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Abstract: Four new cyclic pentapeptides, avellanins D-G (1-4), together with four known compounds
(5-8), were isolated from a mangrove-derived Aspergillus fumigatus GXIMD 03099 fungus from
Acanthus ilicifolius L. Their structures were elucidated by analysis of HRESIMS, NMR, and ESI-MS/MS
data. Their absolute configurations were determined by X-ray diffraction analysis and Marfey’s
method. Compounds 1-8 were screened for insecticidal and antibacterial activities. Compound 2
showed insecticidal activity against newly hatched larvae of Culex quinquefasciatus with an LCsg value
of 86.6 uM; compound 4 had weak activity against Vibrio harveyi with an MIC value of 5.85 uM.

Keywords: mangrove-derived fungus; Aspergillus fumigatus; cyclic pentapeptides; biological activity

1. Introduction

The secondary metabolites of marine-derived fungi contain a variety of structural
types, such as polyketides, terpenoids, alkaloids, and peptides, which are recognized as
potential resources for drug discovery [1]. Peptides have been widely used in the clinic,
and the structure of cyclic peptides is one of the most special peptides [2-5]. Cyclic pep-
tides (or cyclopeptides), which originate from natural resources, are cyclic compounds
mainly composed of proteinogenic or non-proteinogenic amino acids linked together by
amide bonds [6]. According to the composition of amino acid residues in the core ring,
the structure of fungal cyclic peptides can be divided into cyclic dipeptides, tripeptides,
tetrapeptides, pentapeptides, hexapeptides, heptapeptides, octapeptides, nonapeptides,
decapeptides, etc. [7]. Most of the cyclic peptides showed significant biological activities,
such as cytotoxicity [8], antitubercular [9], antiviral [10], anti-inflammatory [11], antimi-
crobial [12], and pancreatic lipase (PL) inhibitory activities [13]. Due to the particularly
complex and interesting chemical structures and wide diversity of biological activities of
cyclic peptides, they have been attracting significant attention from chemists and pharma-
cologists [14-16].

Cyclic pentapeptides, a subclass of cyclic peptides, are usually constructed by five
amino acid residues. To date, about 60 cyclic pentapeptides have been characterized [6,7].
Among them, avellanins A-C were exclusively found in Hamigera avellanea, Hamigera in-
gelheimensis, and Aspergillus petrakii, respectively. Avellanin A elevates blood pressure,
avellanin B improves the activity of antineoplastic drugs, and avellanin C exhibits quorum-
sensing inhibitory activity [17-19]. During our continuing efforts to identify new bioactive
metabolites from mangrove-derived fungi [20-23], the extracts from the mangrove Acan-
thus ilicifolius L., specifically from fungi Aspergillus fumigatus GXIMD 03099, were found
to display insecticidal activity and antibacterial activity in preliminary screening. As a

Mar. Drugs 2024, 22, 282. https:/ /doi.org/10.3390/md22060282

https://www.mdpi.com/journal /marinedrugs


https://doi.org/10.3390/md22060282
https://doi.org/10.3390/md22060282
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/marinedrugs
https://www.mdpi.com
https://orcid.org/0000-0001-7278-2062
https://orcid.org/0000-0001-8327-3108
https://orcid.org/0000-0002-7524-8049
https://doi.org/10.3390/md22060282
https://www.mdpi.com/journal/marinedrugs
https://www.mdpi.com/article/10.3390/md22060282?type=check_update&version=1

Mar. Drugs 2024, 22, 282

2 0f 10

Pro

4
“%

d

N
H

N

p@ -
E0; el el

result, chemical investigation into the ethyl acetate (EtOAc) extract led to the isolation and
identification of eight cyclic peptide compounds, including four new cyclic pentapeptides,
avellanins D-G (1-4) (Figure 1), and four known analogues, avellanin A (5) [18], avellanin
B (6) [18], PF1171E (7) [24], and PF1171B (8) [24]. Some of the isolated compounds showed
significant insecticidal activity and antibacterial activity. Herein, we describe the isolation,
structure elucidation, and bioactivities of these compounds.
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Figure 1. Structures of compounds 1-8.

2. Results
2.1. Structural Elucidation

In this study, the suitable crystals of compound 5 were obtained from methanol
solutions. Analysis of the single-crystal X-ray diffraction data using Cu K« radiation (with
a Flack parameter of 0.06(6)) confirmed the absolute configuration of compound 5, which
was determined to be [ -Pro-Ant-y -Ile-p-Ala-N-Me-p-Phe and named avellanin A.

