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ABSTRACT: With the goal of identifying new therapeutic leads to
treat pain, we screened a library of microbial chemical extracts
using the Embryonic Zebrafish Irritant-evoked Hyperlocomotion
(EZIH) assay, an in vivo phenotypic assay for analgesic/
antinociceptive activity. We found that extracts from the bacterium
Croceibacter atlanticus substantially altered behavioral responses.
Using behavior-guided fractionation to identify the active
partitions, we determined that the known 1,4-benzothiazin-3-one
BPSS2111-2113:C and the new benzothiazole croceithiazole A
suppress behavioral responses to painful and/or nociceptive stimuli
without apparent acute toxicity. Further investigation with
radioligand binding assays revealed that BPSS2111—2113:C shows selective binding to both the serotonin receptor S-HT2B and
the benzodiazepine site of GABAA receptors, while croceithiazole A appears to bind the peripheral benzodiazepine receptor. These
results suggest that BPSS2111—2113:C and croceithiazole A are interesting leads as analgesics, sedatives, anesthetics, or molecular

probes.

hronic pain is pain that persists for more than three

months, often as a comorbidity of many diseases,
including cancer and diabetes.' Chronic pain has an outsized
impact on human health, affecting 10—40% of humans
worldwide, with many individuals reporting that their pain is
not managed by typical pain relief medication.””* The factors
that contribute to chronic pain are complex and not fully
understood, but many forms of chronic pain involve
sensitization of nociceptive pathways, which detect tissue
damage or noxious stimuli.”~ Zebrafish are an excellent model
both for studying nociceptive pathways and for the discovery
of novel compounds targeting these pathways, since these
processes are highly conserved across vertebrate species and
zebrafish are amenable to high-throughput strategies. The
Embryonic Zebrafish Irritant-evoked Hyperlocomotion
(EZIH) assay is a recently developed behavioral model for
identifying effects on nociceptive responses.” As an in vivo
approach, the EZIH assay selects for compounds with
favorable ADMET properties (absorption, distribution, metab-
olism, excretion, toxicity) and captures complex interactions
that may be lost in in vitro methods.”

Here, this assay was successfully used to discover a
benzothiazole and benzothiazine from the underexplored
Gram-negative marine bacterium Croceibacter atlanticus,
which was first described in 2003 as a new species belonging
to the family Flavobacteriaceae.” C. atlanticus is a ubiquitous
marine flavobacterium found in diverse locations from the
Arctic and Antarctic Oceans to the Mediterranean and Bering
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Seas.'” Previously sequenced Croceibacter isolates share high
genetic similarity, all belonging to the one named species, C.
atlanticus. This Gram-negative bacterium has been shown to
prevent cell division and metabolism in the diatom
Thalassiosira pseudonana.'""” Tt has been further implicated
in phytoplankton blooms whereas the abundance of C.
atlanticus increased as the bloom progressed.”” Other than its
association with diatoms, several bacteriophages that infect this
marine bacterium have been described.'”'* To the best of our
knowledge, no bioactive secondary metabolites from C.
atlanticus have been characterized. The 1,4-benzothiazin-3-
one class of compounds are rare natural products and are more
often reported from synthetic organic chemistry and medicinal
chemistry approaches."”™"” Gram-positive bacteria, such as
Nocardiopsis sp. and Streptomyces sp., produce known 1,4-
benzothiazin-3-one containing natural products including
nocarterphenyl B, the thiazinotrienomycins, heronamycin A,
herbimycin D, thiocarbazomycin A and B, and some
geldanamycin derivatives."*™**  Burkholderia sp. has been
shown to produce the BPSS2111—-2113 family of compounds
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Figure 1. Identification of environmental C. atlanticus isolates. (A) Location of environmental sample collection and origin of both C. atlanticus
isolates. Modified from CAGE 16—5.>' (B) Avio’o pangenome analysis34 of public NCBI strains (gray) compared to AO-06 (green) and AO-30
(orange). Average nucleotide identity (ANI) heatmap in the upper right denotes similarity between genomes. Gene content (dark = present, light =

absent) is represented in the clock representation. Dendrogram at top right reflects Euclidean clustering of ANI values.

34,35

via heterologous expression of operons of unknown
function,”™** and some fungi have been found to produce
leptothiazinone A, isocochlioquinone D and its derivatives.”*”’
Beyond microbes, marine macroorganisms including ascidians
and tunicates are known for the shermilamine class of
benzothiazines.”>”” These compounds report a range of
bioactivity, including antimicrobial, cytotoxic, and immuno-
suppressant activity.

We show that C. atlanticus is a prolific producer of 1,4-
benzothiazin-3-one compounds, producing BPSS2111-2113:B
(1) and BPSS2111-2113:C (2) previously only seen from
Burkholderia, as well as new compounds croceithiazine A (4)
and croceithiazine B (5). We demonstrate antinociceptive
activity in vivo for benzothiazine BPSS2111—2113:C (2), and
the newly discovered croceithiazole A (3) in our zebrafish
model. In vitro human receptor binding studies revealed that
BPSS2111—2113:C (2) shows micromolar affinity for the S-
HT2B serotonin receptor and to the benzodiazepine site of
GABAA receptors, while croceithiazole A appears to bind the
peripheral benzodiazepine receptor (PBR).

