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ABSTRACT: Formicins A—C (1—3) were discovered from Streptomyces sp. associated with wood o]

ants. The structures of 1 and 2 were elucidated as indenone thioesters bearing N-acetylcysteamine )J\N/\/S\?O

based on spectroscopic analysis. The configurations of 1—3 were determined by the analysis of H T H
ROESY correlations, the phenylglycine methyl ester method, and chemical derivatization from 3 to 2. = o
Formicin A inhibited the growth of human triple-negative breast cancer cells by regulating the liver

kinase Bl-mediated AMPK signaling pathway.

Insect microbiomes are now recognized as valuable sources
of bioactive compounds with pharmaceutical potential.'
The class Insecta is composed of 30 orders including
Coleoptera and Hymenoptera as major orders.” Ants (family
Formicidae) were the first group in which symbiotic bacteria
were chemically studied.” Symbiotic Pseudonocardia bacteria
on the cuticle of the fungus growing ant, Apterostigma
dentigerum, were shown to produce a cyclic depsipeptide
(dentigerumycin) that selectively inhibits parasitic fungi and
thus can protect food from fungal growth.” Following up on
this pioneering work, antibiotic pseudonocardones A—C were
discovered from another Pseudonocardia sp. associated with A.
dentigerum.” New aminoglycolipids (deinococcucins A—D)
were discovered from a Deinococcus sp. isolated from the gut of
the carpenter ant, Camponotus japonicus.6 A Streptomyces sp.
found in the gut of another carpenter ant, C. kiusiuensis,
produced the antimetastatic and anti-inflammatory polyketide
alkaloids, camporidines.” The recent chemical ecological
investigation of fungus-growing ants identified a number of
bioactive compounds including a thiopeptide of bacterial
origin,” demonstrating the chemical diversity of ant symbionts.

Our ongoing chemical investigations of ant-associated
bacteria have focused on the wood ants, Formica yessensis,
which usually live underground covered with leaves.” We have
focused on these ants because they are expected to form their
own microbiome'”'" by potentially harboring chemically
prolific bacteria. A Streptomyces sp., strain SFA33, was isolated
from an F. yessensis specimen. LC/MS chemical profiling of
SFA33 identified the production of minor compounds
possessing previously unreported UV and sulfur-bearing mass
spectra along with the well-known antibiotics, erythromycins.
The subsequent large-scale cultivation of the strain enabled the
chromatographic isolation and spectroscopic characterization
of minor compounds, named formicins A—C (1—3). The aim
of the present study was to reveal the structures and biological
activities of these formicins.
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Formicin A (1) was isolated as a white powder. The
molecular formula was deduced as C, H,)NO;S with eight
degrees of unsaturation, based on 'H and ¥C NMR
spectroscopy and high-resolution electrospray ionization
(HR-ESI) mass spectrometry ([M + Na]* at m/z 398.1761,
calculated 398.1760). The '"H NMR spectrum of 1 in CD;0D
showed four double-bond protons (5 6.67, 6.1S, 5.90, and
5.25), 15 aliphatic signals between &y 3.65 and 1.32, and three
methyl protons (5 1.89, 1.82, and 0.93). The *C NMR data
revealed that formicin A (1) has four carbons in the carbonyl
region (8¢ 210.7, 199.3, 173.6, and 173.5), five resonances in
the double-bond region (Jc 141.1, 140.7, 126.5, 123.5, and
123.5), and 12 aliphatic signals at §c 56.7—14.3. These
aliphatic carbons were differentiated as three methine, six
methylene, and three methyl groups by interpretation of the
HSQC spectrum (Table 1).

Because one molecule of 1 contains three oxygen atoms and
formicin A (1) contains four downfield carbons in the carbonyl
region, these three oxygen atoms were easily assigned to three
carbonyl groups. Then, one nitrogen atom in the molecular
formula was identified as an amide (at either 5. 173.6 or
173.5) among the three carbonyl groups. Given that formicin
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A has three carbonyl groups and five carbons with double-
bond chemical shifts, one of the resonances (§c 173.6 or
173.5) in the carbonyl region must be a highly deshielded
double-bond carbon. Therefore, the eight degrees of
unsaturation were explained as three carbonyl groups and
three double bonds, indicating that formicin A has a bicyclic
structure.