Compound 1 was obtained as yellow amorphous powder, and its molecular formula
was C30H37N505 on the basis of HRESIMS ion at m/z 548.2864 [M + H]* (calcd for
548.2873), implying 15 degrees of unsaturation. Careful analysis of the 1H NMR data of
compound 1 (Table 1) displayed the signals for three amide protons (d1; 9.62 (s), 7.78 (dd,
J=7.5,4.0Hz), and 7.20 (d, ] = 9.0 Hz)), one N-methyl group (dx; 3.00 (s)), and six a-amino
protons (dy 5.30 (dd, ] =12.0, 4.5 Hz), 4.38 (dd, ] = 8.5, 4.5 Hz), 4.26 (dd, ] =17.0, 8.0 Hz), 3.66
(dd, ] =9.5, 3.5 Hz), 3.63 (m), and 3.29 (m)). Additionally, the 13C NMR and DEPT135 data
of compound 1 (Table 1) exhibited thirty carbon signals, including five carbonyl carbons
(0¢c 173.5,169.9, 169.4, 168.9, and 167.4), twelve aromatic carbons (d¢ 137.7, 135.7, 130.9,
128.3 x 4,127.5,126.4,123.9,123.2, and 120.0), six methines (5c 50.1, 42.6, 32.5, 28.1, 24.6,
and 24.1), four methylenes (Jc 58.8, 58.1, 56.7, and 36.2), and three methyls (J¢c 31.6, 15.7,
and 11.7). Detailed analysis of these aforementioned data indicated that compound 1 was
a peptide with five amino acid residues. These signals accounted for 14 of 15 degrees of
unsaturation; to satisfy the remaining degree of unsaturation, compound 1 must be cyclic.
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Table 1. 'H NMR and 3C NMR data for compounds 1-2.
12 2b
Unit Position ou, (J in Hz) dc, Type Unit Position ou, (J in Hz) dc, Type
Pro 1 173.5 (C) Pip 1 173.7 (C)
2 4.88, dd, (8.5, 3.0) 56.7 (CH) 2 4.86,t(6.0) 51.7 (CH)
3 211, m;1.39, m 28.1 (CHy) 3 1.69, m; 1.34, m 23.1 (CHy)
4 1.85, m 24.6 (CHy) 4 1.49, m; 1.30, m 17.6 (CHy)
5 3.63, m; 3.29, m 50.1 (CHy) 5 1.62, m 22.4 (CHy)
6 3.57, m; 3.40, m 449 (CHp)
Ant 1 167.4 (C) Ant 1 171.9 (C)
2 135.7 (C) 2 136.4 (C)
3 7.52,4d,(7.5) 127.5 (CH) 3 7.35,dd, (8.0, 1.6) 127.9 (CH)
4 7.16,4d, (7.5) 123.2 (CH) 4 7.18,dd, (8.0, 8.0) 123.4 (CH)
5 7.47,t,(8.0) 130.9 (CH) 5 7.48,dd, (8.0, 8.0) 131.2 (CH)
6 8.38,d, (8.5) 120.0 (CH) 6 8.40, dd, (8.0, 1.6) 120.2 (CH)
7 123.9 (C) 7 122.7 (C)
NH 9.62,s NH 9.27,s
Ile 1 168.9 (C) Ile 1 168.8 (C)
2 4.38,dd, (8.5,4.5) 58.1 (CH) 2 4.23,dd, (7.1,4.2) 58.4 (CH)
3 2.01, m 36.2 (CH) 3 2.01, m 35.8 (CH)
4 1.37, m; 1.20, m 24.1 (CHy) 4 1.39, m; 1.26, m 24.5 (CHy)
5 0.83,t, (7.0) 11.7 (CH3) 5 0.84,t,(9.4) 11.8 (CH3)
3 0.86, d, (7.0) 15.7 (CHs) 3 0.85, d, (6.8) 15.6 (CH3)
NH 7.20,d, (9.0) NH 7.26,d, (9.0)
Gly 1 169.4 (C) Ala 1 172.2 (C)
4.26,dd, (17.0, 8.0) 2 4.56, m 47.7 (CH)
2 3.66,dd, (9.5, 3.5), 426 (CH) 3 1.30,d, (7.2) 17.5 (CH3)
NH 7.78,dd, (7.5, 4.0) NH 7.29,4d, (7.5)
N-Me-Phe 1 169.9 (C) N-Me-Phe 1 168.9 (C)
2 5.30, dd, (12.0, 4.5) 58.8 (CH) 2 5.58,dd, (12.4,4.4) 57.2 (CH)
3.40,dd, (15.5,4.5) 344 m:
3 3.10, dd, (155, 32.5 (CHy) 3 P 31.9 (CHyp)
3.05, m
12.5)
4 137.7 (C) 4 137.8 (C)
5,9 7.25, m 128.3 (CH) 59 7.21,d (12.0) 128.2 (CH)
6,8 7.31, m 128.3 (CH) 6,8 7.28,d, (7.2) 128.3 (CH)
7 7.22, m 126.4 (CH) 7 7.21,t,(7.2) 126.3 (CHy)
N-Me 3.00, s 31.6 (CHs) N-Me 297,s 30.6 (CH3)

a Measured in DMSO-dg at 500 MHz for 'H NMR and 125 MHz for *C NMR. ? Measured in DMSO-dg, at 400 MHz
for 'H NMR and 100 MHz for 13C NMR.

Furthermore, detailed analysis of the heteronuclear single quantum correlation (HSQC),
correlation spectroscopy (COSY), heteronuclear multiple bond correlation (HMBC), and nu-
clear Overhauser effect spectroscopy (NOESY) spectrum confirmed the cyclic pentapeptides
structure of compound 1 (Figure 2) and revealed the presence of proline (Pro), anthranilic
acid (Ant), isoleucine (Ile), glycine (Gly), and N-methyl-phenylalanine (N-Me-Phe). The
first fragment of Pro was established by interpretation of COSY correlations from H-2 (dy
4.88) to H-3 (dy 2.11 and 1.39), H-4 (6 1.85), and H-5 (dy5 3.63 and 3.29), and coupled with
HMBC correlations from H-2 (dy 4.88) to C-1 (6c 173.5), C-4 (6¢c 24.6), and Ant-CO (o¢
167.4), and from H-5 (6y 3.63 and 3.29) to C-3 (J¢ 28.1) and Ant-CO (é¢ 167.4). The Ant
residue was identified by COSY correlations from H-3 (dy 7.52) to H-4 (dy 7.16), H-5 (o
7.47), and H-6 (dy 8.38), and by observations of HMBC correlations from H-3 (015 7.52)
to C-1 (6¢c 167.4) and C-7 (6¢ 123.9), and from H-6 (dy 8.38) to C-2 (6¢ 135.7). For the
Ile residues, the presence of COSY correlations from H-2 (dy 4.38) to H-3 (6 2.01), H-4
(0y 1.37 and 1.20), and H-5 (6y 0.83), and from H-3' (6 0.86) to H-3 (6y; 2.01), and by
observations of HMBC correlations from H-2 (615 4.38) to C-1 (6c 168.9) and Gly-CO (éc
169.4). Moreover, the Gly residue was identified by COSY correlations from H-2 (1 4.26
and 3.66) to NH (6 7.78), and the analysis of HMBC correlations H-2 (615 4.26 and 3.66) to
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C-1 (0¢ 169.4) and N-Me-Phe-CO (d¢ 169.9). The N-Me-Phe residue was also established by
the COSY correlations from H-2 (6y 5.30) to H-3 (dy 3.40 and 3.10), and from H-5/9 (g
7.25) to H-6/8 (011 7.31) and H-7 (41 7.22), and the observation of HMBC correlations from
H-2 (6 5.30) to C-1 (6¢ 169.9), C-4 (6¢c 137.7), and Pro-CO (6c 173.5), as well as from the
N-methyl protons (N-Me, dy 3.00) to C-2 (6¢c 58.8) and Pro-CO (éc 173.5). Lastly, HMBC
correlations from Ant-NH (6 9.62) to Ile-CO (éc 168.9), from Ile-NH (d 7.20) to Gly-CO
(6c 169.4), from Gly-NH (6y 7.78) to N-Me-Phe-CO (é¢c 169.9), from N-Me-Phe-H-2 (6y
5.30) to Pro-CO (¢ 173.5), and from Pro-H-2 (dy5 4.88) to Ant-CO (d¢ 167.4) resulted in the
sequence of five amino acids. Moreover, the key NOESY correlations between Pro-H-2
(6 4.88) and Phe-N-Me (dy 3.00), Phe-H-2 (6y 5.30) and Gly-NH (dy 7.78), Gly-H-2 (6
4.26 and 3.66) and Ile-NH (51 7.20), Ile-H-2 (15 4.38) and Ant-NH (dy 9.62) established the
partial sequence of amino acids, and the ESI-MS/MS fragment ions at m/z 418 (loss of Ile),
m/z 376 (loss of Ile-Gly), and m/z 215 (loss of Ile-Gly-N-Me-Phe) (Figures 3 and 510) also
established the sequence order of amino acid residues. Therefore, the planar structure of
compound 1 was Pro-Ant-lle-Gly-N-Me-Phe (Figure 1).

