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Abstract

A new manumycin-type natural product named pacificamide (1) and its candidate biosynthetic
gene cluster (pac) were discovered from the marine actinobacterium Salinispora pacifica
CNT-855. The structure of the compound was determined using NMR, electronic circular
dichroism, and bioinformatic predictions. The pac gene cluster is unique to S. pacifica and found
in only two of the 119 Salinispora genomes analyzed across nine species. Comparative analyses
of biosynthetic gene clusters encoding the production of related manumycin-type compounds
revealed genetic differences in accordance with the unique pacificamide structure. Further queries
of manumycin-type gene clusters from public databases revealed their limited distribution across
the phylum Actinobacteria and orphan diversity that suggests additional products remain to be
discovered in this compound class. Production of the known metabolite triacsin D is also reported
for the first time from the genus Sal/inispora. This study adds two classes of compounds to the
natural product collective isolated from the genus Salinispora, which has proven to be a useful
model for natural product research.
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Bacterial natural products have played key roles in both the development of new drugs

and the advancement of basic biomedical research.12 The phylum Actinobacteria has been
a particularly important source of novel natural products, with most strains originating
from soils.3 More recent explorations of marine microbes have revealed chemically rich
actinobacterial lineages that are phylogenetically distinct from their terrestrial counterparts.
Included among these is the marine obligate Actinobacterial genus Sa/inispora, which has
proven to be a rich source of natural products with cytotoxic, antimalarial, and antibiotic
activities.*® The proteasome inhibitor salinosporamide A, which is currently undergoing
phase Il clinical trials, and the DNA intercalator lomaiviticin A are salient examples

of bioactive natural products discovered from Salinispora species.”8 Our understanding

of the natural product biosynthetic potential of the genus Salinispora has been further
advanced by genome sequencing. Among 119 public genomes representing all nine named
species, 305 different gene cluster families devoted to natural product biosynthesis were
detected.®11 This figure greatly surpasses the number of natural products reported to date
from Salinispora cultures and suggests that considerable biosynthetic potential remains to be
realized.

Herein, we report the new metabolite pacificamide (1) from Salinispora pacifica CNT-855
and the known metabolite triacsin D from Salinispora cortesiana CNY-202. Both
compounds, previously unknown from the genus, were initially targeted from a large-
scale comparative metabolomics data set that included all nine Safinispora species.1! We
focus on the isolation, structure elucidation, and biological activity of the natural product
pacificamide, a new member of the manumycin group of metabolites (Figure 1).12 We
identify a candidate pacificamide biosynthetic gene cluster, which we named pac, in

two S. pacifica strains and compare them to characterized manumycin-type BGCs in
Streptomyces and Saccharothrix spp. to correlate gene content with structural differences
in the compounds they encode. Finally, we search pac homologues in publicly available
bacterial genome sequences to reveal the diversity and distribution of manumycin-type
BGCs that have yet to be linked to their small-molecule products.

J Nat Prod. Author manuscript; available in PMC 2022 June 21.
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RESULTS AND DISCUSSION

Isolation and Structure Elucidation.

HPLC-UV-MS chemical profiling of culture extracts of 30 Salinispora spp. led to the
detection of two compounds in strains S. pacifica CNT-855 and S. cortesiana CNY-202

with UV/vis and MS spectra that differed from previously identified Salinispora natural
products. A 6-10 L cultivation of these strains yielded organic extracts, and subsequent
targeted purification via C18 reversed-phase chromatography led to the isolation of the
known compound triacsin D,13:14 from CNY-202, and a new compound named pacificamide
(1), from CNT-855, with a molecular formula assigned as Cy2H3oN»Og based on a sodium
adduct ion at /m/z443.2149 using HR-ESI-TOF-MS.