B RESULTS AND DISCUSSION

Croceibacter Atlanticus Strain Isolation

Sediment and water samples were supplied from two cruises
taken by the Arctic University of Norway (UiT) working with
the Centre for Arctic Gas Hydrate, Environment, and Climate
(CAGE). The objective of these cruises was to study the
geochemistry of the seafloor surrounding the archipelago of
Svalbard as there are unique gas-hydrate pingos (GHPs) that
consist of large gas-hydrate containing domes. Here, large
amounts of gas, including up to 130 mL/L methane, are
released into the water column.’® The first CAGE cruise (16.5)
was taken in 2016, and the second cruise (17.2) in 2017.>"*
The Loesgen Lab was provided with 19 sediment and 30 water
samples from both cruises, collected with a remotely operated
vehicle (ROV) equipped with a box corer, blade corer, and
remotely opened water bottles capable of collecting both
sediment and water samples. Two different types of agar plates
were used for the isolation of environmental microorganisms:
Actinomycete Isolation Agar and Starch Yeast Peptone
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seawater (SYP-SW) medium. Sediment samples were dried
overnight and then stamped onto agar plates using a sterile
foam plug. The water samples were plated in a serial dilution.
Emerging colonies were further propagated until a mono-
culture was obtained. The combination of dry stamping of
sediment and serial dilution of water samples resulted in the
isolation of 85 distinct bacterial isolates.

Bacterium Arctic Ocean 06, henceforth referred to as AO-
06, was isolated from a water sample collected at a depth of 4.3
m at the Pingo Location.”" Isolate Arctic Ocean 30 (AO-30)
came from a water sample collected at a depth of 152 m at the
Bjornoyrenna craters (Figure 1A).>' AO-06 and AO-30
genomes were sequenced using Oxford Nanopore long read
technology and identified (via BLAST)*® as C. atlanticus. A
pangenome analysis of all deposited full-length C. atlanticus
genomes revealed an overall average nucleotide identity (ANI)
greater than 98%, but showed that AO-06 and AO-30 are
distinct strains with some variable gene content (Figure
1B).**3° C. atlanticus isolates AO-06 and AO-30 were selected
for further analysis as no secondary metabolites have
previously been reported from this genus, and the microbial
extracts proved to be chemically rich by chromatographic
analysis.

Compound Isolation and Structure Determination

Both AO-06 and AO-30 isolates were grown in tyrosine and
methionine-supplemented marine media prior to absorption
onto XAD-7 resin and subsequent extraction with methanol
and acetone. Organic extracts were dried under reduced
pressure and re-extracted with 1:1 ethyl acetate and water. The
extracts were further fractionated via reverse-phase preparative
HPLC prior to compound isolation with reverse-phase
analytical high-performance liquid chromatography (HPLC).
Compound 1, a pale yellow solid, was isolated via
semipreparative reverse-phase HPLC using a gradient of 20—
60% acetonitrile, where ultraviolet (UV) was monitored at 240
and 280 nm for compound collection. High resolution mass
spectrometry (HRMS) analysis of compound 1 resulted in m/z
values of 274.0033 [M + H]" and m/z 271.9873 [M-H],
consistent with the molecular formula of C,;H,;NO,S; and six
degrees of unsaturation (Figure S2). The compound had a

https://doi.org/10.1021/acs.jnatprod.6c00098
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unique UV profile, with absorbances at <200, 264, and 320 nm
(Figure S1). 'H nuclear magnetic resonance (‘H NMR)
revealed two methyl singlets (6 2.30 and 2.46), and singlets
each for methylene (S 3.41), methine (5y 6.77), hydroxyl (6
6.91), and amine (8 7.95) groups. *C NMR showed ten
carbon signals, consistent with the proposed molecular formula
(8 17.6, 18.4, 30.7, 113.7, 116.8, 128.9, 129.06, 129.10, 153.7,
and 164.2). Heteronuclear single quantum coherence (HSQC)
correlations connected four carbon atoms to their respective
hydrogen atoms, two of which are methyl groups, and
heteronuclear multiple bond correlation (HMBC) established
the connection of fragments (Figure 2, S3—S9). The
thiomethyl groups exert strong shielding effects on the 'H
and "3C chemical shifts as expected (Table 1).
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Figure 2. Key HMBC correlations (red arrows) for compounds 1-3.
Proposed structures of croceithiazine A (4) and croceithiazine B (5).

