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ABSTRACT: Four new cytochalasans, marchaetoglobins A−D (1−4), along with five known compounds (5−9), were isolated
from the marine-sponge-associated fungus Chaetomium globosum 162105. Compounds 1−4 represent examples of 19,20-seco-
chaetoglobosins, of which compound 1 is the first furan-containing cytochalasan. Their structures and absolute configurations were
elucidated by extensive spectroscopic analyses and electronic circular dichroism calculations. Compounds 5, 8, and 9 displayed weak
to moderate antibacterial activities against Bacillus thuringiensis, Edwardsiella piscicida, Vibrio alginolyticus, and Pseudomonas syringae
pv. actinidiae with minimum inhibitory concentration values ranging from 5 to 25 μg/mL. In addition, compounds 2, 3, and 5
showed potent in vivo proangiogenic activity in transgenic zebrafish, comparable to the positive control.

■ INTRODUCTION
Cytochalasans, a well-established group of fungal metabolites,
are characterized by a perhydroisoindolone fused with an 11-
to 16-membered macrocyclic ring through the PKS-NRPS
hybrid biosynthesis pathway.1−3 Based on the amino acids
involved in the biosynthesis, cytochalasans could be catego-
rized into six groups of cytochalasins, chaetoglobosins,
pyrichalasins, aspochalasins, alachalasins, and trichalasins.4 To
date, more than 500 cytochalasans were isolated from fungi,
most of which possess a macrocycle bearing either a carbon
ring, a lactone, or a cyclic carbonate traditionally.5,6 Several
cytochalasans with a macrocyclic ring opening, named seco-
cytochalasans, were reported so far and enriched the structural
diversity of the cytochalasan family.7 Although these seco-
cytochalasans account for an extremely small proportion of
cytochalasans, they display a wide range of biological activities,
notably 19,20-seco-cytochalasins. Only 11 19,20-seco-cytocha-
lasans named armochaetoglobins A−E,8 salchaetoglobosins A
and B,9 armochaetoglasins B and C,10 armochaetoglasin L,11

and yamchaetoglobosin A12 have been reported and display
various biological activities including cytotoxic, anti-inflamma-

tory, antitumor, and antimicrobial properties. These 19,20-
seco-cytochalasans generally exhibited a fatty acid chain
attached to C-9, with only armochaetoglobin A displaying a
pyrrole functional group. Owing to these intricate and highly
functionalized structures, cytochalasans have garnered consid-
erable interest from the chemical and pharmacological
scientific communities.4

In the search for new cytochalasans from marine fungi, four
novel 19,20-seco-chaetoglobosins, marchaetoglobins A−D (1−
4), together with five known compounds (5−9) (Figure 1)
were obtained from the EtOAc extract of Chaetomium
globosum 162105. To the best of our knowledge, compound
1 is the first isolated cytochalasan containing a furan ring. In
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this study, we present the isolation and structural elucidation as
well as antimicrobial and proangiogenic activities of com-
pounds 1−9.

■ RESULTS AND DISCUSSION
The molecular formula C32H36N2O4 of marchaetoglobin A (1),
with 16 double-bond equivalents, was deduced from the
protonated ion peak at m/z 513.2754 [M + H]+ in the
HRESIMS spectrum. The IR spectrum exhibited strong
absorbance bands for the hydroxy (3336 cm−1) and carbonyl
(1677 cm−1) groups. The 1H NMR spectrum of 1 (Table 1)
displayed five aromatic protons assignable to a 3-substituted
indoyl moiety [δH 7.07 (1H, t, J = 7.2 Hz), 7.32 (1H, q, J = 7.8
Hz), 6.97 (1H, t, J = 7.4 Hz), 6.84 (1H, s), and 7.30 (1H, q, J
= 8.1 Hz)]. Six aromatic or olefinic protons [δH 7.54 (1H, s),
6.36 (1H, s), 6.19 (1H, d, J = 2.6 Hz), 6.03 (1H, dd, J = 15.3,
9.6 Hz), 5.10 (1H, m), and 6.30 (1H, d, J = 9.8 Hz)] and one
aldehyde proton [δH 9.30 (1H, s)] were also observed.
Detailed analysis of the 13C NMR and HSQC spectra revealed
the presence of 32 carbon resonances, including four methyls,
two methylenes, 17 methines (one aldehyde at δC 197.6, 11
olefinic or aromatic at δC 108.4, 111.3, 131.8, 131.8, 142.7,
162.2, 112.3, 119.1, 119.7, 122.4, and 124.5), and nine
nonprotonated carbons (one carbonyl at δC 177.5, four olefinic
or aromatic at δC 128.0, 133.9, 138.9, and 156.9).
The planar structure was elucidated by 1H−1H COSY and

