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Notoamides F—K, Prenylated Indole Alkaloids Isolated from a Marine-Derived Aspergillus sp.
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Six new prenylated indole alkaloids, named notoamides F—K (8—13), were isolated from a marine-derived Aspergillus
sp. Their structures, including absolute configurations, were elucidated by spectroscopic methods. Notoamide I (11)
showed weak cytotoxicity against HeLa cells with an ICsy value of 21 ug/mL.

A family of prenylated indole alkaloids, including the breviana-
mides,' paraherquamides,” stephacidin,® asperparalines,* marcfortines,”
notoamides,® malbrancheamides,’ avrainvillamide,® and sclerotiamide,’
are secondary metabolites produced by various fungi of the genera
Aspergillus and Penicillium. These alkaloids contain a diketopiperazine
or a bicyclo[2.2.2]diazaoctane ring, which is derived from tryptophan,
a cyclic amino acid residue consisting of either proline or pipecolic
acid, and one or two isoprene units. Due to their complex ring systems,
this family has become the target of synthetic studies. In addition, a
wide range of biological activities, including insecticidal, antitumor,
anthelmintic, calmodulin inhibitory, and antibacterial, has been reported
within this family. Recently, we isolated notoamides A—D (1—4)°
(Chart 1) from a marine-derived Aspergillus sp. along with the known
alkaloids sclerotiamide (5),” deoxybrevianamide E (6),'® and stepha-
cidin A (7). This Aspergillus sp. exhibits an extensive array of co-
metabolites within the structurally diverse ring systems of prenylated
indole alkaloids. As part of our continuing efforts to discover new
alkaloids in fungi, we further examined cultures of this Asperigillus
sp. for new metabolites. Herein we describe the isolation, structure,
and biological activity of six new alkaloids, notoamides F—K (8—13).'°

The Aspergillus sp.° was cultured on agar plates and subjected
to extraction with EtOH. After evaporation, the aqueous residue
was extracted with EtOAc and then n-BuOH. The EtOAc fraction
was partitioned between n-hexane and 90% MeOH—H,0. The
n-BuOH and aqueous MeOH fractions, which contained notoam-
ides, were combined and purified by column chromatography and
HPLC to afford notoamides F—K (8§—13).

FABMS of notoamide F (8) showed a quasi-molecular ion peak at
mlz 462 [M + H]*, and the molecular formula was determined as
C,7H31N304 on the basis of HRFABMS; thus 8 must have 14 degrees of
unsaturation. The 'H NMR spectrum of 8 (Table 1) showed four singlet
methyl signals at ¢ 1.10, 1.387, 1.391, and 1.40, four doublet olefinic
signals at 0 5.68 (d, J/ = 9.5 Hz), 6.58 (d, / = 8.0 Hz), 6.83 (d, / = 9.5
Hz), and 7.45 (d, J = 8.0 Hz), a methoxy signal at 0 3.49, an oxygen-
bearing signal at 6 5.01 (s), and two D,0 exchangeable signals at 6 7.09
and 10.03. Thus, the spectrum was similar to that of stephacidin A (7)
except for the presence of a methoxy group. Analysis of 2D NMR data
suggested that the methoxy group was attached to C-10, which was
indicated by HMBC correlations between 10-OMe (6 3.49) and C-10 (&
69.9) and between H-10 (6 5.01) and C-2 (6 143.0), C-3 (6 107.5), C-11
(0 63.5), C-21 (0 46.5), and 10-OMe (0 57.4) (Figure 1). The relative
configuration of 8 was established from NOE correlations between H-21
(0 2.80) and H-19 (6 7.09) and H3-23 (6 1.10) and between H3-24 (0
1.387) and H-10 (6 5.01) (Figure 1). The Cotton effect at 200—250 nm
arises from an n—s* transition of the diketopiperazine amide moiety,
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Chart 1

notoamide A (1, R'=OH, R%=H)
notoamide B (2, R'=R?=H)
notoamide H (10, R'=R?=0H)
sclerotiamide (5, R'=H, R2=0H)

notoamide D (4, R=o-H)
notoamide K (13, R=p-OH)

stephacidin A (7, R'=R2=R3=H)
notoamide F (8, R'=R2=H, R%=0OMe)
notoamide G (9, R'=OHM, R2=H, R3=OMe)
notoamide | (11, R'=H, R2, R3=0) 3-epi-notoamide C (14)
which is diagnostic for the bicyclo[2.2.2]diazaoctane diketopiperazine
core."! The CD spectrum of 8 (Figure S1) showed a positive Cotton effect
around 225 nm. Thus, the structure of 8, including the 10S,11R,17S5,218
configuration, was determined.

