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Seven new prenylated indole diketopiperazine alkaloids, including compound 1, 3 spirotryprostatins C–E
(2–4), 2 derivatives of fumitremorgin B (5 and 6), and 13-oxoverruculogen (7), have been isolated from
the holothurian-derived fungus Aspergillus fumigatus, along with 12 known ones (8–19). The structures of
the new compounds were determined on the basis of extensive spectroscopic data and amino acid
analysis. All new compounds were evaluated for their cytotoxic activities on MOLT-4, A549, HL-60, and
BEL-7420 cell lines by the MTT and SRB methods.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

In our ongoing search for antitumor metabolites from marine
microorganisms, we found that ethyl acetate extracts of marine-
derived fungus Aspergillus fumigatus Fres., isolated from holothurian
Stichopus japonicus, contained different cytotoxic alkaloids constit-
uents that were found from our previous works on the same genera
strain by active and chemical screening.1,2 Therefore, investigations
of the active constituents of this fungus led to the isolation of 7 new
prenylated indole diketopiperazine alkaloids, including 4 spiro-
oxindole diketopiperazines, 2 derivatives of fumitremorgin B, and 1
derivative of verruculogen, along with 13 known ones.

A series of indole diketopiperazine alkaloids, biosynthetically
originated from L-tryptophan and L-proline, were discovered with
cell cycle inhibitory activity from the broth of A. fumigatus.3–11

Among them, the spirotryprostatins showed the most attention
due to their interesting intriguing molecular structures,12–17 al-
though their biological activity is relatively modest. To the best of
our knowledge, only two compounds with this spiro-oxindole
skeleton were reported from nature. In this paper we report the
isolation, structure elucidation, and cytotoxic activities of these
new compounds (1–7).
ax: þ86 532 82033054 (Q.G.);
Z.).
u), weimingzhu@ouc.edu.cn

All rights reserved.
2. Results and discussion

A. fumigatus was cultured in liquid medium for nine days and
the metabolites were extracted with EtOAc. The crude extract was
then subjected to repeated column chromatography and followed
by semi-preparative HPLC separation to obtain 7 new indole
diketopiperazine alkaloids (1–7), along with 12 known ones (8–19).
The known compounds 8–19 were identified as spirotryprostatin
A (8),10 13-oxofumitremorgin B (9),18–20 fumitremorgin B (10)3,4

verruculogen (11),21 3-b hydroxy cyclo-L-tryptophyl-L-proline
(12),22,23 cyclo-L-tryptophyl-L-proline (13),24 tryprostatin B (14),7,8

tryprostatin A (15),7,8 N-prenyl-cyclo-L-tryptophyl-L-proline (16),25

fumitremorgin C (17),8 12,13-dihydroxyfumitremorgin C (18),8 and
cyclotryprostatins A (19),11 respectively. 13-Oxofumitremorgin (9)
was first reported from the Aspergillus group and its stereochem-
istry was verified by X-ray diffraction analysis.20

Compound 1 was isolated as pale yellow amorphous solid. Its
molecular formula was determined as C22H25N3O6 according to
HRESIMS (found m/z 450.1620 [MþNa]þ, calcd 450.1641). In the UV
spectrum, compound 1 showed characteristic absorption curve
suggestive of a 6-O-methylindole chromophore with absorption
maxima at 220 (log 3 4.29), 251 (4.24), 286 (4.09), and 392
(3.53) nm,7–11 and the IR spectrum of 1 showed absorption bands at
3281 (OH), 1652 (C]O), 1619 (C]C) in the functional group region.
Comparisons of the 1D NMR spectra of 1 with those of 8 suggested
that 1 showed the similar oxindole diketopiperazine skeleton as
8,10 and the differences were presence of two hydroxyl groups [8-
OH (dH 5.38, br s, dC 73.5, C-8) and 9-OH (dH 7.42, br s, dC 86.3, C-9)]
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Table 2
13C NMR data for compounds 1–7 in CDCl3

