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ABSTRACT: A simple methylenedioxy dibromoindole alkaloid, amakusamine (1), was isolated
from a marine sponge of the genus Psammocinia, and its structure was determined from
spectroscopic data, time-dependent density-functional theory (TDDFT) -calculations, and
synthesis. Compound 1 inhibited the receptor activator of nuclear factor-kB ligand (RANKL)-
induced formation of multinuclear osteoclasts with an 1Cs, value of 10.5 uM in RAW264 cells.

The structure—activity relationship (SAR) of 1 was also investigated with synthetic derivatives.



Marine organisms are known to be rich sources of biologically active compounds.' In
particular, marine invertebrates such as sponges, tunicates, and bryozoans produce high levels of
cytotoxic metabolites compared to terrestrial plants and microorganisms and have therefore been
considered as potential sources of natural therapeutic agents.> Among the various structural
classes, brominated compounds, which have been found in marine environments, exhibit
bioactivities against diverse disease targets.> During our search for new compounds from marine
sponges, LC-MS analysis indicated the presence of a new compound with two bromine atoms in
an extract from a Psammocinia sp. sponge collected in Amakusa (Kumamoto, Japan). Then, we
isolated the brominated compound and found that it inhibited the receptor activator of nuclear
factor-kB ligand (RANKL)-induced formation of multinuclear osteoclasts in RAW264 cells.
Homeostasis of bone is regulated by the balance of bone resorption by osteoclasts and bone
formation by osteoblasts,** and its imbalance causes osteoporosis, rheumatoid arthritis, and
periodontal disease.” Previous studies showed that a monocyte/macrophage lineage is
differentiated to mononuclear osteoclasts by stimulus of RANKL and subsequently changed to
giant multinuclear osteoclasts by cell fusion.*¢ Therefore, the inhibitors of differentiation and
cell fusion are drug candidates for prevention and treatment of osteoclast-related diseases. Here,
we report the isolation, structure determination, synthesis, and biological activity of a new
methylenedioxy dibrominated indole alkaloid, amakusamine (1). The structure—activity

relationship (SAR) of 1 was also assessed with synthetic derivatives.
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RESULTS AND DISCUSSION

The presence of two bromine atoms in 1 was indicated by ion peaks at m/z 316, 318, and 320
[M — H] in a ratio of 1:2:1, and the molecular formula of CyHsBr,NO, was determined by
HRESIMS. The 'H NMR spectrum of 1 in CDCIl; showed four signals: an exchangeable NH
proton [0y 8.30 (br s)], two mutually-coupled olefin protons [0y 7.15 (br s) and 6.55 (br s)], and
a deshielded singlet proton [0y 6.07 (2H, s)] (Table 1). The '3C NMR spectrum showed two
protonated olefin carbons [6¢c 123.5 (C-2) and 103.9 (C-3)], a deshielded methylene carbon [d¢
101.5 (C-10)], and six non-protonated olefin carbons [dc 142.7 (C-5), 141.4 (C-6), 129.4 (C-8),
122.9 (C-9),91.6 (C-4), and 83.6 (C-7)] (Table 1). HMBCs from H-2 to C-9 and from H-3 to C-
8 and C-9 established a 2,3-substitued pyrrole ring, and the molecular formula suggested that the
pyrrole ring is incorporated into an 4,5,6,7-tetrasubstituted indole skeleton (Figure 1A). In the
remaining formula of CH,Br,0,, deshielded chemical shifts of the methylene group (6x 6.07; dc
101.5) indicated the existence of a methylenedioxy moiety (Figure 1B). Among the non-
protonated carbons, 6c 83.6, 91.6, 141.4, and 142.7, two bromine atoms may be attached to the
shielded carbons at &¢ 83.6 and 91.6 because of the heavy atom effect. An HMBC from H-3 to
C-4 (8¢ 91.6) showed that a bromine is attached to C-4. The HMBCs from H,-10 (64 6.07) to the
carbons at 6c 141.4 and 142.7 suggested candidate models a and b (Figure 1B). Although a was
preferable to b based on the chemical shifts, time-dependent density-functional theory (TDDFT)
calculations of the 3C NMR data were conducted to confirm this (Table S1).® As shown in
Figure 1C, the calculated values for @ matched the experimental data (R>= 0.9969) whereas the
correlation between the calculated and experimental data for b was low (R?>= 0.9285). Thus,

model @ was found to be the most likely isomer.