The molecular formula of notoamide G (9), C,7H3,N30s, was
established by high-resolution FABMS and was found to contain
an additional oxygen atom when compared to that of 8. The NMR
data of 9 (Table 2) were very similar to those of 8, except for the
absence of the exchangeable NH signal at 6 10.03 in 8. In addition,
a difference was observed in the chemical shift for H-25 (6 6.83
in 8 and 0 7.87 in 9). This feature was also found in notoamides A
(1) and B (2),° and accordingly 9 was concluded to be the 1-hydroxy
derivative of 8. The CD spectrum of 9 (Figure S2) showed a positive
Cotton effect around 225 nm, and the NOE spectrum of 9 suggested
that the absolute configuration of 9 was the same as that of 8.

The HRFABMS of notoamide H (10) showed the molecular
formula CygHy9N306. The 'H and '3C NMR spectra of 10 suggested
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Table 1. 'H and *C NMR Data for 8¢
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Table 2. 'H and *C NMR Data for 9

position Oy, J in Hz Oc, mult. HMBC position On, J in Hz ¢, mult. HMBC
1 10.03 br s 9 1
2 143.0 qC 2 151.8 qC
3 107.5 qC 3 113.6 qC
4 7.45d 8.0 119.7 CH 6,8 4 7.45d8.0 124.4 CH 6,8
5 6.58 d 8.0 110.7 CH 6,7,9 5 6.82d 8.0 117.3 CH 7,9
6 149.4 qC 6 155.5 qC
7 106.0 C 7 112.8 C
8 134.2 qC 8 141.4 qC
9 123.4 qC 9 129.1 C
10 5.01s 69.9 CH 2,3, 11, 21, 10-OMe 10 433 76.7 CH 11, 12, 10-OMe
11 63.5 qC 11 62.8 qC
12 168.1 qC 12 169.0 qC
14 3.25m 443 CH, 16 14 3.48 (2H)t7.0 44.8 CH, 15, 16
3.39m 15 1.91 m 25.1 CH,
15 1.89 m 25.0 CH, 2.10 m
1.92 m 16 1.96 m 31.6 CH; 17, 18
16 1.89 m 29.8 CH, 2.16 m
2.65m 17 67.6 qC
17 67.5qC 18 172.3 qC
18 173.1 qC 19 7.34brs
19 7.09br s 17 20 1.91 2H) m 29.6 CH,
20 2.12(2H) m 31.2CH, 17,18 21 3.63dd 10.0, 8.5 51.2 CH
21 3.30 m 46.5 CH 22 37.3qC
22 36.0 qC 23 1.40 3H) s 22.8 CHj 2,21,22,24
23 1.10 3H) s 23.0CHs 2,24 24 1.27 3H) s 30.3 CH3 2,21,22,23
24 1.387 3H) s 288 CH; 2,23 25 7.87d10.0 116.7 CH 6
25 6.83d9.5 118.6 CH 6, 27 26 5.87d 10.0 133.4 CH 7
26 5.68d9.5 130.0 CH 7,27 27 77.1 qC
27 76.0 qC 28 1.429 3H) s 28.0 CHj3 26, 27, 29
28 1.391 BH) s 27.6 CHs 26, 27,29 29 1.433 3H) s 28.0 CHj3 26, 27, 28
29 1.40 BH) s 27.7CHs 26, 27, 28 10-OMe 3.46 3H) s 60.5 CHj3 10
10-OMe 3.49 3H) s 574CHs 10

“ Measured at 500 MHz ('H) and 125 MHz (3C) in acetone-ds.

