three were ruled out based on
unsaturation number (U#) misfits, and two lacking an S atom were dropped. The remaining
two [M + H]* formulas were (a) C13H13N5S (U# = 9) and (b) CgH13N40,S (U# =5), and
only the former was consistent with the 2D NMR formula of C13H1; (Table 1).

Key insights to guide the next steps of the structure determination came from additional hits
observed during literature searches for compounds with similarity to 1 using atom counts of
C10-14N2S. The hit list included (a) C12H1gN2S (U# = 9), a synthetic compound we named
3-methylbenzopyridothiazine (2),1° and (b) C14H14N2SO, (U# = 9), a bryzoan metabolite 1-
ethyl-4-methylsulfone-g-carboline (3).20 Also relevant to this set is 1-methyl-s-carboline
(aka harman) (4),2! a plant metabolite. It was tempting to assume that 1 possessed a tricyclic
structure analogous to that present in 2 or 3 (see Tables 1 and S2 for NMR data). Three
substructures, A—C shown in Figure 3, were assembled. The 1H NMR data revealed an ¢-
disubstituted benzene ring, which could be expanded to partial structure A based on the four
sets of HMBC and NOE correlations observed. The atom constellation in partial structure B
was justified by three sets of HMBC and NOE data. Using the additional NOE and HMBC
data shown in Figure 3 allowed joining A—C in three different ways as complete structures
I-111. However, further progress to distinguish among them was complicated because
several 2D NMR correlations observed appeared due to either 4Jy—c or 5Jy—c couplings.
Another difficulty was that the atom count for the B/C rings in each possibility fits into a
well-known general limitation in structure elucidation involving densely functionalized
molecules, having a relatively low count of H’s, large U#, many carbons without attached
protons, and several heteroatoms. The so-called Crews rule?? is often cited in discussing
difficulties in assigning a final structure in such situations based only on 2D NMR data. We
first commented on this circumstance in 200723 and must now briefly revisit the conclusion
that the Crews rule is obsolete?4 in view of new 2D NMR experiments such as the

inverted 1/ 1,7-ADEQUATE.2% We disagree with that idea because this and other 2D
NMR data on hydrogen-deficient compounds will not always provide an unequivocal
outcome and the entries collected in Figure S152° provide case examples, especially for
counts of H/(C + Z) < 0.45.

Success in distinguishing among the three candidate structures I-111 (ratio H/C + Z = 0.67)
hinged on collection and interpretation of the additional ey and MS” information outlined
in Figure 3. All structures were in agreement with the vinyl C-3 1/ = 180 Hz (Table 1)
shown vs those of the standard values (Chart S1) for R2C=C(H)Y: (i) 159-160 Hz (Y = C),
(i) 178-182 Hz (Y = N), (iii) 189 Hz (Y = S). Significantly, only I was consistent with the
CHs-1" LJey = 127 Hz (requiring a C-CHs) and CH3-4" 1jcy = 141 (requiring an S-CHg)
based on standard values (Chart S1). Similarly, the ESIMS? fragment at /77/z 182.0838
(Figure S1), via loss of CH3S®, was in accord with structure 1. Finally, the 13C NMR shifts
of the indole ring atoms of 1 and 4 were nearly identical (Table S1). Thus, the working
structure | was deduced to fit that of 1-methyl-4-methylthio-S-carboline (1). Because
thioethers can oxidize to sulfoxides and sulfones, the extracted ion chromatograms of the

J Nat Prod. Author manuscript; available in PMC 2017 November 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lorig-Roach et al.

Page 7

extract (Figure S14) were examined for these potential analogues of 1. As shown in Figure
S17, there was no evidence of a sulfoxide analogue (/7/z 245.07), and only a trace amount
seemed evident for a sulfone analogue (/7/z261.07) of 1.

