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Three sulfur-containing alkaloids aplospojaveedins A-C (1-3) with a hitherto
undescribed carbon skeleton comprising octahy-dronaphthalene, a, f-unsaturated
lactam and glycine-cysteine moieties were isolated from Aplosporella javeedii.
Their structures were elucidated by 1D and 2D NMR spectroscopy, HR-MS, X-ray
diffraction analysis, DFT-NMR and TDDFT-ECD calculations. A plausible biosynthetic
pathway and putative targets are described. The blind docking suggested that
1-3 may have functional effects on several putative targets such as the GPCR
cannabinoid receptor 2 or the integrin a5p1 complex.
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Introduction

During the discovery of new pharmaceutical agents from nature, microorganisms have
repeatedly proved to be prolific producers of structurally novel and bioactive compounds that
inspire drug discovery (Newman and Cragg, 2020; Zhao et al., 2023). In particular, sulfur-
containing natural products, such as the well-known penicillin, gliotoxin, and calicheamicins,
have often attracted the attention of researchers because of their novel molecular architectures
and interesting bioactivities (Hai et al., 2021; Vasilchenko et al., 2023). Recent discoveries
further expanded the chemical diversities of sulfur-containing natural products. For example,
the first case of noremestrin featuring a sulfur-bearing 15-membered macrocyclic lactone was
isolated from Emericella sp. (Chen et al., 2024) Neogrisemycin, a trisulfide-bridged angucycline,
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was obtained from Streptomyces albus (Cao et al., 2023). Heterologous
expression of a biosynthetic gene cluster in Streptomyces sp. SCSIO
40020 led to the production of eight new thiazole-containing
compounds, in which grisechelin F is distinguished by the presence of
a salicylic acid moiety (Liu et al., 2024).

In our ongoing investigation of bioactive new natural products,
an underexplored endophytic fungus Aplosporella javeedii, which was
derived from the Chinese medicinal plant Orychophragmus violaceus,
was investigated (Medicinal Plant Images Database, 2024). In a
previous study, a culture of A. javeedii on solid rice medium yielded
polyketides, sesterterpenes and macrolides (Gao et al., 2020a; Gao
etal., 2020b), whereas addition of NaNO; or monosodium glutamate
to rice medium caused the accumulation of new cytotoxic lactam
derivatives that were hitherto undetected (Gao et al., 2020¢). We now
report that addition of Nal to the culture medium elicited the
accumulation of biogenetically very different compounds which
feature a hitherto undescribed carbon skeleton and contain the
biogenetic building blocks octaketide, alanine, L-cysteine, and glycine
(Figure 1). These compounds were not detected when Nal was absent
or when adding other halogen salts to the medium thereby indicating
the power of this OSMAC approach. Herein we report the structural
elucidation of these new sulfur-containing alkaloids and propose a
plausible biogenetic pathway. Furthermore, putative targets of these
compounds are predicted by molecular chemoinformatic approaches.

Materials and methods
General experimental procedures

A Perkin-Elmer-241 MC polarimeter was used for measuring
optical rotations. HPLC experiments were performed using a Dionex

10.3389/fmicb.2024.1458622

UltiMate-3400SD system equipped with a LPG-3400SD pump and a
photodiode array DAD 3000RS detector as well as a Eurosphere-10 Cyg
(125x4mm, Knauer) column. Detection wavelengths were set at 235,
254, 280, and 340 nm. The following program and gradient was applied
for analysis: (MeOH, 0.1% HCOOH in H,0): Omin, (10% MeOH);
5min (10% MeOH); 35min (100% MeOH); 45min (100% MeOH). A
Merck Hitachi Chromaster HPLC system with UV detector L7400,
pump L7100 and column Eurosphere-100 Cy (300 x 8 mm, Knauer)
column were used for semi-preparative HPLC analysis. A Finnigan
LCQ Deca mass spectrometer was used for electrospray ionization mass
spectrometry (ESI-MS). A UHR-QTOF maxis 4G mass spectrometer
(Bruker Daltonics) was used for HRESIMS analysis. 1D and 2D NMR
spectra were recorded on Bruker Avance III HD 800, 750 MHz, and
Bruker ARX 600 NMR spectrometers. A J-810 spectropolarimeter was
used for ECD spectra analysis. Sephadex LH-20, silica gel 90C,s-
reversed phase RP-18 and silica gel 60 M (40-63 pm, Macherey-Nagel)
were employed for column chromatography. TLC was done using TLC
plates precoated with silica gel 60 F,5, (Merck) and was detected under
UV detection at 254 and 366nm or was sprayed with anisaldehyde
reagent. Distilled or spectral-grade solvents were used for column
chromatography and spectroscopic measurements, respectively.