HMBC spectra (Figure 2). The HMBC correlations from H-4′
to C-1′a and C-3′a, from H-2′ to C-1′a, C-3′a, and C-3′, and
from H-7′ to C-1′a, combined with COSY correlations of H-
4′/H-5′/H-6′/H-7′, allowed for the construction of a 3-
substituted indolyl moiety. Meanwhile, the core structure
isoindolone moiety was established by consecutive 1H−1H
COSY correlations of H-3/H-4 and H-7/H-8, coupled with
the long-range HMBC correlations from H-4 to C-1 and C-5,
from H3-11 to C-4, C-5, and C-6, from H3-12 to C-5, C-6, and

C-7, and from H-8 to C-9 and C-1. The location of the 3-
substituted indolyl moiety was assigned to C-3 through C-10
by the HMBC correlations from H-10 to C-2′, C-3′, and C-3′a
and COSY correlations from H-3 to H-10. The aliphatic chain
at C-8 was deduced from the HMBC correlations from 16-Me
to C-15, C-16, and C-17 and from 18-Me to C-17, C-18, and
C-19, coupled with COSY cross-peaks of H-8/H-13/H-14/H-
15/H-16/H-17. The HMBC correlations from H-20 and H-22
to C-23 and the 1H−1H COSY correlations of H-20/H-21/H-
22 demonstrated the presence of the furan ring. In addition,
the HMBC correlations from H-8 to C-23 indicated that the
furan ring was attached at C-9. Finally, the rest of the OH in
the molecular formula and its location at C-7 (δH 3.92, δC
71.0) were assigned in 1. The planar structure of 1 was thus
elucidated as shown in Figure 2.
The structure of 1 totally possesses 6 stereocenters, and the

relative configuration of 1 was evidenced by J-based
configuration analysis and the ROESY experiment (Figure
3). The large coupling constant of J13,14 (15.3 Hz) and the
ROESY correlation of H-16/18-Me suggested the E-geometry
of Δ13,14 and Δ17,18. The ROESY correlations of H3-11/H-3,
H3-11/H3-12, H3-12/H-7, and H-7/H-13 indicated that they
were cofacial, assigned as being in the α-orientation. Moreover,
the ROESY interactions of H-4 with H-8, H-10, and H-22
revealed the β-orientation of H-4 and H-8 and the cis ring
junction of the pyrrolidine-2-one moiety and cyclohexane ring.
The absolute configuration of compound 1 was determined

by comparison of the calculated electronic circular dichroism
(ECD) using TDDFT performed with Gaussian 09 program.
The ECD spectra of 3S ,4R ,7S ,8R ,9R ,16R -1 and
3S,4R,7S,8R,9R,16S-1 were measured by Boltzmann distribu-
tion theory and relative Gibbs free energy (ΔG). The
experimental ECD curves displayed a good agreement with
the calculated ECD spectra of 3S,4R,7S,8R,9R,16R-1 and
3S,4R,7S,8R,9R,16S-1 (Figure 4). Thus, the absolute config-

