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Chemical studies of gut bacteria of the carpenter ant Camponotus
kiusiuensis led to the discovery of two new alkaloids, camporidines A and B
(1-2), from Streptomyces sp. STA1 strain. The structures of 1 and 2 were
established as new polyketide alkaloids bearing a piperidine-cyclopenteneepoxide 6/5/3 tricyclic system based on NMR spectroscopic and mass
spectrometric analysis. The relative configurations of the camporidines were
determined by their 1H-1H NOESY/ROESY and 1D NOE NMR correlations.
The experimental ECD spectra of 1 and 2 were compared with their
calculated ECD spectra to assign their absolute configurations. Camporidine
A (1) showed antimetastatic activity by suppression of cell invasion against
LL


the metastatic breast cancer cell line MDA-MB-231 and showed an antiinflammatory effect by suppressing nitric oxide (NO) production induced by
lipopolysaccharide (LPS). In addition, the putative biosynthetic gene cluster
of the camporidines was identified, and the biosynthetic pathway of the
camporidines was proposed based on bioinformatic analysis of the full
genome of Streptomyces sp. STA1 strain. Camporidines A and B (1-2) could
be biosynthesized by a modular type I PKS containing an AT (acyl
transferase) domain that accepts an unusual extender unit, which becomes
the (C1’-C6’) hexyl side chain. The post-PKS modification enzymes were
predicted to perform an amination and an oxidation along with spontaneous
Schiff base formation and generate the unique piperidine-cyclopenteneepoxide 6/5/3 tricyclic framework.
Key words: insect-associated bacteria, structure determination, alkaloid,
biosynthesis
Student number: 2017-22928
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Introduction
Microbes associated with insects are considered as a remarkable reservoir of new
bioactive natural products for drug discovery.1 Among the 28 orders in class Insecta,
the secondary metabolites of the symbionts of Hymenopteran insects have been
studied in greatest detail. In 1999, the pioneering investigation of the symbiotic
system of fungus-growing ants (Attini: Formicidae) suggested that bacterially
produced antibiotics protect their food fungus by selectively inhibiting antagonistic
fungi.2 Subsequent chemical studies of the antifungal agents of symbiotic bacteria
in fungus-growing ants (Apterostigma dentigerum3 and Acromyrmex octospinosus4)
elucidated the structures of key antibiotics that maintain their symbiosis. These
results inspired expanded investigations of the bioactive molecules produced by
Hymenopteran insect-associated bacteria. For example, new antibiotic and
antimalarial quinones, pseudonocardones A-C, were discovered from the fungusgrowing ant A. dentigerum-associated Pseudonocardia.5 Our recent chemical study
of a gut bacterium Streptomyces sp. of the carpenter ant Camponotus japonicus led
to the characterization of deninococcucins A-D, new aminoglycolipids that showed
quinone reductase activity.6
In this study, I researched the chemical profiles of gut bacteria isolated from
another carpenter ant species, Camponotus kiusiuensis. C. kiusiuensis is
taxonomically similar to C. japonicus as its belongs to the same genus, but it is part
of a different subgenus Camponotus (Paramyrmamblys), while the species
investigated in the previous study, C. japonicus, belongs to the subgenus
Camponotus (Camponotus). LC/MS chemical profiling detected metabolites




bearing a characteristic trienone chromophore (Omax ~ 300 nm) with molecular ions
at m/z 304 and 320 from one of the gut bacterial strains that was classified as a
member of the chemically prolific actinobacterial genus Streptomyces. For further
characterization of the compounds, large-scale cultivation of the strain
Streptomyces sp. STA1 followed by isolation and chemical analysis were
performed, resulting in the discovery of two new polyketide alkaloids,
camporidines A and B (1-2). Here, I report the spectroscopic structure elucidation,
proposed biosynthesis based on genetic analysis, and biological activities of
camporidines A and B.




Results and Discussion
Camporidine A (1) was isolated as a dark-yellow powder, and its molecular
formula was assigned as C18H25NO3, which has an unsaturation number of 7, based
on high-resolution FAB mass spectroscopic data and 1H and 13C NMR data (Table
1). The 1H NMR data of 1 (in CD3OD at 600 MHz) indicated five olefinic protons
(GH 7.53, 7.11, 6.36, 5.93, and 5.87), four protons attached to an oxygenated or
nitrogenated carbon (GH 4.11, 3.22, 2.94, and 2.91), 11 aliphatic protons (GH 2.12,
1.52 (2H overlapped), 1.49, 1.43, 1.36 (2H overlapped), 1.33 (2H overlapped) and
1.31 (2H overlapped)) and one set of methyl group protons (GH 0.90). The
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NMR spectrum of 1 (in CD3OD at 150 MHz) displayed one carbonyl carbon (GC
172.5), six sp2 carbons (GC 148.4, 138.9, 137.2, 133.9, 126.3, and 118.8), four
heteroatom-bound sp3 carbons (GC 64.4, 64.2, 62.9, and 44.2) and seven aliphatic
carbons (GC 34.7, 32.9, 30.4, 30.3, 28.6, 23.7, and 14.4).
Analysis of the HSQC NMR spectroscopic data assigned all of the 1JCH
correlations. A triene chain was constructed from the COSY and HMBC
correlations of the double bond protons and carbons. A series of COSY correlations
from H-10 (GH 5.93) to H-8 (GH 5.87) through H-9 (GH 7.53) established the
connectivity from C-10 (GC 126.3) to C-8 (GC 118.8). COSY correlation between H7 (GH 6.36) and H-6 (GH 7.11) indicated a C-7 (GC 137.2)-C-6(GC 133.9) double
bond. The 2JCH and 3JCH HMBC correlations from H-9, H-8, H-7, and H-6 to C-5
(GC 148.4) constructed a triene moiety by connecting two discrete olefinic spin
systems through C-5, a nonprotonated olefinic carbon. The HMBC correlations
from H-10 and H-9 to C-11 (GC 172.5) indicated that the triene moiety is connected