Fungal material and fermentation

The endophytic fungus Aplosporella javeedii (GenBank accession
number: MN720704) was isolated from fresh and healthy stem tissue
of the Chinese medicinal herb Orychophragmus violaceus (L.)
O. E. Schul (Brassicaceae), which was collected close to Beijing, China.
Fungal isolation, purification, and identification were carried out
according to a standard protocol that was described previously (Kjer
etal, 2010). The fungal strain (ID code ZGB-B) is kept in the Institute

FIGURE 1
Structures of new alkaloids isolated from A. javeedii.
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of Pharmaceutical Biology and Biotechnology, Heinrich Heine
University, Duesseldorf, Germany. Fungal control cultivations were
done in two 1L Erlenmeyer flasks on solid rice medium (100 g rice
and 110mL demineralized water). OSMAC experiments were
performed in 16 1L Erlenmeyer flasks on solid rice medium
containing 3.5% Nal (100g rice, 110mL demineralized water and 3.5g
Nal) each. Cultivation media were autoclaved at 121°C for 20 min.
After cooling to room temperature, the fungal strain was transferred
from agar plates onto the solid media under sterile conditions.
Fermentation was conducted at room temperature under static
conditions for around 20 days for control cultivation and for 30 days
for Nal OSMAC experiments. The experiments were terminated once
the fungus had completely overgrown the media.

Extraction and isolation

Solid media containing the fungal cultures were cut into small
pieces and extracted with 800 mL EtOAc per flask under continuous
shaking for 12 h. Following filtration, the extracts were evaporated to
dryness. The total amount of the obtained brown crude extract from
3.5% Nal OSMAC cultures was 16.5g. The crude extract was then
subjected to silica gel vacuum liquid column chromatography (VLC),
and eluted with solvents of increasing polarity (n-hexane, EtOAc,
CH,Cl,, and MeOH). In total, 12 fractions (V1 to V12) were obtained.
Fraction V9 (1.75g) was subjected to a Sephadex LH-20 column and
eluted with 100% MeOH to give eight subfractions (V9-S1 to V9-S8).
Subfraction V9-S3 was then submitted to a RP-18 vacuum liquid
chromatography column and eluted with 10% aqueous MeOH - 100%
MeOH to yield 6 subfractions (V9-S3-RP1 to V9-S3-RP6). Subfraction
V9-S3-RP4 was purified by semi-preparative HPLC using a gradient
of MeCN and H,O (15:85 to 50:50) containing 0.1% HCOOH to give
3 (2.1 mg). Subfraction V9-S3-RP5 was purified by semi-preparative
HPLC using a gradient of MeCN and H,O (30:70 to 50:50) containing
0.1% HCOOH to give 1 (6.1 mg). Fraction V10 (0.83 g) was subjected
to a Sephadex LH-20 column and eluted with 100% MeOH to give six
subfractions (V10-S1 to V10-S6). Subfraction V10-S3 was then
purified by semi-preparative HPLC using a gradient of MeCN and
H,O (40:60) containing 0.1% HCOOH to give 2 (6.7 mg).

Aplospojaveedin A (1): Colorless crystal; [a]*'p -102 (¢ 0.25,
MeOH); UV (MeOH) A, 208, 255 and 317 nm; 'H and “C NMR
data, see Table 1; Supplementary Table S1; HRESIMS [M+H]* m/z
502.2366 (caled for C,sHN,0.S 502.2370).