¥\ NOE correlations

7"\ key HMBCs

Figure 1. Key HMBCs and NOE correlations for 8.

that it possessed a different nucleus than 8 and 9 and were almost
superimposable on those of sclerotiamide (5),” except for differences
for H-25 (6 7.22 in 10 and 6 6.66 in 5) and C-2 (6 169.6 in 10 and
0 179.4 in 5), which indicated that 10 was the 1-hydroxy derivative
of 5. The absolute configuration of 10 was established as
3R,11R,178,21S8 by its CD spectrum (Figure S3).

Notoamide I (11) showed a molecular ion peak at m/z 446 [M +
H]' in the FABMS, and the molecular formula was determined as
CaH27N30, by HRFABMS. The 'H and '*C NMR spectra (Table 4)
were similar to those of stephacidin A (7), except for the presence of
an additional carbonyl carbon at 0 184.0 and the absence of an
oxymethine signal (H-10 in 7). On the basis of 2D NMR data including
HMBC correlations (Figure 2) and the molecular formula, 11 was
established to be 10-oxostephacidin A. Thus, the carbon at ¢ 184.0
corresponds to an a,f-unsaturated carbonyl carbon (C-10). The CD
spectrum of 11 (Figure S4) showed that its absolute configuration was
the same as that of other notoamides.

Notoamide J (12) had the molecular formula C,HysN;O, as
established by HRFABMS. The 'H and '*C NMR spectra (Table 5)
showed that the structure of 12 was partially the same as that of 3-epi-
notoamide C (14).°® In the 'H NMR spectrum, differences were
observed in the presence of signals for a 1,2,4-trisubstitued phenyl
group [0 6.46 (d, J = 1.0 Hz, H-7), 6.48 (dd, J = 8.0, 1.0 Hz, H-5),

“ Measured at 500 MHz ('H) and 125 MHz (3C) in acetone-ds.

Table 3. 'H and *C NMR Data for 10¢

position Oy, J in Hz Oc, mult. HMBC
1
2 169.6 qC
3 67.9 qC
4 7.03d8.0 1260CH 3,6, 8
5 6.47d8.0 1099CH 6,7,9
6 154.0 qC
7 106.2 qC
8 138.1 qC
9 118.1qC
10 5.40d8.5 733CH 2
11 66.5 qC
12 169.6 qC
14 3.48 2H) m 440CH, 15,16
15 1.91 m 25.1CH, 14,16
2.06 m 16
16 2.66 (2H) m 29.8 CH, 14, 15,17, 18,20
17 69.9 qC
18 173.4 qC
19 7.08br s
20 1.82m 31.2CH, 17,18, 21,22
2.02m 17, 21
21 380t9.5 56.2 CH 11, 12, 20, 22, 23, 24
22 44.7 qC
23 0.74 BH) s 232CHs 3,21,22,24
24 0.86 (3H) s 19.7CH; 3,21, 22,23
25 7.22d10.0 117.4 CH 6,7, 8,27
26 5.75d 10.0 130.4CH 7,27, 28, 29
27 76.5 qC
28 141 3H) s 279 CH; 26, 27, 29
29 1.42 3H) s 28.2 CH; 26,27, 28

10-OH 4.67d8.5
“ Measured at 500 MHz ('H) and 125 MHz (!3C) in acetone-ds.

and 7.01 (d, J = 8.0 Hz, H-4)], which replaced the signals derived
from a second isoprene unit [H-25, H-26, H3-28, and H3-29]. The
position of the hydroxy group at C-6 was confirmed by the HMBC
correlation between H-5 (6 6.48) and C-9 (6 120.9). Consequently,
12 was identified as an 2-oxo-6-hydroxyindole derivative, which was
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7"\ key HMBCs