An array of COSY couplings identified from the terminal
methyl group protons (H;-16) to the H,-13 assigned an
aliphatic chain. The H,-1'/H,-2" correlation elucidated a short
spin system composed of two connected methylenes flanked
by heteroatoms (Figure 1). A series of COSY couplings of H-2
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Figure 1. Key COSY and HMBC couplings of 1 and 2.

to H-4 and H-8 to H-11, as well as the H-2/H-10 COSY cross
peak, were used to construct the seven-carbon spin system.
This partial structure was further extended to C-7 (5¢ 173.6)
and C-6 (8¢ 126.5) based on HMBC couplings from H-8 to C-
7 and C-6. The H-6/C-5 and H,-4/C-5 HMBC couplings
located the C-S (8 210.7) ketone group between C-4 and C-
6. A detailed analysis of the H-8/H-9 coupling constant (9.9
Hz) indicated that these protons belong to a six-membered
alkene. The cyclic hexene moiety was elucidated by three-bond
heteronuclear correlations from H-8 to C-3. In addition, the H-
6/C-3 and H,-4/C-7 HMBC couplings confirmed the
existence of a cyclopenenone, thus revealing the bicyclic
indenone structure in 1.

The C-13 to C-16 hydrocarbon chain was then connected to
C-12 by HMBC couplings from H;-17 to C-11, C-12, and C-
13. The C-3' (8¢ 173.5) was situated between C-2’ and C-4’
based on the H,-2'/C-3' and H;-4'/C-3" heteronuclear
correlations. The last unused carbon (6 199.3) and the sulfur
comprised a thioester functional group based on the carbon
chemical shift, which was assigned between C-2 and C-1' by
HMBC coupling from H-2 and H,-1’ to C-1, assembling N-
acetylcysteamine and completing the structure of formicin A
(1). The structure of 1 was further supported by MS/MS
fragments (Figure 2 and Figure S2). The geometry of the
double bond in the chain was determined to be 11E by the H-
11/H,-13 ROESY correlation.

Formicin B (2) was isolated as a white powder. The
molecular formula was established as C,;H,;NO;S based on
the analysis of HR-ESI mass spectrometry ([M + Na]* at m/z
398. 1776, calculated 398.1760). The molecular formula of 2 is
identical to that of 1. The 'H and *C NMR spectra of 2 were
highly similar to those of 1 (Table 1). Combined 2D NMR
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Figure 2. ESI-HR-MS/MS fragmentation of 1.

analyses disclosed that the planar structure of 2 is identical to
that of 1. A careful comparison of the 'H and *C NMR data of
1 and 2 revealed notable differences in the "H—"H coupling
constant at H-2 (dd, J = 12.7, 5.4 Hz for 2) and "*C chemical
shifts at C-2 and C-4 (5c 582 and 42.2, respectively, for
formicin B), suggesting that 2 is a diastereomer of 1 with
modifications around these carbons.

The relative configurations of 1 and 2 were established by
analyzing the ROESY NMR data (Figure 3). Formicin A
showed H-3/H-2, H-3/H-4a, and H-3/H-11 ROESY correla-
tions, indicating that H-2 (6 3.13), H-3 (6y 3.38), H-4a (84
2.57), and H-11 (8y 5.25) are positioned on the same side.
Therefore, the relative configuration of 1 was determined to be
28*, 35*, and 10S*. The H-2 of 2 clearly possesses axial—axial
coupling (J = 12.7 Hz) with H-3. The H-3/H-4a and H-3/H-
11 ROESY correlations positioned H-3 (5 3.48), H-4a (y
2.72), and H-11 (84 5.04) on the same side. On the contrary,
the H-2/H-4b ROESY cross-peaks determined that H-2 is on
the opposite side, thus establishing the 2R*, 3§%, and 10S*
configuration.

Formicin C (3) was purified as a white powder, and its
molecular formula was determined to be C,;H,,O; based on
'H and “C NMR spectroscopy and HR-ESI mass spectrom-
etry ((M + H]" at m/z 275.1638, calculated 275.1641). The
'H and C NMR spectra of 3 are simpler than those of 1 and
2 without the signals originating from the N-acetylcysteamine
thioester (SNAC). In addition, the thioester carbons around
Oc 200 ppm disappeared, and a carbon at 6c 176.7 was
observed. The a-carbon of the thioester was upfield-shifted
from Oc 56—59 to Oc S1.0, also supporting the above-
mentioned modification in 3 relative to 1 and 2. Further
analysis of 1D and 2D NMR spectra, considering seven degrees
of double-bond equivalents, elucidated the structure of 3,
which contains a carboxylic acid moiety instead of SNAC.