Table 1. 'H and '3C NMR Data of 1 (CDCls).

No. dc, type On, mult. HMBC
1 8.30, brs

2 123.5, CH 7.15,brs 3,9

3 103.9, CH 6.55,brs 2,4,8,9
4 91.6,C

5 142.7¢,C

6 14149 C

7 83.6,C

8 1294, C

9 122.9,C

10 101.5, CH» 6.07, s 5,6

¢ May be interchanged.
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Figure 1. (A) COSY correlations (solid line) and key HMBCs (arrows) of the partial structure of
1. (B) Candidate models a and b for 1 with HMBCs. (C) Correlations of experimental versus
calculated '*C NMR chemical shifts of models a and b.

To confirm the structure of 1, a total synthesis was performed. Initially, a direct dibromination
reaction was attempted using commercially available 5,6-methylenedioxyindole (2) as a
substrate (Scheme 1A). However, although the major brominated product 3 contained two
bromine atoms, its 'H NMR spectrum did not match that of 1, and HMBC correlations showed
that 3 was a 2,3-dibromo derivative. Therefore, the synthetic plan was switched to introduce the
two bromine atoms before constructing the highly reactive pyrrole ring (Scheme 1B).
Commercially available 6-nitropiperonal (4) was treated with 4 equiv. of N-bromosuccinimide
(NBS) in concentrated H,SO, to provide a 63% yield of dibromobenzene derivative 5.° Next, the
Henry reaction was carried out using Al,O; as the base in the presence of nitromethane followed
by a dehydration reaction using acetic anhydride to afford dinitro compound 6 in good
conversion. Since compound 6 was extremely crystalline and the crystals were difficult to be
dissolved in any solvent, and then the crude product containing 6 was directly employed in an
indole construction reaction by reduction with an excess amount of iron in acetic acid'® to finally
obtain an excellent yield of 1 in gram scale quantities (56% over three-steps). All spectroscopic
data, including the '"H and '3C NMR spectra, of synthetic 1 (Figures S21 and S22) were validated

with the data of naturally occurring 1.

Scheme 1. (A) Direct Dibromination of 2 and HMBCs (Arrows) for 3. (B) Total Synthesis of

Amakusamine (1)
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The biological activity of 1 was evaluated with our in-house screening including cytotoxicity,
antimicrobial activities, inhibition of the RANKL-induced formation of multinuclear osteoclasts,
and inhibition of the ubiquitin—proteasome system [proteasome, El, Ubcl3 (E2)-UevlA
interaction, p5S3—-Mdm?2 (E3) interaction, and USP7]. Among these, 1 inhibited the RANKL-
induced formation of multinuclear osteoclasts in RAW264 cells. RANKL induces the
differentiation of RAW264 cells to mononuclear osteoclasts, which is associated with up-
regulation of several downstream signaling pathways such as the NF-kB and mitogen-activated
protein kinase (MAPK) signaling pathways, followed by inducing the expression of osteoclast-
specific genes encoding tartrate-resistant acid phosphatase (TRAP), a marker of
osteoclastogenesis, and enzymes involved in cell fusion. After treatment with RANKL (50

ng/mL) in the presence or absence of 1, cells were allowed to differentiate for 4 days. Cells in the



presence of RANKL that had been induced to become TRAP-positive osteoclasts were stained
red with TRAP-staining solution (Figure 2A), and the number of multinuclear osteoclasts
(containing three or more nuclei) were counted.!! Natural 1 inhibited the formation of
multinuclear osteoclasts in a concentration-dependent manner with an ICs, value of 10.5 pM
(Figures 2A,B), and synthetic 1 showed equivalent efficacy (ICsy, 9.4 uM). Next, the effect of 1
on the expression of osteoclastogenic specific genes was evaluated. Total RNA was prepared and
analyzed by real-time RT-PCR. Nuclear factor of activated T cells c1 (NFATcI) is known to be
a master regulator of osteoclastogenesis and regulates the expression of various osteoclast-
specific factors.””? RANKL (50 ng/mL) induced the expression of Nfatcl, and synthetic 1 showed
a concentration-dependent suppression of the gene (Figure 2C), indicating that 1 inhibits the