to a carbonyl carbon (carboxylic acid or ester functional group based on the
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chemical shift of C-11). The 3JH6,H7 value (6.4 Hz) indicated that C-7 and C-6
belong to a cyclopentene rather than acyclic olefin or cyclohexene. The
cyclopentene unit was further deciphered based on the HMBC correlations from H7 and H-6 to C-4a (GC 64.4) and C-7a (GC 62.9), which placed these carbons in this
five-membered ring. The H-8/C-4a HMBC correlation connected C-4a and C-5 and
subsequently demonstrated the C-7-C-7a attachment in the cyclopentene. Further
analysis of the COSY and HMBC NMR spectroscopic data constructed another
partial structure involving a hydrocarbon chain. An array of COSY correlations
from H-6’ (GH 0.90) to H2-2 (GH 2.94 and 2.91) constructed the spin system from C6’ (GC 14.4) to C-2 (GC 44.2). The HMBC correlations from H-4 (GH 3.22) to C-2
(GC 44.2), C-3 (GC 34.7), and C-1’ (GC 30.3) revealed that C-4 was connected to
methine carbon C-3; however, a COSY correlation between H-4 and H-3 was not
observed, possibly due to the specific dihedral angle between these two protons.
These two partial structures were connected based on their HMBC correlations.
The HMBC correlations from H2-2 (GH 2.94 and 2.91) to C-7a and from H-7a to C2 implied that C-2 and C-7 are within 2 or 3 bonds. The chemical shifts of C-2 (GC
44.2) and C-7a (GC 62.9) required attachment to a heteroatom. Because the
molecular formula includes a nitrogen atom, C-2 and C-7a were predicted to be
connected via a nitrogen atom. In addition, the H-4/C-4a HMBC correlation
confirmed the C-4-C-4a bond. Therefore, the two partial structures in 1 were
connected via a piperidine moiety. The three double bonds, one carbonyl carbon,
cyclopentene, and piperidine accounted for 6 of the 7 degrees of unsaturation,




indicating that camporidine A (1) possesses an additional ring. Given that the
structure elucidated thus far included C18H23NO2, two hydrogen atoms and one
oxygen atom must be present in the final ring to complete the structure of 1. The
chemical shifts of C-4 (GC 64.2) and C-4a (GC 64.4) indicated that these carbons are
bound to an oxygen atom. Because there is only one unused oxygen atom, an
epoxide ring, which also satisfies the last double bond equivalent, must be present.
The remaining two protons were assigned to the C-11 carboxylic acid and NH in
the piperidine ring. As a result, the gross structure of 1 was elucidated as shown in
Figure 1. The geometry of the C-9-C-10 double bond was determined to be 9E
based on the 1H-1H coupling constant between H-9 and H-10 (J = 15.1 Hz).
The high-resolution FAB mass spectroscopic data gave a molecular formula of
C18H25NO4 for camporidine B (2). The molecular formula of 2 indicated that it has
one more oxygen atom than camporidine A (1). The 1D and 2D NMR
spectroscopic data of 2 are analogous to those of 1, indicating that 2 is a congener
of 1. Although the NMR data of camporidines A and B are generally similar, a
careful comparison revealed that the most significant differences between these
compounds were in C-2, C-7a, and H-7a, implying the additional oxygen atom was
located near these nuclei. Further analysis of the 1D and 2D NMR spectroscopic
data considering these chemical shift differences suggested that camporidine B (2)
is the N-OH form of 1. To confirm the presence of an N-OH moiety in 2, the 1H
NMR spectra of 1 and 2 were acquired using the aprotic solvent DMSO-d6 (Figure
S13 and Figure S14). A broad exchangeable proton, which was not detected in the
1

H NMR spectrum collected in CD3OD, was observed at 8.32 ppm in the 1H NMR

spectrum of 2. The chemical shift of the observed proton (GH 8.32) supported the



presence of an N-OH moiety in camporidine B (2).

Figure 1: The structures of camporidines A and B (1 and 2).

Figure 2: Key HMBC and COSY correlations of camporidine A (1).




Table 1: 1H and 13C NMR Data of camporidine A and Ba in CD3OD.
Camporidine A(1)
Position
2a
2b
3
4
4a
5
6
7
7a
8
9
10
11
1’

34.7, CH
64.2, CH
64.4, C
148.4, C
133.9, CH
137.2, CH
62.9, CH
118.8, CH
138.9, CH
126.3, CH
172.5, C
30.3, CH2

2’

28.6, CH2

3’
4’
5’
6’

30.4, CH2
32.9, CH2
23.7, CH2
14.4, CH3

a1

δC, type
44.2, CH2

Camporidine B(2)

δH, mult (J in Hz)
2.94, dd (13.8, 1.9)
2.91, dd (13.8, 3.8)
2.12, m
3.22, br s

7.11, d (6.4)
6.36, d (6.4)
4.11, br s
5.87, d (11.9)
7.53, dd (15.1, 11.9)
5.93, d (15.1)
1.52, m
1.49, m
1.43, m
1.36, m
1.31, m
1.33, m
0.90, t (6.9)

37.5, CH
64.8, CH
66.4, C
151.4, C
131.7, CH
141.7, CH
74.2, CH
116.9, CH
141.3, CH
122.4, CH
170.8, C
31.2, CH2
28.9, CH2
30.6, CH2
33.0, CH2
23.7, CH2
14.4, CH3

H and 13C NMR were recorded at 600MHz and 150MHz, respectively .




