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Abstract: Six new polyketides acrucipentyns A–F (1–6) were isolated from the alga-derived fungus
Asteromyces cruciatus KMM 4696. Their structures were established based on spectroscopic methods.
The absolute configurations of acrucipentyn A was assigned by the modified Mosher’s method
and ROESY data analysis. Acrucipentyns A–E were identified to be the very first examples of
chlorine-containing asperpentyn-like compounds. The cytotoxic and antimicrobial activities of
the isolated compounds were examined. Acrucipentyns A–F were found as antimicrobial agents,
which inhibited sortase A enzyme activity, bacterial growth and biofilm formation of Staphylococcus
aureus and decreased LDH release from human keratinocytes HaCaT in S. aureus skin infection in an
in vitro model.

Keywords: Asteromyces cruciatus; marine fungi; secondary metabolites; polyketides; sortase A;
chlore-containing metabolites; Staphylococcus aureus; antibacterial activity; biofilm formation

1. Introduction

Microfilamentous fungi isolated from a variety of marine environments can be divided
into facultative and obligate groups [1]. Facultative marine fungi are those found in both
marine and terrestrial sources. The metabolism of such fungi species adapts to marine
environment conditions and produces secondary metabolites, which are unusual for these
species. For example, the well-known and widespread fungus Penicillium chrysogenum,
isolated from marine sediments, was reported to be a producer of the unique dimeric
nitrophenyl trans-epoxyamides, chrysamides A–C [2]. Obligate marine fungi are exclusively
found in marine sources and have never been isolated from terrestrial samples. The
metabolism of obligate marine fungi is more dramatically altered by the saline stress
and other factors. The biosynthesis of previously undescribed chemical structures is the
consequence [3].
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Obligate marine fungus Asteromyces cruciatus C. Moreau et Moreau ex Hennebert is a
widespread species, which can be found in the tropical and temperate zones of the Pacific,
Atlantic and Indian oceans. This species was initially discovered in the sand sample of
the coastal area and was validly described in 1961. A. cruciatus can be found drifting or
washed up on the sore wood, algae, in sediment bottom samples. Currently, this species is
still poorly studied, and its position in the fungal classification tree remains uncertain [4].

Nevertheless, a few chemical studies have shown that A. cruciatus is a promising source
of new secondary metabolites. Thus, diketopiperazine gliovictin was the first compound
isolated from A. cruciatus [5]. The fungus A. cruciatus 763 yielded the new pentapeptide
lajollamide A, which exhibited a weak antibacterial activity, along with several known
sulfur-containing diketopiperazines [6]. Two new polyketides, primarolides A and B, were
isolated from an A. cruciatus culture treated with suberoylanilide hydroxamic acid and
high concentrations of NaCl [7].

Being a part of the microbial community, both facultative and obligate marine fungi
produce various bioactive secondary metabolites, which help them to interact and fight
with other species. By 2021, about 300 small molecules possessing a potent antimicrobial
activity and isolated from various marine fungi had been reported [8,9]. Marine fungal
secondary metabolites exhibit their antibacterial effects by directly inhibiting bacterial
growth, as well as by decreasing virulence or biofilms formation [10]. A membrane-
associated enzyme, sortase A, is responsible for the covalent attachment of many virulent
Gram-positive bacteria, including Staphylococcus aureus, to the mammalian cell wall [11,12].
Thus, the sortase A enzyme is an attractive target for new drugs against virulent and
antibiotic-resistant Gram-positive bacteria, which are known to be one of the main causes
of infectious disease worldwide [13]. The compounds capable of sortase A inhibition
and lacking, at the same time, cytotoxicity to mammalian cells are of particular interest,
because they can inhibite bacterial biofilm formation and decrease the virulence and toxicity
of bacteria.

In the current research, as a part of our continuing efforts to search for new antibac-
terial metabolites in marine fungi [14,15], we isolated new isoprenylated cyclohexanols
acrucipentyns A–F (1–6) from a culture of Asteromyces cruciatus KMM 4696 associated with
brown alga Sargassum pallidum (Vostok Bay, the Sea of Japan). The effect of acrucipentyns
on enzymatic activity of sortase A from Staphylococcus aureus, growth and biofilm formation
of S. aureus, as well as toxicity of acrucipentyns to various mammalian (human) cells,
were tested. Finally, the effect of isolated compounds on human keratinocytes HaCaT
co-cultured with S. aureus was investigated.

2. Materials and Methods
2.1. General Experimental Procedures

Optical rotations were measured on a Perkin-Elmer 343 polarimeter (Perkin Elmer,
Waltham, MA, USA). UV spectra were recorded on a Shimadzu UV-1601PC spectrometer
(Shimadzu Corporation, Kyoto, Japan) in methanol. CD spectra were measured with
a Chirascan-Plus CD spectrometer (Leatherhead, UK) in methanol. NMR spectra were
recorded in CDCl3, acetone-d6 and DMSO-d6, on a Bruker DPX-300 (Bruker BioSpin GmbH,
Rheinstetten, Germany), a Bruker Avance III-500 (Bruker BioSpin GmbH, Rheinstetten,
Germany) and a Bruker Avance III-700 (Bruker BioSpin GmbH, Rheinstetten, Germany)
spectrometer, using TMS as an internal standard. HRESIMS spectra were measured on a
Maxis impact mass spectrometer (Bruker Daltonics GmbH, Rheinstetten, Germany). Micro-
scopic examination and photography of fungal cultures were performed with Olympus
CX41 microscope equipped with an Olympus SC30 digital camera. Detailed examination
of ornamentation of the fungal conidia was performed using scanning electron microscopy
(SEM) EVO 40.

Low-pressure liquid column chromatography was performed using silica gel (60/100 µm,
Imid Ltd., Krasnodar, Russia) and Gel ODS-A (12 nm, S—75 um, YMC Co., Ishikawa, Japan).
Plates precoated with silica gel (5–17 µm, 4.5 cm × 6.0 cm, Imid Ltd., Russia) and silica gel 60
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RP-18 F254S (20 cm× 20 cm, Merck KGaA, Darmstadt, Germany) were used for thin-layer chro-
matography. Preparative HPLC was carried out on an Agilent 1100 chromatograph (Agilent
Technologies, Santa Clara, CA, USA) with an Agilent 1100 refractometer (Agilent Technologies,
Santa Clara, CA, USA) and a Shimadzu LC-20 chromatograph (Shimadzu USA Manufacturing,
Canby, OR, USA) with a Shimadzu RID-20A refractometer (Shimadzu Corporation, Kyoto,
Japan) using YMC ODS-AM (YMC Co., Ishikawa, Japan) (5 µm, 10 mm × 250 mm), YMC
ODS-AM (YMC Co., Ishikawa, Japan) (5 µm, 4.6 mm× 250 mm) and Hydro-RP (Phenomenex,
Torrance, CA, USA) (4 µm, 250 mm × 10 mm) columns.

2.2. Fungal Strain

The brown algae samples were collected in Vostok Bay (Sea of Japan) in sterile plastic
bags. Before use, they were stored in a freezer at −18 ◦C. Isolation of fungi from algae
samples was carried out by the plate method using Tubaki agar medium. The fungus was
isolated into a pure culture by transferring the inoculum from a Petri dish onto a slant wort
agar, where it was further stored. Microscopic examination of the strain was performed
using Olympus CX41.

For DNA isolation, a fungus culture grown at 25 ◦C for 7 days was used. Isolation
of genomic DNA was carried out using a commercial DNA kit (DNA-Technology Ltd.,
Moscow, Russia) in accordance with the protocol. Amplification and sequencing of the
ITS genes were performed using ITS1 and ITS4 gene-specific primers [16]. The obtained
sequence was compared with the GenBank sequence dataset and registered under accession
number OL477331.

2.3. Cultivation of Fungus

The fungus was cultured at 22 ◦C for three weeks in 60 × 500 mL Erlenmeyer flasks,
each containing rice (20.0 g), yeast extract (20.0 mg), KH2PO4 (10 mg) and natural seawater
from the Marine Experimental Station of PIBOC, Troitsa (Trinity) Bay, Sea of Japan (40 mL).

2.4. Extraction and Isolation

At the end of the incubation period, the mycelia and medium were homogenized
and extracted with EtOAc (1 L). The obtained extract was concentrated to dryness. The
residue (17.5 g) was dissolved in H2O–EtOH (4:1) (100 mL) and extracted successively with
n-hexane (0.2 L × 3), EtOAc (0.2 L × 3) and BuOH (0.2 L × 3). After evaporation of the
ethyl acetate layer, the residual material (5.5 g) was subjected to column chromatography
on silica gel, which was eluted with a gradient of n-hexane in ethyl acetate (100:1, 95:5,
90:10, 80:20, 70:30, 50:50). Fractions of 250 mL were collected and combined on the basis of
TLC (silica gel, toluene–isopropanol 6:1 and 3:1, v/v).

