
Contents lists available at ScienceDirect

Bioorganic Chemistry

journal homepage: www.elsevier.com/locate/bioorg

Antibacterial activity against drug-resistant microbial pathogens of
cytochalasan alkaloids from the arthropod-associated fungus Chaetomium
globosum TW1-1
Weixi Gaoa,1, Yan Heb,1, Fengli Lia, Chenwei Chaia, Jinwen Zhangb, Jieru Guob, Chunmei Chena,
Jianping Wanga, Hucheng Zhua, Zhengxi Hua,⁎, Yonghui Zhanga,⁎

aHubei Key Laboratory of Natural Medicinal Chemistry and Resource Evaluation, School of Pharmacy, Tongji Medical College, Huazhong University of Science and
Technology, Wuhan 430030, People’s Republic of China
b Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan 430030, People’s Republic of China

A R T I C L E I N F O

InChIKey:
XGACFKGMUHQKPG-UDAZEODHSA-
NKeywords:
Chaetomium globosum TW1-1
Feeding experiment
Cytochalasan alkaloids
Antibacterial activity

A B S T R A C T

By feeding 1-methyl-L-tryptophan (1-MT) into cultures of the arthropod-associated fungus Chaetomium globosum
TW1-1, three novel cytochalasan alkaloids, termed as armochaetoglosins A–C (1–3), together with five known
analogues, namely prochaetoglobosin I (4), chaetoglobosin T (5), chaetoglobosin C (6), armochaetoglobin Y (7),
and chaetoglobosin Vb (8), were isolated and characterized. Their structures including absolute configurations
were elucidated by means of NMR spectroscopy, single-crystal X-ray crystallography, and comparison of the
experimental electronic circular dichroism (ECD) spectra. Structurally, compounds 1–3 represented the first
examples of 1′-N-methyl-chaetoglobosins, which were possibly biosynthesized from the additive 1-MT rather
than tryptophan. Additionally, compound 3 showed the highest antibacterial activity against K. pneumoniae and
ESBL-E. coli with MIC values of 4.0 μg/mL and 16.0 μg/mL, respectively, wherein the inhibitory effect of 3
against K. pneumoniae was stronger than that of the clinically used antibiotic meropenem, with an MIC value of
8 μg/mL. Our findings may provide new chemical templates for the development of new antibacterial agents
against drug-resistant microbial pathogens.

1. Introduction

The rise of antibiotic-resistant bacteria is a severe health care pro-
blem worldwide [1]. In particular, methicillin-resistant Staphylococcus
aureus (MRSA) and ESBL-producing and carbapenemase-producing
Gram-negative bacteria such as Escherichia coli, Pseudomonas aeruginosa,
and Klebsiella pneumoniae have risen at an alarming pace, which chal-
lenged clinicians in the treatment of antimicrobial-resistant infections,
including the major surgery, transplant operations, and biomedical
device-related infections [2]. Therefore, the discovery of novel anti-
bacterial natural products with new mechanisms of action is urgent to
resolve the antibiotic resistance crisis.

Cytochalasan alkaloids represent a large group of fungal metabolites
with potential bioactivities, such as antitumor [3], nematicidal [4],
immunomodulatory [5], and antibacterial [6] activities. Previously,

Tan and co-workers have found that a silent fungal Pictet–Spenglerase
(FPS) gene of Chaetomium globosum 1C51 could be activable by 1-me-
thyl-L-tryptophan (1-MT), thus enabling the Pictet–Spengler reaction
between 1-MT and flavipin to create skeletally unprecedented com-
pounds [7]. Inspired by this peculiar idea and aimed at discovering
novel cytochalasan alkaloids as antibacterial agents against drug-re-
sistant microbial pathogens from a genetically powerful and cytocha-
lasan-producing fungus Chaetomium globosum TW1-1, which was iso-
lated from the medicinal terrestrial arthropod Armadillidium vulgare
[8,9], the 1-methyl-L-tryptophan (1-MT) was fed into the fermented rice
substrate of this strain to activate its silent genes to maximize cyto-
chalasan alkaloid diversity, which resulted in the isolation of three
novel cytochalasan alkaloids (1–3) and five known analogues (4–8). In
this study, we report the isolation, structure elucidation, and bioactivity
evaluation of these compounds (Fig. 1).
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2. Experimental section