δC, type
57.2, CH2

δH, mult (J in Hz)
2.88, d (11.0)
2.70, dd (11.0, 4.0)
2.15, m
3.06, br s

6.99, d (6.4)
6.56, d (6.4)
3.57, br s
5.76, d (11.9)
7.57, dd (15.1, 11.9)
5.88, d (15.1)
1.61, m
1.51, m
1.47, m
1.40, m
1.33, m
1.30, m
1.31, m
0.90, t (6.9)

Camporidines A and B (1-2) possess four stereogenic centers in their piperidine
ring. The relative configuration of the piperidine ring in 1 was initially evaluated
based on 1H-1H NOESY correlations. However, because the chemical shifts of H2a (GH 2.94) and H-2b (GH 2.91) of 1 were very similar to each other, the NOSEY
correlations of H-2a and H-2b were not well resolved in CD3OD, hampering
immediate analysis of its NOESY NMR spectrum. Fortunately, these protons are
better separated (GH 2.69 (H-2a) and 2.73 (H-2b)) in the 1H NMR spectrum
acquired in acetone-d6 (Figure S15). Additionally, analyzing the chemical shifts,
integrations, and splitting patterns in the 1H NMR spectrum acquired in acetone-d6
revealed that the protons at GH 3.91, 3.09 and 1.53 correspond to H-7a, H-4, and H1’, respectively. In the 1D NOE experiments, H-2b showed a strong NOE upon
irradiation of H-7a, placing these 1,3-protons in pseudo axial positions. In the
NOESY NMR spectrum of 1 collected in CD3OD, H-3 was correlated with both H2a and H-2b, indicating its pseudo equatorial orientation. Irradiation of H-1’(GH
1.53) enhanced H-2a and H-4, which placed the C-1’ methylene group in the
pseudo axial position. H-4 was pseudo equatorial based on the H-4/H-3 and H4/H2-1’ NOESY correlations, which in turn indicated the relative configuration of
the epoxide ring containing C-4 and C-4a. Therefore, analysis of the 1D NOE and
2D NOESY NMR spectroscopic data fully established the relative configuration of
camporidine A (1) (Figure 3).




Figure 3: Key 1D NOE correlations to establish the relative configurations of
camporidine A (1).

The proton chemical shifts of camporidine B (2) in CD3OD were sufficiently
resolved to allow for immediate ROESY NMR spectroscopic analysis. The ROESY
correlation between H-2b (GH 2.88) and H-7a (GH 3.57) placed these 1,3-protons in
pseudo axial positions. H-2b and pseudo equatorial proton H-2a (GH 2.70) were
correlated with H-3 (GH 2.15) in the ROESY NMR spectrum, indicating H-3 was
pseudo equatorial. H2-1’, which belongs to the methylene group attached to C-3,
displayed ROESY correlations with H-2a and H-4 (GH 3.06). Thus, the methylene
was located in a pseudo axial position. The ROESY correlations of H-4/H-3 and H4/H2-1’ revealed that H-4 is pseudo equatorial. Subsequently, the relative
configuration of the epoxide ring was determined as shown in Figure 4. Therefore,
the relative configurations of the stereogenic centers in camporidines A and B (1-2)
were determined to be 3S*,4R*,4aS*, and 7aS*.











The biological activities of camporidines A and B (1-2) were evaluated in several
ways. Because the structures of the camporidines are related to those of
dihydroabikoviromycin, which was reported to have antibacterial activity7,8 and
genotoxicity,9 the antibacterial and antifungal activities of 1 and 2 were tested
against pathogenic bacteria (Staphylococcus aureus, Enterococcus faecalis, E.
faecium, Klebsiella pneumonia, Salmonella enterica, and Escherichia coli) and
fungi (Candida albicans, Aspergillus fumigatus, Trichophyton rubrum, and T.
mentagrophytes). However, camporidines A and B (1-2) showed no significant
antibacterial or antifungal activities (MIC = 64 or >128 µM). In an antiproliferation assay against human cancer cell lines (SNU538, HCT116, MDA-MB231, A549, and SK-HEP-1) and a human breast epithelial cell line (MCF10A),
camporidines A and B displayed virtually no cytotoxicity. Because of their low
cytotoxicity, wound healing assays and cell invasion assays were performed against
MDA-MB-231 human breast cancer cells to measure the antimetastatic activities of
1 and 2. Cell migration of metastatic cancer cells was suppressed by camporidine A
(1) in a concentration-dependent manner with increased percentages of 50% at 20
µM and 73% at 40 µM (Figure 7a). Camporidine A (1) also suppressed cell
invasion (20% and 36% decreases were observed at 20 µM and 40 µM,
respectively) (Figure 7b). However, camporidine B did not show measurable
antimetastatic activities in the same assays.




Figure 7: Antimetastatic activity of camporidines A and B (1 and 2) measured by a
wound healing assay and cell invasion assay. (a) Suppression of cell migration by
camporidine A (1) in a concentration-dependent manner. (b) Suppression of cell
invasion by camporidine A (1) in a concentration-dependent manner. All data are
expressed as the mean values ± SD (n=3). *p < 0.05, **p < 0.01 compared to the
control.