Compound 2 was similarly isolated using a gradient of 30—
70% acetonitrile. 2 is a yellow powder and ionized with m/z
values of 319.9911 [M + H]* and m/z of 317.9758 [M-H],
consistent with the molecular formula of C;;H;3NO,S, and six
degrees of unsaturation (Figure S10). Its UV profile had
similar absorbance maxima at 200, 266, and 346 nm compared
to 1, indicative of a similar scaffold (Figure S1). 'H NMR data
consisted of three methyl singlets (6 2.37, 2.40, and 2.40),
and singlets for methylene (8y 3.43), hydroxyl (6y 7.47), and
amine (5y 8.70) groups. *C NMR supported the molecular
formula with 11 carbon resonances (5¢ 17.9, 19.7, 19.7, 30.6,
120.7, 125.1, 129.4, 129.5, 132.0, 154.6, and 164.4). HSQC

correlations were used to identify one methylene and three
methyl groups (Figures 2, S11-S16).

Compounds 1 and 2 were determined to be BPSS2111—
2113:B and BPSS2111-2113:C respectively by comparison to
published NMR and MS data from Biggins et al.”* Our
analyses encountered the same reported issues with chemical
shift assignment, where C4a, C8a, and C8 of BPSS2111—
2113:B have very similar chemical shifts and were previously
noted as interchangeable. For 1, these carbon signals (6 =
128.9, 129.06, 129.10) were very close to each other and
difficult to resolve in 2D spectra. Heteronuclear multiple bond
correlation (HMBC) data exhibited correlations from these
three carbons to 5y values of 2.46 (H-9), 3.41 (H-2), and 6.91
(H-6). The 5 128.9 has a distinct correlation to &y 6.91 (H-6)
and was assigned as C4a. C8 and C8a were more difficult to
resolve with their similar chemical shifts (6c = 129.06 and
129.10). However, we were able to connect 3.41 (H-2) to 5
129.06 and &y 246 (H9) to &c 129.10 using HMBC
correlations (8 Hz) leading to the assignment of C8 at ¢
129.10 and C8a at §¢ 129.06 (Figure S8).

Similarly, the published NMR assignments for C6 and C8 as
well as C9 and C10 in BPSS2111—2113:C (2) were noted as
interchangeable. HMBC showed correlations between H-2 and
C8, which determined the correct chemical shifts of C6 and C8
and their corresponding thiomethyl groups (Figure S15),
adding more structural information to the previous assign-
ments for both BPSS2111-2113:B and:C.

Compound 3 was isolated as a yellow-brown powder via
semipreparative HPLC using a gradient of 40—80% acetoni-
trile. 3 was found to have an m/z value of 287.9657 [M-H]~
with a molecular formula of C,,H;;NOS, (Figure S17). The
UV absorbances at 200, 240, 270, and 322 nm did not indicate
a benzothiazine core (Figure S1), but the isotopic pattern
supported the presence of four predicted sulfur atoms from the
accurate mass derived formula. NMR analyses, including long-
range heteronuclear single quantum multiple bond correlation
(HSQMBC), allowed characterization of this compound.”” "H
NMR revealed three methyl groups (5y 2.39, 2.48, 2.84), one
hydroxyl (8y 7.79), and a methine (5 8.86). *C NMR,
supported by 2D techniques, revealed ten carbon atoms (S

Table 1. 'H and *C NMR Spectroscopic Data for Compounds 1, 2, and 3, 600 MHz, Dichloromethane-d,, Cryoprobe, 1.7 mm

Tubes
BPSS2111-2113:B (1) BPSS2111-2113:C (2) Croceithiazole A (3)
Position Oc, type Ou Oc, type Ou Oc, type Ou
2 30.7, CH, 341, s 30.6, CH, 343, s 151.9, CH 8.86, s
3 164.2, C 164.4, C
3a 144.1, C
4 140.2, C
4a 1289, C 132.0, C
5 116.8, C 1294, C 123.0, C
6 113.7, CH 691, s 125.1, C 155.7, C
7 153.7, C 154.6, C 111.2, C
7a 146.8, C
8 129.10, C 120.7, C 17.6, CH; 248, s
8a 129.06, C 129.5, C
9 17.6, CH; 246, s 19.7, CH; 2.40, s 19.2, CH; 239, s
10 18.4, CH, 230, s 17.9, CH, 240, s 20.1, CH, 2.84, s
11 19.9, CH; 2.37, s
NH 7.96, s 8.70, s
OH 6.77, br. s 747, br. s 7.79, s
1267 https://doi.org/10.1021/acs.jnatprod.6c00098
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Figure 3. HRMS-based characterization of croceithiazine A (4) and croceithiazine B (5). (A) HRMS spectrum showing masses for proposed
compounds 4 (m/z 286.0041) and 5 (m/z 329.9939). (B) Annotated MS* spectrum of S, revealing fragmentation into masses indicating

compounds 4 and 1 (m/z 270.9800).