a

Position dC

1 2 3 4 5 6 7

2 75.4 178.9 179.0 178.9 131.2 132.6 137.1
3 200.1 60.9 60.8 60.8 105.5 104.7 108.9
3a 112.2 117.5 117.1 117.0 120.5 120.8 118.9
4 126.8 126.9 127.0 127.3 121.4 121.7 123.2
5 110.2 106.5 106.7 107.5 109.6 109.0 111.7
6 169.2 160.6 160.8 160.7 156.4 156.3 157.7
7 94.4 97.2 97.4 97.8 94.2 93.7 95.0
7a 165.2 144.6 144.6 143.7 138.7 137.8 148.0
8 73.5 75.4 75.3 75.6 68.9 69.0 181.9
9 86.3 87.1 86.9 87.1 82.8 82.9 81.9
11 169.0 169.0 167.3 169.0 170.2 170.3 172.7
12 60.5 60.7 90.3 60.7 58.7 58.8 60.2
13 27.6 27.7 34.9 27.7 25.7 25.7 28.4
14 23.2 23.3 21.3 23.3 22.6 22.6 23.3
15 45.1 45.0 45.1 45.1 45.2 45.3 53.5
17 165.2 165.1 166.0 165.1 166.1 166.2 165.1
18 55.2 57.6 57.9 57.8 48.8 49.5 48.0
19 120.0 121.8 121.2 121.4 122.7 122.7 45.5
20 140.9 138.7 139.2 139.2 136.0 135.4 81.3
21 18.5 17.9 17.9 18.1 18.3 18.6 25.6
22 25.8 25.3 25.4 25.4 28.8 28.9 26.5
23 38.6 38.8 120.7 48.7 48.6 86.7
24 117.4 117.1 127.7 74.6 74.1 117.4
25 137.7 138.0 81.6 144.7 144.8 145.3
26 18.2 18.0 24.5 112.9 112.4 18.9
27 25.6 25.7 24.5 18.8 18.9 23.8
6-OMe 55.7 55.6 55.5 55.6 55.8 55.8 55.6

a Spectra were recorded at 150 MHz for 13C using TMS as internal standard.

Table 1
1H NMR data for compounds 1–7 in CDCl3

a

Position dH (mult., J in Hz)

1 2 3 4 5 6 7

4 7.43 (d, 8.7) 6.98 (d, 8.2) 6.98 (d, 8.3) 7.03 (d, 8.2) 7.85 (d, 8.7) 7.85 (d, 8.7) 8.12 (d, 8.7)
5 6.36 (dd, 1.9, 8.7) 6.56 (dd, 2.3, 8.3) 6.57 (dd, 2.3, 8.3) 6.62 (dd, 2.3, 8.2) 6.81 (dd, 2.1, 8.7) 6.80 (dd, 2.3, 8.7) 6.87 (dd, 2.1, 8.7)
7 6.24 (d, 1.9) 6.40 (d, 2.3) 6.42 (d, 2.3) 6.69 (d, 2.3) 6.89 (d, 2.1) 6.72 (d, 2.3) 6.59 (d, 2.1)
8 4.75 (s) 4.82 (s) 4.82 (s) 4.84 (s) 5.73 (d, 2.4) 5.70 (d, 1.9)
12 4.60 (dd, 7.3, 9.6) 4.62 (dd, 6.7, 9.6) (4.62, dd, 7.8, 9.2) 4.41 (dd, 7.3, 10.1) 4.40 (dd, 7.3, 10.1) 4.99 (dd, 8.2, 8.3)
13 2.06 (m) 2.09 (m) 2.28 (m) 2.10 (m) 2.08 (m) 2.07 (m) 1.97 (m)

2.37 (m) 2.38 (m) 2.36 (m) 2.38 (m) 2.45 (m) 2.44 (m) 2.43 (m)
14 1.94 (m) 1.97 (m) 2.03 (m) 1.97 (m) 1.97 (m) 1.95 (m) 1.97 (m)

2.06 (m) 2.05 (m) 2.18 (m) 2.05 (m) 2.08 (m) 2.07 (m) 2.23 (m)
15 3.56 (m, 2H) 3.59 (m, 2H) 3.57 (m) 3.58 (m, 2H) 3.63 (m, 2H) 3.61 (m, 2H) 3.67 (m, 2H)