The fractions of n-hexane-EtOAc (95:5, 80 mg) and n-hexane-EtOAc (90:10, 200 mg)
were separated on a Gel ODS-A column (1.5 cm × 8 cm), which was eluted by a step
gradient from 40% to 80% CH3OH in H2O (total volume 1 L), to afford subfractions I and II.
Subfraction I (40% CH3OH, 146 mg) was purified by RP HPLC on a YMC ODS-AM column
eluted with CH3OH-H2O (90:10) and then with CH3OH-H2O (60:40) to yield 2 (1.8 mg)
and 4 (6.0 mg). Subfraction II (60% CH3OH, 110 mg) was purified by RP HPLC on a YMC
ODS-AM column eluted with CH3OH-H2O (80:20) and then with CH3OH-H2O (55:45) to
yield 1 (7 mg).

The n-hexane-EtOAc (80:20, 470 mg) fraction was separated on a Gel ODS-A column
(1.5 cm × 8 cm), which was eluted with a step gradient from 40% to 80% CH3OH in
H2O (total volume 1 L) to give subfraction III. Subfraction III (40% CH3OH, 250 mg) was
separated by RP HPLC on a YMC ODS-AM column eluting with CH3OH-H2O (90:10) and
then with CH3OH-H2O (60:40) to yield 6 (58 mg).

After evaporation of the BuOH layer, the residual material (0.98 g) was passed through
a silica column (3 cm × 14 cm), which was separated in the same way as the ethyl
acetate extract.
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The n-hexane-EtOAc (50:50, 252 mg) fraction was purified by RP HPLC on a YMC
ODS-A column eluted with CH3OH-H2O (45:1055) and then with CH3CN-H2O (25:75) to
yield 3 (3.9 mg) and 5 (5.2 mg).

2.5. Spectral Data

Acrucipentyn A (1): amorphous solids; [α]D
20 – 36.0 (c 0.09 CH3OH); CD (c 9.6 × 10−4,

CH3OH), λmax (∆ε) 210 (−0.97), 266 (−0.14) nm, see Supplementary Figure S1; UV (CH3OH)
λmax (log ε) 271 (2.54), 256 (2.50) and 224 (3.77) nm, see Supplementary Figure S7; 1H and
13C NMR data, see Tables 1 and 2, Supplementary Figures S13–S22; HRESIMS m/z 229.0625
[M – H]– (calcd. for C11H14ClO3, 229.0637, ∆5.0 ppm), 253.0599 [M + Na]+ (calcd. for
C11H15ClO3Na, 253.0602, ∆1.2 ppm).

Table 1. 1H NMR data (δ in ppm, J in Hz) for compounds (1–6).

Position 1 a 2 a 3 b 4 c 5 c 6 d

1 3.81, brs 3.70, m 3.68, dt (10.4,
5.4) 4.06, brt (4.2) 4.05, t (8.2) 4.50, brs

2 3.57, ddd (10.2,
6.8, 2.6) 3.83, brs 3.91, t (9.9) 3.87, ddd (8.5,

5.2, 4.0)
3.69, dd (11.2,

8.6) 3.60, t (3.3)

3 4.00, dd (10.3,
2.3) 4.18, t (4.1) 3.32, td (9.8, 4.6) 4.25, dd (8.6,

3.9)
3.31, ddd (11.3,

7.7, 6.2) 3.50, m

4 3.92, brs 4.03, dq (12.0,
3.9) 3.81, m 4.37, brq (4.4) 3.97, m 4.53, d (4.8)

5

α: 1.92, td (12.9,
2.1)

β: 1.65, dt (13.0,
3.2)

1.74, dt (12.4,
3.9)

1.65, q (12.1)

1.63, ddd (13.3,
11.8, 4.1)

2.01, ddd (13.3,
4.5, 3.2)

5.92, d (4.2) 5.82, brt (2.0) 6.04, dt (5.0, 2.0)

6 2.96, dt (12.6,
2.5)

2.73, td (12.0,
3.9) 3.21, q (4.0)

4′ a: 5.14, s
b: 5.18, s

a: 5.16, s
b: 5.19, s 5.21, m a: 5.27, s

b: 5.32, s
a: 5.27, s
b: 5.31, s

a: 5.30, s
b: 5.36, s

5′ 1.80, s 1.81, s 1.86, t (1.2) 1.86, s 1.86, s 1.92, s

1-OH 4.89, d (4.3) 4.77, d (6.7) 4.38, d (5.6) 5.04, d (6.7) 5.73, d (7.9)

2-OH 4.92, d (7.0) 5.40, brs 5.17, d (5.5)

3-OH 4.50, d (4.4) 5.48, d (6.0)

4-OH 5.06, d (4.2) 4.90, d (4.9) 4.04, d (3.4) 5.25, brd (5.8) 5.31, d (5.4)
a Chemical shifts were measured at 700.13 MHz in DMSO-d6. b Chemical shifts were measured at 700.13 MHz in
acetone-d6. c Chemical shifts were measured at 500.13 MHz in DMSO-d6. d Chemical shifts were measured at
500.13 MHz in CDCl3.

Acrucipentyn B (2): amorphous solids; [α]D
20 +46.2 (c 0.09 CH3OH); CD (c 8.7 × 10−4,

CH3OH), λmax (∆ε) 223 (+0.87) nm, see Supplementary Figure S2; UV (CH3OH) λmax (log
ε) 224 (3.93), 200 (3.41) and 194 (3.51) nm, see Supplementary Figure S8; 1H and 13C NMR
data, see Tables 1 and 2, Supplementary Figures S23–S29; HRESIMS m/z 229.0634 [M – H]–

(calcd. for C11H14ClO3, 229.0637, ∆1.4 ppm), 253.0601 [M + Na]+ (calcd. for C11H15ClO3Na,
253.0602, ∆0.5 ppm).
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Table 2. 13C NMR data (δ in ppm) for compounds 1–6.

Position 1 a 2 a 3 b 4 c 5 c 6 d

1 71.9, CH 68.7, CH 74.2, CH 67.9, CH 72.9, CH 65.2, CH

2 70.2, CH 72.5, CH 68.9, CH 68.6, CH 68.3, CH 53.5, CH

3 65.7, CH 66.1, CH 79.5, CH 63.3, CH 74.8, CH 55.3, CH

4 68.2, CH 64.0, CH 71.1, CH 65.1, CH 71.2, CH 63.0, CH

5 33.1, CH2 33.4, CH2 34.2, CH2 136.0, CH 137.2, CH 131.4, CH

6 28.5, CH 30.3, CH 35.0, CH 123.5, C 123.8, C 123.5, C

1′ 91.1, C 91.7, C 88.4, C 88.2, C 86.8, C 85.1, C

2′ 81.7, C 81.7, C 86.3, C 89.9, C 90.7, C 93.5, C

3′ 126.8, C 126.7, C 128.6, C 126.2, C 126.2, C 126.2, C

4′ 120.7, CH2 120.7, CH2 121.4, CH2 122.2, CH2 122.2, CH2 123.5, CH2

5′ 23.5, CH3 23.5, CH3 23.8, CH3 23.0, CH3 23.0, CH3 23.2, CH3
a Chemical shifts were measured at 176.04 MHz in DMSO-d6. b Chemical shifts were measured at 75.47 MHz in
acetone-d6.c Chemical shifts were measured at 125.77 MHz in DMSO-d6. d Chemical shifts were measured at
125.77 MHz in CDCl3.

Acrucipentyn C (3): amorphous solids; [α]D
20 –127.9 (c 0.07 CH3OH); CD (c 1.2× 10−3,

CH3OH), λmax (∆ε) 223 (−0.89), 297 (−0.11), 305 (−0.12) nm, see Supplementary Figure S3;
UV (CH3OH) λmax (log ε) 270 (3.06), 251 (2.63) and 223 (3.70) nm, see Supplementary
Figure S9; 1H and 13C NMR data, see Tables 1 and 2, Supplementary Figures S30–S35;
HRESIMS m/z 229.0631 [M – H]– (calcd. for C11H14ClO3, 229.0637, ∆2.5 ppm), 253.0595
[M + Na]+ (calcd. for C11H15ClO3Na, 253.0602, ∆2.7 ppm).