ROESY correlations and "H—"H coupling constants around
the stereogenic centers C-2, C-3, and C-10 in 3 were analogous
to those in 2 but obviously different from 1. Careful
examination of these spectroscopic data determined the
relative configuration of formicin C (3) as 2R* 3S*, and
10S* (Figure S27), which is identical to 2. To determine the
absolute configurations of formicin C (3), the carboxylic acid
attached to C-2 was derivatized using the phenylglycine methyl
ester (PGME) method.'” Ay values of S- and R-PGME
esters (3a and 3b, respectively) were calculated based on their
'H and COSY NMR data. As a result, the absolute
configuration of C-2 was determined to be R (Figure $28).
Therefore, the other chiral centers were subsequently
established as 3S and 108S.

Formicins A and B do not have a functional group for chiral
derivatization to establish their absolute configurations.
Electronic circular dichroism (ECD) spectra could not clearly
distinguish the diastereomers with the opposite C-2 config-
urations (Figures S3 and S4). Therefore, formicin C (3) with
the established absolute configuration vide supra was
derivatized with N-acetylcysteamine to generate formicin B
(Figure 4). This synthetic formicin B (2a) was identical to
natural formicin B (2), as assessed by 'H and *C NMR
(Figures S35 and S36). The optical rotation of 2a was also
identical to that of 2. Thus the absolute configuration of 2 was
deemed to be 2R, 3§, and 10S. Accordingly, the absolute
configuration of formicin A (1) was deduced as 2S, 3S, and
108S.
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Table 1. 'H (800 MHz) and 3C (200 MHz) NMR Data of Formicins A—C (1-3) in CD,0D

formicin A (1)

formicin B (2)

formicin C (3)

position 8¢, type Sy mult (J in Hz) 8¢, type Sy mult (J in Hz) 8¢, type Sy, mult (J in Hz)
1 199.3, C 199.8, C 176.7, C
2 56.7, CH 3.13,brd (5.2) 58.2, CH 3.16, dd (12.7, 5.4) 51.0, CH 2.75, dd (13.0, 5.4)
3 37.3, CH 3.38, m 37.1, CH 3.48 m 37.6, CH 3.33, m
4a 40.0, CH, 2.57, dd (182, 6.8) 422, CH, 2.72, dd (182, 6.4) 43.3, CH, 2.81, dd (18.6, 6.3)
4b 2.24, dd (182, 4.1) 2.06, dd (18.2, 4.0) 2.09, dd (18.6, 4.0)
5 210.7, C 2104, C 211.3,C
6 126.5, CH 5.90, d (1.8) 126.9, CH 5.93,d (1.9) 126.4, CH 5.90, d (1.9)
7 173.6, C 174.3, C 175.3, C
8 123.5, CH 6.67, d (9.9) 122.6, CH 6.63, d (9.6) 122.6, CH 6.62, d (9.6)
9 140.7, CH 6.15, dd (9.9, 5.9) 142.1, CH 6.20, dd (9.6, 5.6) 143.2, CH 6.24, dd (9.6, 5.8)
10 40.7, CH 3.65,dd (9.2, 5.9) 40.6, CH 3.88, ddd (10.2, 5.6, 5.4) 39.5, CH 3.83, ddd (10.0, 5.8, 5.4)
11 123.5, CH 5.25,dq (9.2, 0.9) 119.5, CH 5.04, dq (10.2, 1.1) 120.2, CH 5.12, dq (10.0, 1.0)
12 141.1, C 1414, C 1412, C
13 40.4, CH, 2.08, t (7.7) 40.6, CH, 2.00, t (7.4) 40.8, CH, 2.02, t (7.4)
14 31.2, CH, 1.44, tt (7.7, 7.5) 31.1, CH, 1.36, tt (7.5,7.4) 31.2, CH, 1.40, tt (8.1, 7.4)
15 23.4, CH, 1.32, m 232, CH, 1.26, m 23.3, CH, 1.29, m
16 14.3, CH, 0.93, t (7.4) 14.3, CH, 0.90, t (7.4) 14.3, CH, 0.90, t (7.3)
17 16.7, CH, 1.82, d (0.9) 16.7, CH, 1.73,d (1.1) 16.5, CH, 1.74, d (1.0)
iy 29.4, CH, 2.98, m 28.8, CH, 2.99, m
2/ 39.9, CH, 3.30, td (6.5, 1.0) 40.2, CH, 3.27, td (7.0, 2.6)
3 173.5, C 1734, C
4 22.5, CH, 1.89, s 22.5, CH,4 1.92, s
@  =lmane (©
120 == Formicin C

Figure 3. Key ROESY correlations of (a) 1 and (b) 2.
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Figure 4. Thioesterification of 3 to yield 2.