COSsY

2 3 4

Figure 3. ESI-MS/MS analysis of compounds 1-4.

The absolute configuration of the amino acid residues of compound 1 was established
by HPLC-MS analysis of their acid hydrolysates derivatized with Marfey’s method [25].
The L-Pro and L-Ile in compound 1 were confirmed by analyzing the retention time of their
derivatives and standards on HPLC-MS (Figure S11). However, the absolute configuration
of the N-Me-Phe could not be identified by Marfey’s method, as standard amino acids
were not available. Compound 1 displayed the same N-Me-Phe amino acid residues as
observed in avellanin A (5) [18]. Fortunately, we obtained the crystals of compound 5
in MeOH/H,O, with a Flack parameter of 0.06(6) (Figure 4). Additionally, the absolute
configuration of the N-Me-Phe of compound 1 may be consistent with that of compound
5 by their common biosynthetic pathway. Finally, the N-Me-Phe of compound 1 was
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identified as N-Me-p-Phe by comparing the retention time of the N-Me-Phe of compounds
1 and 5 with Marfey’s method (Figure S11). Finally, the structure of compound 1 was
elucidated as | -Pro-Ant-1 -Ile-Gly-N-Me-p-Phe and named avellanin D.

Figure 4. Single-crystal X-ray structure of compound 5.

Compound 2 was obtained as yellow powder. Its HRESIMS spectrum showed the
ion at m/z 598.3001 [M + Na]* (calcd for 598.3005), suggesting its molecular formula as
C3,Hy1N5O5 with 15 degrees of unsaturation. The 'H and '*C NMR data (Table 1) of
compound 2 were similar to those of compound 5, the only obvious difference being
the additional presence of one methylene (6 1.49 and 1.30, and é¢c 17.6) in compound
2. Detailed analysis of the NMR spectra indicated that the Pro residue in compound 5
was replaced by a Pip unit in compound 2. The results were confirmed by the COSY
correlations of H-2 (dy1 4.86) to H-3 (01 1.69 and 1.34), H-4 (d11 1.49 and 1.30), H-5 (61 1.62),
and H-6 (011 3.57 and 3.40), and HMBC correlations of H-2 (1 4.86) to C-1 (6¢ 173.7), C-4
(0c 17.6), and Ant-CO (¢ 171.9), and H-6 (614 3.57 and 3.40) to C-4 (6¢ 17.6) and Ant-CO (6¢
171.9) (Figure 2). Therefore, the amino acid sequence of compound 2 was assigned as Pip-
Ant-Ile-Ala-N-Me-Phe by the key 2D NMR correlations (Figure 2) and further supported
by ESI-MS/MS analysis (Figures 3 and S21). The absolute configurations of the amino
acid residues of compound 2 were identified using Marfey’s method (Figure 522) [25]. In
addition, basis on the absolute configuration of avellanins A and B (5 and 6) [18], and a
shared biogenesis in the same fungus. Thus, the completed structure of compound 2 was
elucidated as 1 -Pip-Ant-; -Ile-p-Ala-N-Me-p-Phe and named avellanin E.