Acrucipentyn D (4): amorphous solids; [α]D
20 – 94.3 (c 0.06 CH3OH); CD (c 8.8× 10−4,

CH3OH), λmax (∆ε) 210 (−3.73), 227 (−1.44), 238 (−1.17) nm, see Supplementary Figure S4;
UV (CH3OH) λmax (log ε) 259 (3.90), 226 (3.56) and 198 (3.80) nm, see Supplementary
Figure S10; 1H and 13C NMR data, see Tables 1 and 2, Supplementary Figures S36–S42;
HRESIMS m/z 227.0471 [M – H]– (calcd. for C11H12ClO3, 227.0480, ∆4.0 ppm), 251.0441
[M + Na]+ (calcd. for C11H13ClO3Na, 251.0445, ∆1.6 ppm).

Acrucipentyn E (5): amorphous solids; [α]D
20 –60.5 (c 0.09 CH3OH); CD (c 8.8 × 10−4,

CH3OH), λmax (∆ε) 199 (−5.11), 226 (−1.19), 237 (−0.83) nm, see Supplementary Figure S5;
UV (CH3OH) λmax (log ε) 260 (4.22), 226 (3.77) and 198 (4.10) nm, see Supplementary Figure
S11; 1H and 13C NMR data, see Tables 1 and 2, Supplementary Figures S43–S49; HRESIMS
m/z 227.0470 [M – H]– (calcd. for C11H12ClO3, 227.0480, ∆4.5 ppm), 251.0441 [M + Na]+

(calcd. for C11H13ClO3Na, 251.0445, ∆1.6 ppm).
Acrucipentyn F (6): amorphous solids; [α]D

20 +40.3 (c 0.11 CH3OH); CD (c 1.0 × 10−3,
CH3OH), λmax (∆ε) 199 (−4.56), 226 (−0.72), 259 (+1.13) nm, see Supplementary Figure S6;
UV (CH3OH) λmax (log ε) 259 (4.05), 226 (3.59) and 201 (3.88) nm, see Supplementary
Figure S12; 1H and 13C NMR data, see Tables 1 and 2, Supplementary Figures S50–S56;
HRESIMS m/z 191.0704 [M – H]– (calcd. for C11H11O3, 191.0714, ∆5.2 ppm), 215.0677
[M + Na]+ (calcd. for C11H12O3Na, 215.0679, ∆0.8 ppm).

2.6. Preparation of Acetonides of 1a and 4a

To a DMFA solution of 1 (4.0 mg) 2,2-dimethoxypropane (0.5 mL) and catalyst p-
toluenesulfonic acid (0.8 mg) at room temperature were added and the solution was stirred
for 24 h. After the evaporation of the solvent, the product was dissolved in MeOH and
purified by reversed-phase HPLC (YMC ODS-A column) eluted with CH3CN-H2O (50:50)
to yield the acetonide product 1a (1.5 mg). Compound 4 (4.0 mg) was treated similarly and
yielded the acetonide product 4a (1.4 mg).

Acetonide of acrucipentyn A (1a): amorphous solids; 1H NMR (Acetone-d6, 500.13 MHz)
δ: 5.20 (1H, s, H-4a′), 5.19 (1H, s, H-4b′), 4.37 (1H, t, J = 4.3 Hz, H-1), 4.20 (1H, dd, J = 8.3;



J. Fungi 2022, 8, 454 6 of 17

4.8 Hz, H-2), 4.11 (1H, m, H-4), 4.00 (1H, dd, J = 8.3; 2.6 Hz, H-3), 3.50 (1H, dt, J = 12.2; 4.4 Hz,
H-6), 2.03 (1H, m, H-5b), 1.97 (1H, dt, J = 13.7; 4.7 Hz, H-5a), 1.85 (3H, s, H3-5′), 1.47 (3H, s,
H3-3′′), 1.34 (3H, s, H3-2′′); 13C NMR (Acetone-d6, 125.77 MHz) δ: 128.9 (C-3′), 122.0 (C-4′),
110.3 (C-1′′), 90.3 (C-1′), 84.1 (C-2′), 80.5 (C-2), 77.4 (C-1), 70.7 (C-4), 67.1 (C-3), 35.0 (C-6), 29.3
(C-3′′), 27.2 (C-2′′), 26.5 (C-5), 24.6 (C-5′), see Supplementary Figures S57–S58; HRESIMS m/z
293.0912 [M + Na]+ (calcd. for C14H19ClO3Na, 293.0915, ∆0.9 ppm).

Acetonide of acrucipentyn D (4a): amorphous solids; 1H NMR (Acetone-d6, 700.13 MHz)
δ: 5.33 (1H, t, J = 0.9 Hz, H-4a′), 5.31 (1H, t, J = 1.7 Hz, H-4b′), 6.11 (1H, d, J = 3.0 Hz, H-5),
4.63 (1H, dd, J = 5.7; 0.9 Hz, H-1), 4.58 (1H, m, H-4), 4.57 (1H, t, J = 5.7 Hz, H-2), 4.38 (1H, dd,
J = 5.6; 3.5 Hz, H-3), 1.91 (3H, t, J = 1.4 Hz, H3-5′), 1.37 (3H, s, H3-2′′/H3-3′′), 1.33 (3H, s, H3-
2′′/H3-3′′); 13C NMR (Acetone-d6, 125.77 MHz) δ: 137.7 (C-5), 130.0 (C-6), 129.3 (C-3′), 122.8
(C-4′), 110.6 (C-1′′), 91.3 (C-2′), 87.9 (C-1′), 77.1 (C-2), 74.6 (C-1), 66.0 (C-4), 62.8 (C-3), 27.8
(C-2′′/C-3′′), 26.0 (C-2′′/C-3′′), 23.4 (C-5′), see Supplementary Figures S63–S64; HRESIMS
m/z 291.0758 [M + Na]+ (calcd. for C14H17ClO3Na, 291.0758, ∆0.9 ppm).

2.7. Preparation of (S)-MTPA and (R)-MTPA Esters of 1a

To a pyridine solution of 1a (0.7 mg) 4-dimethylaminopyridine (a few crystals) and
(S)-MTPA-Cl (10 µL) at room temperature were added, and the solution was stirred for
24 h. After the evaporation of the solvent, the residue was purified by RP HPLC on a YMC
ODS-AM column eluted with CH3CN-H2O (70:30) to afford the (R)-MTPA ester (1a-1). The
(S)-MTPA ester (1a-2) was prepared in a similar manner using (R)-MTPACl. 1H NMR and
COSY data, see Supplementary Figure S59–S62.

(R)-MTPA ester of 1a: 1H NMR (Acetone-d6, 500.13 MHz) δ: 5.56 (1H, brs, H-4), 5.22
(1H, s, H-4a′), 5.20 (1H, s, H-4b′), 4.32 (1H, brs, H-3), 4.30 (1H, brs, H-1), 4.09 (1H, dd, J = 8.1;
4.9 Hz, H-2), 2.80 (1H, m, H-6), 2.24 (1H, t, J = 13.7 Hz, H-5a), 2.09 (1H, m, H-5b), 1.84 (3H,
s, H3-5′), 1.50 (3H, s, H3-3′′), 1.33 (3H, s, H3-2′′). HRESIMS m/z 509.1310 [M + Na]+ (calcd
for C24H26ClF3O5, 509.1313)

(S)-MTPA ester of 1a: 1H NMR (Acetone-d6, 500.13 MHz) δ: 5.65 (1H, brs, H-4), 5.24
(1H, s, H-4a′), 5.21 (1H, s, H-4b′), 4.29 (1H, d, J = 7.9 Hz, H-3), 4.44 (1H, t, J = 4.1 Hz, H-1),
4.06 (1H, dd, J = 8.0; 5.2 Hz, H-2), 3.27 (1H, dt, J = 12.8; 4.1 Hz, H-6), 2.33 (1H, t, J = 13.4 Hz,
H-5a), 2.22 (1H, dt, J = 14.6; 4.7 Hz, H-5b), 1.85 (3H, s, H3-5′), 1.50 (3H, s, H3-3′′), 1.34 (3H, s,
H3-2′′). HRESIMS m/z 509.1307 [M + Na]+ (calcd for C24H26ClF3O5, 509.1313).

2.8. An Epoxy Ring-Opening Reaction

Next, 2,2-dimethylpropanoyl chloride (0.5 mL) was added to an aqueous solution of 6
(12.0 mg) at room temperature, and the solution was stirred for 12 h. After the evaporation
of the solvent, the product was dissolved in MeOH and purified by reversed-phase HPLC
(Phenomenex Hydro-RP column) eluted with CH3OH-H2O (50:50) to yield compound 4
(3.7 mg) and compound 5 (6.4 mg).