17.6,19.7,20.1, 11.2, 123.0, 1402, 144.1, 146.8, 151.9, 155.7).
Both 8 and 12 Hz filtered HMBC spectra were used to find
correlations between the hydroxyl and neighboring carbons,
which were not found in the 4 Hz filtered HMBC. This
compound was determined to be a new benzothiazole with
substituents on the benzene ring similar to those of 2 (Figures
2, S18—S827).

Two more compounds were isolated via preparative HPLC
using the same gradient as that for 1. HRMS analysis revealed a
m/z value of 286.0038 [M-H]™ for 4 and a m/z value of
329.9930 [M-H]~ for §. The UV absorbances for both were at
200, 258, and 332 nm and matched the benzothiazine profile
of 1. In addition, S can be fragmented in MS/MS (-ESI) into
m/z features of 286.0030 and 270.9806, corresponding to the
accurate masses of 4 and 1, respectively (Figure 3). For both
compounds 4 and S, we propose an additional methoxy group
based on the mass increase of 15.024u as quantified by
HRMS/MS. Further, the mass difference of 43.992u between 4
and $ indicates the presence of a carboxylic acid group in §,
which is lost in 4. We propose the names croceithiazine A and
croceithiazine B for 4 and §, respectively.

Identification of Antinociceptive Metabolites In Vivo

The zebrafish-based EZIH assay was utilized to evaluate any
nociceptive effects of these compounds.””” Briefly, embryonic
zebrafish are pretreated with a test compound and then
exposed to a noxious chemical stimulus (allyl isothiocyanate
[AITC], a TrpAl agonist), and the locomotor responses are
recorded. In untreated animals, AITC elicits a robust
hyperlocomotion response. Pretreatment with analgesic
compounds (e.g., lidocaine, buprenorphine, HC-030031)
significantly reduces this hyperlocomotion response, while
pretreatment with compounds that do not have established
antinociceptive properties does not alter the response.
Following the assay, animals are observed under a microscope
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for morphological or cardiac changes suggestive of acute
toxicity. Single-dose responses were compared against vehicle
saline trials using a two-sample, two-tailed ¢ test. Dose response
curves were analyzed using a one-way ANOVA with posthoc
pairwise comparisons (p-values are reported for the ANOVA
and/or the most relevant pairwise comparison). The
concentration dependence of observed effects was then
quantified by computing the log,,EC50 by fitting responses
to the Hill Equation and estimating the standard error of the
mean (S.E.M.) using a bootstrap analysis.

In preliminary screens of the extract and preparative HPLC
fractions, activity was found in fractions containing 1, 2, 3, 4,
and $. Isolated pure compounds were tested in the EZIH assay
at a final concentration of 40 M, which revealed that 2 and 3
exhibited decreased nociceptive responses compared to saline
controls. Compounds 1, 4, and § did not appear to alter
nociceptive responses (Figure S29). None of the compounds
produced signs of acute toxicity. A comparison of the active
and inactive metabolites suggests that the third thiomethyl
group of 2 and 3 must be present for activity. Compounds 1
and 4 are lacking this group, while $ is potentially blocks access
to this position with the bulky carboxylic acid moiety. Dose
response assays were then performed on the active metabolites,
and 2 exhibited an in vivo ECy, of 17.0 uM (Figure 4 A-B; p =
0.01 for ANOVA; p = 0.061 for 0 uM vs 80 uM; log,(ECS0:
—4.77 + 0.35 [M], mean + S.E.M.) and 3 yielded an ECs, of
40.6 uM (Figure 4 C—Dj; p < 0.0001 for ANOVA; p < 0.0001
for 0 uM vs 60 uM; log,,ECsp: —4.39 + 0.06 [M], mean +
S.E.M.). Notably, 2 shows increased potency compared to 3,
but 3 shows increased efficacy.

Compounds 1—5 were additionally tested in a single dose
assay (10 mg/mL) against Staphylococcus aureus (ATCC
25923), Escherichia coli (ATCC 8739), and Candida albicans
(ATCC 90027) and exhibited no activity.”*~* In addition,
compounds showed no activity in 3-(4,5-dimethylthiazol-2-yl)-
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Figure 4. Antinociceptive activity of 2 and 3 in the zebrafish EZIH assay. (A) Time series showing locomotor activity throughout EZIH assay
following pretreatment with varying concentrations of 2, from 0 (top) to 80 uM (bottom) (N = 12; median + S.E.M.). (B) Dose response curve
for 2 showing effects on behavioral response to nociceptive stimulus (average locomotor activity for period 1—6 min after AITC addition, N = 12
each, shown as median + SEM across trials, 0 uM plotted at 0.1 #M). (C) Similar to A, showing time series of locomotor activity following
pretreatment with 3, from 0 (top) to 80 uM (bottom). (D) Similar to B, showing a dose response curve for 3.

2,5-diphenyltetrazolium bromide (MTT) mammalian cell
viability assays when tested at 10 gM."'