3.77 (m)
18 4.80 (s) 4.86 (d, 8.7) 4.86 (d, 8.9) 4.88 (d, 9.1) 6.00 (d, 10.4) 6.26 (d, 10.4) 6.34 (d, 9.5)
19 4.80 (s) 4.90 (d, 8.7) 4.91 (d, 8.9) 4.90 (d, 9.1) 4.67 (d, 10.4) 4.63 (d, 10.4) 1.87 (d, 13.7)

1.93 (dd, 9.5, 13.7)
21 1.56 (s, 3H) 1.07 (s, 3H) 1.09 (s, 3H) 1.11 (s, 3H) 2.02 (s, 3H) 2.04 (s, 3H) 2.03 (s, 3H)
22 1.76 (s, 3H) 1.61 (s, 3H) 1.62 (s, 3H) 1.62 (s, 3H) 1.63 (s, 3H) 1.62 (s, 3H) 1.01 (s, 3H)
23 4.23 (dd, 15.1, 6.4) 4.23 (dd, 15.4, 6.4) 6.62 (d, 15.1) 3.96 (dd, 4.1, 15.1) 4.05 (dd, 2.3, 15.1) 6.67 (d, 8.3)

4.40 (dd, 15.1, 6.9) 4.41 (dd, 15.4, 7.8) 4.10 (dd, 8.7, 15.1) 3.83 (dd, 8.7, 15.1)
24 5.13 (t, 6.4, 6.9) 5.13 (t) 6.49 (d, 15.1) 4.46 (dd, 4.1, 8.3) 4.25 (br d, 8.7) 5.05 (dd, 7.8, 1.4)
26 1.82 (s, 3H) 1.83 (s, 3H) 1.47 (s, 3H) 4.96 (s) 4.98 (s) 1.78 (s, 3H)

5.04 (s) 5.12 (s)
27 1.73 (s, 3H) 1.73 (s, 3H) 1.47 (s, 3H) 1.79 (s, 3H) 1.86 (s, 3H) 1.71 (s, 3H)
6-OMe 3.80 (s, 3H) 3.81 (s, 3H) 3.82 (s, 3H) 3.83 (s, 3H) 3.86 (s, 3H) 3.86 (s, 3H) 3.82 (s, 3H)
8-OH 5.38 (br s) 2.98 (br s) 2.79 (br s) 3.22 (br s) 4.73 (d, 2.4) 4.76 (d, 1.9)
9-OH 7.42 (br s) 7.44 (br s) 8.53 (br s) 6.98 (br s) 4.05 (br s) 4.26 (br s) 6.34 (br s)
12-OH 5.13 (s)

a Spectra were recorded at 600 MHz for 1H using TMS as internal standard.
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in 1 and the original 2-position amine carbonyl (dC 180.5) of oxin-
dole core in 8 being ketone carbonyl (dC 200.1) in 1. It suggested that
1 has a different biosynthetic pathway from that of 8 to form an-
other spiro mode with the spiro carbon (dC 75.4, C-2) at the 2-po-
sition of the oxindole core (Tables 1 and 2, Fig. 1). These changes of
structure were confirmed by the key HMBC correlations from H-8
(dH 4.75, s) to C-2 (dC 75.4), C-3, and C-17 (dC 165.2), from 9-OH (dH

7.42, br s) to C-8 (dC 73.5), C-9 (dC 86.3), and C-17, and from H-4 (dH

7.43, d, J¼8.7 Hz), H-18 (dH 4.80, s), and 8-OH to C-3. All the other
locations of protons and carbons were further determined by
HMQC, 1H–1H COSY, and HMBC experiments and the key signals of
COSY and HMBC correlations are shown in Figure 2.

The relative stereochemistry of 1 was determined on the basis of
the NOESY spectrum. NOESY correlations (Fig. 3) between H-8 and
H-19, between 8-OH and H-18, H-7, 9-OH, and between 9-OH and
H-12, H-18 showed that H-7, H-12, H-18, 8-OH, and 9-OH in 1 were
on the same side, while H-8, H-19, and H-4 were on the opposite
side. The absolute stereochemistry of C-12 of the proline residue in
1 was determined by chiral capillary electrophoresis analysis of the
acidic hydrolyzate of 1 (Fig. 4). The resulting L-configuration of
proline was assigned and thus the C-12 was in S-configuration.
So the absolute stereochemistry of 1 was established as
2S,8S,9R,12S,18S (Fig. 1).