2.1. General experimental procedures

Optical rotations were measured on a PerkinElmer 341 polarimeter.
UV spectra were measured on a Varian Cary 50 instrument. IR spectra
were collected on a Bruker Vertex 70 instrument. 1D & 2D NMR spectra
were acquired on Bruker AM-400 and DRX-600 spectrometers using
TMS as internal standard. The chemical shifts (δ) were expressed in
ppm with reference to the solvent signals for methanol-d4 (δH 3.31 and
δC 49.0) and DMSO-d6 (δH 2.50 and δC 39.5). HRESIMS data were
collected on a Bruker micrOTOF II spectrometer (Bruker, Germany).
Semi-preparative HPLC was performed on an Agilent 1200 liquid
chromatograph with a reversed-phase C18 column (5 μm, 10×250mm,
Welch Ultimate XB-C18). Column chromatography (CC) was performed
with silica gel (100–200 mesh and 200–300 mesh, Qingdao Marine
Chemical Inc., Qingdao, People’s Republic of China), Lichroprep RP-C18
gel (40–63 μm, Merck, Darmstadt, Germany), and Sephadex LH-20 (GE
Healthcare Bio-Sciences AB, Sweden). Thin-layer chromatography was
performed on precoated TLC plates (200–250 μm thickness, silica gel 60
F254, Qingdao Marine Chemical Inc., Qingdao, People’s Republic of
China). Fractions were monitored by TLC and spots were visualized by
heating silica gel plates sprayed with 10% H2SO4 in EtOH.

2.2. Fungal material

The strain Chaetomium globosum TW1-1 was isolated from the med-
icinal terrestrial arthropod Armadillidium vulgare in November 2012 at
Tongji Medical College, Hubei Province, China. The sequence data of this
fungal strain have been submitted to the DDBJ/EMBL/GenBank under
accession no. KF993614. A voucher sample numbered as CCM20121113
has been preserved in the culture collection center of Tongji Medical
College, Huazhong University of Science and Technology.

2.3. Fermentation and extraction

The strain was cultured on potato dextrose agar (PDA) at 28 °C for
7 days to prepare the seed culture. Agar plugs were cut into small pieces
(approximately 0.4×0.4× 0.4 cm3) and inoculated into 300
Erlenmeyer flasks (1 L), previously sterilized by autoclaving, each
containing 200 g of rice, 0.42 g of 1-MT, and 200mL of distilled water.
All flasks were incubated at 28 °C for 21 days. At this time, the growth
of cells was stopped by adding 300mL of EtOAc to each flask, followed
by ultrasonic extraction with MeOH.

2.4. Purification

Under reduced pressure, the MeOH was evaporated to afford a
brown total extract (313 g), which was then subjected to a silica gel
column eluted with CH2Cl2–MeOH (10:1→ 2:1) progressively to obtain
five main fractions (Fr. 1–Fr. 5). Fr. 1 was subjected to CC over silica gel
eluted with CH2Cl2–MeOH (25:1→ 10:1) to yield five subfractions
(1a–1e). Subfraction 1b was separated by Sephadex LH-20 (MeOH) and
further purified by semi-preparative RP-C18 HPLC to yield 1 (3.6 mg, tR
43min, 2.5 mL/min, 76% MeOH in H2O) and 2 (3.4mg, tR 48min,
2.5 mL/min, 70% MeCN in H2O). Subfraction 1c was fractionated on
Sephadex LH-20 (MeOH), YMC RP-C18 CC (40% to 100%, MeOH in
H2O), and semi-preparative RP-C18 HPLC to yield 4 (6.9mg, tR 95min,
2.5 mL/min, 75% MeOH in H2O). Fr. 2 was subjected to YMC RP-C18 CC
(25% to 100%, MeOH in H2O) to give four main subfractions (2a–2d).
Purification of subfraction 2b by silica gel CC (PE–EtOAc, 4:1),
Sephadex LH-20 (MeOH), and semi-preparative RP-C18 HPLC (2.5mL/
min, 58% MeCN in H2O) afforded 3 (10mg, tR 35min), 7 (12.2mg, tR
32min), and 8 (14.4mg, tR 33min). Subfraction 2c was purified by
semi-preparative HPLC (2.5mL/min, 58% MeCN in H2O) to yield 5
(18.2 mg, tR 46min) and 6 (25.8mg, tR 54min).