The anti-inflammatory activities of 1 and 2 were measured by suppression of NO
production induced by LPS (lipopolysaccharide) after treatment of mouse
macrophages with these compounds in the iNOS assay. Camporidine A (1) showed
anti-inflammatory activity with an IC50 value of 16.9 µM (Figure 8a). Cell viability
after treatment with LPS and the camporidines was measured by the MTT assay.
Camporidines A and B showed no cytotoxicity against mouse macrophages. This
result revealed that the suppression of NO production by camporidine A (1) was



unrelated to cytotoxicity (Figure 8b). Camporidine B (2), which has an N-OH
moiety in its piperidine ring, displayed no significant anti-inflammatory activity
(IC50 = 83.0 µM).

(a)G

(b)G

Figure 8: Anti-inflammatory activity of camporidines A and B (1-2). (a)
Suppression of NO production after treatment with 1 and 2. Camporidine A (1)
showed anti-inflammatory activity with an IC50 value of 16.9 µM. (b) Cell
viabilities after treatment with LPS and 1 or 2 measured by MTT assay.
Cytotoxicity against mouse macrophages was not observed at camporidines A and
B.



Therefore, the installation of an N-OH functional group significantly reduces the
biological activity of camporidine A (1), indicating that the NH group in the
piperidine moiety is important for the antimetastatic and anti-inflammatory
activities in these compounds.

Camporidines A and B are new polyketide alkaloids bearing a unique tricyclic
carbon framework composed of a piperidine, a cyclopentene, and an epoxide, and
they share this skeleton with latumcidin,10 dihydroabikoviromycin,11 epostatin,12
hatomamicin,13 and kobutimycin.14 Although the biosynthetic gene clusters for
polyketide alkaloids such as coelimycin P1,15 streptazone E,16 and argimycins P17
have been identified, the biosynthesis of this latumcidin type tricyclic polyketide
alkaloids has not yet been reported. From a biosynthetic viewpoint, camporidines A
and B have a structural feature in common with streptazone E, which also contains
a piperidine fused with a cyclopentene ring. Therefore, it is hypothesized that they
are biosynthesized in a similar manner by a polyketide synthase (PKS) system.
Sequence analysis revealed that three type I PKS genes (camE, camD, and
camC), composed of a loading module and five elongation modules, are well
maintained and identically organized compared to the streptazone E cluster. More
specifically, camE consists of a loading module and two elongation modules, and
camD contains the subsequent two modules responsible for additional chain
extension. The final elongation module and thioester-reductase (TR) domain in
camC are required to complete the biosynthesis of the linear camporidine
polyketide chain (Figure 9).18
Analysis of the KSQ domain of the loading module showed that the active site



cysteine residue within the conserved sequence is replaced by a glutamine
residue.19 The conserved active site residues of the other KS domains have
preserved decarboxylative condensation activity (Figure S21a). The KR domain of
module 4 is nonfunctional due to the lack of active sites20 and results in the intact
carbonyl group, which later allows piperidine ring formation (Figure S21b).
The structurally important feature that distinguishes camporidines from
streptazone E originates from the incorporation of an atypical extender unit into the
main polyketide chain. Interestingly, unlike other ATs in the camporidine cluster,
the signature motifs for malonyl-specific ATs have not been found within the AT
domain of module 5, suggesting that AT5 accepts an unusual octanoyl extender unit
(Figure S21c).21 Moreover, camA encodes a crotonyl-CoA carboxylase/reductase
(CCR), and its counterpart gene was not found in the streptazone E cluster. CCR is
involved in the synthesis of various substituted malonyl-CoA extender units by
catalyzing the reductive carboxylation of D,E -unsaturated acyl-CoA.22 Therefore,
the incorporation of the hexyl chain (C1’-C6’) could be rationalized because the 2carboxy-octanoyl extender unit formed by CCR can be incorporated by the AT5
domain.23
The formation of camporidines A and B also involves post-PKS modification
steps. Some of these enzymes are able to predict through comparison with the
detailed PKS-tailoring steps for streptazone E that has been proposed by gene
deletion experiments. First, the hexaketide aldehyde structure is released, the
double bond between the aldehyde and keto groups is reduced before the chain is
further processed. Because no gene products responsible for this reductive process
can be found in both the camporidines and streptazone E gene clusters, we



hypothesize that an unknown enzyme located outside of the biosynthetic cluster
catalyzes the reduction of the D,E -double bond. Subsequent amination of the
reduced aldehyde is probably catalyzed by CamM, which shares >56% identity
with StzH present in the streptazone E gene cluster. Next, the piperidine moiety,
which could be formed through intramolecular cyclization by Schiff base formation,
is oxidized by a dehydrogenase. Although a gene deletion study of streptazone E
biosynthesis indicated that two dehydrogenases (StzI and StzJ) are involved in the
introduction of an additional double bond in this moiety, only camJ (homologous
to stzJ) has been found in the camporidine cluster. In addition, two oxidoreductase
genes (CamK and CamL) similar to stzK and stzG (respectively) are proposed to
form the epoxide ring on the piperidine. camF and camP, which are homologous to
the cyclase coding genes stzE and stzF for streptazone E, could generate the 5membered ring connecting C-4 to C-8.
Another unique structural feature of the camporidines is the terminal carboxylic
acid moiety, which has not been observed in streptazone derivatives. The
incorporation of a carboxylic acid in camporidine A could be catalyzed by a
cytochrome P450 hydroxylase (CamH) or one of the oxidoreductases (CamG,
CamI, and CamT). Finally, oxidation of the NH group in the piperidine ring to
yield camporidine B could be catalyzed by CamG, CamI or CamT. However, the
exact biosynthetic pathway of these final steps remains unclear.