Compound 2 was isolated as a pale yellow amorphous powder.
The molecular formula was determined as C27H33N3O6 by HRESIMS
(found m/z 518.2255 [MþNa]þ, calcd 518.2267). Based on the de-
tailed analysis of NMR data (Tables 1 and 2), compound 2 showed
the same spiro-oxindole skeleton as that of 8 with the exception of
the presence of two hydroxyl groups (8-OH and 9-OH) and an
isoprenyl unit (C-23 to C-27) attached to the indole N-1-position in
2. HMBC correlations from 9-OH (dH 7.44, br s) to C-9 (dC 87.1) and
C-17 (dC 165.1) and from H-8 (dH 4.82, s) to C-2 (dC 178.9), C-3 (dC

60.9), and C-17 confirmed the locations of 8-OH (dH 2.98, br s) and
9-OH. The isoprenyl group connection to N-1 in 2 was confirmed by
HMBC correlations from both protons of H-23a (dH 4.23, dd, J¼15.1,
6.4 Hz), H-23b (dH 4.40, dd, J¼15.1, 6.9 Hz) to C-2 and C-7a (dC

144.6).
NOESY correlations between H-8 and H-19, H-4, and between 9-
OH and H-18, H-12, 8-OH showed that H-8, H-4, and H-19 in 2 were
all in the same side, while H-12, H-18, 8-OH, and 9-OH should be
oriented in the opposite direction in 2 (Fig. 3). The absolute con-
figuration of C-12 in 2 was determined as S configuration by acidic
hydrolysis of 2, as one of the products was identified as L-Pro
(Fig. 4). Therefore, the absolute stereochemistry of 2 was
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determined as 3S,8S,9R,12S,18S in Figure 1, and was given the name
spirotryprostatin C.

Compound 3 was obtained as pale yellow amorphous powder.
The molecular formula was determined as C27H33N3O7 by HRESIMS
(found m/z 534.2198 [MþNa]þ, calcd 534.2216). Comparison of the
1H and 13C NMR data with those of 2 (Tables 1 and 2) showed that 3
owned the same molecular skeleton as 2, except for H-12 (dH 4.62, t,
J¼6.7, 9.6 Hz) in 2 being replaced by 12-OH in 3. This difference could
be confirmed by the replacement of a methine carbon (dC 60.7) in 2
by an oxygenated quaternary carbon (dC 90.3) in 3, which led to the
downfield shift of C-13 (dC 34.9) and the upfield shift of C-14 (dC 21.3)
in 3. The stereochemistry of 3 was identical with 2, which was de-
termined by NOESY correlations (Fig. 3). Thus, the structure of 3 was
determined (Fig. 1), and named spirotryprostatin D.

Compound 4 was isolated as pale yellow amorphous powder.
The molecular formula was determined as C27H33N3O8 by HRESIMS
(found m/z 550.2169 [MþNa]þ, calcd 550.2165). Analysis and
comparison of 1D NMR data (Tables 1 and 2) suggested that 4 had
the same molecular skeleton as 2 with the exception of a hydro-
peroxy isoprenyl group linked to N-1 in 4. Detailed analysis of 1D
NMR spectra revealed two methyl groups (dH 1.47, s, dC 24.5, CH3-
26; dH 1.47, s, dC 24.5, qC, CH3-27), one bisubstituted double bond
(dH 6.62, d, J¼15.1 Hz, H-23; dH 6.49, d, J¼15.1 Hz, H-24, dC 120.7, C-
23; dC 127.7, C-24), and a hydroperoxyl-bearing quaternary carbon
(dC 81.6, C-25), which indicated that 4 had a hydroperoxy isoprenyl
group in agreement with the molecular weight. By further com-
parisons of NMR data of 4 with those of 2, the stereochemistry of 4
was established the same as 2. Thus, the structure of 4 was iden-
tified (Fig. 1), and named spirotryprostatin E.