activation of the NFATc1 signaling pathway.
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Figure 2. Effects of 1 on RANKL-induced osteoclastogenesis in RAW264 cells. (A) Cells were
incubated with RANKL (50 ng/mL) in the presence or absence of natural 1 at 20 uM for 4 days.
The cells were stained with TRAP-staining solution. (B) After treatment with natural 1 at the

indicated concentrations, TRAP-positive multinuclear osteoclasts (nuclei = 3) were stained red



and counted. (C) RAW264 cells treated with RANKL (50 ng/mL) in the presence or absence of
synthetic 1 (30 or 50 uM) were incubated for 24 h. Total RNA was extracted and mRNA
expression of Nfatcl was evaluated by real-time RT-PCR. The results are expressed as means +

SD (n=3). *p < 0.05 versus the control.

The structure of 1 reveals it to be a simple indole derivative, which inhibited the formation of
multinuclear osteoclasts. Then, we conducted SAR studies with a commercially available 2 and
15 synthetic derivatives (3 and 7-20) (see details in Supporting Information) (Figure 3) as
follows: 1) First, the effect of a A2 double bond was tested with 7. This reduced its ICs, value to
25.6 uM, indicating that the presence of the double bond is important for activity; 2) Next, a
methylenedioxy group was replaced with two methoxy groups (8),” which slightly enhanced its
activity; 3) The effect of the bromine atoms on the indole skeleton was assessed. A compound
without bromines (2) showed no inhibition even at 50 uM. Compounds 9 and 10 with one
bromine at C-4 and C-7, respectively, were less potent than 1 [ICs, = 16.8 (9) and 35.4 (10) uM].
Compound 3 with bromines at C-2 and C-3 showed 40% inhibition at 50 uM, and 11 with
chlorines at C-4 and C-7 instead of bromines showed weaker activity (ICsy = 40.0 uM). These
results indicate that a bromine at C-4 is essential (9) and the bromine at C-7 slightly enhances
efficacy (10 versus 2). Replacement of the bromines with chlorines significantly reduced activity
(1 versus 11), but the presence of the chlorines slightly improved efficacy compared with the
absence of bromines (11 versus 2); 4) The potencies of N-acyl derivatives were evaluated. Those
with C,—Cs-alkyl chains (12—-14) were equipotent or slightly more potent (ICso = 7.9-11.7 uM),
but that with C,4-alkyl chain (15) and benzoyl derivative 16 had no activity; 5) For substituents at

C-3, methyl (17) and hydroxymethyl (18) derivatives were slightly more potent or equipotent



[ICso = 8.1 (17) and 10.0 (18) uM], but formyl derivative 19 was less potent (ICsy = 13.9 uM).
Aminoethyl derivative 20, a tryptamine derivative, was more potent but showed cytotoxicity at
25 uM. None of the other derivatives showed toxicity even at 50 uM. These results indicate that
substituents on the indole core of 1 affect its inhibition of RANKL-induced osteoclastogenesis in
RAW?264 cells, and that the presence of bromine atoms is necessary for this activity. Further
investigations are needed for the development of more potent derivatives based on 1 for the

prevention and treatment of osteoporosis.
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Figure 3. (A) Inhibition (ICs,, uM) of RANKL-induced osteoclastogenesis in RAW264 cells of
natural and synthetic 1 and 16 derivatives. * Compounds showed no inhibition even at 50 uM. *
Compound showed 40% inhibition at 50 uM. (B) Summary of the SAR of 1 and its derivatives

as RANKL-induced osteoclastogenesis inhibitors.