Figure 9. Proposed biosynthetic pathway for camporidines A and B.




EXPERIMENTAL SECTION
General Experimental Procedure. Optical rotations were measured using a
JASCO P-200 polarimeter with a 1-cm cell. CD and UV spectra were collected
using an Applied Photophysics Chirascan-Plus circular dichroism spectrometer. IR
spectra were acquired using a Thermo Nicolet iS 10 detector. 1H, 13C and 2D NMR
spectra were recorded on a Bruker Avance 600 MHz spectrometer at the National
Center for Inter-University Research Facilities (NCIRF) in Seoul National
University and a JEOL JNM-ECA-600 MHz spectrometer at the College of
Pharmacy in Seoul National University. Electrospray ionization (ESI) lowresolution LC/MS data were acquired on an LC/MS system composed of an
Agilent Technologies 6130 quadrupole mass spectrometer and an Agilent
Technologies 1200-series HPLC. High-resolution fast atom bombardment (HRFAB) mass spectra were obtained using a JEOL JMS-600W high-resolution mass
spectrometer at NCIRF.
Collection and Identification of Ant Specimens. Ants were collected from a
rotten log along a hiking trail in Gwanak Mountain, Seoul, Republic of Korea in
May 2017. A rotten log under a tree was split to reveal a nest of carpenter ants.
These ant specimens were observed in the laboratory using a stereomicroscope
(Olympus SZX16). The head, thorax, and abdomen were glossy and black. All legs
and antennae were brown or yellow-brown. The anterior margin of the clypeus is
medially emarginate. Based on their external morphological characteristics, the ant
specimens were identified as carpenter ants, Camponotus (Paramyrmamblys)
kiusiuensis24 (Hymenoptera: Formicidae: Formicinae). Other field investigations in




the Gwanak Mountain area have found C. kiusiuensis in oak-pine mixed forests,
oak forests and various mixed forests. This species is distributed throughout the
Republic of Korea and can also be found in bamboo forests in the southern region
of the country. The nests of this species are found at the base of living tree trunks,
in dead trees, inside litter layers, and under rocks.
Bacterial Isolation. Thirty C. kiusiuensis specimens (workers and winged
females) were soaked in ethanol to remove microbes existing on their exoskeleton
and washed with sterilized distilled water to remove residual ethanol. The intestinal
tract of every ant was separated by a sterilized razor blade and suspended in 40 mL
of sterilized distilled water. For bacterial isolation from the gut of the ants, 1 mL of
the suspension was dropped and spread on various isolation agar media (Table S3).
Cycloheximide was used to inhibit fungal growth on these isolation media. The
actinobacterial strain STA1, which produces camporidines A and B, was isolated
from pure agar medium (18 g of agar and 100 mg of cycloheximide per 1 L of
sterilized water). The actinomycete strain was identified as Streptomyces sp. (99%
identity with Streptomyces seoulensis) by analyzing its 16S rDNA sequence
(GenBank accession number: MK138617).
Cultivation and Extraction. The strain Streptomyces sp. STA1 was cultivated
in 50 mL of YEME medium (4 g of yeast extract, 10 g of malt extract, and 4 g of
glucose in 1 L of distilled water) in a 125-mL flask. After fermentation for 2 days
on a rotary shaker at 180 rpm at 30 °C, a 5-mL aliquot of the liquid culture was
transferred to 200 mL of YEME medium in a 500-mL flask for scale-up. The
culture was incubated for 2 days on a rotary shaker at 160 rpm at 25 °C. Then, 25
mL of the culture was inoculated into 1 L of YEME medium in 2.8-L flasks (48



flasks u 1 L, total volume 48 L) and incubated on a rotary shaker at 160 rpm 25 °C
for 3 days before extraction. The culture of the STA1 strain (48 L) was extracted
with 72 L of EtOAc using a separation funnel. The ethyl acetate layer was
separated from the water layer, and anhydrous sodium sulfate was added to remove
residual water. The ethyl acetate extract was concentrated by a rotary evaporator in
vacuo to afford 10 g of dry material.
Purification of Camporidines A and B. One-sixth of the extracted material was
absorbed on Celite, loaded onto a 2-g Sepak C18 cartridge, and fractionated with 20
mL of 20%, 40%, 60%, 80% and 100% aqueous MeOH. LC/MS analysis showed
that camporidine A (1) was present in the 20%, 40%, and 60% MeOH/H2O
fractions, whereas camporidine B (2) eluted in the 80% MeOH/H2O fraction.
Fractionation was repeated six times. To acquire camporidine A (1), the 20%, 40%,
and 60% fractions were purified by preparative reversed-phase HPLC
(Phenomenex Luna C18(2) Axia: 250 u 21.20 mm, 10 µm) with a gradient solvent
system (20% CH3CN/H2O to 50% CH3CN/H2O over 40 min, UV 280 nm detection,
flow rate: 10 mL/min). Camporidine A (1) eluted at 16.5 min. Camporidine A (1)
was purified again by semipreparative reversed-phase HPLC (YMC triart C18: 250
u 10 mm, 5 µm) under gradient conditions (25% to 60% CH3CN/H2O over 40 min,
UV 280 nm detection, flow rate: 2 mL/min). Finally, purified camporidine A (1, 8
mg) eluted at TR = 21 min. To acquire camporidine B (2), the 80% MeOH/H2O
fraction was subjected to gradient preparative reversed-phase HPLC (Phenomenex
Luna C18(2) Axia: 250 u 21.20 mm, 10 µm, running solvent: 50% to 80%
CH3CN/H2O over 40 min, UV 280 nm detection, flow rate: 10 mL/min).
Camporidine B (2) eluted at 19.4 min. Then, camporidine B was further purified by