Compounds 5 and 6, obtained as pale yellow amorphous pow-
der and colorless crystalline solid, had the same molecular formula,
C27H33N3O6, according to HRESIMS (found m/z 518.2277 and
518.2261 [MþNa]þ, calcd 518.2267), respectively. The UV, IR, and
NMR spectra all showed the presence of indole diketopiperazine
system in 5 and 6. Comparison of the 1D NMR spectral data of 5 and
6 (Tables 1 and 2) with those of 10 suggested that they had the
same molecular framework except for the difference of the iso-
prenyl side chain attached to N-1. Interpretation of the 1H and 13C
NMR spectral data of 5 and 6 revealed that the isopent-2-enyl at N-
1 in 10 was substituted by a 2-hydroxyisopent-3-enyl (5, dH 4.46,
dd, J¼4.1, 8.3 Hz, H-24, dC 74.6, d, C-24; 6, dH 4.25, br d, J¼8.7 Hz, dC
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74.1) in 5 and 6 (Tables 1 and 2). Detailed analysis of 1H and 13C
NMR spectral data of 5 with those of 6 found that they had the same
structure only differing in the stereochemistry of C-24, which also
could be confirmed by their optical rotations (5 [a]D

20 �5.7, 6 [a]D
20

15.0). The stereochemistry of the pentacyclic ring skeleton of 5 and
6 was the same as compound 10, which could be determined by the
NOE correlations in 5 between H-8 and H-19, H-4, and between H-
18 and 9-OH, 8-OH (Fig. 3). These data suggested that 5 and 6 were
the epimers with different chirality only on the side chain.

Compound 7 was isolated as colorless crystalline solid. The
HRESIMS (found m/z 510.2229 [MþH]þ, calcd 510.2240), coupled
with NMR data, suggested its molecular formula as C27H31N3O7. The
direct comparisons of 1H and 13C NMR spectra of 7 (Tables 1 and 2)
with those of 11, coupled with the structure information from the
elemental composition and the UV and IR spectra, led us to con-
sider that 7 was an analogue of 11. Besides the carbonyl (dC 181.9)
substitution for the oxygenated methine of C-8 (dH 5.70, s, dC 69.0)
was observed. Accordingly, the compound 7 was determined and
named as 13-oxoverruculogen (Fig. 1).

To date, including 7 new compounds (1–7) and 1 known (12) in
this paper, there are 25 alkaloids in this family isolated from A.
fumigatus. Although there are no sufficient evidences, it can be
reasonably and safely assumed that these substances are fashioned
from L-tryptophan, L-proline, L-methionine (the source of the aro-
matic methyl ether carbon), and one or more isoprene moieties
derived from mevalonate, closely parallels that of the fumi-
tremorgin B (10) and verruculogen (11).26–28 The co-existence of
these substances in cultures of A. fumigatus suggests a biosynthetic
relationship between them.29

All new compounds, except 1 (1 only for HL-60 and A549), were
evaluated for their cytotoxicities against MOLT-4, HL-60, A549, and
BEL-7402 cell lines (IC50 values are shown in Table 3). They showed
the selected activity to the four cancer cell lines and further analysis
of the activity data suggested that compounds 4–6 showed better
susceptivity to MOLT-4, HL-60, and A549 than those of compounds
1–3 and 7. VP16 was used as positive control and its IC50 values to
above four cell lines are shown in Table 3.
3. Experimental

3.1. General experimental procedures

Optical rotations were obtained on a JASCO P-1020 digital po-
larimeter. UV spectra were recorded on Beckman DU 640 spec-
trophotometer. IR spectra were taken on a Nicolet NEXUS 470
spectrophotometer in KBr disks. 1H, 13C NMR and DEPT spectra,
and 2D NMR were recorded on a JEOL JNM-ECP 600 spectrometer.
Chemical shifts are given in d (ppm) scale with TMS as an internal
standard. NOESY experiments were carried out using a mixing
time of 0.5 s. HRESIMS spectra were measured on a Q-Tof Ultima
GLOBAL mass spectrometer. Semi-preparative HPLC was per-
formed using an ODS column [YMC-Pack ODSA, 250�10 mm,
5 mm, 4 mL/min] and monitored by UV detector. Agilent HP3D

capillary electrophoresis system (Agilent, USA) was performed



Table 3
Cytotoxicities of compounds 1–7 in four cancer cell lines

Compound Cytotoxicity (IC50, mM)