Mode of Action Determination

Motivated by the observed activity in EZIH assays, 2 and 3
were submitted to the NIH Psychoactive Drug Screening
Program (PDSP). This program enables high-throughput
testing for activity against a wide range of G-protein-coupled
receptors.””*’ Binding assessment was performed as a
radioligand competition assay as per the PDSP protocol.
Single-dose binding assessment suggested that 2 exhibits
selective binding to the benzodiazepine (BZP) site of GABAA
and the S-HT2B G-protein-coupled receptor (GPCR) (Figure
SA). Subsequent dose response assays indicated that 2 shows a
binding affinity (K;) of 1.18 uM to the BZP site and 2.23 yM
to the S-HT2B receptor (Figure S30). Similarly, single-dose
assays suggested that 3 may exhibit effects at the peripheral
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benzodiazepine receptor (PBR), and some binding to the
sigma-1 receptor (Figure SB). Further testing of this
mechanism of action is ongoing. While the binding profiles
of BPSS2111—2113:C and croceithiazole A differ, both seem
to affect benzodiazepine related targets and warrant further
exploration.

Biosynthetic Origin

C. atlanticus, a marine flavobacterium, produces the same
compounds discovered via genome mining from Burkholderia
pseudomallei and isolated from a trimethoprim-resistant human
pathogenicBurkholderia sp., associated with cystic fibrosis.
McAvoy et al.” suggested a biosynthetic route for production
of BPSS2111—-2113:B involving the biosynthesis of homoge-
ntisic acid and subsequent amino acid-mediated modification,
followed by methylthiolation and oxidative removal of the side
chain (Figure 6). Homogentisic acid production via the
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Figure 5. NIH PDSP human receptor binding assessment. Percent inhibition of radioligand binding by 2 (A) and 3 (B) against human GPCR was

observed for four trials.

/\)k

0]
o er oH m S e R
HO NH, L ) cystelne O ~N \/U\OH
tyrosine 4-hydroxyphenylpyruvate homogentisic acid oH "
CO,=|—H20

S5 o
S OH S OH
i = i i
o N 07N OH
S H
N S

Methyllhlolallon

via I'Tl(‘lhl()nlﬂ(‘

LI LJIOCK,

Figure 6. Predicted biosynthesis of BPSS2111—2113:B. Reproduced and modified from [25]. Copyright 2023 American Chemical Society.

enzymatic metabolism of tyrosine is well documented.**** As
homogentisic acid was not isolated from C. atlanticus
extractions but is present in the predicted biosynthetic pathway
for production of BPSS2111-2113:B,> we probed the
genome for these enzymes. In this pathway, tyrosine is
converted to 4-hydroxyphenylpyruvate by a tyrosine amino-
transferase, followed by conversion into homogentisic acid by
4-hydroxyphenyl-pyruvate dioxygenase. We identified a gene
with 35% sequence identity to 4-hydroxyphenylpyruvic acid
dioxygenase (WP_038759037.1) in both AO-06 and AO-30
genomes. Gene neighborhood analysis by GATOR-GC*

1270

further revealed additional genes with known involvement in
the homogentisate biosynthetic pathway including homoge-
ntisate 1,2-dioxygenase.

BPSS2111-2113:B and :C were first discovered via the
heterologous expression of B. pseudomallei cryptic operons
BPSS2111-2113. However, it was determined that the
expression of BPSS2111 alone produced these products.
BPSS2111, predicted to be an FAD-dependent monooxyge-
nase, was postulated to produce the benzothiazine core, and it
was suggested that host enzymes were responsible for the
thiomethyl additions.”* Due to the rarity of natural product

https://doi.org/10.1021/acs.jnatprod.6c00098
J. Nat. Prod. 2026, 89, 1265—-1275


https://pubs.acs.org/doi/10.1021/acs.jnatprod.6c00098?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jnatprod.6c00098?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jnatprod.6c00098?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jnatprod.6c00098?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jnatprod.6c00098?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jnatprod.6c00098?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jnatprod.6c00098?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jnatprod.6c00098?fig=fig6&ref=pdf
pubs.acs.org/jnp?ref=pdf
https://doi.org/10.1021/acs.jnatprod.6c00098?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Natural Products

pubs.acs.org/jnp

CAH39591.1
HTCC2559
CATLZO1
CAXHYYO1
CAXBHTO1
CALADWO1
NC_014230.1
JAHXROO01
CATMAXO01
AO30

AQC06
CAXEYS01
PAZX01
CAXASSO01
DELPO1

Boostrap support
(> 70 not shown)
4

8

Tree scale: 1 + !