semipreparative reversed-phase HPLC (YMC triart C18: 250 u 10 mm, 5 µm) with
an isocratic solvent system (55% CH3CN/H2O, UV 280 nm detection, flow rate: 2
mL/min). Finally, pure camporidine B (2, 5 mg) eluted at 24.5 min.
376 (c = 0.67, MeOH);
Camporidine A (1): yellowish powder; ሾߙሿଶହ
ୈ
UV(MeOH) λmax (log ε) 297 (4.57) 213 (3.93) nm; IR (neat) Qmax 2926, 2855, 1689,
1613, 1550, 1457, 1393, 1371, 1283, 1226, 1147, 1052 cm-1; for 1H and 13C NMR
spectral data, Table 1; HRFABMS [M+H]+ m/z 304.1910 (calcd for C18H26NO3,
304.1913).
234 (c = 0.87, MeOH);
Camporidine B (2): yellowish powder; ሾߙሿଶହ
ୈ
UV(MeOH) λmax (log ε) 304 (4.56) 215 (3.95) nm; IR (neat) Qmax 3247, 2920, 2855,
1682, 1614, 1464, 1394, 1301, 1259, 1229, 1147, 1025 cm-1; for 1H and 13C NMR
spectral data, Table 1; HRFABMS [M+H]+ m/z 320.1865 (calcd for C18H26NO4,
320.1862).
Conformational search and ECD calculations of camporidines A and B. The
conformational search of 1 was conducted by MacroModel with the Merck
Molecular Force Field (gas phase), a 3 kJ/mol upper energy limit, and a 0.001 kJ
(mol Å)−1 convergence threshold on the rms gradient to minimize computational
complexity and expense. Seven conformers were obtained, and the Boltzmann
population of each was calculated. The calculated ECD spectra of the conformers
were averaged based on the Boltzmann population. The conformational search of 2
was conducted in the same manner with a 4 kJ/mol upper energy limit, resulting in
eight conformers. The first energy-minimized structures were established by
Avogadro 1.2.0. Then, the ground state geometries of camporidines A and B (1-2)
were optimized by TmoleX 3.4 using the def-SVP set for all atoms with DFF



settings (B3-LYP functional/M3 grid size). The ECD spectra of 1 and 2
corresponding to the optimized geometries were calculated by TmoleX 3.4 using
the def-SVP set for all atoms with DFF settings (B3-LYP functional/M3 grid size).
The ECD spectra were simulated by overlapping each transition, where V is the
width of the band at 1/e height. 'Ei and Ri are the excitation energies and rotatory
strengths, respectively, for transition i. In this work, the value of Vwas fixed at
0.10 eV.
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Cell culture. Human lung cancer (A549), colorectal cancer (HCT116), breast
cancer (MDA-MB-231), liver cancer(SK-HEP-1), and human breast epithelial
(MCF-10A) cells were obtained from the American Type Culture Collection
(Manassas, VA, USA) and a stomach cancer cell (SNU-638) was obtained from the
Korean Cell Line Bank (Seoul, Korea). The cells were grwon in an appropriate
medium (Dulbecco’s modified Eagle’s medium for MDA-MB-231 and SK-HEP-1;
Roswell Park Memorial Institute 1640 for A549, HCT116 and SNU-638 cells; or
DMEM/F12 1:1 for MCF-10A supplemented with antibiotics-antimycotics (PSF:
100 units/mL sodium penicillin G, 100 μg/mL streptomycin, and 250 ng/mL
amphotericin B) and 10% fetal bovine serum (FBS) in an incubator containing 5%
CO2 at 37 °C. Murine macrophage RAW 264.7 cells were purchased from the
American Type Culture Collection (ATCC, Rockville, MD, USA), and cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum
(FBS) and antibiotics-antimycotics (PSF; 100 units/ml penicillin G sodium,



100 ng/mL streptomycin, and 250 ng/mL amphotericin B). The cells maintained at
37°C under a humidified atmosphere containing 5% CO2.

Cell proliferation assay. Cell proliferation assay was carried out as described

previously.25 The absorbance was measured at 515 nm and the cell proliferation
rates were calculated using the following equation: cell proliferation (%) =
(average absorbancesample – average absorbancedayzero) / (average absorbancecontrol –
average absorbanceday zero) × 100. The IC50 values were calculated by non-linear
regression analysis using TableCurve 2D v5.01 software (Systat Software Inc.,
Richmond, CA, USA).
Wound healing assay. Wound healing assay was carried out as described
previously.26 The wound area was quantified using ImageJ Software (National
Institutes of Health) and presented as wound healing (%) in comparison with the
area of the wound at 0 h.

Cell invasion assay. Cell invasion assay was carried out as described previously. 26
Representative images from 3 separate experiments are shown, and the number of
invaded cells was counted in 5 randomly selected microscopic fields.
.
iNOS assay. iNOS assay was carried out as described previously. 27 The
absorbance was measured at 540 nm, and the nitrate concentration was converted
by comparison with sodium nitrite standard curve. Percent inhibition was
calculated using following formula: [1 – (NO level of test samples/NO levels of




vehicle-treated control)] × 100. The IC50 value was calculated through non-linear
regression analysis using TableCurve 2D v5.01 (Systat Software Inc., San Jose, CA,
USA)

Cell viability assay. Cell viability assay was carried out as decccribed
previously.27 The absorbance was measured at 570 nm using VersaMax ELISA
microplate reader (Molecular Devices, Sunnyvale, CA, USA), and the percent
survival was calculated relative to a LPS+ control group.