Compound 3 was obtained as a yellow amorphous powder. It is assigned the molecular
formula Cy9H35N505 on the basis of HRESIMS spectrum, which revealed 15 degrees of
unsaturation. Carefully analysis of the 'H and '3C NMR data (Table 2) of compound 3
closely resemble those of compound 1, indicating that compound 3 was an analogue of
compound 1, the main difference being one amino acid constitution, corresponding to the
loss of a methylene group from compound 1. The above results were confirmed by the
COSY correlations of H-4 (d¢5 0.88) and H-5 (d¢5 0.86) to H-3 (15 2.31) and H-2 (égg 5.29), and
HMBC correlations of H-3 (dy 2.31) to C-1 (6¢ 168.9) and C-2 (6¢ 58.7), and H-2 (6 5.29) to
C-1 (6¢c 168.9), C-3 (6c 29.4), C-4 (o¢c 19.0), C-5 (éc 16.9), and Gly-CO (éc 169.4) (Figure 2).
Indeed, analysis of 2D NMR data established the amino acid sequence of compound 3 to
be Pro-Ant-Val-Gly-N-Me-Phe. The ESI-MS/MS data also supported the sequence order
of amino acid residues (Figures 3 and S32). In addition, the absolute configuration of
compound 3 was identified using Marfey’s method (Figure S33) [25]. Thus, the completed
structure of compound 3 was elucidated as | -Pro-Ant-; -Val-Gly-N-Me-p-Phe and named
avellanin F.
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Table 2. 'H NMR (500 MHz) and 3C NMR (125 MHz) data for compounds 3-4.
3¢ 44
Unit Position dy, (J in Hz) dc, Type Unit Position oy, (J in Hz) dc, Type
Pro 1 173.5 (C) Pro 1 176.6 (C)
2 490, dd, (9.0, 3.5) 56.8 (CH) 2 4.88, m 57.9 (CH)
3 211, m; 1.37, m 28.1 (CHy) 3 2.03, m; 1.40, m 29.5 (CHy)
4 1.84, m 245 (CH,) 4 2.08, m; 1.89, m 26.1 (CH,)
5 3.63, m; 3.28, m 50.1 (CHy) 5 3.80, m; 3.52, m 52.6 (CH,)
Ant 1 167.4 (C) Ant 1 170.4 (C)
2 135.6 (C) 2 138.8 (C)
3 7.52,d, (6.5) 127.4 (CH) 3 7.58,dd (7.5, 1.5) 129.6(CH)
4 7.18,, (7.0) 123.2 (CH) 4 7.23,1(7.0) 127.8(CH)
5 7.47,td, (8.5, 1.0) 130.9 (CH) 5 7.48,td (7.5, 1.5) 132.9(CH)
6 8.35, d, (8.0) 120.1 (CH) 6 8.50, dd (8.5, 1.0) 121.6(CH)
7 124.1 (C) 7 123.6(C)
NH 9.62, s Abu 1 171.7 (C)
Val 1 168.9 (C) 2 4.42,dd (10.0, 4.0) 57.6 (CH)
2 5.29,dd, (12.0, 4.5) 58.7 (CH) 3 2.13, m; 1.73, m 25.1 (CHy)
3 231, m 29.4 (CH) 4 1.00, t (7.0) 11.1 (CHj3)
4 0.88, d, (7.0) 19.0 (CHs) Ala 1 174.8 (C)
5 0.86, d, (7.0) 16.9 (CH;) 2 4.81,dd (14.5,7.0) 49.6 (CH)
NH 7.12,4d, (9.0) 3 1.44,d (7.0) 18.2 (CHj3)
Gly 1 169.4 (C) N-Me-Phe 1 172.1 (C)
2 g.g;;, gj' (17.0,80), 45 6 (CHy) 2 5.73,dd (12.0,45)  59.6 (CH)
S0 44, 8578 jg;' 3 3.63,dd (15.0,40),  33.9 (CHy)
3 3.06,dd (15.0,12.5) 33.9 (CHy) 4 3.06, dd (15.0, 12.5) 138.2 (C)
NH 7.79,dd, (8.0, 4.5) 5,9 129.5 (CH)
N-Me-Phe 1 170.0 (C) 7 124.4 (CH)
2 4.36,dd, (9.0, 4.5) 58.7 (CH) 6,8 129.5 (CH)
3.41,dd, (15.5, 4.5);
3 312, dd, (15,0, 12.0), 32.5 (CHy) N-Me 32.1 (CH;)
4 137.6 (C)
5,9 7.31, m; 7.25, m 128.3(CH)
6,8 7.31, m; 7.25, m 128.4(CH)
7 7.23,t, (7.5) 126.4 (CH)
N-Me 3.01,s 31.5 (CH3)

¢ Obtained in DMSO-dg; 4 obtained in CD;0D.

Compound 4 was obtained as a white amorphous powder, and its molecular formula
Co9H35N505 was established from HRESIMS, which revealed 15 degrees of unsaturation.
The 'H and 3C NMR spectra (Table 2) of compound 4 were similar to those of compound
5, except for the absence of one methine group and one methyl group of Ile in compound
5, corresponding to a mass difference of 28 amu compared to compound 5. The COSY
spectrum indicated a proton spin system, H-2 (d1y 4.42), H-3 (615 2.13 and 1.73), and H-4 (6y
1.00), and HMBC correlations of H-2 (dy 4.42) to C-1 (6¢ 171.7), C-3 (6¢ 25.1), C-4 (6¢ 11.1),
and Ala-CO (¢ 174.8), H-3 (dy 2.13 and 1.73) to C-1 (o¢ 171.7), C-2 (é¢c 57.6), and C-4 (d¢
11.1), and H-4 (611 1.00) to C-2 (6c 57.6) and C-3 (6¢ 25.1) (Figure 2). The interpretation of the
HMBC spectrum of compound 4 clarified the sequence of amino acid to be Pro-Ant-Abu-
Ala-N-Me-Phe, which was further confirmed by the NOESY correlations and EIS-MS/MS
fragmentation (Figures 2, 3 and 543). According to Marfey’s method (Figure S44) [25], the
absolute configuration of compound 4 was identified, and the locations of | -Pro, | -Abu,
p-Ala, and N-Me-p-Phe were assigned. Finally, the completed structure of compound 4
was elucidated as 1 -Pro-Ant-; -Abu-p-Ala-N-Me-p-Phe and named avellanin F.

Four known compounds were isolated and identified as avellanin A (5) [18], avel-
lanin B (6) [18], PF1171E (7) [24], and PF1171B (8) [24] by comparing their physical and
spectroscopic data with those reported in the literature.
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2.2. Biological Activity

Compounds 1-8 were subjected to several biological assays available in our labo-
ratories, including insecticidal and antibacterial activity tests. The result showed that
compound 2 exhibited insecticidal activity against newly hatched larvae of Culex quinque-
fasciatus with an LCsg value of 86.6 pM, and compound 4 had weak activity against Vibrio
harveyi with an MIC value of 5.85 ptM.