2.9. Cell Lines and Culture Conditions

The human normal cell lines HEK 293T and MRC-9 cell lines were purchased from
ECACC (Salisbury, UK). Human normal cell lines PNT2 and RWPE-1 as well as human
cancer cell lines PC-3, DU145, 22Rv1, VCaP and LNCaP, as well as a human normal prostate
line were purchased from ATCC (Manassas, VA, USA). Human normal cell line HUVEC
(passage 11) was kindly donated by Prof. Sonja Loges (University Medical Center Hamburg-
Eppendorf, Hamburg, Germany). The human keratinocytes cell line HaCaT was kindly
provided by Prof. N. Fusenig (Cancer Research Centre, Heidelberg, Germany). All the cells
had a passage number ≤ 30.

Cells were incubated in humidified 5% CO2 at 37 ◦C. The cells were continuously kept
in a culture for 3 months maximum and regularly checked for mycoplasma infection using
MycoAlert™ PLUS Mycoplasma Detection Kit (Lonza, Karlsruhe, Germany) and stable
phenotype using light microscopy [17].
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The following culture media were used: RPMI medium supplemented with GlutamaxTM-
I (Invitrogen, Paisley, UK) with 10% fetal bovine serum (FBS, Invitrogen) and 1% peni-
cillin/streptomycin (Invitrogen) for PC-3, DU145, LNCaP, 22Rv1 and PNT2 cells. DMEM
medium supplemented with GlutamaxTM-I (Invitrogen) containing 10% FBS and 1% peni-
cillin/streptomycin (Invitrogen) for MRC-9, HEK 293 and VCaP cells. Clonetics® EGMTM-2
SingleQuots® medium (Lonza, Walkersville, MD, USA) containing 10% FBS for RWPE-1 cells.
Clonetics® EGMTM-2 SingleQuots® medium (Lonza, Walkersville, MD, USA) containing 10%
FBS for HUVEC cells. DMEM medium (BioloT, St. Petersburg, Russia) containing 10% FBS
and 1% penicillin/streptomycin (Invitrogen) for HaCaT cells.

2.10. MTT Assay

Cytotoxicity of the isolated compounds to mammalian cells was evaluated using an
MTT assay as previously reported with minor modification [18]. In brief, 6000 cells/well
were seeded in 96-well planes in 100 µL/well and were incubated overnight. Then the
media were exchanged with fresh media containing tested compounds in different concen-
trations. Following 72 h of incubation, 10 µL of MTT solution (5 mg/mL, Sigma-Aldrich,
Munich, Germany) was added to each well, the cells were incubated for 2–4 h. Then the
media was carefully aspirated and the plates were dried for 2 h. Then 50 µL/well of DMSO
was added to each well to dissolve formazan crystals and the absorbance was measured
using plate reader according to the manufacture’s protocol. The data were analyzed and the
IC50s values were calculated using GraphPad Prism software v.9.1.1 (GraphPad Software,
San Diego, CA, USA).

2.11. Sortase Activity Inhibition Assay

The enzymatic activity of sortase A from Staphylococcus aureus was determined using
SensoLyte 520 Sortase A Activity Assay Kit * Fluorimetric * (AnaSpec AS-72229, AnaSpec,
San Jose, CA, USA) in accordance with the manufacturer’s instructions. Substances 1–6
were dissolved in DMSO and diluted with reaction buffer to obtain a final concentration of
0.8% DMSO, which did not affect enzyme activity. DMSO at a concentration of 0.8% was
used as a control. PCMB (4-(hydroxymercuri)benzoic acid) was used as sortase A enzyme
activity inhibitor. Fluorescence was measured with a plate reader PHERAStar FS (BMG
Labtech, Offenburg, Germany) for 60 min, with a time interval of 5 min. The data were
processed with MARS Data Analysis v. 3.01R2 (BMG Labtech, Offenburg, Germany). The
results were presented as relative fluorescent units (RFUs) and percentage of the control
data, calculated using STATISTICA 10.0 software [14].

2.12. Antimicrobial Activity

The antibacterial activity of compounds 1–6 was evaluated as described previously [19].
The bacterial culture of Staphylococcus aureus ATCC 21027 (Collection of Marine Mi-

croorganisms PIBOC FEBRAS) was cultured in a Petri dish at 37 ◦C for 24 h on solid
medium Mueller Hinton broth with agar—16.0 g/L.

The assays were performed in 96-well microplates in appropriate Mueller Hinton
broth. Each well contained 90 µL of bacterial suspension (109 CFU/mL). Then, 10 µL
diluted at concentrations from 1.5 µM to 100.0 µM using two-fold dilution was added to
compounds 1–6 (DMSO concentration < 1%). Culture plates were incubated overnight
at 37 ◦C, and the OD620 was measured using a Multiskan Spectrum spectrophotometer
(Thermo Labsystems Inc., Beverly, MA, USA). Gentamicin was used as a positive control in
concentration 1 mg/mL; 1% DMSO solution in PBS as a negative.

2.13. Biofilm Formation

The inhibition of the reducing biofilm formation and growth was assessed using the
crystal violet biofilm assay as described [20]. Mueller Hinton broth was inoculated with
109 CFU/mL of S. aureus overnight cultures. A total of 90 µL of this cell suspension was
then dispensed into 96-well microtiter plates containing 10 µL of different concentrations
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of compounds 1–6. After 24 h growth at 37 ◦C the plates were washed with PBS to remove
unbound cells. Next, the wells were stained with 0.1% crystal violet solution for 10 min
at 37 ◦C. At the completion of the incubation, plates were washed 3 times with PBS and
dried. Then, the crystal violet dye from the biofilm was solubilized with 100 µL of ethanol.
A total of 100 µL of this solution was then moved to a new microtiter plate for absorbance
measurement at λ = 570 nm. The results were reported as percent inhibition normalized to
the wild-type control.

2.14. Co-Cultivation of HaCaT Cells with S. aureus

Co-cultivation of HaCaT cells with S. aureus was carried out as described [21]. HaCaT
cells at a concentration of 1.5×104 cells per well were seeded in 96-well plates for 24 h.
Then, culture medium in each well was changed with S. aureus suspension (102 CFU/mL)
in full DMEM medium. Fresh DMEM medium without S. aureus suspension was added in
other wells as needed. Compounds 1–6 at a concentration of 10 µM were added in wells
after 1 h. HaCaT cells and S. aureus were cultured at 37 ◦C in a humidified atmosphere
with 5% (v/v) CO2 for 48 h.

After incubation, the plate was centrifuged at 250× g for 10 min and 50 µL of super-
natant from each well was transferred into the corresponding wells of an optically clear
96-well plate. An equal volume of the reaction mixture (50 µL) from LDH Cytotoxicity
Assay Kit (Abcam, Cambridge, UK) was added to each well and incubated for up to
30 min at room temperature. The absorbance of all samples was measured at λ = 450 nm
using a Multiskan FC microplate photometer (Thermo Scientific, Waltham, MA, USA) and
expressed in optical units (o.u.).

2.15. Statistical Analysis

All the experiments were performed in biological triplicates. Statistical analyses were
performed using GraphPad Prism v.9.1.1 (GraphPad Software, San Diego, CA, USA) or
STATISTICA 10.0 software. The data are reported as mean ± SD (standard deviation).
For the analysis of statistical differences between the control and drug-exposed group, a
one-way ANOVA test followed by Dunnett’s post-hoc test was used. Asterisk (*) indicates
statistically significant difference between the treated group and control group if p < 0.05.

3. Results and Discussion
3.1. Isolated Compounds from Asteromyces cruciatus

The fungus Asteromyces cruciatus was cultivated on a solid rice medium for 21 days.
The ethyl acetate extract of the mycelium was fractionated on silica gel, followed by C18-
SiO2-column chromatography, and reversed-phase HPLC to produce compounds 1–6
(Figure 1).

3.2. Structural Characterization of New Compounds

The molecular formula of 1 was determined as C11H15ClO3, based on the analysis
of HRESIMS (m/z 229.0625 [M – H]– calcd for C11H14ClO3, 229.0637), showing the char-
acteristic isotope pattern with one chlorine atom, and confirmed by NMR data. A close
inspection of the 1H and 13C NMR data (Tables 1 and 2; Figures S13–S19) of 1 by DEPT
and HSQC revealed the presence of one methyl (δH 1.80, δC 23.5), two methylenes (δH
1.65, 1.92, δC 33.1; δH 5.14, 5.18, δC 120.7), and five methines (δH 2.96, δC 28.5; δH 4.00, δC
65.7; δH 3.92, δC 68.2; δH 3.57, δC 70.2 and δH 3.81, δC 71.9), including three oxygen-bearing
methines, one sp2 quaternary carbon and one triple bond (δC 81.7 and 91.1). The 1H–1H
COSY correlations of H-1(OH)/H-2(OH)/H-3/H-4(OH)/H2-5/H-6/H-1 together with the
1H-13C HMBC correlations (Figure 2) OH-1 (δH 4.89)/C-6 (δC 28.5); OH-2 (δH 4.92)/C-1 (δC
71.9), C-2 (δC 70.2), C-3 (δC 65.7) and OH-4 (δH 5.06)/C-4 (δC 68.2), C-5 (δC 33.1) indicated
the presence of a penta-substituted cyclohexane ring and the location of the hydroxy groups
at C-1, C-2 and C-4 in 1. These data, as well as the chemical shifts of CH-3 (δH 4.00, δC 65.7),
indicated the location of the chlorine atom at C-3.
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Figure 1. Chemical structures of 1–6.