Figure 1. Structures of compounds 1−9.
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uration of 1 was assigned as 3S,4R,7S,8R,9R, with C-16 being
unsolved. Taking the biosynthetic pathway of cytochalasans
into consideration,13,14 the configuration of C-16 was
determined as S. These data confirmed compound 1, as a
new 19,20-seco-chaetoglobosin alkaloid, which is characterized
by a bicyclic isoindolone integrated with an aliphatic chain, a
furan ring, and an indolyl group. To the best of our knowledge,
this is the first isolation of cytochalasan with a furan ring.
The molecular formula of marchaetoglobin B (2) was

determined as C32H36N2O6 by HRESIMS and NMR data,
which corresponded to 16 degrees of unsaturation. The 1D
NMR data of 2 (Table 1) exhibited close similarity to those of
1 except for an aliphatic chain (C-20−C-23) instead of a furan
ring at C-9 in 1. This assumption was corroborated by the
HMBC correlations from H-21 to C-20 and C-23, from H-22
to C-23, and from H-4 to C-23, as well as the 1H−1H COSY
spin system of H-21/H-22. Detailed ROESY analysis (Figure
3) and biosynthetic considerations suggested that 2 possessed
the same relative configurations of 1.13,14 As shown in Figure 4,
the experimental ECD curves of 2 matched well with the
calculated ECD curves of (3S,4R,7S,8R,9R)-2 and assigned the

absolute configuration of 2 as 3S,4R,7S,8R,9R. The config-
uration of C-16 was the same as that in compound 1 based on
the biosynthetic considerations.
HRESIMS data of marchaetoglobin C (3) showed a

protonated molecule at m/z 545.2646 [M + H]+ (calcd for
C32H37N2O6, 545.2652), accountable to a molecular formula of
C32H36N2O6, isomeric to 2. The NMR data for 3 were nearly
akin to those of 2, with a few notable exceptions. The
difference observed in 3 was the occurrence of signals
corresponding to an epoxide unit (δC = 58.8, 62.8; δH =
2.83) and the hydrogenation of a carbon−carbon double bond
(δC = 58.8, 37.1; δH = 1.84). This assignment was confirmed
by the HMBC correlations from H3-11 to C-4, C-5, and C-6
and from H3-12 to C-5, C-6, and C-7. The relative
configuration of 3 was deduced by a ROESY experiment.
The large coupling constant of J13,14 (15.1 Hz) and J21,22 (15.4
Hz) and the ROESY correlation of H-16/18-Me indicated the
E-geometry of Δ13,14, Δ21,22, and Δ17,18.
The ROESY correlations of H3-11/H-3, H3-12/H-3, and H3-

12/H-7 indicated that they were assigned as being in the α-
orientation. Furthermore, the ROESY interactions of H-4 with
H-10 and H-22 revealed the β-orientation of H-4 and the cis
ring junction of the pyrrolidine-2-one and the cyclohexane
moiety (Figure 3). The absolute configuration of 3 was
assigned as 3S,4R,5S,6R,7S,8R,9R,16S based on ECD calcu-
lation (Figure 4) and the biosynthetic pathway of cytochala-
sans.13,14

The HRESIMS spectrum of marchaetoglobin D (4)
exhibited a molecular formula of C32H36N2O6, isomeric with
2. The NMR data closely resembled those of 2 except for the
double bond Δ5,6 in 2 being transferred to Δ6,12 in 4. This
deviation was established by the NMR signals due to an
exocyclic olefin (δC 113.9; δH 5.21, 5.03) and HMBC
correlations from H2-12 to C-5 and C-7. The ROESY
correlations of H3-11/H-3, H-3/H-12, and H-12/H-7
indicated that they were cofacial, assigned as being in the α-
orientation. Moreover, the ROESY interactions of H-4 with H-
8 revealed the β-orientation (Figure 3). The absolute
configuration of 4 was assigned as 3S,4R,5S,7S,8R,9R,16S by
comparison of the experimental and calculated ECD spectra of
4 (Figure 4) and the biosynthetic pathway of cytochala-
sans.13,14