Overall, this study illustrates the potential of near-shore California environments as a source
of unusual Gram-negative bacteria especially from the less commonly encountered
Bacteroidetes phylum. We continue to use a baiting strategy often employed to isolate
terrestrial myxobacteria, consisting of £. coli-streaked WCX agar plates made with NaCl-
containing SWS (see Table S1) and recommend this to be effective in building collections of
the unusual marine-derived Gram-negative bacteria strains. Re-examining the production of
kailuin cyclic depsipeptides from P, halotolerans and tracking their appearance via accurate
mass spectrometry data, especially by MS? networking, has provided a powerful connection
between our previous isolation studies and an informatics-driven prioritization scheme
exemplified in Figure 1. Extending this strategy to explore extracts or semipurified fractions
from various strains afforded insights about their potential to biosynthetically express a
variety of heteroatom-rich molecules. A serendipitous outcome of this study is that all seven
strains produce 1-methyl-4-methylthio-g-carboline (1), which was unexpectedly difficult to
characterize because of the paucity of H atoms directly attached to the B/C-rings. The
biological function of 1, ubiquitously produced by strains in our lab, remains unknown;
however this relatively simple compound could operate as a signaling molecule similar to
that observed for the salinipostins recently discovered from marine-derived Gram-positive
bacteria?’ or as an agent to deter pathogens analogous to the indole-containing phytoalexin
camalexin.?8 The close structural relationship between 1-methyl-4-methylthio-B-carboline
(1) reported here from Gram-negative bacteria and 1-ethyl-4-methylsulfone-g-carboline (3)
obtained from a bryozoan2? is parallel to the recent report on the isolation of bromotyrosine-
derived alkaloids from cultures of marine sponge-derived Gram-negative bacterium, which
are also constituents of Verongida sponges.?® The outcomes achieved herein provide
encouragement that our ongoing work with sediments collected from near-shore
environments or sponges obtained from Indo-Pacific coral reefs will afford chemically
productive Gram-negative bacteria.

EXPERIMENTAL SECTION

General Experimental Procedures

UV spectra were measured with a Thermo Ultimate 3000 DAD. IR spectra were measured
with a PerkinElmer Spectrum One FTIR spectrometer. All NMR experiments were run on a
Varian Unity spectrometer (500 MHz for 1H), a Varian UNITY INOVA spectrometer (600
MHz for 1H) equipped with a 5 mm triple resonance (HCN) cold probe, or a Bruker
spectrometer (800 MHz for 1H) outfitted with a 5 mm triple resonance (HCN) inverse cold
probe. Residual solvent shifts for DMSO- g5 or CD30D were defined as & 2.50 or 3.31,
respectively, for proton spectra and &c 39.52 or 49.00 for carbon spectra in accordance with
reference spectra. Accurate mass measurements for molecular formula determinations were
obtained on a Thermo Velos Pro Orbitrap ESI-FTMS. Prefractionation HPLC was
performed using a Phenomenex Gemini-NX 5 um Cqg (50 x 21.1 mm) column.
Semipreparative HPLC fractions were generated using a Phenomenex Luna 5 um Cqg (250 x
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10 mm) column. Analytical LC-MS analysis was performed on samples at a concentration
of approximately 0.5-10 mg/mL, using a reversed-phase 150 x 4.60 mm 5 um Cqg
Phenomenex Luna column in conjunction with a 4.0 x 3.0 mm C,g (octadecyl) guard
column and cartridge (holder part number: KJ0-4282; cartridge part number: AJ0-4287,
Phenomenex, Inc.).

Biological Material

The following bacterial strains used in this study were all isolated from sediment samples
obtained at California state beaches during 2012-2013. The strain M125SB302Ax was
isolated from a backshore sediment collection at Zmudowski State Beach, Monterey County.
The strain M132NCO031Ax was isolated from a water collection at Kellogg Beach, Del Norte
County. Strains M135NC101Ax, M135NC362Ax, and M135NC397Ax were each isolated
from backshore sediments collected respectively at Enderts, Crab County Park, Del Norte
County, and Black Sands Beach, Humboldt County. The strain M138NC113Bx was isolated
from a foreshore sediment collection at Wilson Creek Beach, Del Norte County. Isolation
and characterization of strain M128SB283Ax was reported previously.® Each strain was
isolated on SWS-WCX30 agar medium containing 750 mL of seawater salts, 250 mL of DI
H,0, 1 g of CaCl,-H,0, and 15 g of agar per liter with 50 mg/mL cycloheximide (see Table
S1 for SWS recipe). The pH of the isolation medium was adjusted to 7.2-7.5 with NaOH
prior to agar being added and autoclaved for 45 min at 120 °C. To select for growth of
Gram-negative bacteria, methods originally designed for the isolation of myxobacteria were
adapted for use in this work.3! This involved streaking the isolation plate with £. coli prior
to the addition of sediment, enabling observation of “predatory” and/or proteolytic
behavior.32