Figure 2. Key 1H–1H COSY, 1H–13C HMBC (a) and ROESY (b) correlations of 1.

The HMBC correlations from H-4′a (δH 5.14) to C-2′ (δC 81.7) and C-3′ (δC 126.8),
from H3-5′ (δH 1.80) to C-2′, C-3′ and C-4′ (δC 120.7) and cross 1H–1H COSY correlations
between H2-4′ and H3-5′ revealed the presence of a 3-methyl-3-buten-1-ynyl side chain in
1. The correlations H-6 (δH 3.19)/C-1′ (δC 87.5) and C-2′ (δC 84.1) observed in the HMBC
spectrum, recorded in CDCl3 (Figures S20–S22), established the position of the side chain
at C-6.

The relative configurations of 1 were assigned based on ROESY correlations (Figure 2)
H-6 (δH 2.96)/H-2 (δH 3.57); OH-4 (δH 5.06)/H-5β (δH 1.65) and H-2; H-3 (δH 4.00)/H-2β
(δH 1.92), OH-1 (δH 4.89) and 1H-1H coupling constants (Table 1). For further investiga-
tion, we analyzed the stereoconfigurations of diol at C-1 and C-2 and for protection of
these groups before MTPA-esters obtaining the acetonide derivative (1a) of compound 1
(Figure 3) was prepared. The small coupling constant (J1,2 = 4.3 Hz) and dissimilar mag-
netic environment of acetonide methyls (∆ = 0.13 ppm) (Figure S57) indicate an erythro
configuration of the diol group at C-1 and C-2 [22]. The absolute configuration of 1 was
established by the modified Mosher’s method [23]. Esterification of 1a with (S)- and (R)-
MTPA chloride occurred at the C-4 hydroxy group to yield the (R)-and (S) MTPA esters 1a-1
and 1a-2, respectively. The observed chemical shift differences ∆δ(δS-δR) (Figure 3) indi-
cated the 4R configuration and, therefore, the absolute configurations of 1 were established
as 1R,2R,3R,4R,6S. Compound 1 was named acrucipentyn A.
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Figure 3. Chemical structure of 1a (a) and ∆δ(δS-δR) values (in ppm) for MTPA esters of 1a (b).

The HRESIMS of 2 and 3 showed the peaks of [M–H]– at m/z 229.0634 and m/z 229.0631,
respectively. These data, coupled with 13C NMR spectral data (DEPT), established the
molecular formulas of 2 and 3 as C11H15ClO3 for both. A close inspection of the 1H and 13C
NMR data (Tables 1 and 2 and Figures S23–S35) of 2 and 3 by DEPT and HSQC revealed
the presence of a penta-substituted cyclohexane ring with three hydroxy groups and a
3-methyl-3-buten-1-ynyl side chain.

The main 1H–1H COSY and HMBC correlations (Figures S26 and S28) indicated that
compound 2 has the same planar structure as 1. The relative configuration of 2 was assigned
based on 1H-1H vicinal coupling constants (Table 1) and ROESY (Figure S29) correlations
H-6 (δH 2.87)/H-4 (δH 4.22) and H-5β (δH 1.91)/H-1 (δH 3.92). Due to the small amount of
compound 2, the absolute configuration establishing by Mosher’s method was impossible.
Compound 2 was named acrucipentyn B.

The 1H–1H COSY correlations of H-1(OH)/H-2/H-3(OH)/H-4(OH)/H2-5/H-6 to-
gether with the 1H-13C HMBC correlations (Figure S34) OH-1 (δH 4.38)/C-1 (δC 74.2), C-2
(δC 68.9) and C-6 (δC 35.0); OH-3 (δH 4.50)/C-2, C-3 (δC 79.5) and C-4 (δC 71.1), and OH-4
(δH 4.04)/C-3, C-4 and C-5 (δC 34.2) indicated the location of the hydroxy groups at C-1, C-3,
C-4 and a chlorine atom at C-2 in a penta-substituted cyclohexane ring of 3. The structure
of the 3-methyl-3-buten-1-ynyl side chain and its position at C-6 in 3 were determined by
HMBC correlations (Figure S34), as for acrucipentyn A (1).

The relative configurations of the chiral centers in 3 were determined based on 1H-1H
coupling constants (Table 1). Using the Mosher’s method to determine absolute configura-
tions of compound 3 was unsuccessful, due to lability in this compound. Compound 3 was
named acrucipentyn C.

The HRESIMS of 4 showed the peak of [M – H]– at m/z 227.0471. These data, coupled
with 13C NMR spectral data (DEPT), established the molecular formula of 4 as C11H13ClO3.
The 1H and 13C NMR (Tables 1 and 2 and Figures S36–S42), DEPT and HSQC spectra
showed the presence of three hydroxy protons (δH 5.25, 5.17, 5.04), one methyl group (δH
1.86, δC 23.0), one olefinic methylene (δH 5.32, 5.27, δC 122.2) and five methines (δH 4.25,
δC 63.3; δH 4.37, δC 65.1; δH 4.06, δC 67.9; δH 3.87, δC 68.6 and δH 5.92, δC 136.0), including
three oxygen-bearing methines and one olefinic methine, two sp2 quaternary carbons and
one triple bond (δC 88.2 and 89.9).

The HMBC correlations (Figure 4) from H-3 (δH 4.25) to C-1 (δC 67.9), C-2 (δC 68.6),
C-4 (δC 65.1) and C-5 (δC 136.0); from H-5 (δH 5.92) to C-1, C-4, C-6 (δC 123.5) and C-1′

(δC 88.2), and from OH-4 (δH 5.25) to C-4, C-5, together with 1H–1H COSY correlations
of H-1(OH)/H-2(OH)/H-3/H-4(OH)/H-5, indicated the presence of a penta-substituted
cyclohexene ring with ∆5,6 double bond, the location of the hydroxy groups at C-1, C-2, C-4
and a chlorine atom at C-3 in 4. The structure of the 3-methyl-3-buten-1-ynyl side chain
and its position at C-6 in 4 were determined by HMBC correlations (Figure S41), as for
acrucipentyn A (1).



J. Fungi 2022, 8, 454 11 of 17

Figure 4. Key 1H–1H COSY, 1H–13C HMBC correlations of 4 (a) and chemical structure of acetonide
derivatives 4a (b).

The relative configuration of 4 was assigned based on 1H-1H coupling constants
(Table 1) and ROESY correlation (Figure S42) H-2 (δH 3.87)/OH-4 (δH 5.25). The acetonide
derivative (4a) of compound 4 (Figure 4) was prepared for further investigation of the
stereochemistry at the diol position. The small coupling constant (J1,2 = 5.7 Hz) and
dissimilar magnetic environment of acetonide methyls (∆ = 0.01 ppm) (Figure S63) indicate
an erythro configuration of the diol group at C-1 and C-2 [21]. Esterification of 4a with
(S)- and (R)-MTPA-Cl led to destruction of the compound. Etherification of compound
4 with (S)- and (R)-MTPA chloride resulted in the formation of esters at three hydroxyl
groups, which made it impossible to establish the absolute configuration using the modified
Mosher’s method. Compound 4 was named acrucipentyn D.

The HRESIMS of 5 showed the peak of [M – H]– at m/z 227.0468. These data, coupled
with 13C NMR spectral data (DEPT), suggested the molecular formula of 5 as C11H13ClO3.
The 1H and 13C NMR data (Tables 1 and 2 and Figures S43–S49) of 5 revealed the presence
of a penta-substituted cyclohexene ring with three hydroxy groups and a 3-methyl-3-buten-
1-ynyl side chain, the same as in 4. The location of the hydroxy groups at C-1, C-3, C-4, a
chlorine atom at C-2 and a 3-methyl-3-buten-1-ynyl side chain at C-6 in 5 were determined
by 1H–1H COSY and HMBC correlations (Figures S46 and S48), as for acrucipentyn C (3).

The relative configuration of 5 was assigned based on ROESY correlations (Figure
S49) H-2 (δH 3.69)/H-4 (δH 3.97), OH-1 (δH 5.73), OH-3 (δH 5.48); H-3 (δH 3.31)/H-1 (δH
4.05), OH-4 (δH 5.31) and 1H-1H coupling constants (Table 1). The attempts to obtain an
acetonide of compound 5 were unsuccessful. Etherification of compound 5 with (S)- and
(R)-MTPA-Cl resulted in the formation of esters at three hydroxyl groups, which made
it impossible to establish the absolute configuration by the modified Mosher’s method.
Compound 5 was named acrucipentyn E.