Spectroscopic analysis of the IH NMR data of 1 (in CD30D) showed signals for 27
protons, including three olefinic protons at & 7.29 (H-3), 6.49 (H-3"), and 4.88 (H-7"), two
oxymethine protons at & 3.66 (H-5) and 3.57 (H-6), an oxymethylene proton at &y 4.35
(Hp-10"), three methylene groups at &y 2.09 (H,-7), 2.33 (H»-8), and 1.34 (H-5"a) and 1.24
(H-5"b), two methine protons at &y 2.62 (H-4") and 2.40 (H-6"), and four methyl groups

at &4 1.68 (H3-9"), 1.62 (H3-13"), 1.01 (H3-11"), and 0.90 (H3-12"). The HSQC spectrum
showed correlations for 15 carbon signals (Figure 2a), and the HMBC spectrum showed
correlations to the remaining seven carbon signals, including three carbonyl carbons at &¢c
190.0 (C-1), 178.0 (C-9), and 169.3 (C-1"), three vinyl carbons at & 130.4 (C-2), 132.1
(C-2"), and 131.0 (C-8"), and an O-substituted sp3 carbon at &z 71.4 (C-4) (Figure 2c).

The COSY spectrum revealed three spin-spin coupling systems including H-9” to H-10",
H-3 to H-5, and H-7 to H-8 (Figure 2b). The HMBC spectrum showed correlations that
established the connectivity of the three spin—spin coupling systems (Figure 2c). Among
observed correlations, H-3 to C-1, C-2, and C-4, H-5 to C-4, and H-6 to C-1 and C-2
suggested the 5,6-epoxy-4-hydroxycyclohex-2-en-1-one of 1, which is characteristic of
many manumycin-type natural products (Figures 1 and 2¢).11 The HMBC correlations of
H»-7 to C-3, C-4, C-5, C-8, and C-9 and H»-8 to C-9 permitted the propionic amide to be
positioned at C-4 of the epoxycyclohexenone. On the basis of the molecular formula and the
chemical shift of carbonyl C-1", we inferred that the aliphatic side chain (C-2” to C-9”) and
the epoxy-cyclohexenone connection was through an amide group. Thus, the planar structure
of 1 was established as drawn in Figure 2.

The relative configuration of 1 was assigned by interpretation of 1H, HETLOC and NOESY
NMR experiments and DFT-molecular calculations (Figure 2d). The cyclohexenone moiety
(C-4 to C-6) including a cis epoxide ring was defined as 4R*, 55*, 6 ”* due to NOESY
correlations of H-3/H-7, H-3/H-8, H-5/H-6, H-5/H-7, and H-5/H-8. Consistent with this, the
syn-configuration between 4-hydroxy and 5,6-epoxide groups is a general characteristic of
all manumycin-type metabolites.1® On the “upper” side chain of 1, the C-2” to C-3” double
bond was defined as £due to a NOESY correlation between H-4" and H-10". As observed
by 'H NMR, a large 34 4 (10.3 Hz) between vinylic H-3" and H-4” suggested these were
in anti-conformation, which would result in low 1,3-allylic strain. A similar relationship
was observed for H-6" and vinylic H-7" (3Jy y = 10.2 Hz). As observed by HETLOC,%6 a
large 3Jc 1 (6.4 Hz) between C-3” and H-5"a suggested their anti-conformation. Similarly,

J Nat Prod. Author manuscript; available in PMC 2022 June 21.
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C-7" and H-5"a (3Jc 4 = 6.8 Hz) were also in anti-conformation. Moreover, both C-12”
and C-11" shared small 3 1 (<4 Hz) with both H-5"a/H-5"b, suggesting their gauche-
conformation. These results supported a conformation unique to 1 with syn-configured

4’ 5% 6 R*-dimethyl groups (Figure 2d). The A&'H between H-5"a and H-5b of 0.10 ppm
did not support either configuration for the 4,6-dimethyl substituents.1’” Thus, to confirm
our configurational assignment, we performed DFT calculations with H and 13C NMR
chemical shift predictions on syr+ and anti-configured models of the “upper” side chain of
1.18.19 Based on the differences between the calculated and experimental chemical shifts
for syn Aby ave = 0.051 ppm and Adc ave = 1.5 ppm) and arntf (A ave = 0.091 ppm and
Abc ave = 1.5 ppm) models, the syr7 model proved to be a better match to 1. Furthermore, the
structures of the lowest energy optimized conformers for the syn model were in agreement
with the conformation observed via NMR analysis (Figure 2d).