3. Materials and Methods
3.1. General Experimental Procedures

Optical rotations were determined using an InsMark digi300 spirometer (InsMark,
Shanghai, China). CD spectra were measured with a JASCO J-1500 digital polarimeter
(JASCO, Easton, PA, Tokyo, Japan). IR spectra were recorded using a PerkinElmer DTGS
FT/IR-L1600400 (using KBr disks, PerkinElmer, Waltham, MA, USA) spectrophotometer.
One-dimensional and two-dimensional NMR spectra were measured on a Bruker AV-400
MHz spectrometer and AV-500 MHz spectrometer, respectively, with TMS as the internal
standard (Bruker, Féllanden, Switzerland). Semi-preparative HPLC was performed on a
SHIMADZU LC-2030C series (Shimadzu, Kyoto, Japan) with a DAD detector using a COS-
MOSIL 5C;g-MS-II column (10 x 250 mm, 7 pm, Cosmosil, Kyoto, Japan). Melting points
were determined on an SGW X-4B micromelting point apparatus and were uncorrected
(SHYDWG, Shanghai, China). HR-ESI-MS spectra were obtained on a Bruker Daltonics
Apex-Ultra 7.0 T spectrometer (Bruker Corporation, Billerica, MA, USA) and a WATERS
Xevo G2-5 Qtof Quadrupole Timeof-Flight Mass Spectrometry (Waters, Milford, MA, USA).

3.2. Fungal Material, Isolation, and Purification

The fungal strain Aspergillus fumigatus GXIMD 03099 was isolated from the mangrove
Acanthus ilicifolius L., collected in the Guangxi Shankou Mangrove Nature Reserve in July,
2020, and was identified according to its morphological characteristics and a molecular
biological protocol by 185 rRNA amplification and sequencing of the ITS region. The
sequence data have been submitted to GenBank, with accession number ON668102. The
fungal strain was cultivated in rice solid-substrate medium (100 Erlenmeyer flasks, each
containing 80 g of rice and 0.5 g of sea salt in 100 mL of distilled H,O in 1 L Erlenmeyer
flasks) at room temperature under static conditions and daylight for 30 days.

The solid rice medium was extracted with EtOAc. The organic extract was con-
centrated in vacuo to yield an oily residue (76.5 g), which was subjected to silica gel
column chromatography (CC) using petroleum ether/EtOAc (v/v, gradient 100:0-0:100)
and EtOAc/MeOH (v/v, gradient 100:0-0:100) to generate ten fractions (Fr. 1-Fr. 10).

Fr. 5 (9.45 g) was separated by silica gel CC, eluted with petroleum ether-EtOAc
(from 10:0 to 0:10) and EtOAc-MeOH (from 3:1 to 0:10) to afford eight subfractions (5a—
5h). Subfraction 5e was further separated by semi-preparative HPLC (MeOH/H,O, 75:25,
v/v) to obtain compounds 2 (2.88 mg, tr = 44.92 min), 7 (2.96 mg, tg = 20.12 min) and 8
(3.52 mg tg = 30.45 min). Subfraction 5f was further separated by semi-preparative HPLC
(MeOH/H,0, 80:20, v/v) to obtain compounds 4 (2.52 mg, tg = 6.43 min) and 6 (12.86 mg,
tr = 39.56 min).

Fr. 7 (10.29 g) was separated by silica gel CC, eluted with petroleum ether-EtOAc
(from 10:0 to 0:10) and EtOAc-MeOH (from 3:1 to 0:10) to afford nine subfractions (7a-7i).
Subfraction 7b was isolated by CC on silica gel eluting petroleum ether-EtOAc (from 10:0
to 0:10) and EtOAc-MeOH (from 3:1 to 0:10) to afford thirteen subfractions (7b-a—7b-m),
and subfraction 7b-i was further separated by semi-preparative HPLC (MeOH/H,0, 80:20,
v/v) to obtain compounds 3 (5.42 mg, tg = 18.57 min) and 1 (14.89 mg, tg = 44.92 min).

Fr. 8 (10.1 g) was separated by silica gel CC, eluted with petroleum ether-EtOAc (from
10:0 to 0:10) and EtOAc-MeOH (from 3:1 to 0:10) to afford twelve subfractions (8a—8l).
Subfraction 8f was further separated by semi-preparative HPLC (MeOH/H;0O, 95:5, v/v)
to obtain compound 5 (6.82 mg, tg = 22.50 min).
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Avellanin D (1): yellow powder. [oc]2D4 +12.0 (¢ 0.1, MeOH); UV (MeOH) Apmax (log ¢€)
285, 251, 204 nm; CD (c 2 x 1074 mol/L, MeOH) Amax (A€) 200 (—7.5), 231 (17.3) nm; IR
(KBr) Vmax 3349, 2963, 1684, 1524, 1419 cm~1; 'H and 3C NMR data, see Table 1; HR-ESI-MS
m/z 548.2864 [M + H]* (calcd. for C30HzgN505, 548.2873).

Avellanin E (2): yellow powder. [oc}zD4 —10.0 (c 0.05, MeOH); UV (MeOH) Anmax (log
€) 287, 246, 208 nm; CD (c 2 x 10~* mol/L, MeOH) Amax (Ag) 205 (—22.7), 230 (37.6)
nm; IR (KBr) Vimax 3365, 2969, 1621, 1592, 1452 cm~!; TH and 3C NMR data, see Table 1;
HR-ESI-MS m/z 598.3001 [M + Na]* (calcd. for C3pHy1N505Na, 598.3005).

Avellanin F (3): yellow powder. [cx]2D4 +16.0 (c 0.1, MeOH); UV (MeOH) Amax (log €) 287,
250, 203 nm; CD (c 2 x 104 mol/L, MeOH) Apax (A€) 237 (18.3), 291 (—2.4) nm; IR (KBr)
Vmax 3363, 2919, 1617, 1523, 1419, cm~!; 'H and 13C NMR data, see Table 2; HR-ESI-MS
m/z 534.2696 [M + H]* (calcd. for Co9H34N50s5, 534.2716).