Five known compounds were identified as chaetoglobosin O
(5),16 cytoglobosin B (6),15 prochaetoglobosin IIIed (7),17

armochaetoglasin F (8),10 and chaetoglobosin J (9)18 by
interpretation of spectroscopic data and comparison with the
reported data.
We next investigated the proangiogenic and antibacterial

activities of compounds 1−9. The in vivo proangiogenic
activity of the isolates was evaluated in transgenic fluorescent
zebrafish Tg(vegfr2-GFP) mode. As shown in Figure 5,
compounds 1−3 and 5−7 increased the number of
intersegmental blood vessels (ISVs) in zebrafish at a
concentration of 40 μg/mL. Next, a transgenic fluorescent
zebrafish Tg(flk1:EGFP) model was used to further confirm
the proangiogenic activity of compounds 1−3, 5, and 7 at
different concentrations. The quantitative analysis revealed that
compounds 2, 3, and 5 exhibited potent proangiogenic
activities at a concentration of 80 μM, comparable to the
positive control (Figure 6). Additionally, the antibacterial
activity screening showed that compounds 5, 8, and 9
displayed weak to moderate inhibitory effects against Bacillus
thuringiensis, Edwardsiella piscicida, Vibrio alginolyticus, and

Table 1. 1H and 13C NMR Spectroscopic Data for
Compounds 1 and 2a

no. 1 2

δH δC δH δC
1 177.5, C 176.0, C
3 3.55 (dd, 9.6,

6.0)
60.1, CH 3.58 (m) 59.5, CH

4 3.09 (s) 51.9, CH 3.16 (s) 48.4, CH
5 128.0, C 133.6, C
6 133.9, C 128.0, C
7 3.92 (d, 7.8) 71.0, CH 3.85 (d, 7.8) 71.1, CH
8 2.51 (m) 53.1, CH 2.72 (m) 51.1, CH
9 52.5, C 63.9, C
10 2.77 (dd, 14.0,

5.4)
32.5, CH2 2.88 (m) 33.3, CH2

2.50 (m) 2.74 (m)
11 1.17 (s) 17.3, CH3 1.34 (s) 17.6, CH3

12 1.64 (s) 14.8, CH3 1.67 (s) 15.6, CH3

13 6.03 (dd, 15.3,
9.6)

131.8, CH 5.96 (dd, 15.1,
9.1)

130.4, CH

14 5.10 (m) 131.8, CH 5.43 (m) 133.7, CH
15 2.03 (m) 40.3, CH2 2.11 (m) 40.3, CH2

16 2.62 (m) 35.0. CH 2.73 (m) 34.8, CH
17 6.30 (d, 9.8) 162.2, CH 6.35 (d, 9.8) 161.8, CH
18 138.9, C 139.2, C
19 9.30 (s) 197.6, CH 9.31 (s) 197.7, CH
20 7.54 (s) 142.7, CH 173.3, C
21 6.36 (s) 111.3, CH 6.85 (d, 15.4) 140.9, CH
22 6.19 (d, 2.6) 108.4, CH 7.40 (d, 15.2) 132.3, CH
23 156.9, C 200.1, C
2′ 6.84 (s) 124.5, CH 7.00 (m) 124.6, CH
3′ 111.8, C 111.4, C
3′a 128.6, C 128.5, C
4′ 7.30 (q, 8.1) 119.1, CH 7.50 (d, 7.8) 119.2, CH
5′ 6.97 (t, 7.4) 119.7, CH 7.04 (m) 119.9, CH
6′ 7.07 (t, 7.2) 122.4, CH 7.08 (t, 15.0) 122.5, CH
7′ 7.32 (q, 7.8) 112.3, CH 7.34 (d, 8.1) 112.4, CH
1′a 138.1, C 138.2, C
16−CH3 0.96 (d, 6.7) 19.5, CH3 1.04 (d, 6.7) 19.5, CH3

18−CH3 1.68 (s) 9.3, CH3 1.69 (s) 9.3, CH3
aRecorded at 600 MHz (1H) and 150 MHz (13C) in methanol-d4.
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Figure 2. Key 2D NMR correlations of compounds 1−4.

Figure 3. Key ROESY correlations of compounds 1−4.
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Pseudomonas syringae pv. actinidiae with minimum inhibitory
concentration (MIC) values ranging from 5.0 to 25 μg/mL
(Table 3).