The absolute configuration of the cyclohexenone moiety was assigned as 4R, 55, 6 R based
on the electronic circular dichroism (ECD) spectrum of 1, which showed a positive Cotton
effect at Anax (Ae) 328 nm (+1.05) attributed to the position of the epoxide oxygen with
respect to the cyclohexene chromophore in accordance with the “inverse quadrant” rule for
epoxyquinols.29-22 This assignment is consistent with the absolute configuration established
for the salternamide natural products (Figure 1).23 The absolute configuration determination
for the “upper” side chain of 1 as 4’ 5,6” R is based on genetic evidence that follows below.

Biosynthetic Gene Cluster Analysis.

AntiSMASH analysis of the Salinispora pacifica CNT-855 genome (NCBI accession
AZWS00000000) led to the identification of a candidate BGC for the production of 1

that shared similarity to both the asukamycin BGC (asu) from Streptomyces nodosus subsp.
asukaensis and the colabomycin BGC (col) from Streptomyces aureus.2*27 A query of

119 Salinispora genomes revealed that only one additional strain, S. pacifica CNS-960,
possessed the candidate pacificamide BGC, which we have named pac. A comparison of the
pac BGC in the two Salinispora strains helped to establish BGC boundaries (pac1-33) and
identify two transposase genes in CNS-960 (between pac12and —13) as the only difference
in gene content (Figure 3a). When grown under similar conditions, we observed production
of 1in CNS-960, albeit in reduced quantity relative to strain CNT-855 (Figure 3d).

The pac BGC shares several genes with asuand co/that encode essential enzymes in

the biosynthesis of their cognate small molecules and served as key references for this
work.24-26 Pac also shows similarity to the recently identified “compound A” BGC (esp)
from Saccharothrix espanaensis DSM-44229,28 the manumycin BGC (/mari), which we
deduced from mining the manumycin A producer Streptomyces griseoaurantiacus M045
genome (RefSeq accession GCF_000204605.1),2930 and the daryamide BGC (dan), which
we identified and named in the course of this study via genome sequencing of the
daryamide and novodaryamide producer Streptomyces sp. CNQ-085 (NCBI accession no.
JAJFAU000000000).31:32 Key hiosynthetic genes shared among these BGCs include three
genes (pac26-28) related to the synthesis and priming of 3-amino-4-hydroxybenzoic acid
(3,4-AHBA), two type Il PKS genes (pac21 and -22) involved in the production of polyene
natural products (as classified by NaPDoS)33 and associated with the formation of the

J Nat Prod. Author manuscript; available in PMC 2022 June 21.
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“lower” side chain that extends from the carbonyl of 3,4-AHBA, two KS IlI genes (pac4
and pac6) associated with the first condensation step in the biosynthesis of the “upper”

acyl chain,34 one arylamine Atacyltransferase gene (pac7) involved in the ligation of the
“upper” side chain to the amino-hydroxy phenyl moiety, three oxidoreductase genes (pac5,
pacl6, and pacl8) responsible for the formation of the 5,6-epoxy-4-hydroxycyclohex-2-
en-1-one moiety, and acyl carrier protein, acyltransferase, and thioesterase encoding genes
(Figure 3 and Supporting Information, Figure S11).24-26 A feature of the biosynthesis that
remains unknown is the “upper” side chain extension following priming by the KS Ill. This
is suspected to involve fatty acid synthases encoded in other regions of the genome.23