Aplospojaveedin B (2): Colorless oil; [a]*, -62 (¢ 0.25, MeOH);
UV (MeOH) A 206, 265 and 321 nm; 'H and C NMR data, see
Table 1; Supplementary Table S1; HRESIMS [M +H]* m/z 502.2363
(calcd for C,sH36N;05S 502.2370).

Aplospojaveedin C (3): Colorless oil; [a]*', -83 (¢ 0.25, MeOH);
UV (MeOH) A 203, 240 and 301 nm; 'H and C NMR data, see
Table 1; Supplementary Table S1; HRESIMS [M +H]* m/z 502.2370
(calcd for C,sH36N;05S 502.2370).

X-ray crystallographic analysis of
aplospojaveedin A (1)

Suitable single-crystals of 1 were carefully selected under a
polarizing microscope and mounted on a loop. Data collection: Kappa
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APEX2 Duo CCD diffractometer with a microfocus source and multi-
layer mirror monochromator for Cu-Kao radiation (1=1.54178 A) at
140(2) K; w-scans. Data collection and cell refinement with APEX2
(2006), data reduction with SAINT (Bruker) (SAINT, 2006). The
structures were solved by direct methods (SHELXT-2015) (Sheldrick,
2008), refinement was done by full-matrix least squares on F* using the
SHELXL-2017 program suite (Sheldrick, 2008), empirical (multi-scan)
absorption correction with SADABS (Bruker) (Sheldrick, 1996). All
non-hydrogen atom positions were refined with anisotropic
temperature factors. Hydrogen atoms for aromatic CH, aliphatic CH,
CH, and CHj; groups were positioned geometrically (C-H=0.95 A for
aromatic and olefinic CH, 1.00 A for aliphatic CH, 0.99 for CH, and
0.98A for CH,,) and refined using a riding model (AFIX 43 for
aromatic CH, AFIX 13 for aliphatic CH, AFIX 23 for CH, and AFIX
137 for CH,), with U,,(H) = 1.2U,,(CH, CH,) and U,,(H) = 1.5U,,(CH,).
The protic hydrogen atoms for the OH and NH group were found and
refined freely with U, (H)=1.5U,(O,N). Graphics were drawn with
DIAMOND (Version 4) (Brandenburg, 2023). The structural data for
this paper has been deposited with the Cambridge Crystallographic
Data Center (CCDC-number 2295373 for 1). These data can
be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif.

ECD and NMR calculations

Mixed torsional/low-mode conformational searches were carried
out by means of the Macromodel 10.8.011 software using the Merck
Molecular Force Field (MMFF) with an implicit solvent model for
CHCI; applying a 21kJ/mol energy window (MacroModel, 2015).
Geometry re-optimizations of the resultant conformers
[B3LYP/6-31+G(d,p) level in vacuo and wB97X/TZVP PCM/
MeOH], DFT-NMR [mPWI1PW91/6-311+G(2d,p)] and
TDDFT-ECD  calculations [B3LYP/TZVP, BH&HLYP/TZVP,
CAM-B3LYP/TZVP and PBEO/TZVP all with PCM/MeOH] were
performed with the Gaussian 09 package (Frisch et al, 2013).
Computed NMR shift data were corrected with I=185.6277 and
S=-1.0175 for MeOH and I=185.2853 and S=—-1.0267 for DMSO
(CHESHIRE CCAT, 2019; Pierens, 2014). ECD spectra were generated
as sums of Gaussians with 3,000cm™ widths at half height, using
dipole-velocity-computed rotational strength values (Stephens and
Harada, 2010). Boltzmann distributions were estimated from the
B3LYP and the wB97X energies. Visualization of the results was
performed by the MOLEKEL software package (Varetto, 2009).

Ligand-based target prediction

Potential new targets were predicted based on the similarity to
ligands already known to bind to those targets using the
SwissTargetPrediction' and the SuperPred webserver? using default
parameters. Targets, monomers and complexes, predicted by both
webservers extracted and used for

were subsequently

further investigation.