Avellanin G (4): white powder. [04]2D4 +34.0 (¢ 0.1, MeOH); UV (MeOH) Amax (log €) 290,
250, 201 nm; CD (c 2 x 10~ mol/L, MeOH) Amax (Ag) 200 (—6.1), 232 (11.6) nm; IR (KBr)
Vmax 3471, 2925, 1649, 1599, 1422 cm~!; 'H and '3C NMR data, see Table 2; HR-ESI-MS m/z
534.2706 [M + H]+ (CalCd. for Cp9H36N50s5, 5342716)

3.3. X-ray Crystallographic Analyses of Compound 5

Colorless crystals of compound 5 were obtained from MeOH/H;O. Single-crystal X-
ray diffraction data were collected on an Xcalibur, Atlas, Gemini ultra-diffractometer with Cu
Ka radiation (A = 1.54184 A) at 99.9 (3) K, respectively. The structure was solved by direct
methods (ShelXT) and refined with the ShelXL refinement package using least squares
minimization. All non-hydrogen atoms were refined anisotropically, and all hydrogen
atoms were placed in idealized positions and refined relatively isotropically with a riding
model. Crystallographic data of compound 5 have been deposited in the Cambridge
Crystallographic Data Centre with deposition number CCDC 2323898. Copies of the data
can be obtained, free of charge, on application to the Director, CCDC, 12 Union Road,
Cambridge CB21EZ, UK (fax: +44-(0)1223-336033, or E-mail: deposit@ccdc.cam.ac.uk).

Crystal data for compound 5: C31H39N505-H,O, mp. 117-119 °C, M; = 561.67, mon-
oclinic, a = 7.82520 (10) A, b = 18.63970 (10) A, ¢ = 10.36950 (10) A, a = 90°, B = 107.4970
(10) °, v = 90°, V = 1442.51 (3) A3, space group P2;, Z = 2, Dy = 1.293 g/cm®, u (Cu
Ka) = 0.721 mm ™, and F (000) = 600.0. Independent reflections: 5709 (Rjnt = 0.0242). The
final Ry value was 0.0274, wR; = 0.0713 (I >20 (I)). Flack parameter = 0.06(6).

3.4. Acid Hydrolysis and Marfey’s Analysis Methods

Hydrolysis and Marfey’s analysis were carried out according to Xiao Lin et al. [25].
Compounds 14 (100 pg each) were dissolved in 100 uL of 6 M HCl and hydrolyzed
in a pressure-resistant reaction flask at 110 °C for 24 h, then the HCl was removed by
evaporation under a stream of N, gas. The hydrolysis product was dissolved in 50 pL of
1 M NaHCO:s to adjust the pH to 7-8 and reacted with 10 puL of Marfey’s reagent (1-fluoro-2,
4-dinitrophenyl-5-1 -leucinamide, 1 -FDLA; 1% solution in acetone) at 40 °C for 1 h, and
then 50 pL of 1 M HCl was used to neutralize the reactant pH to 2-3. Finally, the mixture
was diluted with MeCN (800 uL) and filtered. Amino acid standards 1 -Pip, 1 -Pro, 1 -Val,
1-Ile, and 1 -Abu were derivatized with  -FDLA. The | -Pro, 1 -Ile, p-Ala, and N-Me-p-Phe
from compound 5 crystals were used as standards for comparison with the hydrolysate
derivatives of compounds 1-4. Marfey’s derivatives of the compounds and the L-FDAA
standards described above were analyzed using HPLC-DAD-MS in positive ion mode
using a WATERS Xevo G2-S Qtof Quadrupole Timeof-Flight Mass Spectrometry (Waters,
Milford, MA, USA).

3.5. Insecticidal Activities

The insecticidal activity against Culex quinquefasciatus larvae was evaluated according
to methods reported in the literature [21]. Newly hatched larvae were housed at 25 + 1 °C
and 80% relative humidity. Two sets of replicates were set up with dimethyl sulfoxide as a
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negative control, azadirachtin as a positive control, and artificial feed as a blank control.
The number of dead larvae was recorded on 2nd, 4th, 6th, and 8th days after treatment.

3.6. Antibacterial Activities

Antibacterial activity was determined against nine pathogenic bacteria [26], including
six Gram-positive bacteria—Methicillin-resistant Staphylococcus aureus (ATCC 43300), Candida
albicans (ATCC 10231), Staphylococcus albus (ATCC 8799), Staphylococcus aureus (ATCC 6538),
Bacillus subtilis (ATCC 21332), and Xanthomonas Campestris (ATCC 33913) —and three Gram-
negative bacteria—Vibrio parahaemolyticus (ATCC 17802), V. alginolyticus (ATCC 17749), and
V. harveyi (ATCC 14126)—Dby the microplate assay method. Chloromycetin was used as the
positive control.

4. Conclusions

In conclusion, we reported four new cyclic pentapeptides named avellanins D-G
(1-4). The significant difference between compounds 1-4 is that compound 2 contains an
uncommon Pip amino acid. The biological activity screening showed that only compounds
2 and 4 had insecticidal and anti-Vibrio activity, respectively. Therefore, the presence of Pip
and Abu amino acid residues appears to be crucial for insecticidal and anti-Vibrio activity.
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ESI-MS, Marfey’s analysis, and CD spectrum for compound 1; Figures S13-523: 1y, 13C, DEPT, HSQC,
HMBC, 'H-1H COSY, NOESY, HR-ESI-MS, Marfey’s analysis, and CD spectrum for compound 2;
Figures $24-S34: 'H, 13C, DEPT, HSQC, HMBC, 'H-'H COSY, NOESY, HR-ESI-MS, Marfey’s analysis,
and CD spectrum for compound 3; Figures S35-545: 14, 13C, DEPT, HSQC, HMBC, 'H-'H COSY,
NOESY, HR-ESI-MS, Marfey’s analysis, and CD spectrum for compound 4; crystal data and structure
refinement for compound 5.