Figure 2. Key HMBCs for 11.
Table 4. 'H and '*C NMR Data for 11¢

position On, J in Hz ¢, mult. HMBC

1 11.75br s 2,3,8,9

2 158.1 qC

3 109.9 C

4 7.75d 8.4 1206 CH 3,6,8

5 6.68d 8.4 1121CH 6,7,9

6 149.0 qC

7 105.7 qC

8 133.1 qC

9 118.7 qC

10 184.0 qC

11 67.1qC

12 166.8 qC

14 331 m 43.7CH, 12,15, 16, 17
3.37m 12, 15, 16, 17

15 1.85 m 24.1CH, 14,16, 17
2.02 m 14, 16, 17

16 1.86 m 28.5CH, 14,15, 17, 18,20
2.66 m 14, 15, 17, 18, 20

17 67.0 C

18 171.9 qC

19 8.69 brs 10, 11, 12, 17

20 2.08 m 30.7CH, 11,17, 18, 21, 22
211 m 11, 17, 18, 21, 22

21 2.82m 51.0CH 2,10, 11, 12, 20, 22, 23, 24

2 35.6 qC

23 1.23 (3H) s 21.1CHs 2, 21,22,24

24 1.42 3H) s 26.8 CHs 2,21, 22,23

25 7.04d9.9 117.3CH 6,7,8,27

26 5.82d9.9 1304CH 7,27, 28,29

27 75.6 qC

28 1.38 BH) s 27.2 CHs 26, 27, 29

29 1.39 BH) s 27.2 CHs 26, 27, 28

“ Measured at 500 MHz (*H) and 125 MHz (13C) in DMSO-ds.

supported by the C NMR chemical shift of C-6 (3 158.9). Acid
hydrolysis of 12, followed by analysis by TLC on a chiral stationary
phase, showed the presence of L-proline.'> NOE experiments of 12
revealed a correlation between H-11 and H-17, which indicates that
the diketopiperazine ring is of cis configuration. Therefore, the
stereogenic centers of 12 were determined as being 11S,17S. The 3R
configuration of 12 was indicated by its CD spectrum (Figure S5),
which was identical to that of 14.

The 'H and '3C NMR spectra of notoamide K (13) (Table 6)
were similar to those of notoamide D (4).°® The molecular formula
of 13, CycH3;N305, was established by HRFABMS and was found
to contain an additional oxygen atom compared with 4. The NMR
spectra of 13 showed the presence of a hydroxy signal at 6 5.57
(11-OH) and an additional oxygen-bearing carbon at ¢ 106.63 (C-
11) in 13 instead of a methine hydrogen at 6 3.82 (H-11) and a
methine carbon at 6 60.0 (C-11) in 4. This clearly suggested that
13 was 11-hydroxynotoamide D, which was supported by the
analysis of 2D NMR data. The $3-configuration of the 11-hydroxy
group was identified by NOE correlations between H-21 and 3-OH
and 11-OH (Figure 3). Analysis of the acid hydrolysate of 13 by
TLC on a chiral stationary phase showed again the presence of

Notes
Table 5. 'H and *C NMR Data for 12¢
position On, J in Hz dc, mult. HMBC
1 9.61brs
2 182.7 qC
3 57.9 4C
4 7.01d38.0 127.4 CH 6,8
5 6.48 dd 8.0, 1.0 109.1 CH 6,7,9
6 158.9 qC
7 6.46d 1.0 98.6 CH 56,9
8 144.8 qC
9 120.9 qC
10 2.07d14.5 32.1 CH; 9, 11
3.10d 14.5 2,3,9,11, 12
11 3.26m 532 CH 3, 10, 12
12 165.8 qC
14 3.32m 46.0 CH,
3.43 m
15 1.77 m 23.2 CH;
1.89 m
16 1.94 m 28.7 CH; 18
211 m
17 3.98t8.0 59.3 CH 16, 18
18 170.2 qC
19 6.28 brs
20 5.01dd 17.5, 1.0 113.8 CH, 21, 22
5.08 dd 10.5, 1.0 22
21 6.11dd 17.5, 10.5 144.3 CH 23, 24
2 42.8 qC
23 1.05 BH) s 22.0 CH3 3, 21,22, 24
24 1.10 BH) s 22.8 CH3 3, 21, 22,23

6-OH 8.50brs
“ Measured at 500 MHz ('H) and 125 MHz (3C) in acetone-ds.

¥ v NOE correlations

Figure 3. NOE correlations for 13.

L-proline in 13. Thus, the absolute configuration of 13 was
established as 25,3R,115,178S.

Notoamide I (11) showed weak cytotoxicity against HeLa cells
with an ICs, value of 21 ug/mL, whereas for notoamides F (8), J
(12), and K (13) the ICs, values were more than 50 ug/mL."?