. Monooxygenase

100%

;
é
0
%
<,
/
§ Coservation

Figure 7. Conservation of the monooxygenase encoding gene and gene neighborhoods postulated to be involved in the biosynthesis of
benzothiazines. Genomes other than AO-06 and AO-30 were sourced from the NCBI. GATOR-GC gene neighborhoods denote relative opacity of
genes, which represents percent conservation across all C. atlanticus genomes. The monooxygenase is shown in purple, and contig edges are shown
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benzothiazines, we hypothesized that both C. atlanticus and B.
pseudomallei may contain the same genes needed for
production of BPSS2111-2113:B and :C. The Burkholderia
gene region BPSS2111 was compared to the full genomes of
AO-06 and AO-30 (tBLASTn), where one region of interest
was identified as matching by ~ 22% sequence identity. These
predicted enzymes are almost identical between AO-06 and
AO-30, with one amino acid substitution, and were predicted
to function as monooxygenases.

To investigate evolutionary relationships, we constructed a
phylogenetic tree based on the monooxygenase sequence of
the environmental C. atlanticus strains as compared to the
other NCBI submitted C. atlanticus isolates, using the B.
pseudomallei monooxygenase (CAH39591.1) as an outgroup
(Figure 7). The C. atlanticus monooxygenase forms a distinct
clade separate from B. pseudomallei. Relative opacity of the
genes indicates gene conservation among the C. atlanticus
isolates, revealing that these genes are highly conserved in the
genus. Oxidative benzothiazine production seems to be unique
in C. atlanticus compared to B. pseudomallei and preserved
within the C. atlanticus genus.

In conclusion, C. atlanticus produces unique sulfur-
containing specialized metabolites, including those containing
the rare 1,4-benzothiazin-3-one scaffold. To our knowledge,
these are the first natural products isolated from this genus.
Genome mining efforts for biosynthetic gene clusters were
unsuccessful, a strong reminder that many marine Gram-
negative bacteria are still underrepresented in genomic and
chemical exploration. The lack of “classic” natural product
biosynthetic gene clusters limits the prediction power of
bioinformatic tools like antiSMASH and opens ug new avenues
for metabolite and biosynthetic discovery.*”** While the
biosynthesis remains to be experimentally validated, a solid
hypothesis has emerged based on our and previous work
involving amino acid-modifying enzymes. It is astonishing to
find Arctic Ocean derived Croceibacter produce the same
sulfur-containing small molecules that are made by Burkhol-
deria strains associated with human lung disease, specifically
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with hlghly virulent and hard-to-treat antibiotic-resistant
strains.” Indeed, Croceibacter was found to be resistant to
several antibiotics including but not limited to trimethoprim,
ampicillin, kanamycin, and streptomycin in our experiments
(data not shown) and the original strain report.” The zebrafish-
based EZIH assay was instrumental to the identification of the
neuroactive effects of the known BPSS2111-2113:C benzo-
thiazine and the new croceithiazole A. Initial testing by the
NIH Psychoactive Drug Screening Program using human
receptors in vitro showed binding affinity of 2 to serotonin
receptor S-HT2B (2.2 uM) and the benzodiazepine site of
GABAA (1.2 pM), while preliminary tests indicate that
croceithiazole A (3) may bind to the peripheral benzodiaze-
pine receptor. Future studies examining the effects of these
compounds on receptor responses and neural activity will yield
an even deeper understanding of their modes of action. Our
findings highlight the potential of unexplored Gram-negative
bacteria as a chemically rich source of unique compounds and
show the utility of the EZIH assay in the detection of
neuroactive compounds from complex mixtures.

B EXPERIMENTAL SECTION

General Experimental Methods

Low-resolution ESI-MS was recorded on an Agilent 1100 series LC
with an MSD 6130 using a Phenomenex Kinetex C18, Su 150 mm X
4.0 mm HPLC column. Standard gradient method used ultrapure
water (A) and LCMS acetonitrile (B) with 0.05% formic acid.
Method involved a 10—100% B gradient over 33 min at a flow rate of
0.8 mL/min. MS parameters for + ESI: 350 °C drying gas
temperature, 40 PSI nebulizer pressure, and a 3500 V capillary
voltage. MS parameters for -ESI: 275 °C drying gas temperature, 40
PSI nebulizer pressure, and 4000 V capillary voltage.
High-resolution ESI-MS-QTOF spectra were obtained on an
Agilent 6546 instrument. Standard gradient method used ultrapure
water (A) and LCMS acetonitrile (B) with an additional 0.05% formic
acid addition for + ESI only. Method involved a 10—95% B gradient
over 9.75 min at 40 °C. The column used was a Phenomenex Kinetex
2.5 ym C18, 50 X 2.1 mm column with a flow rate of 0.4 mL/min.
MS parameters for + ESI: 350 °C drying gas temperature, 40 PSI
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nebulizer pressure, and 3000 V capillary voltage. MS parameters for
-ESI: 350 °C drying gas temperature, 40 PSI nebulizer pressure, and
4000 V capillary voltage.