Genome Sequencing of Streptomyces sp. STA1. Genome sequencing of the
Streptomyces sp. STA1 strain was performed using the PacBio RS II by Chunlab,
Inc. (Seoul, Republic of Korea). Nucleotide sequences with 90.82-fold coverage of
the STA1 genome (~6.73 Mbp) were generated. Genome assembly was
accomplished by PacBio SMRT Analysis 2.3.0 using the HGAP2 protocol (Pacific
Biosciences, USA). Prodigal 2.6.2 was used to predict the gene, and the sequences
were annotated with ChunLab’s in-house pipeline with EggNOG 4.5, Swissprot,
KEGG, and SEED as references. The biosynthetic gene cluster of camporidines A
and B was identified using antiSMASH.28,29




Conclusion
Camporidines A and B bear a unique tricyclic carbon framework, including a
piperidine, a cyclopentene, and an epoxide. Although natural products with this
tricyclic system have occasionally been reported since the discovery of latumcidin,
their absolute configurations have rarely been determined, and their biosynthetic
gene clusters have not been reported. This study comprehensively determined the
structures

of these new

tricyclic polyketides, including their absolute

configurations based on ECD calculations. In addition, our bioinformatic analysis
identified the putative biosynthetic gene cluster of this class of polyketide alkaloids
for the first time. The polyketide alkaloids bearing the unique piperidinecyclopentene-epoxide

6/5/3

tricyclic

framework

were

proposed

to

be

biosynthesized by a modular type I PKS containing an AT domain that accepts an
unusual extender unit followed by post-PKS modification, including amination and
oxidation along with spontaneous Schiff base formation. The discovery of
camporidines with antimetastatic and anti-inflammatory activities from the gut
bacterium Streptomyces sp. of the carpenter ant Camponotus kiusiuensis also
highlights the potential of insect gut bacteria as a valuable chemical reservoir of
bioactive natural products.
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Figure S1: 1H NMR spectrum of camporidine A (1) at 600 MHz in CD3OD.

Figure S2: 13C NMR spectrum of camporidine A (1) at 150 MHz in CD3OD.




Figure S3: HSQC NMR spectrum of camporidine A (1) at 600 MHz in CD3OD.

Figure S4: 1H- 1H COSY NMR spectrum of camporidine A (1) at 600 MHz in
CD3OD.




Figure S5: HMBC NMR spectrum of camporidine A (1) at 600 MHz in CD3OD.

Figure S6: NOESY NMR spectrum of camporidine A (1) at 600 MHz in CD3OD.




Figure S7: 1H NMR spectrum of camporidine B (2) at 600 MHz in CD3OD.

Figure S8: 13C NMR spectrum of camporidine B (2) at 150 MHz in CD3OD.




Figure S9 :HSQC NMR spectrum of camporidine B (2) at 600 MHz in CD3OD.

Figure S10: 1H-1H COSY NMR spectrum of camporidine B (2) at 600 MHz in
CD3OD.




Figure S11: HMBC NMR spectrum of camporidine B (2) at 600 MHz in CD3OD.

Figure S12: ROESY NMR spectrum of camporidine B (2) at 600 MHz in CD3OD.




Figure S13: 1H NMR spectrum of camporidine A (1) at 600 MHz in DMSO-d6.

Figure S14: 1H NMR spectrum of camporidine B (2) at 600 MHz in DMSO-d6.




Figure S15: 1H NMR spectrum of camporidine A (1) at 600 MHz in acetone-d6.

Figure S16: 1D NOE spectrum of camporidine A (1) (a) upon irradiation of H-7a (GH
3.91ppm) (b) upon irradiation of H-1’(GH 1.53ppm) at 600 MHz in acetone-d6.

(a) 1D NOE spectrum of camporidine A (1) (a) upon irradiation of H-7a (GH
3.91ppm).

(b) 1D NOE spectrum of camporidine A (1) upon irradiation of H-1’(GH 1.53ppm).



Table S1: Boltzmann population of the conformers of camporidines A and B
Camporidine A
Population
Conformer 1
26.649%
Conformer 2
23.232%
Conformer 3
10.793%
Conformer 4
10.768%
Conformer 5
10.266%
Conformer 6
10.226%
Conformer 7
8.066%

Camporidine B
Population
Conformer 1
33.077%
Conformer 2
13.970%
Conformer 3
10.026%
Conformer 4
10.010%
Conformer 5
8.899%
Conformer 6
8.254%
Conformer 7
7.904%
Conformer 8
7.859%




Figure S17: Energy-minimized model of the conformers of camporidine A at the
B3LYP/DFT model.
Conformer 1
Conformer 2

Conformer 3

Conformer 4

Conformer 5

Conformer 6

Conformer 7




Figure S18: Energy-minimized model of the conformers of ent-camporidine A at
the B3LYP/DFT model.
Conformer 1
Conformer 2

Conformer 3

Conformer 5

Conformer 4

Conformer 6

Conformer 7




Figure S19: Energy-minimized model of the conformers of camporidine B at the
B3LYP/DFT model.
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Conformer 2