MTT SRB

MOLT-4 cells HL-60 cells A-549 cells BEL-7402 cells

1 d 125.3 Not active d

2 25.7 43.5 35.9 68.8
3 25.7 45.0 35.5 17.5
4 3.1 2.3 3.1 98.4
5 11.0 3.4 11.0 7.0
6 11.0 5.4 11.6 10.8
7 25.7 1.9 16.9 25.6
VP16 0.003 0.083 1.400 1.025
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using an uncoated fused-silica capillary column [a total length of
55 cm and an effective length of 46.5 cm (Yongnian, Hebei Prov-
ince, China)].
3.2. Fungal material

The isolated A. fumigatus originated from holothurian S. japo-
nicus, collected in August 2005 from Lingshan Island, Qingdao,
China.
3.3. Fermentation, extraction, and isolation

The fungus was inoculated into 500 mL Erlenmeyer flasks con-
taining 150 mL liquid medium (maltose 20 g, mannitol 20 g, glu-
cose 10 g, monosodium glutamate 10 g, KH2PO4 0.5 g, MgSO4 0.3 g,
yeast extract paste 3 g, and maize paste 1 g dissolved in 1 L sea-
water, pH 6.5), followed by shaking incubation at 165 rpm for nine
days at 28 �C. The fermented whole broth (60 L) was filtered
through cheesecloth to separate into supernatant and mycelia. The
former was concentrated under reduced pressure to about a quar-
ter of the original volume and then extracted three times with ethyl
acetate to give an ethyl acetate solution, while the latter was
extracted three times with acetone. The acetone solution was
concentrated under reduced pressure to afford an aqueous solu-
tion. The aqueous solution was extracted three times with ethyl
acetate to give another ethyl acetate solution. Both ethyl acetate
solutions were combined and concentrated under reduced pres-
sure to give a crude extract (100 g).

The crude extract was subjected to chromatography over silica
gel column using a stepwise gradient elution of petroleum ether/
CHCl3/MeOH, to yield 10 fractions (1–10). Fraction 3 was sub-
jected to Sephadex LH-20 eluting with CHCl3/MeOH (1:1), fol-
lowed by chromatographing on a silica gel column eluting with
CHCl3/MeOH (60:1), to afford three subfractions, and compounds
2 (110 mg), 3 (2.5 mg), 4 (3.6 mg), 7 (30.1 mg), 5 (7.5 mg), 6
(8.0 mg), 9 (92.5 mg), 10 (28.2 mg), and 11 (3.0 mg) were purified
by extensive preparative HPLC using MeOH/H2O (70:30) from
subfraction 3-2. Fraction 5 was subjected to chromatography over
silica gel column using a stepwise gradient elution of petroleum
ether/acetone to yield subfraction 5-2, and the known compounds
8 (4.1 mg), 18 (69.0 mg), 17 (83.3 mg), 15 (72.1 mg), 14 (16.0 mg),
and 16 (9.0 mg) were purified by extensive preparative HPLC
using MeOH/H2O (58:42) from the subfraction 5-2. Fraction 6 was
subjected to repeated silica gel column chromatography using
a stepwise gradient elution of petroleum ether/CHCl3/MeOH
to yield subfraction 6-2-3. The subfraction 6-2-3 was separated
by extensive preparative HPLC using MeOH/H2O (30:70) to
yield compounds 12 (2.1 mg), 13 (177.0 mg), 19 (8.7 mg), and 1
(21.6 mg).
3.3.1. Compound 1
Pale yellow amorphous solid; [a]D

22 147.2 (c 0.1, CHCl3); UV
(MeOH) lmax (log 3) 202 (4.35), 220 (4.29), 251 (4.24), 286 (4.09),
392 (3.53) nm; IR (KBr) nmax 3281, 2970, 2937, 2877, 1652, 1619,
1414, 1388, 1308, 1209, 1162, 1096, 1063, 1010, 944, 759 cm�1; CD
(MeOH) 203 (D3 þ3.7), 221 (�3.2), 233 (�1.2), 255 (�5.2), 269
(�1.6), 277 (�2.0), 307 (þ3.9), 331 (þ0.4), 387 (þ2.3) nm; ESIMS
m/z 450.2 [MþNa]þ, 877.4 [2MþNa]þ; HRESIMS m/z 450.1620
[MþNa]þ (calcd for C22H25N3O6Na, 450.1641); 1H and 13C NMR data
are shown in Tables 1 and 2.