To explain the structural differences between 1 and other manumycin-type compounds, we
focused on gene differences among the pac, asu, col, esp, man, and darBGCs (Figure
S11). We found a predicted enoyl-reductase (ER, fabVhomologue) gene in the pacand
aarBGCs (pac25and dar7, respectively) that could be responsible for the saturated
“lower” side chain in both 1 and the daryamides. This gene is lacking in the asu, col,

man, and esp BGCs, which instead yield metabolites with a polyunsaturated “lower” side
chain. We expect the presence of a similar gene in the BGCs that code for U62-162 and
the salternamides, which also display a saturated lower side chain (Figure 1); however
genome sequences are not available. Additionally, we found an asparagine synthase gene
(a homologue of nsp/N from 4-hydroxy-3-nitrosobenzamide biosynthesis)3 in the pac

and dar BGCs (pac20and dar24) that could be responsible for installing the primary
amides on the “lower” side chains of 1 and the daryamides. This gene is absent in the

asu, col, man, and esp BGCs, which instead share three genes encoding the synthesis

and ligation of the 2-amino-3-hydroxycyclopente-2-one ring observed in many manumycin-
type metabolites.24-26:36 Finally, we found a cytochrome P450 gene (pac15) that is not
observed in the other manumycin-type BGCs and could be responsible for installing the
hydroxymethylene of 1, which is a unique feature within the manumycin natural product
family.

It is noteworthy that the pac BGC lacks the ketoreductase gene (KR, FabG homologue)

and two dehydratase genes (DH, MaoC homologues) shared among all other manumycin-
type BGCs (e.g., asuC7-C9and dar1,18,19in Figure 3a). These activities are expected
during polyketide extension cycles to achieve the “upper” and “lower” side chains of 1.
Alternatively, we propose that pac7, which encodes a dehydrogenase (FadB homologue with
documented ketoreduction activity37), is responsible for beta-ketoreduction and that pacé,
which encodes for an enoyl hydratase/isomerase of the crotonase family, is responsible

for the predicted dehydration steps, as has been previously observed.38 During the initial
extension leading to the “upper” side chain, we propose that pac&is also responsible for

a 2-enoyl to 3-enoy! alkene shift resulting in the C-7'/C-8” alkene in 1. Another gene of
interest is pac33, encoding a DsbA family oxidoreductase. While the role of this gene in

the pac BGC is not known, some manumycins disrupt the mammalian DsbA-DsbB complex
through direct covalent modification.3° Thus, pac33may encode a resistant version of this
target, as we have previously observed for a fabB homologue and the fatty acid inhibitor
thiolactomycin.40

J Nat Prod. Author manuscript; available in PMC 2022 June 21.
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Next, we asked if bioinformatic analysis of key biosynthetic genes could facilitate prediction
of the absolute configuration of 1. Apart from the suspected involvement in “lower” side
chain saturation, the pac25 enoyl-reductase (FabV homologue) could also be responsible

for the saturation on the “upper” side chain and, thus, instrumental in determining the
configuration of the 4" position. The stereospecificity of prokaryotic fatty acid enoyl-
reductases reveals that protonation on the enolate intermediate occurs on the 2-re face.41 43
Following this logic, 1 is predicted to have a 4’ Sand 6’ R absolute configuration, which
agrees with the configuration of the salternamides as assigned on the basis of ECD
spectroscopy in combination with DFT calculations.23

Manumycin-Type BGC Diversity and Distribution.