Fig. 1. Chemical structures of compounds 1–8.
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2.5. Spectroscopic data of compounds

Armochaetoglosin A (1): C33H40N2O3; colorless needle crystals;
[α]20D : −82 (c 0.1, MeOH); UV (MeOH) λmax (log ε) 202 (4.79), 224
(4.70), 284 (3.80) nm; IR νmax 3433, 2960, 2923, 1681, 1619, 1455,
1434, 1381, 1327, 1303, 1160, 1034, 1015, 970, 740 cm−1; ECD
(MeOH) λmax (Δε) 220 (−25.4) nm; For 1H NMR (600 MHz) and 13C
NMR (150 MHz) data, see Tables 1 and 2; HRESIMS m/z 513.3101 [M
+H]+ (calcd for C33H41N2O3, 513.3117) and m/z 535.2935 [M+Na]+

(calcd for C33H40N2O3Na, 535.2937).
Armochaetoglosin B (2): C33H42N2O3; white powders; [α]20D : −51 (c

0.1, MeOH); UV (MeOH) λmax (log ε) 202 (4.39), 224 (4.25), 289 (3.54)
nm; IR νmax 3430, 2932, 2859, 1632, 1451, 1382, 1029, 740, 596 cm−1;
ECD (MeOH) λmax (Δε) 224 (−16.8) nm; For 1H NMR (400 MHz) and
13C NMR (100 MHz) data, see Tables 1 and 2; HRESIMS m/z 515.3275
[M+H]+ (calcd for C33H43N2O3, 515.3274) and m/z 537.3041 [M
+Na]+ (calcd for C33H42N2O3Na, 537.3093).

Armochaetoglosin C (3): C33H38N2O4; white powders; [α]20D : +18 (c
0.1, MeOH); UV (MeOH) λmax (log ε) 205 (4.42), 223 (4.47), 286
(3.66), 362 (3.40) nm; IR νmax 3427, 2924, 2857, 1691, 1624, 1446,
1383, 1323, 1257, 1172, 1110, 1029, 744,564 cm−1; ECD (MeOH) λmax
(Δε) 223 (+11.8) nm; For 1H NMR (400 MHz) and 13C NMR (100 MHz)
data, see Tables 1 and 2; HRESIMS m/z 549.2717 [M+Na]+ (calcd for
C33H38N2O4Na, 549.2729).

2.6. X-ray crystal structure analysis

Crystals of compound 1 were obtained in MeOH with four drops of
CH2Cl2 and two drops of water. Intensity data were acquired at 296 K
on a Bruker APEX DUO diffractometer equipped with an APEX-II CCD
using Cu Ka radiation. Cell refinement and data reduction were

performed by Bruker SAINT. The structure was solved by direct
methods with SHELXL-2014/7. Refinements were performed with
SHELXL-2014/7 using full-matrix least-squares, with anisotropic dis-
placement parameters used for all the non-hydrogen atoms. The hy-
drogen atoms were located in the calculated positions and refined with
a riding model. Molecular graphic was computed with PLATON. The
crystallographic data for 1 (deposition No. CCDC 1835470) have been
deposited in the Cambridge Crystallographic Data Centre. Copies of the
data can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB 1EZ, UK [fax: Int. +44 (0) (1223) 336 033; e-mail:
deposi@ccdc.cam.ac.uk].