■ CONCLUSIONS
In summary, four new cytochalasan alkaloids were isolated and
characterized from marine-sponge-derived C. globosum 162105.
Compounds 1−4 are 19,20-seco-chaetoglobosins with only 11
members of this type of cytochalasans. Marchaetoglobin A (1),
the first example of cytochalasan bearing a furan ring, is of
great importance in enriching the chemistry diversity of

cytochalasan and deserves further exploration of the bio-
synthetic pathway. Compounds 2, 3, and 5 exhibit appealing
proangiogenesis activity, while compound 9 demonstrates
antibacterial activity, suggesting that these cytochalasans are
worthy of further study as potential new drugs.

■ EXPERIMENTAL SECTION
General Experimental Procedures. Optical rotation

measurements were determined using an Autopol VI, serial
no. 91003, manufactured by Rudolph Research Analytical
Hackettstown, NJ, USA. IR and UV spectra were obtained on a

Figure 4. Experimental and calculated ECD spectra of compounds 1−4.

Figure 5. (a) Images of intersomitic vessels (ISVs) in transgenic fluorescent zebrafish Tg(vegfr2:GFP) embryos treated with compounds 1−3 and
5−7 (40 μg/mL), using Danhong injection (DHI) (10 μg/mL) as a positive control. (b) Quantitative analysis of the number of ISVs in transgenic
fluorescent zebrafish Tg(vegfr2:GFP) embryos treated with compounds 1−3 and 5−7. Data were represented as mean ± SD. ##p < 0.01 compared
to the control group. **p < 0.01 and *p < 0.05 compared to the PTK787 model group.
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Thermo Fisher Nicolet iS50 spectrometer and a Persee TU-
1950-YV-VIS spectrophotometer, respectively. ECD spectra
were recorded on a Jasco-J-810 spectropolarimeter. NMR

spectroscopic data were acquired on a Bruker AV-600 MHz
spectrometer in methanol-d4 (δH 3.31; δC 49.0). HRESIMS
was obtained in positive ion mode on a Waters Xevo G2-XS/
APGC spectrometer. Preparative MPLC was used in a
Interchim Puriflash 450 instrument. Column chromatography
(CC) was carried out using silica gel (200−300 mesh; Yantai)
and ODS C18 (15 μm, Santai Technologies, Inc.). Analytical
thin-layer chromatography was performed on a silica gel
FSGF254 plate. A YMC-Pack Pro C18 column (250 × 10 mm, 5
μm) was used for reversed-phase HPLC using a Waters 1525
separation module equipped with a Waters 2535 pump and a
2998 photodiode array detector.
Fungus Material. The fungus C. globosum 162105 was

isolated from the inner tissue of the marine sponge Dysidea sp.
collected from Yongxing Island in the South China Sea in May
2015 and was deposited at −80 °C. A voucher specimen was
maintained at the Research Center for Marine Drugs, State
Key Laboratory of Oncogenes and Related Genes, Department
of Pharmacy, Renji Hospital, School of Medicine, Shanghai
Jiao Tong University.
Fermentation, Extraction, and Isolation. The fungus C.

globosum was grown in potato dextrose agar medium in a Petri
dish for 7 days. Then its spores were directly inoculated into
250 mL Erlenmeyer flasks each containing 100 mL of the seed
medium (potato 200 g/L, dextrose 20 g/L, and artificial
seawater salts 30 g/L in purified H2O) on a rotatory shaker
with 180 rpm at 28 °C for 72 h. The subsequent amplified
fermentation was carried out in 30 × 2 L Erlenmeyer flasks.
Each flask contained 80 g of rice, 120 mL of distilled H2O, and
2 g of artificial seawater salts, where 20 mL of the seed culture
was transferred and incubated under static conditions at 25 °C
for 35 days. The fermented substrate was first extracted with
MeOH. Then the combined residue was further extracted with
EtOAc, yielding 42 g of extract after removal of the organic
solvent under reduced pressure.
The crude extract was applied to Sephadex LH-20 eluted