Nucleic Acid Extraction, Sequencing, and Strain Identification

Genomic DNA extractions were performed using the GeneElute Bacterial Genomic DNA kit
as per instructions (Sigma #NA2110-1KT). The DNA was quantified by NanoDrop (Thermo
Scientific) and stored at —20 °C. The 16S rRNA genes were amplified from genomic DNA
with primers corresponding to £. co/i 16S rRNA gene sequences: 27F
(AGAGTTTGATCCTGGCTCAG) and 1492R (ACGGCTACCTTGTTACGACTT) (IDT
DNA). Each PCR mixture contained 50-100 ng of genomic DNA, 0.5 mM of each primer,
and Taq Master Mix (2.5U Taq polymerase, Qiagen). The PCR program consisted of 30
cycles of 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 1 min, followed by a final extension
step at 72 °C for 5 min. Amplification products were examined by agarose gel
electrophoresis and purified when sequenced at the University of California Berkeley
Sequencing Facility. The resulting sequences were queried at the NCBI’s refseq database
using BLAST.33

Strain Identifications

The individual bacterial strains (see Figure 1, Figure S9) were provisionally identified based
on comparison of their 16S rRNA to the RefSeq database, where each strain’s rRNA
sequence had >98% identity to a reference organism. Strain codes are followed by their
GenBank accession numbers and provisional ID: M125SB302Ax (KT354561),
Achromobacter spanius, M132NC031Ax (KT354559), Photobacterium halotolerans,
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M135NC101AX (KT354535), Pseudomonas benzenivorans, M135NC362Ax (KT354518),
Pontibacter korlensis, M135NC397Ax (KT354516), Cellulophagia baltica,
M138NCNC113Bx (KT354558), Pseudoalteromonas elyakovii. Strain M128SB283Ax was
described previously.> All strains used in this study are maintained as cryopreserved glycerol
stocks at the University of California, Santa Cruz.

Culture Conditions

One-liter volumes of five media types (M1, M3-MD5, Table S1) were placed in 2 L flasks and
adjusted to pH 6.8 before autoclaving at 120 °C for 45 min. Each liter was inoculated with 1
mL of a saturated overnight culture and cultured at 25 °C for 3 weeks with shaking at 150
rpm before extraction with equal volumes of EtOAc. For production of 1-methyl-4-
methylthio-B-carboline (1), strain M125SB302Ax was grown in medium M4 (Table S1) as
stated above at a 20 L scale.

Mass Spectral GNPS Networking

All MS? similarity networks were generated using the GNPS server at http://gnps.ucsd.edu®
and visualized in Cytoscape at http://www.cytoscape.org. UHPLC-MS data were acquired
using a Dionex Ultimate 3000 UHPLC paired with a Thermo Velos Pro Oribtrap. The
UHPLC was run with a Phenomenex Kinetex 1.7 um, 2.1 x 100 mm column equipped with
guard cartridge (part no. AJ0-9000, AJ0-8782) maintained at 35 °C during analysis. The MS
was operated in data-dependent MS/MS mode in which the top 10 most intense ions were
selected for fragmentation. The first scan was performed by FTMS (resolution 30 000, m/z
range 110-2000), while MS? spectra were recorded in the “rapid” ion trap mode after
collision-induced dissociation (performed at a normalized collision energy of 35%). All data
were acquired as centroid spectra. The ubiquitous plasticizers n-BBS ([M + H]* m/z
214.0896) and diisooctyl phthalate ([M + H]* m/z391.2843) were used as internal standards
with the detector’s lock mass feature. In GNPS, the default parameters (as of January 2017)
were used except the following: precursor ion mass tolerance of £0.01 amu; fragment ion
mass tolerance of £0.2 amu; minimum matched fragment ions. The group and attribute files
needed for network visualization were generated via a Java program available from UCSC
(https://mnpr.chem.ucsc.edu/programs/GAparse/) that assigns attributes based on file names.
The primary attributes generated relevant to this work are strain, media type, and media
controls, which allowed us to remove media components from consideration while
observing trends in strain- and media-specific metabolite production.