Indole is known to be produced from L-tryptophan in Gram-positive and Gram-negative
bacteria,'*!* regulating diverse bacterial processes, such as biofilm formation, virulence, cell
adherence, and drug resistance in indole-producing bacteria.!> Recent studies have shown that
indole also affects the physiology and behavior of non-indole-producing species and eukaryotes.
Furthermore, these organisms metabolize indole into various derivatives via their own metabolic
pathways, and such derivatives have diverse functions in these organisms.'”> Amakusamine (1)
may also be formed from L-tryptophan by degradation followed by bromination and
oxidation/methylation.

Amakusamine (1) is a simple methylenedioxy dibromoindole alkaloid isolated from a sponge.
Marine-derived indole alkaloids form a large family of bioactive secondary metabolites.!
Among these, 3,6-dibromoindole!” and polybrominated bis-indoles'® from an ascidian and a
marine cyanobacterium, respectively, are known to be simple bromoindole alkaloids. From
plants, clausenalene' and orisuaveoline B> are methylenedioxy indole alkaloids without
bromines. Amakusamine (1) is the first methylenedioxy bromoindole alkaloid with anti-

osteoporosis activity, which may serve as a new scaffold for drug development.

EXPERIMENTAL SECTION
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General Experimental Procedures. UV spectra were measured on a JASCO V-550
spectrophotometer in MeOH. IR spectra were recorded on a Perkin Elmer Frontier FT-IR
spectrophotometer. NMR spectra were recorded on a Bruker Avance III 600 NMR spectrometer
in CDCIs. Chemical shifts were referenced to the residual solvent peaks (du 7.24 and 6c 77.0 for
CDCIl3). HRESIMS spectra was measured on a Waters Xevo G2-XS Qtof mass spectrometer.
The preparative HPLC system comprised a Waters 515 HPLC pump, Waters 2489 UV/visible

detector. Microscopic images were taken by Keyence BIOREVO BZ-9000.

Animal Material. The marine sponge was collected by scuba diving at a depth of 5m in
Amakusa, Kumamoto Prefecture, Japan, in September 13, 2013. The sponge was soaked in
EtOH immediately after sampling and kept frozen at -20 °C until extraction. The sponge was
identified as Psammocinia sp. by one of the authors (Y.I.). External morphology of the sponge
was not recorded but the color is dark brown in ethanol. The ectosomal skeleton of the sponge
couldn’t be precisely observed because the surface of the sample used for identification was
broken. The choanosomal skeleton contained large amount of sand grains and consist of fibers
and fine filaments. Fibers are cored with sand grains and foreign spicules. Fibers didn’t make
peculiar mesh-like network but dichotomously divided to make skeletal structure. The fine
filaments are uncored, curved, and diverged from main fibers. Fibers are 32—100 pm in diameter,
and fine filaments are 6-10 um in diameter. Until now, 37 species have been recorded as valid
for the genus Psammocinia Lendenfeld, 1889 according to World Porifera Database.?! Of these,
Psammocinia scopulus Sim, Lee and Kim, 2017 once collected from Korean waters can be
comparable with our specimen (13K013) for its internal skeletal characters and geographical
distribution. However, P. scopulus has distinct fascicles made of primary fibers that is indistinct

in our specimen, and the filaments are thinner (3—7um).?> A voucher specimen (13K013) has
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been deposited in Department of Natural Medicines, Graduate School of Pharmaceutical

Sciences, Kumamoto University, Japan.

Extraction and Isolation. The sponge (3.0 kg, wet weight) was extracted with EtOH and
MeOH. After evaporation, the residual solution was extracted with EtOAc. The EtOAc fraction
(8.7 g) was partitioned between n-hexane and 90% MeOH-H>0O. The aqueous MeOH fraction
(6.7 g) was subjected to SiO> column chromatography with 75% n-hexane—EtOAc and CH>Cls.
Fraction eluted with n-hexane/EtOAc was purified by gel filtration HPLC (Asahipack GS-310P

column, Asahi Chemical Industry Co., Ltd., 21.5 x 500 mm) with EtOAc to yield 1 (4.6 mg).

Amakusamine (1): A white solid; UV (MeOH) Amax (log €) 212 (4.5), 278 (3.9), 308 (3.9) nm;
IR (film) vmax 3418, 2923, 1455, 1304, 1203, 1055, 945, 833, 748, 710 cm™!; 'H and *C NMR

data, Table 1; HRESITOFMS m/z 315.8610 [M — H] (caled for CoH4*BraNO», 315.8614).