Experimental Section

General Experimental Procedures. Optical rotations were deter-
mined with a HORIBA SEPA-300 high sensitive polarimeter. CD
spectra were measured on a JASCO J-725 spectropolarimeter in MeOH.
UV spectra were measured on a Shimadzu UV-1600 UV —visible
spectrophotometer. NMR spectra were recorded on a JEOL GSX500
and a Bruker Avance 500 NMR spectrometer in acetone-ds or DMSO-
ds. Chemical shifts were referenced to the residual solvent peaks (On
2.04 and Oc¢ 29.8 for acetone-ds; Oy 2.49 and d¢ 39.5 for DMSO-dg).
Mass spectra were measured on a JEOL SX-102 mass spectrometer.

Fungal Strain. The strain of fungus, Aspergillus sp., was isolated from
the mussel Mytilus edulis galloprovincialis collected off Noto Peninsula
in the Japan Sea and was identified on the basis of morphological evaluation
by TechnoSuruga Co., Ltd. (Shizuoka, Japan). A voucher specimen is
deposited at Chiba University with the code MF297-2.

Culture Conditions. The fungus was grown on 1800 agar plates
composed of 50% seawater with 2.0% malt extract, 0.5% peptone, and
1.5% agar at 25 °C for 14 days.

Extraction and Isolation. The cultured plates (1800 plates) were
extracted with EtOH. The extract was concentrated under reduced pressure
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Table 6. 'H and '*C NMR Data for 13¢

position Oy, J in Hz Oc, mult. HMBC

1 7.65brs

2 110.9 gC

3 90.6 C

4 6.94d8.0 123.5 CH 6,8

5 6.07d 8.0 106.60 CH 6,7,9

6 154.7 qC

7 104.1 qC

8 144.2 qC

9 125.7 qC

10 2.45d14.0 48.8 CH, 2,3,9,12, 17
3.31d14.0 2,3,9,12, 17

1 106.63 qC

12 163.6 qC

14 3.30m 46.1 CH, 15
3.44 m 15

15 1.86 m 23.9 CH,
1.93 m

16 1.96 m 29.4 CH, 18, 15, 17
2.25m 18

17 433175 59.7 CH 16, 18

18 172.3 qC

20 498 dd 10.5,1.0 113.3 CH, 21, 22
5.06dd 17.5, 1.0 21, 22

21 6.25dd 17.5, 10.5 145.6 CH

2 45.6 qC

23 1.22(3H) s 22.1 CH3 2,21,22,24

24 1.26 BH) s 23.3 CH3 2,21,22,23

25 6.45d9.5 118.3 CH 6,7,8,27

26 5.55d9.5 128.8 CH 7,27, 28, 29

27 75.9 qC

28 1.34 3H) s 27.9 CH3 26, 27, 29

29 1.353BH) s 29.0 CH3 26, 27, 28

3-OH 4.65brs
11-OH 5.57brs

“ Measured at 500 MHz ('H) and 125 MHz (3C) in acetone-ds.

and extracted with EtOAc and then n-BuOH. The EtOAc layer was
partitioned between n-hexane and 90% MeOH—H,O. The aqueous MeOH
fraction (2.5 g) and n-BuOH fraction (1.4 g) were combined and subjected
to ODS chromatography with MeOH—H,O. The fraction eluted with 80%
MeOH—H,O was purified by reversed-phase HPLC with MeOH—H,O
to afford notoamides F (8, 5.3 mg), G (9, 0.47 mg), H (10, 0.28 mg), 1
(11, 3.0 mg), J (12, 2.3 mg), and K (13, 4.2 mg) along with cyclopenol'*
(24.2 mg) and viridicatol® (70.0 mg).

Notoamide F (8): [a]p?' +1.9 (¢ 0.27, MeOH); CD (MeOH), see
Figure S1; UV (MeOH) Amax (log €) 239 nm (4.1), 295 (sh, 3.5), 307 (3.6),
338 (sh, 3.2), 352 (sh, 3.0); NMR data (acetone-ds), see Table 2; NOESY
cross-peaks H-10/H-4, H3-24, 10-OMe; H-21/H-19, H3-23; FABMS
(positive) m/z 462 [M + H]™, 430 [M + H — MeOH]"; HRFABMS [M
+ H]" miz 462.2372 (calcd for Cp7H3,N30,, 462.2393).