The molecular formula of compound 6 was determined as C11H12O3, based on the
analysis of HRESIMS (m/z 191.0705 [M – H]−, calcd for C11H11O3 191.0714) and NMR
data (Tables 1 and 2; Figures S50–S56). The 1H and 13C NMR data for this compound
were similar to those obtained for (+)-asperpentyn [24,25], with the exception of the CH-2
and CH-3 proton and carbon signals. These data, as well as the biogenetic relationship
of compound 6 with acrucipentyns D (4) and E (5), led us to suggest a configuration of
asymmetric centers for it, different from the known asperpentyns.

The ROESY spectrum data and 1H-1H coupling constants were useless to establish the
relative stereochemistry of 6 unambiguously. Therefore, an epoxy ring-opening reaction
was carried out in 6. The reaction of compound 6 with 2,2-dimethylpropanoyl chloride
in an aqueous medium (Figure 5) yielded two products, the spectra of which (1H, 13C
NMR, HRESIMS and CD) were identical to acrucipentyns D (4) and E (5). The presence
of only two reaction products confirmed the SN2 mechanism of the epoxy ring opening,
which corresponded to the literature data [26]. The orientation of the hydroxyl groups
in the reaction products corresponds with the configuration of the epoxy ring in the
initial compound. These data made it possible to establish the relative configuration of 6.
Compound 6 was named acrucipentyn F.
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Figure 5. Scheme of an epoxy ring reaction in compound 6.

It should be noted that acrucipentyn F is a stereoisomer of well-known fungal metabo-
lites (−)-asperpentyn [27,28] and (+)-asperpentyn [24]. To the best of our knowledge,
acrucipentyns are the first chlorine-containing asperpentyn-like compounds. However,
it should be noted that several other related groups of 3-methylbutenynyl cyclohex-
anols, e.g., truncateols from the marine-derived fungi Truncatella angustata [29,30] and
oxirapentyns from the marine-derived fungi Beauveria felina KMM 4639 [31], also have
chloro-containing members.

3.3. Biological Activity

We evaluated the safety and toxicity of compounds 1–6 in various human cells. As
such, we examined cytotoxicity in ten different human cell lines, including human prostate
cells PNT2 and RWPE-1, human embryonic kidney cells HEK 293T, human fibroblast cells
MRC-9 and human umbilical vascular endothelial cell line HUVEC, human keratinocytes
HaCaT, as well as human prostate cancer cells PC-3, DU145, 22Rv1, VCaP and LNCaP
using MTT assay. Indeed, none of the investigated compounds exhibited any significant
cytotoxicity at concentrations up to 100 µM, following 72 h of treatment (IC50 > 100 µM,
Figure S65). Additionally, no morphological changes of the cells exposed to the isolated
compounds (100 µM for 72 h) could be detected (Figure S66). Therefore, the isolated
acrucipentyns A–F were assumed to be nontoxic to mammalian (human) cells.

The inhibitory effect of compounds 1–6 on sortase A enzyme from Staphylococcus
aureus activity was investigated to detect their antibacterial potential (Figure 6).

Figure 6. The effect of compounds 1–6 on sortase A enzymatic activity. (a) The effect of compounds
1–6 on sortase A enzymatic activity measured after 10 min of incubation with the substrate. (b) The
time-dependent effect of compound 3 (50 µM) on sortase A enzymatic activity. Data presented as
relative fluorescent units (RFU). DMSO (0.8%) did not show any inhibition activity in comparison with
sortase A assay buffer and was used as a control. The sortase inhibitor—4-(hydroxymercuri)benzoic
acid (PCMB) in DMSO 0.8% was used as a positive control. All experiments were performed in three
independent replicates and the data presented as a mean ± standard error mean (SEM). * indicates
the significant differences with p ≤ 0.05.
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Compounds 1, 3, and 5, at a concentration of 50 µM, significantly decreased sortase
A activity by 18%, 30%, and 21%, respectively (Figure 6a). Compounds 4 and 6 showed
less significant effects on sortase A enzymatic activity and compound 2 was inactive in
this test. It was observed that an increase in concentrations of 1–6 up to 80 µM resulted in
some decrease in their sortase A inhibitory activity, which was sometimes detected [32].
The inhibitory effect of compound 3 on sortase A activity was detected throughout the
entire period of data acquisition (Figure 6b) and the effects of other studied compounds
were similar.

To detect the antibacterial activity of isolated acrucipentyns A–E (1–6), their inhibitory
effects on bacterial growth and biofilm formation of Staphylococcus aureus were investigated
(Figure 7).

Figure 7. Effect of acrucipentyns A–F (1–6) on growth and biofilm formation of Staphylococcus aureus.
All experiments were performed in three independent replicates and data were presented as a mean
± SEM.

Compounds 1 and 6 have shown the most pronounced antimicrobial effects against
Gram-positive bacterium S. aureus. Compound 6 almost completely inhibited the growth
of S. aureus at a concentration of 100 µM; a two-fold decrease in the concentration of the
substance also halved the antimicrobial activity. Compound 1 at a concentration of 100 µM
reduced the bacterial growth by 60%. A decrease in concentration to 12.5 µM reduced
antimicrobial activity up to 50%. Compound 3 at 100 µM inhibited S. aureus growth by
50%. A decrease in the concentration of compound 3 led to a two-fold decrease in activity.
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The antimicrobial effects of 2, 4, and 5, even at the highest used concentration of 100 µM,
do not exceed 50% inhibition of bacterial growth.

When studying the effect of compounds 1–6 on the ability to inhibit the biofilm
formation by Gram-positive bacteria S. aureus, it was noted that compounds 3, 4, and 6
have the most pronounced inhibitory activity at a concentration of 100 µM, in the case
of which the formation of biofilms is almost absent. A high level of inhibition of biofilm
formation in the case of substances 3 and 6 is kept up to concentrations of 12.5 and 25 µM,
respectively. When substance 4 is diluted twice, its effect on biofilm formation is halved.
Compound 1 inhibits the biofilm formation at concentrations of 12.5–100 µM by 50–70%,
respectively. Compounds 2 and 5 at a concentration of 100 µM inhibited biofilm formation
by 30%.

Sortase A is an essential component of S. aureus virulence because it is responsible
for the covalent anchoring of many virulent factors of Gram-positive bacteria onto the cell
wall (Appendix A) and, as a result, sortase A plays a key role in the pathogenic processes
of S. aureus infection [33]. The decrease in sortase activity leads to the abolition of bacterial
adhesion to mammalian cells and, thus, is one of the mechanisms preventing the formation
of biofilms, which are the predominant form of bacterial existence [34].

The inhibitory effect of investigated compounds 1, 3, 4, and 6 on the biofilm formation
correlated with an ability to affect the activity of sortase A. Compound 2, which did not
show a significant effect on biofilm formation, also did not have any effect on the sortase A
activity. Opposite to this, compound 5, in the same experiments, had a significant effect
on the activity of sortase A, but had a weaker inhibitory effect on the biofilm formation,
in comparison with compounds 1, 3, 4, and 6. Thus, substances 1–6 can be assumed as
anti-Staphylococcal agents.

To further confirm their antibacterial properties in a model of infectious damage to
human cells, we investigated their effects on lactate dehydrogenase (LDH) release from
human keratinocytes HaCaT, co-cultivated with S. aureus (Figure 8).

Figure 8. Effect of acrucipentyns A–F (1–6) on LDH release from human keratinocytes HaCaT co-
cultivated with Staphylococcus aureus (Sa) for 48 h. All compounds were tested at a concentration of
10 µM. All experiments were performed in triplicates and data are presented as a mean ± SEM. The
difference between control (without Sa) and HaCaT/Sa co-cultivation was statistically significant
with p < 0.05 (one-way ANOVA test). Asterisk (*) indicates significant differences (p < 0.05) between
HaCaT/Sa without compounds and HaCaT/Sa with compounds variants.

In normal conditions, LDH weakly releases from cells to culture media. S. aureus
caused a significant increase in the LDH release from keratinocytes during co-cultivation.
The addition of compounds 1–6 at a concentration of 10 µM reduced the LDH release by
30–50%. The greatest effect was registered for compounds 1, 2, 4, and 5.
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Interestingly, compounds 2 and 4, which showed significant activity in co-cultivation
HaCaT cells with S. aureus, did not show high antibacterial and anti-biofilm-forming
activity, in contrast to substances 1 and 5. We assume that the cytoprotective effect of
substances 1–6 in the in vitro infectious skin lesions could be due not only to their anti-S.
aureus effects, but also to their anti-inflammatory and other cytoprotective effects. Recently,
we observed similar dual effects during an investigation on flavuside B, an inhibitor of
sortase A enzymatic activity derived from fungi. Flavuside B was able to inhibit S. aureus
growth and biofilm formation, as well as protect HaCaT keratinocytes against S. aureus
infection in a co-culture model via an anti-inflammatory pathway [14].