Crystallographic data for compound 1: C33H40N2O3, M=512.67,
orthorhombic, a=10.413(3) Å, b=13.900(4) Å, c=19.553(5) Å,
α=90.00°, β=90.00°, γ=90.00°, V=2830.2(13) Å3, T=296(2) K,
space group P212121, Z=4, μ(Cu Kα)= 0.601mm–1, 10557 reflections
measured, 3937 independent reflections (Rint=0.1666). The final R1

values were 0.0655 (I > 2σ(I)). The final wR(F2) values were 0.1440
(I > 2σ(I)). The final R1 values were 0.1732 (all data). The final wR(F2)
values were 0.1941 (all data). The goodness of fit on F2 was 0.980.
Flack parameter=−0.3(4).

2.7. Biological assay protocols

2.7.1. Strains, media, and antibiotics
The test strains were obtained from the ATCC: methicillin-resistant

Staphylococcus aureus ATCC 43300; Enterococcus faecalis ATCC 29212;
ESBL-producing Escherichia coli ATCC 35218; Pseudomonas aeruginosa
ATCC 15542; NDM-1-producing Klebsiella pneumoniae ATCC BAA2146.
The reference compounds for the tests were recommended by the

Table 1
1H NMR spectroscopic data (δ in ppm, J in Hz) for compounds 1–3.

No. 1a,b 2c,d 3a,d

4 2.72, dd (5.7, 2.7) 2.42, dd (15.2, 10.0) 2.71, dd (6.2, 1.7)
5 2.41, m 2.30, m 1.70, m
7 5.34, br. s 5.42, br. s 2.89, d (6.1)
8 2.78, m 2.52, m 2.31, dd (10.5, 6.0)
10 2.78, m; 2.42, m 2.84, dd (14.5, 3.8); 2.57, dd

(14.5, 3.6)
2.85, m; 2.65, m

11 1.04, d (7.2) 1.19, d (7.2) 0.88, d (7.3)
12 1.73, s 3.94, s 1.22, s
13 5.94, ddd (15.3,

9.7, 1.9)
5.87, dd (15.3, 10.0) 6.34, dd (15.5, 10.5)

14 5.05, ddd (15.3,
10.3, 3.2)

4.82, ddd (15.3, 11.2, 5.5) 5.24, ddd (15.5, 11.8,
2.7)

15 2.19, m; 1.78, m 2.06, m; 1.67, m 2.61, m; 1.81, m
16 2.42, m 2.21, m 2.34, m
17 4.96, dd (9.4, 1.6) 4.76, br. d (8.3) 2.81, d (4.5)
19 4.10, dd (9.2, 6.2) 1.90, m; 1.66, m 5.90, m
20 2.35, m 1.67, m; 1.45, m
21 6.41, ddd (15.7,

7.9, 6.1)
0.62, m 2.54, t (6.6)

22 6.22, dd (15.7,
1.4)

2.68, ddd (19.3, 11.6, 3.0);
0.93, ddd (19.3, 11.7, 4.8)

2.93, d (5.6); 1.57, dd
(14.3, 7.9)

24 0.94, d (6.7) 0.83, d (6.7) 0.66, d (6.8)
25 1.52, s 1.37, s 2.08, s
2′ 6.89, s 7.02, s 6.91, s
3′
4′ 7.49, d (7.8) 7.54, d (7.9) 7.46, d (7.8)
5′ 7.02, m 7.00, m 7.04, m
6′ 7.13, m 7.09, m 7.13, m
7′ 7.27, d (8.0) 7.28, d (8.1) 7.25, d (8.2)
8′ 3.71 s 3.68, s 3.71, s

a In methanol-d4.
b Recorded at 600MHz.
c In DMSO-d6.
d Recorded at 400MHz.

Table 2
13C NMR spectroscopic data (δ in ppm) for compounds 1–3.