Conformational Analysis and Chemical Shift Calculations. These experiments were
performed as previously described?® using Spartan’18 instead of Spartan’16. Chemical shift

calculations were performed at the wB97X-D/6-31G* level.

Formation of RANKL-induced Multinuclear Osteoclasts in RAW264 Cells. This
experiment was performed as previously described.?* Purities of natural and synthetic

compounds were judged by their 'H and '3C NMR spectra.

Real-time RT-PCR analysis. RAW 264 cells seeded on a 6-well plate (2.7 x 10* cells/well)
were treated with SRANKL (50 ng/mL) and 1 (30 or 50 uM) and incubated for 24 h. RNA

extraction and real-time RT-PCR analysis were conducted as previously described.?

Cytotoxicity assay. The cytotoxicity assay was performed with RAW 264 cells using MTT.2¢
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Synthesis of Amakusamine (1). To a solution of 6-nitropiperonal (4, 1.5 g, 7.7 mmol) in
concentrated H>SO4 (12 mL), N-bromosuccinimide (5.49 g, 30.8 mmol) was slowly added at rt
under Ar atmosphere. The reaction mixture was stirred for 16 h at rt. The resulting mixture was
poured onto crushed ice, and the resulting solid was collected by vacuum filtration, washed with
H>0, MeOH, and n-hexane. Desired 4,7-dibromo-6-nitropiperonal (5, 1.7 g, 63%) was obtained

as a pale yellow solid. All spectroscopic data of 5 were identical with reported data.?’

To a solution of 4,7-dibromo-6-nitropiperonal (5, 1.95 g, 5.5 mmol) in nitromethane (24 mL),
AlO3 (1.7 g, 16.7 mmol) was added at rt under Ar atmosphere. The reaction mixture was stirred
for 12 h at rt. The resulting mixture was filtrated with Celite pad and following a silica gel pad
with CHCIls. The resulting solution was concentrated under reduced pressure. The residue was
dissolved in acetic anhydride (22 mL) and pyridine (2.3 mL, 28 mmol) was added to the
resulting mixture at rt under Ar atmosphere. The reaction mixture was stirred for 12 h at rt. The
resulting mixture was quenched with saturated aqueous NaHCOs3 solution. The aqueous layer
was extracted three times with CHCIz. The combined organic layer was dried over MgSQOa, and
concentrated under reduced pressure. The crude materials of 6 was dissolved to benzene (35 mL)
and cyclohexane (15 mL), then, acetic acid (33 mL), silica gel (5.5 g) and iron (4.3 g, 78 mmol)
were added to the mixture at rt under Ar atmosphere. The reaction mixture was warmed up to
100 °C, and stirred for 40 min at 100 °C. After cooling to rt, the resulting mixture was filtrated
with Celite pad with CHCIs;. The organic layer was washed with saturated brine, saturated
NaHSO; solution, and saturated NaHCO3 solution. The combined organic layer was dried over
MgS0s4, and concentrated under reduced pressure. The crude materials were purified by flash

chromatography (SiO2, 25% CHCls/n-hexane) to provide amakusamine (1) (991 mg, 53%, 3
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steps) as white crystals. All spectroscopic data were identified with the data of naturally occuring

1.

Synthetic 1: White crystals; mp 215-220 °C; IR (neat) vmax 3420, 1454, 1303, 1202, 1078,
1055, 941, 831, 748, 710 cm™!'; 'TH NMR (600 MHz, CDCl3) 8 8.30 (br. s, 1H), 7.17 (t, J = 3.0
Hz, 1H), 6.57 (t, J = 3.0 Hz, 1H), 6.09 (s, 2H); 1*C NMR (150 MHz, CDCl3) & 142.9, 141.5,
129.6, 123.7, 123.0, 104.1, 101.7, 91.7, 83.7; HRESIMS m/z 317.8775 [M + H]" (calcd for

CoHe"*Bra2NO2, 317.8760).
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