Our work is the very first detailed investigation of anti-Staphylococcal activity of
isoprenylated cyclohexanols. To the best of our knowledge, earlier, only oxirapentyns A
and D were found as antimicrobial agents among related compounds [35]. Thus, this group
of secondary metabolites of marine fungi is interesting for future study, including their
structure–activity relationships.

4. Conclusions

Six new isoprenylated cyclohexanols acrucipentyns A–F (1–6) were isolated from
the alga-derived fungus Asteromyces cruciatus KMM 4696. The absolute configuration
of acrucipentyn A was assigned by the modified Mosher’s method and ROESY data.
Acrucipentyns A–E are the very first members of chlorine-contained monocyclic cyclohex-
anols containing a 3-methylbutenynyl unit. The compounds have shown inhibitory activity
against sortase A from Staphylococcus aureus, as well as inhibition of S. aureus growth and
biofilm formation, while no cytotoxicty to mammalian cells was observed. Moreover,
acrucipentyns A–F (1–6) protected human keratinocytes HaCaT from S. aureus toxicity in
skin infection in an in vitro model. Thus, the isolated compounds hold a good potential as
antimicrobal agents and should be further investigated.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jof8050454/s1, Figures S1–S12: CD and UV spectra of compound 1–6, Figures S13–S22,
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S59–S60, S61–S62 and S63–S64: NMR spectra of compounds 1a, 1a-1, 1a-2, 4a, Figure S65: Viability of
the various cells exposed to the tested compounds, Figure S66: Microphotographs of human cells
exposed to the tested compounds.
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Appendix A

Figure A1. Representation of sortase A role [36].

References
1. Pang, K.L.; Overy, D.P.; Jones, E.B.G.; Calado, M.D.L.; Burgaud, G.; Walker, A.K.; Johnson, J.A.; Kerr, R.G.; Cha, H.J.; Bills, G.F.

‘Marine fungi’ and ‘marine-derived fungi’ in natural product chemistry research: Toward a new consensual definition. Fungal
Biol. Rev. 2016, 30, 163–175. [CrossRef]

2. Chen, S.; Wang, J.; Lin, X.; Zhao, B.; Wei, X.; Li, G.; Kaliaperumal, K.; Liao, S.; Yang, B.; Zhou, X.; et al. Chrysamides A-C, three
dimeric nitrophenyl trans-epoxyamides produced by the deep-sea-derived fungus Penicillium chrysogenum SCSIO41001. Org. Lett.
2016, 18, 3650–3653. [CrossRef] [PubMed]

3. Jones, E.B.G.; Stanley, S.J.; Pinruan, U. Marine endophyte sources of new chemical natural products: A review. Bot. Mar. 2008, 51,
163–170. [CrossRef]

4. Jones, E.B.G.; Pang, K.L.; Abdel-Wahab, M.A.; Scholz, B.; Hyde, K.D.; Boekhout, T.; Ebel, R.; Rateb, M.E.; Henderson, L.; Sakayaroj,
J.; et al. An online resource for marine fungi. Fungal Divers. 2019, 96, 347–433. [CrossRef]

5. Shin, J.H.; Fenical, W. Isolation of gliovictin from the marine deuteromycete Asteromyces cruciatus. Phytochemistry 1987, 26, 3347.
[CrossRef]

6. Gulder, T.A.M.; Hong, H.; Correa, J.; Egereva, E.; Wiese, J.; Imhoff, J.F.; Gross, H. Isolation, structure elucidation and total
synthesis of lajollamide A from the marine fungus Asteromyces cruciatus. Mar. Drugs 2012, 10, 2912–2935. [CrossRef]

7. Igboeli, H.A.; Marchbank, D.H.; Correa, H.; Overy, D.; Kerr, R.G. Discovery of Primarolides A and B from Marine Fungus
Asteromyces cruciatus Using Osmotic Stress and Treatment with Suberoylanilide Hydroxamic Acid. Mar. Drugs 2019, 17, 435.
[CrossRef]

8. Wang, C.; Tang, S.; Cao, S. Antimicrobial compounds from marine fungi. Phytochem. Rev. 2020, 20, 85–117. [CrossRef]
9. Gomes, N.G.M.; Madureira-Carvalho, Á.; Dias-da-Silva, D.; Valentão, P.; Andrade, P.B. Biosynthetic versatility of marine-derived

fungi on the delivery of novel antibacterial agents against priority pathogens. Biomed. Pharmacother. 2021, 140, 111756. [CrossRef]
10. Nweze, J.A.; Mbaoji, F.N.; Huang, G.; Li, Y.; Yang, L.; Zhang, Y.; Huang, S.; Pan, L.; Yang, D. Antibiotics development and the

potentials of marine-derived compounds to stem the tide of multidrug-resistant pathogenic bacteria, fungi, and protozoa. Mar.
Drugs 2020, 18, 145. [CrossRef]

11. Mazmanian, S.K.; Ton-That, H.; Su, K.; Schneewind, O. An iron-regulated sortase anchors a class of surface protein during
Staphylococcus aureus pathogenesis. Proc. Natl. Acad. Sci. USA 2002, 99, 2293–2298. [CrossRef] [PubMed]

12. Hendrickx, A.P.; Budzik, J.M.; Oh, S.Y.; Schneewind, O. Architects at the bacterial surface-sortases and the assembly of pili with
isopeptide bonds. Nat. Rev. Microbiol. 2011, 9, 166–176. [CrossRef] [PubMed]

13. Nitulescu, G.; Margina, D.; Zanfirescu, A.; Olaru, O.T.; Nitulescu, G.M. Targeting bacterial sortases in search of anti-virulence
therapies with low risk of resistance development. Pharmaceuticals 2021, 14, 415. [CrossRef] [PubMed]

14. Chingizova, E.A.; Menchinskaya, E.S.; Chingizov, A.R.; Pislyagin, E.A.; Girich, E.V.; Yurchenko, A.N.; Guzhova, I.V.; Mikhailov,
V.V.; Aminin, D.L.; Yurchenko, E.A. Marine fungal cerebroside flavuside B protects HaCaT keratinocytes against Staphylococcus
aureus induced damage. Mar. Drugs 2021, 19, 553. [CrossRef]

15. Girich, E.V.; Rasin, A.B.; Popov, R.S.; Yurchenko, E.A.; Chingizova, E.A.; Trinh, P.T.H.; Ngoc, N.T.D.; Pivkin, M.V.; Zhuravleva,
O.I.; Yurchenko, A.N. New tripeptide derivatives asterripeptides A-C from vietnamese mangrove-derived fungus Aspergillus
terreus LM.5.2. Mar. Drugs 2022, 20, 77. [CrossRef]

16. White, T.J.; Bruns, T.D.; Lee, S.B.; Taylor, J.W. Amplification and direct sequencing of fungal ribosomal RNA genes for phylogenet-
ics. In PCR Protocols: A Guide to Methods and Applications; Innis, M.A., Gelfand, D.H., Sninsky, J.J., White, T.J., Eds.; Academic
Press: London, UK, 1990; pp. 315–322.

http://doi.org/10.1016/j.fbr.2016.08.001
http://doi.org/10.1021/acs.orglett.6b01699
http://www.ncbi.nlm.nih.gov/pubmed/27440074
http://doi.org/10.1515/BOT.2008.028
http://doi.org/10.1007/s13225-019-00426-5
http://doi.org/10.1016/S0031-9422(00)82503-0
http://doi.org/10.3390/md10122912
http://doi.org/10.3390/md17080435
http://doi.org/10.1007/s11101-020-09705-5
http://doi.org/10.1016/j.biopha.2021.111756
http://doi.org/10.3390/md18030145
http://doi.org/10.1073/pnas.032523999
http://www.ncbi.nlm.nih.gov/pubmed/11830639
http://doi.org/10.1038/nrmicro2520
http://www.ncbi.nlm.nih.gov/pubmed/21326273
http://doi.org/10.3390/ph14050415
http://www.ncbi.nlm.nih.gov/pubmed/33946434
http://doi.org/10.3390/md19100553
http://doi.org/10.3390/md20010077