No. 1a,b 2c,d 3a,d

1 176.9, C 173.7, C 176.9, C
3 55.5, CH 53.0, CH 54.0, CH
4 51.0, CH 49.5, CH 49.6, CH
5 36.1, CH 34.2, CH 38.1, CH
6 140.7, C 142.8, C 58.8, C
7 127.4, CH 125.5, CH 62.2, CH
8 47.7, CH 47.2, CH 51.5, CH
9 68.4, C 66.3, C 68.2, C
10 33.6, CH2 31.3, CH2 33.7, CH2
11 13.8, CH3 12.6, CH3 12.9, CH3
12 19.9, CH3 61.6, CH2 19.6, CH3
13 130.7, CH 131.0, CH 131.4, CH
14 133.5, CH 129.9, CH 133.5, CH
15 41.9, CH2 41.7, CH2 39.6, CH2
16 33.3, CH 31.0, CH 32.4, CH
17 136.0, CH 133.1, CH 49.9, CH
18 134.8, C 130.8, C 183.6, C
19 78.4, CH 35.6, CH2 129.3, CH
20 37.1, CH2 21.0, CH2 212.2, C
21 143.5, CH 18.1, CH2 44.7, CH
22 129.8, CH 37.7, CH2 43.1, CH2
23 201.0, C 211.1, C 211.3, C
24 21.7, CH3 21.7, CH3 16.4, CH3
25 10.4, CH3 13.9, CH3 17.7, CH3
2′ 129.6, CH 129.5, CH 129.8, CH
3′ 110.0, C 108.0, C 109.5, C
4′ 119.8, CH 119.2, CH 119.5, CH
5′ 119.9, CH 118.6, CH 120.2, CH
6′ 123.4, CH 120.9, CH 122.6, CH
7′ 110.1, CH 109.2, CH 110.2, CH
8′ 32.7, CH3 32.2, CH3 32.7, CH3
1′a 138.6, C 128.4, C 138.5, C
3′a 129.7, C 128.4, C 129.4, C

a In methanol-d4.
b Recorded at 150MHz.
c In DMSO-d6.
d Recorded at 100MHz.
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National Committee for Clinical Laboratory Standards [10]: vanco-
mycin (Sigma, cat # 861987); chloramphenicol (Sigma, cat #
1107300); amikacin (Sigma, cat # 1019508); ceftriaxone (Sigma, cat #
1098184); meropenem (Sigma, cat # M2574). All the investigated
compounds 1–8 were ≥95% pure (HPLC, wavelength=210 nm). All
compounds were dissolved in DMSO as 20 mg/mL stock solutions.

2.7.2. Determination of the minimum inhibitory concentrations (MICs)
Determination of the MICs were performed according to the pre-

viously reported broth microdilution method [11,12]. Briefly, the in-
oculum was standardized to almost 5× 105 CFU/mL. Then, the plates
were incubated at 37 °C for 16 h, and the MIC values were recorded as
the lowest concentration of antibiotic, at which no visible bacterial
growths were observed. Each experiment was carried out for three
times.

2.7.3. Transmission electron microscope (TEM)
Transmission electron microscopy was used to confirm morpholo-

gical changes after peptide exposure, according to the previously de-
scribed method [13]. K. pneumoniae ATCC BAA2146 (108 CFU/mL) was
exposed to MIC compound 3 (4 mg/mL) or 5×MIC compound 3
(20mg/mL) for 2 h. After incubation at 37 °C, the bacteria were cen-
trifuged at 10000 rpm for 10min, washed twice with PBS (pH 7.4), and
then prefixed in 2.5% glutaraldehyde in 0.2M phosphate buffer (pH
7.3) to cross-link the proteins to preserve the morphological structure of
the cells. The specimens were rinsed twice with the same buffer and
post-fixed in 1% osmium tetroxide for 2 h, followed by a bloc staining
with 2.0% uranyl acetate and dehydration in an ethanol series. The
samples were then embedded in LR White resin (Sigma-Aldrich Co., Ltd,
Shanghai, China), which was polymerized for 24 h at 60 °C. Embedded
samples were thinly sectioned and stained by uranyl acetate and lead
citrate before examination under a Tecnai G2 Spirit Twin electron

Fig. 2. Selected 2D NMR correlations of compounds 1–3.
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microscope (FEI, USA). Experiments were repeated at least three times
with different samples for bacteria.

2.7.4. Statistical analysis
Statistical analysis of the data was conducted using Graph Pad Prism

4.0 software. The collected data were expressed as the means ± SD.

Values were analyzed using SPSS version 12.0 software via one-way
analysis of variance (ANOVA), and p < 0.05 was considered statisti-
cally significant.