3.3.2. Compound 2
Pale yellow amorphous powder; [a]D

20 �76.5 (c 0.1, CHCl3); UV
(MeOH) lmax (log 3) 204 (5.00), 210 (4.96), 221 (4.75), 257 (3.81),
269 (3.79), 286 (3.79), 294 (3.74) nm; IR (KBr) nmax 3414, 3250,
2932, 1681, 1619, 1491, 1386, 1297, 1161, 1033, 924, 831, 750,
633 cm�1; CD (MeOH) 194 (D3 þ3.4), 208 (�24.8), 221 (�23.9), 222
(�38.4), 240 (þ13.7), 253 (�0.8), 265 (þ0.3), 292 (�3.5), 327
(�0.2) nm; ESIMS m/z 478.1 [M�H2OþH]þ, 518.1 [MþNa]þ; HRE-
SIMS m/z 518.2255 [MþNa]þ (calcd for C27H33N3O6Na, 518.2267);
1H and 13C NMR data are shown in Tables 1 and 2.

3.3.3. Compound 3
Pale yellow amorphous powder; [a]D

20 �73.6 (c 0.1, CHCl3); UV
(MeOH) lmax (log 3) 204 (4.38), 221 (4.31), 257 (3.53), 268 (3.51),
285 (3.46), 293 (3.40) nm; IR (KBr) nmax 3414, 3148, 2947, 1678,
1616, 1478, 1390, 1297, 1157, 1029, 819, 753 cm�1; CD (MeOH) 196
(D3 þ10.5), 206 (�11.1), 212 (�7.9), 224 (�18.2), 241 (�1.9), 249
(�4.6), 270 (�0.4), 292 (�2.4), 327 (�0.5) nm; ESIMS m/z 494.2
[M�H2OþH]þ, 534.2 [MþNa]þ; HRESIMS m/z 534.2198 [MþNa]þ

(calcd for C27H33N3O7Na, 534.2216); 1H and 13C NMR data are
shown in Tables 1 and 2.

3.3.4. Compound 4
Pale yellow amorphous powder; [a]D

20 �60.9 (c 0.1, CHCl3); UV
(CHCl3) lmax (log 3) 243 (3.90), 275 (3.41), 284 (3.39), 294 (3.13) nm;
IR (KBr) nmax 3313, 3184, 2955, 1678, 1495, 1398, 1262, 1095, 1033,
944, 804, 703, 641 cm�1; ESIMS m/z 550.3 [MþNa]þ, 1077.6
[2MþNa]þ; HRESIMS m/z 550.2169 [MþNa]þ (calcd for
C27H33N3O8Na, 550.2165); 1H and 13C NMR data are shown in Ta-
bles 1 and 2.

3.3.5. Compound 5
Pale yellow amorphous powder; [a]D

20 �5.7 (c 0.1, CHCl3); UV
(MeOH) lmax (log 3) 223 (4.53), 240 (4.29), 266 (3.78), 276 (3.88),
294 (3.88), 303 (3.81) nm; IR (KBr) nmax 3433, 2932, 2858, 1666,
1449, 1371, 1250, 1153, 1084, 955, 819, 753, 617, 555 cm�1; ESIMS
m/z 496.1 [MþH]þ, 518.1 [MþNa]þ; HRESIMS m/z 518.2277
[MþNa]þ (calcd for C27H33N3O6Na, 518.2267); 1H and 13C NMR data
are shown in Tables 1 and 2.