with a petroleum ether/dichloromethane/methanol (4:5:1)
mixture to give 11 fractions (Frs. E1−E11). Fr. E5 (9.6 g) was
subjected to CC on silica gel, eluting with a petroleum ether/
ethyl acetate gradient system (from 50:1 to 0:1), to give 12
fractions (Fr E5A−E5L). Subfraction E5H (2.3 g) was
separated by reversed-phase ODS MPLC (5−100% MeCN/
H2O, 540 min, flow rate 20 mL/min, UV detection at 210,
220, and 280 nm) to afford 13 fractions (Frs E5H1−Fr
E5H13). Fr. E5H5 (30 mg) was then purified by semi-
preparative reversed-phase HPLC (XBridge C18, 10 × 250

Figure 6. (a) Images of intersomitic vessels (ISVs) in transgenic fluorescent zebrafish Tg(flk1: EGFP) embryos treated with different
concentrations (20, 40, and 80 μM) of compounds 2, 3, and 5, using ferulic acid (80 μM) as a positive control. (b) Quantitative analysis of the
number of ISVs in transgenic fluorescent zebrafish Tg(flk1:EGFP) embryos treated with compounds 2, 3, and 5. Data were represented as mean ±
SD. ##p < 0.01 compared to the control group; **p < 0.01 compared to the PTK787model group.

Table 2. 1H and 13C NMR Spectroscopic Data for
Compounds 3 and 4a

no. 3 4

δH δC δH δC
1 176.2, C 175.8, C
3 3.79 (t, 6.9) 54.9, CH 3.51 (t, 6.54) 54.2, CH
4 2.65 (m) 48.2, CH 2.66 (q, 7.6) 48.1, CH
5 1.84 (t, 7.08) 37.1, CH 2.88 (m) 32.5, CH
6 58.8, C 151.2, C
7 2.83 (d, 7.8) 62.8, CH 3.97 (d, 9.4) 73.2, CH
8 2.80 (m) 46.4, CH 3.03 (t, 9.5) 49.0, CH
9 65.8, C 64.4, C
10 2.94 (dd, 13.8,

5.1)
34.3, CH2 2.90 (m) 33.7, CH2

2.62 (m) 2.74 (m)
11 0.67 (d, 7.2) 12.9, CH3 0.74 (s) 13.6, CH3

12 1.17 (s) 19.8, CH3 5.21 (s) 113.9,
CH2

5.03 (s)
13 6.11 (dd, 15.1,

9.1)
130.0, CH 5.96 (dd, 15.1,

9.1)
130.4, CH

14 5.54 (m) 133.1, CH 5.51 (m) 133.5, CH
15 2.16 (m) 40.2, CH2 2.14 (m) 40.3, CH2

16 2.78 (m) 34.7, CH 2.77 (m) 34.7, CH
17 6.36 (d, 9.8) 161.5, CH 6.40 (d, 9.6) 161.8, CH
18 139.4, C 139.2, C
19 9.33 (s) 197.7, CH 9.35 (s) 197.7, CH
20 173.0, C 172.9, C
21 6.81 (d, 15.4) 142.0, CH 6.80 (d, 15.3) 141.5, CH
22 7.11 (d, 15.2) 131.7, CH 7.23 (d, 15.3) 132.0, CH
23 199.7, C 199.3, C
2′ 7.00 (s) 124.7, CH 7.02 (m) 124.7, CH
3′ 110.9, C 111.0, C
3′a 128.7, C 128.8, C
4′ 7.48 (d, 7.8) 119.1, CH 7.49 (d, 7.8) 119.1, CH
5′ 7.01 (d, 7.2) 120.0, CH 7.04 (m) 119.6, CH
6′ 7.07 (t, 15.0) 122.5, CH 7.10 (t, 15.3) 122.4, CH
7′ 7.32 (d, 8.1) 112.4, CH 7.35 (d, 8.2) 112.4, CH
1′a 138.1, C 138.1, C
16−CH3 1.03 (d, 6.7) 19.5, CH3 1.04 (d, 6.7) 19.4, CH3