Agilent 1100 series and 1260 Infinity II HPLC systems were used
for analytical, semipreparative, and preparative separations, all
equipped with photodiode array detectors. Analytical and semi-
preparative HPLC used ultrapure water (A) and HPLC acetonitrile
(B) with no formic acid addition. The column used was a
Phenomenex Luna C18(2), Su 250 mm X 10 mm column. Methods
involved gradients of increasing polarity depending on the compound,
and fractions were lyophilized. Preparative HPLC was done on a Luna
Su C18(2) AXIA, 250 mm X 21.2 mm column. This method used
ultrapure water (A) and HPLC methanol (B) with no formic acid
addition. The method involved a 10—100% B gradient over 55 min at
a flow rate of 20 mL/min. Fractions were collected in increments of
10 mL or 0.5 min. Fractions were consolidated and reduced under
pressure prior to lyophilization.

NMR data were collected with assistance from AMRIS. Instrument
used was a Bruker Avance Neo-600 Console equipped with a Magnex
141 T/54 mm AS Magnet and 1.7 mm TCI CryoProbe. All
compounds were reconstituted in dichloromethane-d,.

Bacterial Strain Isolation, Cultivation, and Extraction

Water and sediment samples provided by a UiT CAGE were shipped
in sterile containers. Solid agar plates used were Actinomycete
Isolation Agar (2 g/L sodium caseinate, 0.1 g/L L-asparagine, 4 g/L
sodium propionate, 0.5 g/L dipotassium phosphate, 0.1 g/L
magnesium sulfate, 0.001 g/L ferrous sulfate, 15.0 g/L agar, 35.7 g/
L Instant Ocean Sea Salt, hydrated in DI water with 0.5% glycerol)
and Starch Yeast Peptone seawater (SYP-SW) medium (10 g/L
starch, 4 g/L yeast, 2 g/L peptone, 33.3 g/L Instant Ocean Sea Salt,
15 g/L agar with added antifungals: 10 ng/mL nystatin and 10 ng/mL
cycloheximide). Water samples underwent serial dilution and were
grown on solid media. Sediment samples were either dried overnight
and dry stamped onto solid agar or suspended in sterile seawater used
to inoculate solid agar. Resulting isolation plates were kept at both 4
and 28 °C to allow for microbial growth. Single strains from these
agar plates were then sequentially cultured until a pure isolate
remained.

C. atlanticus was cultured on solid media at 28 °C and in liquid
media at room temperature, orbitally shaking at 180 rpm.
Maintenance of the isolate was cultured on SYP-SW media. For
increased production of sulfur-containing compounds, Starch Yeast
Peptone seawater media with supplemented tyrosine and methionine
(SYP-SW-MY) was used (10 g/L starch, 4 g/L yeast, 1 g/L peptone,
0.5 g/L methionine, 0.5 g/L tyrosine, 33.3 g/L Instant Ocean Sea
Salt, 15 g/L agar).

Cultures of all C. atlanticus isolates were maintained on SYP-SW
agar at 28 °C. A 1 cm? section of living culture originating from an
agar plate was used to inoculate 100—500 mL of SYP-SW or SYPSW-
MY liquid media in an unbaffled flask. These cultures were used to
inoculate 1—1.5 L of the respective media and were subsequently
incubated at room temperature for 4 weeks, orbitally shaking at 180
rpm. Amberlite XAD-7 (ThermoFisher) was conditioned by
hydration in acetone, followed by methanol, and finally ultrapure
water. 50—70 g of conditioned resin was added to each large 1-1.5 L
culture and was allowed to incubate overnight with shaking. The
resin-culture media were filtered through cheesecloth to isolate the
resin. The cheesecloth was then tied to contain the resin inside and
extracted with an excess of methanol and acetone via sonication for 20
min each. The organic extracts were then reduced under pressure to
obtain dry microbial extracts. Upon indication of oxidation, 5 ug of
butylated hydroxytoluene (BHT) was added prior to drying the

extracts to prevent oxygenation.
Bioactivity Assays

Antimicrobial Assay. Microbial extracts and fractions solubilized
in DMSO were tested for antibacterial activity following established
protocols in duplicate at a final concentration of 125 pug/mL.**™*

Antibacterial activity was tested against Staphylococcus aureus (ATCC
25923), Pseudomonas aeruginosa (ATCC 15442), and Escherichia coli
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(ATCC 8739), and antifungal activity was tested against Candida
albicans (ATCC 90027), all provided by the American Type Culture
Collection (ATCC, Manassas, VA). Reference antibiotics used as
positive controls in these experiments were kanamycin (S. aureus and
P. aeruginosa, SO pg), ampicillin (E. coli, 50 pg), and amphotericin B
(C. albicans, 25 pg). Turbidity was measured by absorbance at 620
nm using a Biotek Synergy reader.