Extraction and Isolation

An overview of the general method is shown in Figure S14. A 20 L amount of fermentation
broth from strain M125SB302Ax, grown in medium M4 (Table S1), as stated above, was
extracted with EtOAc, which was dried by rotary evaporation. A portion of the organic
extract (192 mg of 319.7 mg total) was prefractionated by HPLC using methods reported
previously.® Analytical HPLC fractions were generated using a Phenomenex Luna 5 pm C18
(150 x 4.60 mm) column. Prefraction F3 (2.8 mg) was subjected to analytical HPLC using
MeCN/H,0 (with 0.1% formic acid) at 1 mL/min, UV absorbance detection at 310 nm, and
the following step gradient: 10% MeCN for 3.0 min, linear gradient to 82.5% MeCN over 17
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min, linear gradient to 100% MeCN over 0.10 min, hold at 100% MeCN for 15 min. Scale-
up isolation yields (see Figure S9) were 0.4 mg of F3H1 (& = 5.2 min), 0.2 mg of F3H2 (&
= 7.4 min), 0.4 mg of F3H3 (&g = 11.7 min), 0.9 mg of F3H4 (1-methyl-4-methylthio-3
carboline (1)) (& = 14.8 min), 0.1 mg of F3H5 (& = 15.1 to 20.0 min), and 0.6 mg of F3H6
(& = 20.0 to 35 min).

1-Methyl-4-methylthio-B-carboline (1). off-white film; UV (MeCN/H20) Anmax 256, 294,
379 nm (Figure S12); IR (film) vinay 3152, 2924, 1620, 1455, 1389, 1324, 739 cm™! (Figure
S13); 13C and 'H NMR data, Table 1; ESITOFMS m/z[M + H]* 229.0787 (calcd for
C13H13N5S, 229.0799).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Examples of molecular networks visualized after analysis of accurate MS? data via the

Global Natural Products Social Molecular Networking (GNPS; http://gnps.ucsd.edu) tools.
The networks were obtained from analyses of crude extracts from near-shore-derived Gram-
negative bacteria grown in five different media (see Table S1). Annotations depict variation
in metabolite production based on strain and media conditions. Line thickness between
nodes describes the similarity of the linked parent masses’ MS? spectra. Panels illustrate
trends as follows: (A) £ halotolerans yields kailuins in both media 3 and 4 (e.g., kailuin D,
[M + H]* m/z752.517); (B) P. benzenivorans yields some dithiolopyrrolones, particularly in
medium 1 (e.g., holomycin, [M + H]* m/2214.994); (C) P. benzenivorans yields
theonellapeptolides in medium 5 (e.g., theonellapeptolide Ib, [M + Na]* m/z 1440.94); (D)
P, korlensis yields polypeptides in medium 1; and (E) six strains produce 1-methyl-4-
methylthio-B-carboline (1) ([M + H]* m/2229.079) in all media including those shown here
and Achromobacter spanius, Pseudoaltermonas elyakovii, and Cellulophaga baltica (see
Figure S14).
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1-methyl-4-methylthio- 3-methylbenzopyrido- 1-ethyl-4-methylsulfone-  1-methyl-B-carboline (4)
p-carboline (1) thiazine (2) B-carboline (3)

Figure 2.
Proposed structure for compound 1 alongside similar tricyclic alkaloids.
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Figure 3.
Rationale used to propose structure | for the compound with an [M + H]* m/2229.0786 of

formula C13H12N,S. This information flow includes substructures A—C, merged working
structures I-I11, and a final structure I.
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