18−CH3 1.70 (s) 9.3, CH3 1.72 (s) 9.3, CH3
aRecorded at 600 MHz (1H) and 150 MHz (13C) in methanol-d4.
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mm, 2 mL/min) eluted with 35% MeCN in H2O to yield 7
(1.5 mg, tR = 45.0 min) and 8 (2.5 mg, tR = 60.7 min).
Subfraction E5L (3.0 g) was separated by reversed-phase ODS
MPLC (5−100% MeCN/H2O, 640 min, flow rate 25 mL/min,
UV detection at 210, 220, and 280 nm) to afford 15 fractions
(Frs E5L1−Fr E5L15). Compounds 1 (2.2 mg), 5 (3.2 mg),
and 9 (4.0 mg) were purified using reversed-phase HPLC
(27% MeCN/H2O, 9 for tR = 30.0 min, 5 for tR = 56.0 min, 1
for tR = 180.0 min) from Fr. E5L10 (150.0 mg). Fr. E5M (1.5
g) was separated by reversed-phase ODS MPLC (5−100%
MeCN/H2O, 600 min, flow rate 20 mL/min, UV detection at
210, 220, and 280 nm) to afford compounds 2 (4.0 mg, tR =
75.0 min) and 3 (3.6 mg, tR = 100.5 min). Compound 4 (1.5
mg, tR = 85.0 min) was separated from Fr. E5N (1.0 g) under
the same separation conditions as compounds 2 and 3. Fr. E10
(1.1 g) was separated by reversed-phase ODS MPLC (5−
100% MeCN/H2O, 540 min, flow rate 20 mL/min, UV
detection at 210, 220, and 280 nm) to afford 7 fractions (Frs.
E10A−E10G). Fr. E10F (75 mg) was then purified by
semipreparative reversed-phase HPLC (XBridge C18, 10 ×
250 mm, 2 mL/min) eluted with 27% MeCN in H2O to yield
6 (1.0 mg, tR = 45.0 min).
Marchaetoglobin A (1). Pale yellow, amorphous powder;

[α]D20 +20 (MeOH c 0.10); UV (MeOH) λmax (log ε): 193
(1.17), 222 (1.38), 282 (0.15) nm; ECD (MeOH) λmax (Δε):
204 (+1.39), 229 (+0.49), 278 (+0.048) nm; IR (KBr) vmax:
3336, 2958, 2922, 1877, 1677, 1584, 1412, 1236, 1099, 1022,
875, 822, 739 cm−1; 1H NMR (600 MHz, CD3OD) and 13C
NMR (150 MHz, CD3OD) data, see Table 1; HRESIMS data
at m/z 513.2754 [M + H]+ (calcd for C32H37N2O4, 513.2753).
Marchaetoglobin B (2). White powder; [α]D20 +79 (MeOH

c 0.46); UV (MeOH) λmax (log ε): 194 (2.17), 223 (1.81), 281
(0.26) nm; ECD (MeOH) λmax (Δε): 199 (+1.58), 225
(−0.22), 233 (+0.02), 296 (+0.12) nm; IR (KBr) vmax: 3333,
2959, 2851, 1682, 1599, 1452, 1384, 1259, 1100, 978, 802, 743
cm−1; 1H NMR (600 MHz, CD3OD) and 13C NMR (150
MHz, CD3OD) data, see Table 1; HRESIMS data at m/z
545.2653 [M + H]+ (calcd for C32H37N2O6, 545.2652).
Marchaetoglobin C (3). White amorphous powder; [α]D20

+17 (MeOH c 0.31); UV (MeOH) λmax (log ε): 193 (2.00),
224 (1.86), 282 (0.25) nm; ECD (MeOH) λmax (Δε): 199
(+0.65), 219 (−0.06), 229 (+0.14), 247 (−0.05), 288 (+0.06)
nm; IR (KBr) vmax: 3341, 2920, 2825, 1685, 1604, 1379, 1357,
1258, 1152, 1096, 1027, 974, 880, 803, 742 cm−1; 1H NMR
(600 MHz, CD3OD) and 13C NMR (150 MHz, CD3OD)
data, see Table 2; HRESIMS data at m/z 545.2646 [M + H]+
(calcd for C32H37N2O6, 545.2652).
Marchaetoglobin D (4). White amorphous powder; [α]D20