3.3.6. Compound 6
Colorless crystalline solid; [a]D

20 15.0 (c 0.1, CHCl3); UV (MeOH)
lmax (log 3) 210 (5.17), 221 (4.94), 237 (4.60), 268 (4.05), 276 (4.11),
295 (4.11), 305 (4.02) nm; IR (KBr) nmax 3445, 2932, 1662, 1452,
1375, 1247, 1153, 1080, 955, 816, 750, 617, 540 cm�1; ESIMS m/z
496.1 [MþH]þ, 518.1 [MþNa]þ; HRESIMS m/z 518.2261 [MþNa]þ

(calcd for C27H33N3O6Na, 518.2267); 1H and 13C NMR data are
shown in Tables 1 and 2.

3.3.7. Compound 7
Colorless crystalline solid; [a]D

20 83.8 (c 0.1, CHCl3); UV (MeOH)
lmax (log 3) 210 (4.45), 220 (4.34), 248 (4.19), 283 (4.02), 320
(3.88) nm; IR (KBr) nmax 3443, 3317, 2971, 2936, 2905, 2882, 2823,
1684, 1648, 1542, 1499, 1452, 1415, 1359, 1242, 1150, 1064, 1041, 932,
816, 664 cm�1; ESIMS m/z 510.1 [MþH]þ, 532.1 [MþNa]þ; HRESIMS
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m/z 510.2229 [MþH]þ (calcd for C27H32N3O7, 510.2240); 1H and 13C
NMR data are shown in Tables 1 and 2.
3.4. Amino acid analysis of 1, 2, and 8

Compounds 1 (1.2 mg), 2 (1.2 mg), and 8 (1.2 mg) were each
dissolved in 6 N HCl and heated at 105 �C for 24 h in three sealed
tubes. The solutions were evaporated to dryness under reduced
pressure. The residue was stirred in 1 mL of deionized water, re-
spectively, and then filtrated with microporous membrane (B
50 mm). The amino acid derivatisation was performed according to
the specifications of the Waters AccQ-Tag method: 10 mL of sample,
20 mL of 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC)
reagent, and 70 mL of 0.2 M borate buffer (pH 8.8) were mixed in
a small tube. This solution was heated for 10 min at 55 �C. Excessive
AQC reagent was degraded as 6-aminoquinoline (AMQ), N-
hydroxysuccinimide (NHS), and carbon dioxide. Standard solutions
of amino acids were D-Pro and L-Pro.

Samples were loaded by pressure injection at 50 mbar for 5 s.
Analytical conditions: 40 mM Tris–H3PO4 (pH 6.50) containing
20 mg/mL HP-b-CD, voltage 30 kV, temperature 25 �C, UV detection
wavelength 240 nm. The results showed that the products of acidic
hydrolysis of 1, 2, and 8 contained L-Pro by comparison with the
standard and further confirmed the Pro in the structure of the three
compounds were in L-configuration (Fig. 4).
3.5. Biological assays

Active fractions were assayed using the MTT method with P388
cell line. Cytotoxic activities of compounds were evaluated by MTT
method30 using P388 and HL-60 cell lines, and SRB method31 using
A549 and BEL-7402 cell lines.

In MTT assay, the cell suspensions (200 mL) at a density of
5�104 cells mL�1 were plated in 96-well microtiter plates and in-
cubated for 24 h at 37 �C in a humidified incubator at 5% CO2. The
test compound solution (2 mL in DMSO) at different concentrations
was added to each well and further incubated for 72 h in the same
condition. Then 20 mL of the MTT solution was added to each well
and incubated for 4 h. The old medium (150 mL) containing MTT
was then gently replaced by DMSO and pipetted to dissolve any
formazan crystals formed. Absorbance was then determined on
a Spectra Max Plus plate reader at 540 nm.

In SRB assay, 200 mL of the cell suspensions was placed in 96-cell
plates at a density of 2�105 cell mL�1. Then 2 mL of the test com-
pound solutions (in MeOH) at different concentrations was added
to each well and the culture was further incubated for 24 h at 37 �C
in a humidified incubator at 5% CO2. Following drug exposure, the
cells were fixed with 12% trichloroacetic acid and the cell layer was
stained with 0.4% SRB. The absorbance of SRB solution was mea-
sured at 515 nm. Dose–response curves were generated and the
IC50 values were defined as the concentration of compound re-
quired for inhibiting cell proliferation by 50%.
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