J. Fungi 2022, 8, 454 17 of 17

17. Dyshlovoy, S.A.; Pelageev, D.N.; Hauschild, J.; Borisova, K.L.; Kaune, M.; Krisp, C.; Venz, S.; Sabutskii, Y.E.; Khmelevskaya, E.A.;
Busenbender, T.; et al. Successful targeting of the warburg effect in prostate cancer by glucose-conjugated 1,4-naphthoquinones.
Cancers 2019, 11, 21. [CrossRef]

18. Dyshlovoy, S.A.; Pelageev, D.N.; Hauschild, J.; Sabutskii, Y.E.; Khmelevskaya, E.A.; Krisp, C.; Kaune, M.; Venz, S.; Borisova,
K.L.; Busenbender, T.; et al. Inspired by sea urchins: Warburg effect mediated selectivity of novel synthetic non-glycoside
1,4-naphthoquinone-6S-glucoseconjugates in prostate cancer. Mar. Drugs 2020, 18, 31. [CrossRef]

19. Macià, M.D.; Rojo-Molinero, E.; Oliver, A. Antimicrobial susceptibility testing in biofilm-growing bacteria. Clin. Microbiol. Infect.
2014, 20, 981–990. [CrossRef]

20. Thappeta, K.R.; Zhao, L.N.; Nge, C.E.; Crasta, S.; Leong, C.Y.; Ng, V.; Kanagasundaram, Y.; Fan, H.; Ng, S.B. In-Silico identified
new natural sortase A inhibitors disrupt S. aureus biofilm formation. Int. J. Mol. Sci. 2020, 21, 8601. [CrossRef]

21. Wiegand, C.; Abel, M.; Ruth, P.; Hipler, U.C. HaCaT keratinocytes in co-culture with Staphylococcus aureus can be protected from
bacterial damage by polihexanide. Wound Repair Regen. 2009, 17, 730–738. [CrossRef]

22. Nagle, D.G.; Gerwick, W.H. Structure and stereochemistry of constanolactones A-G, lactonized cyclopropyl oxylipins from the
red marine alga Constantinea simplex. J. Org. Chem. 1994, 59, 7227–7237. [CrossRef]

23. Kusumi, T.; Ooi, T.; Ohkubo, Y.; Yabuuchi, T. The modified Mosher’s method and the sulfoximine method. Bull. Chem. Soc. Jpn.
2006, 79, 965–980. [CrossRef]

24. Rukachaisirikul, V.; Rungsaiwattana, N.; Klaiklay, S.; Phongpaichit, S.; Borwomwiriyapan, K.; Sakayaroji, J. gamma-Butyrolactone,
cytochalasin, cyclic carbonate, eutypinic acid, and phenalenone derivatives from the soil fungus Aspergillus sp. PSU-RSPG185. J.
Nat. Prod. 2014, 77, 2375–2382. [CrossRef]

25. Li, J.; Park, S.; Miller, R.L.; Lee, D. Tandem enyne metathesis-metallotropic [1,3]-shift for a concise total syntheses of (+)-
asperpentyn, (−)-harveynone, and (−)-tricholomenyn A. Org. Lett. 2009, 11, 571–574. [CrossRef] [PubMed]

26. Rao, C.B.; Rao, D.C.; Venkateswara, M.; Venkateswarlu, Y. Protective opening of epoxide using pivaloyl halides under catalyst-free
conditions. Green Chem. 2011, 13, 2704–2707. [CrossRef]

27. Muhlenfeld, A.; Achenbach, H. Asperpentyn, a Novel Acetylenic Cyclohexene Epoxide from Aspergillus duricaulis. Phytochemistry
1988, 27, 3853–3855. [CrossRef]

28. Yurchenko, A.N.; Smetanina, O.F.; Khudyakova, Y.V.; Kirichuk, N.N.; Yurchenko, E.A.; Afiyatullov, S.S. Metabolites of the marine
isolate of the fungus Curvularia inaequalis. Chem. Nat. Compd. 2013, 49, 163–164. [CrossRef]

29. Zhao, Y.; Si, L.; Liu, D.; Proksch, P.; Zhou, D.; Lin, W. Truncateols A–N, new isoprenylated cyclohexanols from the sponge-
associated fungus Truncatella angustata with anti-H1N1 virus activities. Tetrahedron 2015, 71, 2708–2718. [CrossRef]

30. Zhao, Y.; Liu, D.; Proksch, P.; Zhou, D.; Lin, W. Truncateols O-V, further isoprenylated cyclohexanols from the sponge-associated
fungus Truncatella angustata with antiviral activities. Phytochemistry 2018, 155, 61–68. [CrossRef]

31. Yurchenko, A.N.; Smetanina, O.F.; Kalinovsky, A.I.; Pushilin, M.A.; Glazunov, V.P.; Khudyakova, Y.V.; Kirichuk, N.N.; Ermakova,
S.P.; Dyshlovoy, S.A.; Yurchenko, E.A.; et al. Oxirapentyns F-K from the marine-sediment-derived fungus Isaria felina KMM 4639.
J. Nat. Prod. 2014, 77, 1321–1328. [CrossRef]

32. Volynets, G.; Vyshniakova, H.; Nitulescu, G.; Nitulescu, G.M.; Ungurianu, A.; Margina, D.; Moshynets, O.; Bdzhola, V.; Koleiev, I.;
Iungin, O.; et al. Identification of novel antistaphylococcal hit compounds targeting sortase a. Molecules 2021, 26, 7095. [CrossRef]
[PubMed]

33. Guo, Y.; Cai, S.; Gu, G.; Guo, Z.; Long, Z. Recent progress in the development of sortase A inhibitors as novel anti-bacterial
virulence agents. RSC Adv. 2015, 5, 49880–49889. [CrossRef]

34. Mazmanian, S.K.; Liu, G.; Jensen, E.R.; Lenoy, E.; Schneewind, O. Staphylococcus aureus sortase mutants defective in the display of
surface proteins and in the pathogenesis of animal infections. Proc. Natl. Acad. Sci. USA 2000, 97, 5510. [CrossRef]

35. Smetanina, O.F.; Yurchenko, A.N.; Afiyatullov, S.S.; Kalinovsky, A.I.; Pushilin, M.A.; Khudyakova, Y.V.; Slinkina, N.N.; Ermakova,
S.P.; Yurchenko, E.A. Oxirapentyns B-D produced by a marine sediment-derived fungus Isaria felina (DC.) Fr. Phytochem. Lett.
2012, 5, 165–169. [CrossRef]

36. Wang, L.; Wang, G.; Qu, H.; Wang, K.; Jing, S.; Guan, S.; Su, L.; Li, Q.; Wang, D. Taxifolin, an Inhibitor of Sortase A, Interferes
With the Adhesion of Methicillin-Resistant Staphylococcal aureus. Front. Microbiol. 2021, 12, 686864. [CrossRef] [PubMed]

http://doi.org/10.3390/cancers11111690
http://doi.org/10.3390/md18050251
http://doi.org/10.1111/1469-0691.12651
http://doi.org/10.3390/ijms21228601
http://doi.org/10.1111/j.1524-475X.2009.00536.x
http://doi.org/10.1021/jo00103a012
http://doi.org/10.1246/bcsj.79.965
http://doi.org/10.1021/np500324b
http://doi.org/10.1021/ol802675j
http://www.ncbi.nlm.nih.gov/pubmed/19115846
http://doi.org/10.1039/c1gc15506g
http://doi.org/10.1016/0031-9422(88)83031-0
http://doi.org/10.1007/s10600-013-0544-x
http://doi.org/10.1016/j.tet.2015.03.033
http://doi.org/10.1016/j.phytochem.2018.07.017
http://doi.org/10.1021/np500014m
http://doi.org/10.3390/molecules26237095
http://www.ncbi.nlm.nih.gov/pubmed/34885677
http://doi.org/10.1039/C5RA07568H
http://doi.org/10.1073/pnas.080520697
http://doi.org/10.1016/j.phytol.2011.12.002
http://doi.org/10.3389/fmicb.2021.686864
http://www.ncbi.nlm.nih.gov/pubmed/34295320

	Introduction 
	Materials and Methods 
	General Experimental Procedures 
	Fungal Strain 
	Cultivation of Fungus 
	Extraction and Isolation 
	Spectral Data 
	Preparation of Acetonides of 1a and 4a 
	Preparation of (S)-MTPA and (R)-MTPA Esters of 1a 
	An Epoxy Ring-Opening Reaction 
	Cell Lines and Culture Conditions 
	MTT Assay 
	Sortase Activity Inhibition Assay 
	Antimicrobial Activity 
	Biofilm Formation 
	Co-Cultivation of HaCaT Cells with S. aureus 
	Statistical Analysis 

	Results and Discussion 
	Isolated Compounds from Asteromyces cruciatus 
	Structural Characterization of New Compounds 
	Biological Activity 

	Conclusions 
	Appendix A
	References