Cell Viability Assay. Microbial extracts and fractions were tested
for antimetabolic activity at a final concentration of 10 yg/mL against
human colorectal carcinoma mammalian cells (ATCC CCL-247,
Manassas, VA) following established protocols.”' HCT-116 mamma-
lian cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS)
and 1X penicillin-streptomycin. Cells were maintained in a humidified
incubator at 37 °C with 5% CO,. HCT-116 cells were seeded in 96-
well plates at a density of 7000 cells/well and maintained for 24 h to
allow for adherence. Microbial extracts and fractions solubilized in
DMSO were added to duplicate wells at a final concentration of 10
pg/mL and incubated for 46 h. MTT ([3-(4,5-dimethylthiazolyl-2)-
2,5-diphenyltetrazolium bromide]) solubilized in PBS was added to
all wells at a final concentration of 0.5 mg/mL. After two h, the
DMEM was removed from the well plate, revealing the purple
formazan product formed by the reduction of MTT by metabolically
active cells. The formazan crystals were solubilized in 50 yL of DMSO
and absorbance was measured at 550 nm. Metabolic activity of 0.5%
DMSO treated cells was defined at 100% cell viability, and 10 uM
mensacarcin was used as the positive, cytotoxic control. Microbial
extracts and fractions that reduced cell metabolism to 60% or less
were defined as inhibiting cell viability.

Embryonic Zebrafish Irritant-Evoked Hyperlocomotion
Assay (EZIH). In vivo activity was measured through the Embryonic
Zebrafish Irritant-evoked Hyperlocomotion assay.” Briefly, zebrafish
larvae aged 52—60 h postfertilization were individually placed into a
96-well plate with HEPES-buffered E3 saline. The test compounds
were added to the wells at a final concentration of 25 ug/mL for
extracts and fractions, and the response was measured for 30 min to
determine the acute effects of the compounds. After an additional two
h incubation period, the response was again recorded for 30 min to
establish a new baseline and determine the persistent effects of the
test compounds. Finally, the TRPAl agonist allyl isothiocyanate
(AITC, mustard oil) was added to the wells at a final concentration of
35 uM, and the response was measured for 30 min. At this age, the
larvae have not yet inflated their swim bladders and did not display
spontaneous locomotor activity. The addition of a noxious stimulus
(such as AITC) causes a taillick response that propels the larvae
around the wells, which is recorded using a camera above the well
plate. Locomotor activity is reported as the normalized movement
index, which is the movement index normalized by the same index in
animals treated with vehicle saline.

DNA Sequencing. Both environmental isolates of C. atlanticus
were grown in S mL of SYP-SW liquid culture until turbid. Cells were
centrifuged at 3000 rpm for 10 min, and the liquid media was
removed. Cells were frozen at —80 °C prior to mechanical crushing,
which was then resuspended in TE buffer supplemented with
lysozyme (20 mg/mL) and incubated for up to an hour at 37 °C.
Proteinase K (20 mg/mL) and SDS (10% w/v) were then added, and
again the mixture was incubated at 55 °C. After cooling to room
temperature, the mixture was extracted with phenol:chloroform (1:1)
for up to 10 min prior to centrifugation at 14,000 rpm for 10 min. The
aqueous layer was isolated, and 3 M sodium acetate (10% v/v) and
isopropanol were added to incite DNA precipitation. DNA was
subsequently isolated via centrifugation. DNA was assessed for purity
by 260/280 assessment via nanodrop and was quantified by Qbit
prior to submission to SeqCenter for nanopore sequencing.

Bacterial Pangenome Analysis. The gene content of the AO-
06/A0-30 and Croceibacter genomes available in NCBI as of
September 2024 was identified and visualized in Anvi'o®* using the
pangenome pipeline.”® Average Nucleotide Identity (ANI) was
calculated with the anvi- compute-genome-similarity module using
pyANIL Both genomes and genes were clustered using Euclidean
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distance, with genomes arranged by ANI percentage identity and
genes by presence/absence patterns.”®

Phylogeny and Gene Cluster Analysis. Phylogenetic analysis of
the monooxygenase enzyme from the AO-06/A0-30 and Croceibacter
genomes (NCBI) was performed using IQ-TREE 2.*’ Maximum
Likelihood inference was conducted with the best-fit evolutionary
model, and 100 bootstrap replicates were calculated. The mono-
oxygenase from B. pseudomallei K96243 (CAH39591.1) was used as
an outgroup to root the phylogeny. The phylogenetic tree was
visualized and edited using iTOL.>" Gene clusters were identified
using GATOR-GC,* with the monooxygenase (WP_272973609.1)
designated as the required protein. Default parameters were applied
for the required distance and window extension. These gene clusters
were annotated by using Hidden Markov Model (HMM) profiles
from the PFAM database.

B ASSOCIATED CONTENT
Data Availability Statement

The NMR data for compounds 1—3 have been deposited to
NP-MRD (https://np—mrd.org) under NP-CARD:
NP0353870 (l), NP0353871 (2), and NP0353872 (3)
Genomes for C. atlanticus AO-06 and C. atlanticus AO-30
have been deposited as Genbank BioSample accessions
SAMNS6710389 and SAMNS6710390 and will be released
with publication (https:/ /www.ncbi.nlm.nih.gov/biosample/
56710389, https://www.ncbi.nlm.nih.gov/biosample/
56710390).
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