Conformer 3

Conformer 4

Conformer 5

Conformer 6
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Figure S20: Energy-minimized model of the conformers of ent-camporidine B at
the B3LYP/DFT model.
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Figure S21: Alignment of amino acid sequences of (a) KS, (b) KR and (c) AT
domains in PKS gene of camporidines A and B. Red boxes indicate the key amino
acid residues in determining type of each domain.
(a) KS domain

(b) KR domain

(c) AT domain




Table S2. Proposed functions of ORFs in the camporidines A and B biosynthetic
gene cluster

Protein
(residue
s)

Homology in
Streptomyces sp.
MSC090213JE08a
Percent
Protein /
identity/
GenBank
similarity
(residues)

CamA
(443)

CamB
(246)

–

stzA /
BAT51068

b

47 /56
(251)

CamC
(2191)

stzB /
BAT51067

50 /62
(2227)

CamD
(3604)

stzC /
BAT51066

53 /64
(3595)

CamE
(4578)

stzD /
BAT51065

59 /69
(4555)

CamF
(129)

stzE /
BAT51064

47 /69
(135)

CamG
(496)

–b

CamH
(418)

–b

CamI
(255)

–b

CamJ
(394)

stzJ /
BAT51059

52 /69
(392)

Best match
Percent
identity/
similarity
(residues)

Actinocorallia
populi /
WP_10639697
2

83 /90
(448)

crotonyl-CoA
carboxylase/reduct
ase

Streptomyces
malaysiensis /
PNG90980

61 /77
(251)

thioesterase

63 /71
(2155)

type I polyketide
synthase

56 /67
(3576)

type I polyketide
synthase

62 /72
(4573)

type I polyketide
synthase

71 /86
(131)

DUF4440 domaincontaining protein

78 /87
(496)

aldehyde
dehydrogenase

71 /82
(409)

cytochrome P450
hydroxylase

83 /91
(253)

3-oxoacyl-[acylcarrier protein]
reductase

73 /84
(391)

dehydrogenase

Kitasatospora
sp. MMS16BH015 /
WP_10481896
9
Streptomyces
coelicolor /
WP_01103078
6
Streptomyces
sp. /
APD71677
Actinoplanes
philippinensis /
WP_09361342
6
Actinobacteria
bacterium
OK074 /
WP_05421892
1
Kitasatospora
sp. MMS16BH015 /
WP_10481896
4
Actinoplanes
philippinensis /
WP_09361348
0
Kitasatospora
sp. MMS16BH015 /
WP_10481896
6




Proposed
function

Organism /
GenBank

CamK
(489)

stzK /
BAT51058

46 /62
(479)

Kitasatospora
sp. MMS16BH015 /
WP_10482120
1

CamL
(173)

stzG /
BAT51062

63 /72
(182)

Streptomyces
sp. Cf124 /
SFM88788

CamM
(538)

stzH /
BAT51061

56 /70
(534)

CamN
(120)

a

–b

CamO
(848)

stzR /
BAT51057

36 /48
(735)

CamP
(133)

stzF /
BAT51063

46 /69
(139)

Streptomyces
sp. AmelKGE11 /
WP_09927936
6
Micromonospo
ra carbonacea
/
WP_07447800
1
Streptomyces
sp. AmelKGE11 /
SCK62946
Actinoplanes
philippinensis /
WP_09361343
2

CamQ
(62)

–b

–c

CamR
(594)

–b

Streptomyces
xiamenensis /
WP_04672266
7

CamS
(332)

–

CamT
(384)

–b

b

Streptomyces
xiamenensis /
WP_04672266
8
Streptomyces
sp. LaPpAH108 /
WP_01854701
3

LC061217; b not present.




59 /73
(451)

FAD-dependent
monooxygenase

68 /77
(176)

flavin reductase

67 /76
(538)

aminotransferase

77 /82
(115)

transcriptional
regulator

49 /60
(791)

SARP family
transcriptional
regulator

70 /83
(132)

cyclase

hypothetical
protein

80 /86
(596)

fatty acyl-AMP
ligase

87 /91
(332)

ketoacyl-ACP
synthase III

99 /99
(384)

aldehyde
dehydrogenase

Table S3. Composition of isolation agar media
Composition in 1 L of distilled water
Actinomycete
isolation agar

actinomycete isolation agar 22 g, glycerol 5 mL

Agar

agar 18g

A1

starch 10 g, yeast extract 4 g, peptone 2 g, agar 18 g
chitin 4 g, dipotassium phosphate 3.5 g
magnesium sulfate USP 0.75 g, monopotassium phosphate

Chitin-based

3.5 g
ferrous sulfate 10 mg, manganous chloride 10 mg
zinc sulfate 10 mg, agar 18 g

Czapke-Dox

Czapek-Dox broth 35 g, agar 18 g

YPM

yeast extract 2 g, mannitol 4 g, peptone 2 g, agar 18 g

K

yeast extract 3 g, glucose 2 g, mannitol 2 g, malt extract 5 g,
starch 5 g, soytone 5 g, calcium carbonate 1 g, agar 18 g

ISP1

pancreatic digest of casein 5 g, yeast extract 3 g, agar 18 g

ISP2

yeast 4 g, malt extract 10 g, glucose 4 g, agar 18 g
soluble starch 10 g, dipotassium phosphate 1 g
magnesium sulfate USP 1 g, sodium chloride 1 g

ISP4

ammonium sulfate 2 g, calcium carbonate 2 g
ferrous sulfate 1 mg, manganese chloride 1 mg
zinc sulfate 1 mg, agar 20 g

- All isolation agar media contain cycloheximide 100 mg/L

#
#
#
#
#
#
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