+52 (MeOH c 0.10); UV (MeOH) λmax (log ε): 193 (2.03),
222 (1.34), 290 (0.40) nm; ECD (MeOH) λmax (Δε): 192
(+3.60), 217 (−0.42), 234 (+0.35), 289 (−0.11) nm; IR
(KBr) vmax: 3324, 2959, 2923, 1675, 1597, 1452, 1381, 1258,
1235, 1098, 1030, 977, 870, 798, 742 cm−1; 1H NMR (600

MHz, CD3OD) and 13C NMR (150 MHz, CD3OD) data, see
Table 2; HRESIMS data at m/z 545.2647 [M + H]+ (calcd for
C32H37N2O6, 545.2652).

■ BIOLOGICAL ASSAY

Proangiogenic Activity Assay. Embryo Acquisition of
Zebrafish. Tg(vegfr2:GFP) and Tg(flk1:EGFP) transgenic
zebrafish were provided by the Engineering Research Center of
Zebrafish Models for Human Diseases and Drug Screening of
Shandong Province. The zebrafish were maintained under a
14/10 h light/dark cycle at a temperature of 28 ± 0.5 °C in a
closed flow-through system with charcoal-filtered tap water to
ensure normal spawning. The healthy and sexually mature
zebrafish are placed in the breeding tank, with a sex ratio of 1:1
and the zygotes are obtained the next day. After disinfection
and washing of zygotes, they were transferred to zebrafish
embryo culture water (5.0 mM NaCl, 0.17 mM KCl, 0.4 mM
CaCl2, 0.16 mM MgSO4) for light-controlled culture at 28 °C
for subsequent experiments.19,20

Administration Treatment of Zebrafish. At 24 h
postfertilization, the zebrafish embryos were removed from
the egg membrane with 1 mg/mL Pronase E and were placed
into 24-well plates (n = 10/well). The fish were randomly
assigned to normal control, model (PTK787), positive control
(PTK787 + Danhong injection or ferulic acid), and seven
experimental groups (PTK787 + compounds). All treatments
were performed twice and cultured in a light incubator (28
°C). 24 hours after administration, we can observe the number
of the growth of blood vessels in zebrafish internode under a
fluorescence microscope (AXIO, Zoom.V16).
Antimicrobial Activity Assay. The microbroth dilution

method as demonstrated in earlier research21,22 was applied to
evaluate the antimicrobial activity of tested compounds against
methicillin-resistant Staphylococcus aureus, B. thuringiensis,
Staphylococcus epidermidis, E. piscicida, V. alginolyticus, P.
syringae pv. actinidiae, Ralstonia solanacearum, Erwinia chrys-
anthemi, Pseudomonas plecoglossicida, and Escherichia coli. CPL
was used as a positive control.
TDDFT ECD Calculation. In general, conformational

analyses were carried out via random searching in the Sybyl-
X 2.0 using the MMFF94S force field with an energy cutoff of
5.0 kcal/mol.23,24 Subsequently, the conformers of compounds
1−4 were reoptimized using DFT at the b3lyp/6-311+g(d,p)
level in MeOH by the Gaussian 09 program. The ECD spectra
were simulated by the overlapping Gaussian function. To
obtain the final spectra of 1−4, the simulated spectra of the
conformers were averaged according to the Boltzmann
distribution theory and their relative Gibbs free energy (ΔG).

Table 3. Antimicrobial Assay of Compounds 1−9 (MIC Values in μg/mL)

comp.a antimicrobial assay

Bacillus thuringiensis Pseudomonas syringae pv. actinidiae Vibrio alginolyticus Edwardsiella piscicida

5 25
8 10 25 10
9 5 5
Chloramphenicol (CPL)b 2 2 2 2

aCompounds 1−4 and 6−7 were inactive (MIC > 50 μg/mL) for all tested strains. bPositive control substance.
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