To gain insight into the broader diversity of manumycin-type BGCs, we queried pac against
the NCBI reference sequence (refseq), nonredundant (nr), metagenomic (env_nr), and
patented (pataa) protein databases and the MIBIG 2.0 BGC database using cblaster.** This
analysis identified 29 manumycin-type BGCs in addition to the seven already mentioned
(Figure 4). Hierarchical clustering based on best hit identity values** combined with
manual comparison between the top cluster matches revealed 11 groups of closely related
BGCs, six of which have been linked to specific manumycin-type metabolites (Figure 4).
The remaining five BGC groups have unique organizations suggesting additional diversity
remains to be discovered in this compound class. When placed in a phylogenomic context,
the 36 BGCs are observed in three evolutionary distant families (Micromonosporaceae,
Streptomycetaceae, and Pseudonocardiaceae) within the class Actinomycetia, suggesting
they have been subject to horizontal gene transfer (Figure S12).

Biological Activities.

Pacificamide and triacsin D were tested for antibacterial activity against £scherichia coli
MG1655 and Bacillus oceanisediminis CNY-977 and for cytotoxic activity against the NCI-
H460 lung cancer cell line. Pacificamide showed weak activity against B. oceanisediminis
(MIC of 50 pM), while triacsin D was cytotoxic against the lung cancer cell line (ECsgq of
5.5+ 0.9 M, Figure S15).

In conclusion, we report a new manumycin-type natural product from the marine
actinomycete Salinispora pacifica along with its candidate biosynthetic gene cluster. The
candidate BGC was compared to those reported for related compounds to explore the
relationships between genetic and structural diversity. This BGC class is rare among
sequenced genomes, and yet-to-be-characterized variants suggest that additional structural
diversity remains to be discovered. Furthermore, this study confirms production of a natural
product in the triacsin family from Salinispora spp., which was previously predicted based
on genome mining.4°

EXPERIMENTAL SECTION

General Experimental Procedures.

Optical rotations were recorded on a Jasco P-2000 polarimeter. UV spectra were measured
on a Beckman-Coulter DU800 spectrophotometer. ECD spectra were measured on a Jasco

J Nat Prod. Author manuscript; available in PMC 2022 June 21.
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J-810 spectropolarimeter. IR spectra were acquired on a JASCO FTIR-4100 spectrometer.
1D and 2D NMR spectroscopic data were obtained on a JEOL 500 MHz or a Bruker 600
MHz NMR spectrometer. NMR chemical shifts were referenced to the residual solvent
peaks (64 3.31 and &¢ 49.15 for CD30D). High-resolution ESI-TOF mass spectrometric
data were acquired on an Agilent 6530 Accurate-Mass Q-TOF mass spectrometer coupled to
an Agilent 1260 LC system.

Cultivation of Salinispora pacifica CNT-855.

A frozen stock of S. pacifica CNT-855 was inoculated into 50 mL of medium A1FBC [1%
potato starch, 0.4% yeast extract, 0.2% peptone, 0.1% calcium carbonate, 0.01% potassium
bromide, 0.04% iron sulfate (pentahydrate), and 2.2% InstantOcean in DI H,0]. The seed
culture was shaken at 200 rpm and 28 °C for 7 days and used to inoculate 1 L of medium
A1FBC in a 2.8 L Fernbach flask. This culture was similarly shaken at 200 rpm and 28

°C for 7 days, after which 15 mL was inoculated into each of 10 x 2.8 L Fernbach flasks
containing 1 L of medium A1FBC. After 4 days of shaking at 200 rpm and 28 °C, 25 g

of sterile XAD-7 adsorbent resin was added to each flask. After three additional days of
cultivation, the cultures were filtered through cheesecloth, the cells and resin were extracted
with acetone (1 L) for 4 h, the extract was filtered through a cotton plug, and the acetone
was removed via rotatory evaporation. The resulting extract was partitioned in a separatory
funnel between EtOAc and H,O (1:1 mixture, 600 mL total) and the organic phase collected,
dried over anhydrous sodium sulfate, and concentrated via rotatory evaporation. Using this
approach, it was not possible to determine if the compounds were localized to the cells,
filtrate, or associated with both.

Purification of Pacificamide.