3. Results and discussion

3.1. Structural elucidations of armochaetoglosins A–C (1–3)

Compound 1 was obtained as colorless crystals with [α]20D −82 (c
0.1, MeOH). Its molecular formula, C33H40N2O3, was deduced from the
HRESIMS (m/z 535.2935 [M+Na]+, calcd for C33H40N2O3Na,
535.2937) and 13C NMR data, requiring 15 degrees of unsaturation. The
IR absorptions of 1 implied the presence of amino (3433 cm−1), car-
bonyl (1681 cm−1), and double bond (1619 and 1455 cm−1) func-
tionalities. Analysis of its 1H, 13C and DEPT NMR data (Tables 1 and 2)
revealed 33 carbons, including five methyl groups [two secondary ones
(δH 0.94/δC 21.7; δH 1.04/δC 13.8), two singlet ones (δH 1.52/δC 10.4;
δH 1.73/δC 19.9), and one N-methyl (δH 3.71/δC 32.7)], three sp3 me-
thylenes, seventeen methines [one oxymethine (δC 78.4) and eleven
olefinic carbons], and eight quaternary carbons [one amide carbonyl
(δC 176.9), one keto carbonyl (δC 201.0), and five olefinic carbons].
These carbon assignments along with two nitrogen atoms in the mo-
lecular formula suggested that compound 1 was most likely to be a
chaetoglobosin-based alkaloid.

Detailed examination of the 1H–1H COSY and HMBC spectra for 1
led to identification of the partial structural units as shown in Fig. 2.
The 3′-substituted 1′-N-methyl-indolyl group (A and B rings) was elu-
cidated based on the 1H–1H COSY cross-peaks of H-4′/H-5′/H-6′/H-7′
and HMBC correlations of H-2′ with C-1′a and C-3′a, of H-5′ with C-3′a,
of H-6′ with C-1′a, and of H3-8′ with C-1′a and C-2′ (Fig. 2). Moreover, a
key 1H–1H COSY correlation of H-3/H-4 and the main HMBC correla-
tions of H-3 and H-4 with the amide carbonyl C-1 and of H-4 with C-9
indicated the presence of a pyrrolidine-2-one moiety (C ring). Con-
nectivity from the 1′-N-methyl-indolyl group (A and B rings) to the
pyrrolidine-2-one unit (C ring) through the “C-3'–CH2-10–CH-3” frag-
ment was elucidated based on the key 1H–1H COSY correlation of H-3/
H2-10 and long-range HMBC correlations of H-3 and H2-10 with C-3′.

Furthermore, the cyclohexane ring (D ring) with two methyl groups
attached at C-5 and C-6 and a Δ6,7 double bond, was established by the
1H–1H COSY cross-peaks (Fig. 2) of H-4/H-5/H3-11 and H-7/H-8 and
the HMBC correlations (Fig. 2) of H-4 with C-6 and C-9, of H-5 with C-7
and C-9, of H3-11 with C-4 and C-6, and of H3-12 with C-5 and C-7. The
13-membered macrocyclic ring (E ring) with two methyl groups group
at C-16 and C-18, a hydroxyl group at C-19, a keto carbonyl group at C-
23, and three double bonds (Δ13,14, Δ17,18, and Δ21,22), was established
based on the 1H–1H COSY cross-peaks (Fig. 2) of H-8/H-13/H-14/H2-
15/H-16(H-16/H3-24)/H-17 and H-19/H2-20/H-21/H-22 and HMBC
correlations (Fig. 2) of H-4 and H-21 with C-23 and of H3-25 with C-17
and C-19. Accordingly, the planar structure of 1 was defined.