To discover biological activities of formicins A—C (1-3),
we first determined their antiproliferative activity against
human triple-negative breast cancer (TNBC) cells. As shown
in Figure Sa, only formicin A (1) exhibited significant
antiproliferative activity in a concentration-dependent manner
against MDA-MB-231 human TNBC cells. We also found that
formicin A exhibited more selective antiproliferative activity
against TNBC cells compared with human normal lung
fibroblast cells (MRC-S) (Figure S40 and Table S1).

Liver kinase B1 (LKB1) is a tumor suppressor in many
cancers including breast cancer. A recent study revealed that
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Figure S. (a) MDA-MB-231 human TNBC cells were incubated with
the indicated concentrations of formicins A—C for 72 h; then, the cell
proliferation was measured using a sulforhodamine B (SRB) assay.
Data are expressed as means + SD from three independent
experiments. *p < 0.05 indicates significant difference relative to the
vehicle-treated control group. (b) MDA-MB-231 human TNBC cells
were incubated with formicins A—C (test concentration: S uM) for 24
h; then, the level of p-LKB1 was measured using Western blot
analysis. GAPDH was used as an internal control. The relative
intensity of p-LKB1 was quantified using NIH ImageJ software. (c)
Levels of LKB1/AMPK signaling pathway proteins were detected by
Western blot analysis. f-Tubulin was used as an internal control.

low expression levels of LKB1 are highly associated with poor
clinical outcomes of triple-negative breast cancer patients."
LKB1 directly phosphorylates and activates adenosine mono-
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phosphate-activated protein kinase (AMPK) to regulate the
cellular functions of human cancer cells, including metabolism,
autophagy, and growth.'*~'° Therefore, we evaluated the effect
of 1-3 on the activation of LKB1 in TNBC cells. Consistent
with its antiproliferative activity, formicin A (1) exhibited the
most potent stimulatory effect on LKB1 activation (phospho-
LKB1) (Figure Sb). Because LKB1 phosphorylates AMPK and
downregulates its downstream targets,"* ' we next explored
whether formicin A (1) affects the AMPK signaling pathway.
As shown in Figure Sc, formicin A significantly increased
AMPK phosphorylation (p-AMPK) via LKB1 activation and
then subsequently downregulated the expression of AMPK-
mediated downstream target proteins, including phospho-
mammalian target of rapamycin (p-mTOR), phospho-
eukaryotic translation initiation factor 4E-binding protein 1
(p-4E-BP-1), cyclin D1, and c-Myc. Taken together, these data
demonstrate that formicin A is able to suppress the
proliferation of human TNBC cells by regulating the LKB1-
mediated AMPK signaling pathway.

Containing an indenone core, formicins are structurally
unique. This [4.3.0] bicyclic scaffold with a diene conjugated
with a ketone in the five-membered ring has been rarely
reported in nature. The only examples are brasilane A from the
fungus Aspergillus terreus'” and tundrenone from Methylobacter
tundripaludum.'® Brasilane A, a sesquiterpenoid, is obviously
biosynthesized through a terpenoid pathway.'” Bioinformatic
analysis of M. tundripaludum revealed that indenone is derived
from chorismate in this bacterium.'® However, because C-2 is
an epimeric center in 1-3, the indenone moiety in the
formicins could have originated from a polyketide-derived
chain with a branched methyl group (C-17) through
cyclization. The N-acetylcysteamine thioester (SNAC) is
another interesting component. SNACs are widely used to
mimic the phosphopantetheine termini of acyl carrier proteins
and peptidyl carrier proteins in studies of polyketide and
nonribosomal peptide biosynthesis.'” However, N-acetylcyste-
amine is extremely rare as a component of natural metabolites.
Streptomyces spp. produced epithienamycins, antibiotics
bearing an N-acetylcysteamine bound at a double-bond carbon
in their carbapenem ring.”” However, the only precedent
natural compounds incorporating SNACs are parathiosteroids
A—C from a soft coral Paragorgia sp. collected in
Madagascar.”'

To the best of our knowledge, formicins are the first natural
compounds containing the combination of the rare structural
motifs, indenone and N-acetylcysteamine. As a new bioactive
scaffold, formicin A (1) regulates the LKB1-mediated AMPK
signaling pathway and resultantly inhibits the proliferation of
human TNBC cells. Moreover, the discovery of formicins
provides support that ant-associated bacteria are a prolific
chemical reservoir of structurally novel bioactive compounds.
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