Author Contributions: Conceptualization, C.G. and M.B.; methodology, YW., G.C. and Y.G; software,
X.L.; validation, M.B.; formal analysis, YW., G.C. and Y.G.; investigation, YW., G.C. and Y.G;
resources, C.G. and M.B,; data curation, Y.W. and G.C.; writing—review and editing, YW., G.C,, Y.G.,
X.L, XY, LZ, YL. and C.G,; supervision, C.G. and M.B.; project administration, M.B. and C.G.;
funding acquisition, M.B. and C.G. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by the Natural Science Foundation of Guangxi (2023GXNS-
FAA026313), Guangxi Key Research and Development Programme (grant number AB24010109),
the Natural Science Foundation of Guangxi (2021GXNSFBA220072 and 2024GXNSFDA010010),
Guangxi Province Natural Science Foundation of Innovative Research Team Project (2020GXNS-
FGA297002), The Development Program of High-level Talent Team under the Qihuang Project
of Guangxi University of Chinese Medicine (No. 202404), the Guangxi University of Chinese
Medicine “GuiPai Traditional Chinese Medicine inheritance and innovation team” Project (2022A007),
Guangxi Natural Science Foundation Project, and the Guangdong-Guangxi Joint Fund—Key project
(2021GXNSFDA075010).

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Hafez Ghoran, S.; Taktaz, F; Ayatollahi, S.A.; Kijjoa, A. Anthraquinnoes and their analogues from marine-derived fungi:
Chemistry and biological activities. Mar. Drugs 2022, 20, 474. [CrossRef] [PubMed]

2. Survase, S.A.; Kagliwal, L.D.; Annapure, U.S,; Singhal, R.S. Cyclosporin A—A review on fermentative production, downstream
processing and pharmacological applications. Biotechnol. Adv. 2011, 29, 418-435. [CrossRef] [PubMed]

3. Moellering, R.C.; Courvalin, P.; Jones, R.N.; Levine, D.P.,; Rybak, M.].; Stevens, D.L.; Saloulas, G. Predicting and defining
vancomycin efficacy: Program overview. Clin. Infect. Dis. 2006, 42, S35-539. [CrossRef]


https://www.mdpi.com/article/10.3390/md22060282/s1
https://www.mdpi.com/article/10.3390/md22060282/s1
https://doi.org/10.3390/md20080474
https://www.ncbi.nlm.nih.gov/pubmed/35892942
https://doi.org/10.1016/j.biotechadv.2011.03.004
https://www.ncbi.nlm.nih.gov/pubmed/21447377
https://doi.org/10.1086/491715

Mar. Drugs 2024, 22, 282 10 of 10

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Bills, G.; Li, Y.; Chen, L.; Yue, Q.; Niu, X.M.; An, Z. New insights into the echinocandins and other fungal non-ribosomal peptides
and peptaibiotics. Nat. Prod. Rep. 2014, 31, 1348-1375. [CrossRef] [PubMed]

Humphries, R M.; Pollett, S.; Sakoulas, G. A current perspective on daptomycin for the clinical microbiologist. Clin. Microbiol.
Rev. 2013, 26, 759-780. [CrossRef] [PubMed]

Wang, X.H.; Lin, M.Y,; Xu, D.; Lai, D.W.; Zhou, L.G. Structural diversity and biological activities of fungal cyclic peptides,
excluding cyclodipeptides. Molecules 2017, 22, 2069. [CrossRef] [PubMed]

Hafez Ghoran, S.; Taktaz, F.; Sousa, E.; Fernandes, C.; Kijjoa, A. Peptides from marine-derived fungi: Chemistry and biological
activities. Mar. Drugs 2023, 21, 510. [CrossRef] [PubMed]

He, F; Bao, J.; Zhang, X.Y.; Tu, Z.C.; Shi, YM.; Qi, S.H. Asperterrestide A, cytotoxic cyclic tetrapeptide from the marine-derived
fungus Aspergillus terreus SCSGAO0162. . Nat. Prod. 2013, 76, 1182-1186. [CrossRef] [PubMed]

Chao, R.; Hou, X.M.; Xu, W.F,; Hai, Y.; Wei, M.Y.; Wang, C.L.; Gu, Y.C.; Shao, C.L. Targeted isolation of asperheptatides from
a coral-derived fungus using LC-MS/MS-based molecular networking and antitubercular activities of modified cinnamate
derivatives. J. Nat. Prod. 2021, 84, 11-19. [CrossRef]

Luo, M.H,; Zang, R.C.; Wang, X.; Chen, Z.M; Song, X.X; Ju, ] H.; Huang, H.B. Hydroxamate-containing siderophore acremonpep-
tides A-D and an aluminum complex of acremonpeptide D from the marine-derived Acremonium persicinum SCSIO 115. J. Nat.
Prod. 2019, 82, 2594-2600. [CrossRef]

Ding, W.J.; Tian, D.M.; Chen, M,; Xia, Z.X.; Tang, X.Y.; Zhang, S.H.; Wei, ].H.; Li, X.N.; Yao, X.S.; Wu, B.; et al. Molecular networking-
guided isolation of cyclopentapeptides from the hydrothermal vent sediment derived fungus Aspergillus pseudoviridinutans
TW58-5 and their anti-inflammatory effects. J. Nat. Prod. 2023, 86, 1919-1930. [CrossRef] [PubMed]

Yang, L.; Tan, R.X.; Wang, Q.; Huang, W.Y,; Yin, Y.X. Antifungal cyclopeptides from Halobacillus litoralis YS3106 of marine origin.
Tetrahedron Lett. 2002, 43, 6545-6548. [CrossRef]

Tang, W.Z.; Liu, ].T.; Hu, Q.; He, RJ.; Guan, X.Q.; Ge, G.B.; Han, H.; Yang, F.; Lin, HW. Pancreatic lipase inhibitory cyclo-
hexapeptides from the marine sponge-derived fungus Aspergillus sp. 151304. J. Nat. Prod. 2020, 83, 2287-2293. [CrossRef]
[PubMed]

Zorzi, A.; Deyle, K.; Heinis, C. Cyclic peptide therapeutics: Past, present and future. Curr. Opin. Chem. Biol. 2017, 38, 24-29.
[CrossRef] [PubMed]

Tan, N.H.; Zhou, J. Plant cyclopeptides. Chem. Rev. 2006, 106, 840-895. [CrossRef] [PubMed]

Pomilio, A.B.; Battista, M.E.; Vitale, A.A. Naturally-occurring cyclopeptides: Structures and bioactivity. Curr. Org. Chem. 2006, 10,
2075-2121. [CrossRef]