The extract (260 mg) was suspended in EtOAc, mixed with diatomaceous earth, and
concentrated via rotatory evaporation to yield a powder that was dried under high-vacuum
pump. The powder was loaded into a C18 reversed-phase silica gel column (4 g) that had
been equilibrated with H,O (0.1% TFA). A six-step gradient from 100% H,0 (0.1% TFA)
to 100% MeCN (0.1% TFA) was used to create six fractions of differing polarity. Fraction
3 contained pacificamide and was concentrated via rotatory evaporation and lyophilization
to give a brown crude (40 mg), which was further separated by HPLC [mobile phase:

38% MeCN in H,0 (0.1% TFA); stationary phase: 5 xm, C8(2), 100 A, 250 x 10 mm
(Phenomenex, Luna) column] to yield pacificamide (& 24 min, 4.0 mg).

Pacificamide (1): clear film; [a]% + 54 (c0.17, MeOH); UV/vis (MeOH) Amax (10g &)
232 (3.37), 280 (3.10) nm; ECD (2.4 mM, MeOH) Aax (Ae) 210 (+1.17), 328 nm (+1.05);
IR (ZNnSe) vinax 3330, 1662, 1628, 1047, 1024 cm™L; 1H and 2D NMR, Table S1; HR-ESI-
TOF-MS m/z443.2149 (calcd for CooH3oN2OgNa, 443.2158).

BGC Bioinformatic Analyses.

Salinispora pacifica CNT-855 (IMG genome ID 2515154128) and Salinispora pacifica
CNS-960 (dSM 45544, IMG genome ID 2517287019) were analyzed with antiSMASH
6.0 27 with detection strictness set to “loose”. BGCs similar to pac were searched using

J Nat Prod. Author manuscript; available in PMC 2022 June 21.
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the pac1-33 protein sequences against the NCBI reference (refseq), nonredundant (nr),
metagenomic (env_nr), and patented (pataa) protein sequence databases using cblaster**
with the following parameters: 500 BLASTDp hits per query with a maximum 10 000 hits
per search and 3 hits required to define a cluster, a maximum 0.01 E-value, minimum

20% identity (30% for refseq), minimum 45% query coverage for a BLASTp hit, and a
maximum 20 000 bp distance from the cluster start/end and between intermediate gene hits.
The pac BGC was queried against the MIBIG 2.0 repository using the same cblaster settings
except a maximum 10 000 bp distance from start/end of a cluster to an intermediate gene.
Queries resulted in 1518 clusters. The clusters were filtered to remove duplicates, ranked by
cblaster cluster score, ordered by the best hit identity values using hierarchical clustering,
and manually filtered for genes characteristic of manumycin-type BGCs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Representative manumycin-type natural products.
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Figure2.
NMR assignments of pacificamide (1). (a) H and 13C chemicals shifts (in ppm) based on

IH NMR and HSQC data. (b) Spin systems observed by COSY. (c) 13C chemical shifts
(in ppm) and key correlations observed by HMBC. (d) Key NOESY correlations and key
spin-spin coupling constants (3.) observed by 1H NMR and HETLOC.
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Pacificamide BGC and biosynthesis. (a) Candidate pacificamide (pac) and daryamide (dar,
two contigs) BGCs. Asukamycin (ast) BGC is shown for reference. Gene numbering for pac
in CNT-855, dar, and asu is shown. Genes are color-coded by function [wine: ketosynthases;
navy blue: 3,4-AHBA synthesis; purple: oxidoreductases in epoxyquinol synthesis; salmon:
biosynthetic (shared); light salmon: biosynthetic (not shared); light green: regulation; light
blue: transport; gray: other]. (b) pac gene annotations with asvand darhomologues. (c)
Proposed pacificamide biosynthetic pathway (numbers represent pac genes). (d) LCMS
extracted ion chromatogram (EIC) for pacificamide [M + Na]* from strains CNT-855 (red)

and CNS-960 (blue).
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