In the NOESY spectrum (Fig. 2), the NOE correlation between H-5
and H-8β and the lacking NOE correlation of H-4/H-8β suggested that
the cyclohexane ring (D ring) was in a boat conformation with the β-
orientations for H-5 and H-8, in consistent with previous reported
chaetoglobosins [6]. The NOE correlations of H-3/H3-11, H-4/H-10β
(δH 2.42), and H-4/H-5 suggested that H-4 was β-oriented, while H-3
was α-oriented. Furthermore, key NOE cross-peaks of H-8/H-14/H-16
suggested that H-8 and H-16 were cofacial and β-oriented. The ob-
servation of NOE cross-peaks of H-13/H-15α (δH 1.78)/H-17/H-19
suggested that H-19 should be α-oriented. Moreover, the E-geometries
of Δ13,14, Δ21,22, and Δ17,18 double bonds were judged by the large
coupling constants of J13,14 (15.3 Hz) and J21,22 (15.7 Hz) and the
NOESY correlation of H-16/H3-25, respectively. Thus, the relative ste-
reochemistry of 1 was ascertained.

After repeated recrystallization with various two-phase or three-
phase solvents, a suitable crystal of 1 was obtained and then subjected
to single-crystal X-ray diffraction analysis with Cu Kα (Fig. 3).

Fig. 3. ORTEP drawing of compound 1.

Fig. 4. Experimental ECD spectra of compounds 1 and 2 in MeOH.

Fig. 5. Experimental ECD spectrum of compound 3 in MeOH.
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Unluckily, the refined Flack parameter [–0.30 (4)] only enabled us to
define its relative stereochemistry as 3S*, 4R*, 5S*, 8S*, 9S*, 16S*,
19S*. Furthermore, by comparison of the ECD spectrum of 1 with that
of previously reported armochaetoglobin H [8], the identical ECD
curves suggested the absolute stereochemistry of 1 to be 3S, 4R, 5S, 8S,
9S, 16S, 19S. Therefore, the structure of 1 was defined and named ar-
mochaetoglosin A.

Compound 2 was obtained as a white powder. On the basis of the
HRESIMS ion peaks at m/z 537.3041 [M+Na]+ and m/z 515.3275 [M
+H]+ and 13C NMR data, the molecular formula of 2 was elucidated as
C33H42N2O3 with 14 degrees of unsaturation. A side-by-side comparison
of the NMR data (Tables 1 and 2) of 2 with those of 1 suggested that
compound 2 was structurally related to 1, with the differences being
explained as follows: the replacement of a pair of olefinic carbons (δc
143.5, C-21; δc 129.8, C-22) by two aliphatic methylene carbons (δc
18.1, C-21; δc 37.7, C-22); one methyl carbon (δc 19.9, C-12) by an
oxygenated methylene carbon (δc 61.6, C-12); and an oxygenated
methine carbon (δc 78.4, C-19) by a methylene carbon (δc 35.6, C-19).
These conclusions could be further confirmed by the 1H–1H COSY spin
system of H2-19/H2-20/H2-21/H2-22 and HMBC correlations (Fig. 2) of
H-22 with C-23 and of H-17 and H3-25 with C-19. The relative con-
figuration of 2 was identical to that of 1, as supported by their similar
NOESY spectra (Fig. 2). In addition, the measured ECD spectrum of 2
was almost identical to that of 1 (Fig. 4), indicating the same chiral
centers for these two compounds. Therefore, the structure of 2 was
defined and named armochaetoglosin B.

Compound 3 was isolated as a white powder, and the molecular
formula C33H38N2O4 was determined based on the HRESIMS analysis
(m/z 549.2717 [M+Na]+). Interpretation of the 1H and 13C NMR data
of 3 revealed that its structure was quite similar to that of armochae-
toglobin Y (7) [14], with the only difference being that an additional N-
methyl signal at δC 32.7 existed in 3, as supported by the HMBC cor-
relations of H3-8′ with C-1′a and C-2′. The similar NOESY data (Fig. 2)

and experimental ECD spectra (Fig. 5) of 3 and armochaetoglobin Y
[14] suggested that both compounds shared the same relative and ab-
solute configurations. Therefore, the structure of 3 was defined and
named armochaetoglosin C.

Five already known cytochalasan alkaloids were identified as pro-
chaetoglobosin I (4) [15], chaetoglobosin T (5) [6], chaetoglobosin C
(6) [16], armochaetoglobin Y (7) [14], and chaetoglobosin Vb (8) [17]
by comparison of their NMR and HRESIMS data with the literature.