Yamazaki, M.; Horie, Y.; Bae, K.; Maebayashi, Y.; Jisai, Y.; Fujimoto, H. New fungal metabolites avellanins A and B from Hamigra
avellanea with pressor effect. Chem. Pharm. Bull. 1987, 35, 2122-2124. [CrossRef] [PubMed]

Igarashi, Y.; Gohda, F.; Kadoshima, T.; Fukuda, T.; Hanafusa, T.; Shojima, A.; Nakayama, J.; Bill, G.E,; Peterson, S. Avellanin C,
an inhibitor of quorum-sensing signaling in Staphylococcus aureus, from Hamigera ingelheimensis. J. Antibiot. 2015, 75, 526-529.
[CrossRef] [PubMed]

Kang, H.H.; Ma, L.Y,; Shao, Y.H.; Wang, X.; Wang, L.; Liu, W.Z.; Huang, Y.L. A new chromone derivative produced by Aspergillus
petraakii. Chin. ]. Mar. Drugs 2017, 36, 23-27.

Bai, M.; Huang, G.L.; Mei, R.Q.; Wang, B.; Luo, Y.P.; Nong, X.H.; Chen, G.Y.; Zheng, C.J. Bioactive lactones from the mangrove-
derived fungus Penicillium sp. TGM112. Mar. Drugs 2019, 17, 433. [CrossRef]

Bai, M.; Zheng, C.J.; Nong, X.H.; Zhou, X.M.; Luo, Y.P; Chen, G.Y. Four new insecticidal xanthene derivatives from the
mangrove-derived fungus Penicillium sp. JY246. Mar. Drugs 2019, 17, 649. [CrossRef] [PubMed]

Cao, G.P; Xia, J.L.; Zhao, L.Y.; Tang, Z.Z.; Lin, X.; Liu, Y.H.; Gao, C.H.; Liu, K; Bai, M. Penicixanthene E, a new xanthene isolated
from a mangrove-derived fungus Penicillium sp. |. Antibiot. 2022, 75, 526-529. [CrossRef] [PubMed]

Gan, YM,; Xia, J.L.; Zhao, L.Y,; Liu, K,; Tang, Z.Z.; Huang, B.Y;; Liu, Y.H.; Gao, C.H.; Bai, M. Two new isocoumarins isolated from
a mangrove-derived Penicillium sp. Phytochem. Lett. 2022, 50, 21-24. [CrossRef]

Igarashi, Y.; Hanafusa, T.; Gohda, F,; Peterson, S.; Bills, G. Species-level assessment of secondary metabolite diversity among
Hamigera species and a taxonomic note on the genus. Mycology 2014, 5, 102-109. [CrossRef] [PubMed]

Lin, X,; Tang, Z.Z.; Gan, YM.; Li, Z.Y.; Luo, X.W.; Gao, C.H.; Zhao, L.Y.; Chai, L.; Liu, Y.H. 18-residue peptaibols produced by the
songe-derived Trichoderma sp. GXIMD 01001. J. Nat. Prod. 2023, 86, 994-1002. [CrossRef]

Yin, Y.H.; Yang, W.C.; Chen, T.; Tan, Q.; Zou, G.; Zang, Z.M.; Li, ] H.; Wang, B.; She, Z.G. Cytosporones W and X: Two mutually
converting epimers from a mangrove endophytic fungus Diaporthe sp. ZJHJYZ-1. ACS Omega 2023, 8, 26628-26634. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1039/C4NP00046C
https://www.ncbi.nlm.nih.gov/pubmed/25156669
https://doi.org/10.1128/CMR.00030-13
https://www.ncbi.nlm.nih.gov/pubmed/24092854
https://doi.org/10.3390/molecules22122069
https://www.ncbi.nlm.nih.gov/pubmed/29186926
https://doi.org/10.3390/md21100510
https://www.ncbi.nlm.nih.gov/pubmed/37888445
https://doi.org/10.1021/np300897v
https://www.ncbi.nlm.nih.gov/pubmed/23806112
https://doi.org/10.1021/acs.jnatprod.0c00804
https://doi.org/10.1021/acs.jnatprod.9b00545
https://doi.org/10.1021/acs.jnatprod.3c00287
https://www.ncbi.nlm.nih.gov/pubmed/37368370
https://doi.org/10.1016/S0040-4039(02)01458-2
https://doi.org/10.1021/acs.jnatprod.0c00549
https://www.ncbi.nlm.nih.gov/pubmed/32662266
https://doi.org/10.1016/j.cbpa.2017.02.006
https://www.ncbi.nlm.nih.gov/pubmed/28249193
https://doi.org/10.1021/cr040699h
https://www.ncbi.nlm.nih.gov/pubmed/16522011
https://doi.org/10.2174/138527206778742669
https://doi.org/10.1248/cpb.35.2122
https://www.ncbi.nlm.nih.gov/pubmed/3664819
https://doi.org/10.1038/ja.2015.50
https://www.ncbi.nlm.nih.gov/pubmed/25944536
https://doi.org/10.3390/md17080433
https://doi.org/10.3390/md17120649
https://www.ncbi.nlm.nih.gov/pubmed/31756930
https://doi.org/10.1038/s41429-022-00548-0
https://www.ncbi.nlm.nih.gov/pubmed/35918478
https://doi.org/10.1016/j.phytol.2022.04.011
https://doi.org/10.1080/21501203.2014.917736
https://www.ncbi.nlm.nih.gov/pubmed/25379334
https://doi.org/10.1021/acs.jnatprod.3c00014
https://doi.org/10.1021/acsomega.3c03862

	Introduction 
	Results 
	Structural Elucidation 
	Biological Activity 

	Materials and Methods 
	General Experimental Procedures 
	Fungal Material, Isolation, and Purification 
	X-ray Crystallographic Analyses of Compound 5 
	Acid Hydrolysis and Marfey’s Analysis Methods 
	Insecticidal Activities 
	Antibacterial Activities 

	Conclusions 
	References