Notoamide G (9): [o]p? +13 (¢ 0.014, MeOH); CD (MeOH), see
Figure S2; UV (MeOH) Anax (log €) 258 nm (sh, 3.7), 267 (sh, 3.6), 305
(sh, 3.3); NMR data (acetone-dg), see Table 2; NOESY cross-peaks H-10/
H;-24, 10-OMe; H-21/H;-23; FABMS (positive) m/z 478 [M + H]™;
HRFABMS [M + H]" m/z 478.2341 (calcd for C7H3,N305, 478.2342).

Notoamide H (10): [o]p?” —46.7 (¢ 0.012, MeOH); CD (MeOH),
see Figure S3; UV (MeOH) Amax (log €) 249 nm (4.3), 283 (sh, 3.9),
294 (sh, 4.7), 332 (sh, 3.2); NMR data (acetone-ds), see Table 3;
NOESY cross-peaks H-4/H-10, H3-24; H-10/H5-24; H-2043 (6 1.82)/
H;-24, H-16; H-20aw (6 2.02)/H-16; H-21/H3-23, H-19; FABMS
(positive) m/z 480 [M + H]"; HRFABMS [M + H]" m/z 480.2134
(calcd for Cz()H}()N}O{), 4802134)

Notoamide I (11): [a]p® +31 (¢ 0.1, MeOH—CHCI; 1:1); CD
(MeOH), see Figure S4; UV (MeOH) Amax (log €) 237 nm (4.3), 297
(3.7), 338 (3.5); NMR data (DMSO-d;), see Table 4; NOESY cross-
peaks: H-21/H-19, H3-24, H-208 (6 2.11); H-200 (2.08)/H3-23; FABMS
(positive) m/z 446 [M + H]"; HRFABMS [M + H]" m/z 446.2083
(calcd for C26H23N3O4, 4462080)

Notoamide J (12): [a]p'® —156 (¢ 0.067, MeOH); CD (MeOH),
see Figure S5; UV (MeOH) Amay (log €) 236 nm (4.3), 286 (3.8), 337
(3.6); NMR data (acetone-dg), see Table 5; NOESY cross-peaks H-11/
H-17, H-19; FABMS (positive) m/z 384 [M + H]"; HRFABMS [M +
H]Jr m/z 384.1924 (calcd for C21H26N304, 384. 1923)

Notoamide K (13): [o]p?' —128 (¢ 0.14, MeOH); CD (MeOH),
see Figure S6; UV (MeOH) Amax (log €) 273 nm (3.6), 294 (sh, 3.5),
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318 (2.9); NMR data (acetone-dg), see Table 6; NOESY cross-peaks
3-OH/H-4, H-10, H-21; H-16/H-17; H-11/H-21; FABMS (positive) m/z
466 [M + H]*; HRFABMS [M + H]' m/z 466.2340 (caled for
Co6H3N30s, 466.2342).

Stereochemical Analysis of Notoamides J (12) and K (13). A
solution of 12 or 13 (50 ug) in 6 M HCI (100 uL) was heated at 110 °C
for 14 h. The freeze-dried solution dissolved in H,O was analyzed on
CHIRALPLATE for enatiomeric resolution by TLC (Macherey-Nagel)
with the solvent system MeOH—CH3;CN—H,O in the ratio 5:3:5.

Cytotoxicity Assay. Cytotoxicity was evaluated in HeLa cells. HeLa
cells were grown in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal calf serum, penicillin (50 units/mL), and streptomycin (50
ug/mL) under a humidified atmosphere of 5% CO, at 37 °C. The cells
were seeded into 96-well microplates (3 x 10° cells/well) and precultured
for one day. The medium was replaced with that containing test compounds
at various concentrations, and the cells were further cultured at 37 °C for
3 days. The medium was then replaced with 50 uL of 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution (0.2 mg/mL
in medium), and the cells were incubated under the same conditions for
4 h. After the addition of 200 4L of DMSO, the optical density at 570 nm
was measured with a microplate reader.
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