3.2. In vitro antibacterial activity against drug-resistant microbial pathogens

Compounds 1–8 were evaluated for antibacterial activity against
five drug-resistant microbial pathogens, including methicillin-resistant
Staphylococcus aureus (MRSA), Enterococcus faecalis; ESBL-producing
Escherichia coli, Pseudomonas aeruginosa, and NDM-1-producing
Klebsiella pneumoniae. Highest antibacterial activity against NDM-1-
producing K. pneumoniae and ESBL-producing E. coli for compound 3
were observed (Table 3), with MIC values of 4.0 μg/mL and 16.0 μg/
mL, respectively, wherein the inhibitory effect of 3 against NDM-1-
producing K. pneumoniae was stronger than that of the clinically used
antibiotic meropenem, with an MIC value of 8 μg/mL. To directly vi-
sualize the effect of 3 on the bacterial membrane, the transmission
electron microscopy was applied to examine the morphological changes
in K. pneumoniae after treatment with 4mg/mL and 20mg/mL com-
pound 3 for 2 h. In contrast to the smooth, continuous membrane
structure clearly visible in untreated bacteria, the cytoplasmic mem-
brane of compound 3 treated cells was almost completely disrupted,
and some cellular contents had leaked out (Fig. 6). Moreover, com-
parison of the antibacterial activity of 1/5 and 3/7 suggested that 1′-N-
methylation could enhance the inhibitory potency against several drug-
resistant microbial pathogens, and this might provide useful reference
for the design and exploitation of new antibacterial agents.

Table 3
Antibacterial activity of compounds 1–8 (MIC, μg/mL).

Pathogens 1 2 3 4 5 6 7 8 Referencef

MRSAa 64 >128 32 >128 >128 >128 32 >128 0.5 (Va)
E. faecalisb > 128 >128 32 >128 >128 >128 64 64 16 (Ch)
ESBL-E. colic 32 32 16 64 64 >128 32 64 2 (Am)
P. aeruginosad > 128 >128 >128 >128 >128 >128 >128 >128 1 (Ce)
K. pneumoniaee > 128 64 4 32 >128 >128 16 64 8 (Me)

a MRSA=methicillin-resistant Staphylococcus aureus ATCC 43300.
b E. faecalis= Enterococcus faecalis ATCC 29212.
c ESBL-E. coli=ESBL-producing Escherichia coli ATCC 35218.
d P. aeruginosa= Pseudomonas aeruginosa ATCC 15542.
e K. pneumoniae=Klebsiella pneumoniae ATCC BAA2146.
f The activity of reference compounds was recommended by the National Committee for Clinical Laboratory Standards (CLSI); Va=Vancomycin;

Ch=Chloramphenicol; Am=Amikacin; Ce=Ceftriaxone; Me=Meropenem.

Fig. 6. TEM micrographs of K. pneumoniae ATCC BAA2146 incubated in LB broth (control), 4 mg/mL (MIC) and 20mg/mL (5×MIC) compound 3 at 37 °C for 2 h.
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4. Conclusions

By feeding 1-methyl-L-tryptophan (1-MT) into cultures of the fungus
Chaetomium globosum TW1-1 to activate silent genes to maximize cy-
tochalasan alkaloid diversity, three novel cytochalasan alkaloids,
termed as armochaetoglosins A–C (1–3), together with five known
analogues (4–8), were isolated and characterized. Structurally, com-
pounds 1–3 represented the first examples of 1′-N-methyl-chaetoglo-
bosins, which were possibly biosynthesized from the additive 1-MT
rather than tryptophan. In the antibacterial assay, compound 3 showed
the highest antibacterial activity against NDM-1-producing K. pneumo-
niae and ESBL-producing E. coli with MIC values of 4.0 μg/mL and
16.0 μg/mL, respectively, wherein the inhibitory effect of 3 against
NDM-1-producing K. pneumoniae was stronger than that of the clinically
used antibiotic meropenem, with an MIC value of 8 μg/mL. Under the
severe situation that antibiotic resistance is a growing public threat, our
prominent findings may help to understand the mechanisms of bacterial
resistance and provide new chemical templates for the development of
new antibacterial agents against drug-resistant microbial pathogens.
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