1 http://www.swisstargetprediction.ch/

2 https://prediction.charite.de/subpages/target_prediction.php
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TABLE 1 *H and *C NMR data of compounds 1-3 in DMSO-d.

10.3389/fmicb.2024.1458622

1° 29 3c
oy (Jin Hz) oy (Jin Hz) oy (Jin Hz)
1 132.3,CH 5.54,br d (9.8) 132.0,CH 5.52,brd (9.8) 132.0,CH 5.52,br d (9.8)
2 128.1, CH 5.32,ddd (9.8, 4.2, 2.8) 128.1, CH 5.31,ddd (9.8, 4.1, 2.8) 128.3, CH 5.32, ddd (9.8, 4.2, 2.8)
3 46.6, CH 3.14, ddt (6.8, 4.2, 2.4) 46.0, CH 341, ddt (7.0, 4.1,2.5) 46.4,CH 3.15, ddt (6.8, 4.2,2.4)
4 51.7, CH 3.82,dd (11.8,6.8) 51.8, CH 3.64,dd (12.0,7.0) 51.0, CH 3.73,dd (12.0, 6.8)
5 36.2, CH 1.50, qd (11.7, 2.5) 36.5, CH 1.46, m 36.1, CH 1.51,qd (11.5,2.9)
6 29.8, CH, 1.75,m 0.68, qd (12.2, 3.1) 29.5, CH, 1.60, m 0.66, qd (12.3, 3,3) 29.9, CH, 1.82,dq (12.5,3.1) 0.69, qd
(12.5,3.0)
7 35.1, CH, 1.64,brd (12.9) 0.92, qd (12.9, 3.5) 35.0, CH, 1.62,m 0.90, qd (12.7, 3.4) 35.1, CH, 1.65,br d (12.8) 0.93, qd
(12.8,3.7)
8 32.7,CH 1.45,m 32.5,CH 1.44, m 32.6,CH 1.46, m
9 415, CH, 1.74,m 0.76, q (12.1) 415, CH, 1.74,brd (12.2) 0.75, q (12.2) 41.6,CH, 1.75,brd (12.2) 0.77, q
(12.2)
10 40.7,CH 1.69, br t (11.9) 40.4, CH 1.68,br t (11.9) 40.7,CH 1.69,br t (11.8)
11 22.5,CH, 0.87,d (6.5) 22.4, CH, 0.87,d (6.5) 224, CH, 0.88,d (6.5)
12 135.3,C 136.1,C 136.0,C
13 122.5, CH 5.03, q (6.6) 121.6, CH 4.99,q (6.7) 121.4, CH 4.93,q(7.0)
14 14.1, CH, 1.43,d (6.6) 13.3,CH; 1.40,d (6.7) 13.4,CH, 1.36,d (7.0)
15 15.4, CH, 1.36,s 15.4, CH, 1.34,s 15.3, CH, 1.37,s
16 196.6, C 196.7,C 197.8,C
17 123.0,C 124.7,C 99.8,C
18 174.9,C 172.5,C 171.3,C
19 712,C 70.7,C 60.4,C
20 NH 8.66,' NH 8.61,s NH 8.14,s
21 167.0,C 166.4, C 168.8,C
22 29.3, CH, 1.52,s 29.6, CH, 1.58,s 29.4, CH, 1.78,s
23 NH NH NH 9.71,d (5.3)
24 53.2, CH 3.44,dd (11.5,5.6) 51.7,CH 3.99,dd (4.9, 3.8) 51.1,CH 4.53,ddd (12.6, 5.3, 4.4)
25 26.1, CH, 3.08, dd (14.4, 11.5) 3.05, dd (14.4, 5.6) 27.0, CH, 3.34,dd (13.7,4.9) 3.08, dd 29.2, CH, 3.35,dd (11.0,4.4) 2.52, dd
(13.7,3.8) (12.6,11.0)
26 171.9,C 171.2,C 167.4,C
27 NH 8.27,t(5.7) NH 8.05,dd (5.8,5.2) NH 8.51,t (6.0)
28 412, CH, 3.80,d (5.7) 41.1, CH, 3.76,dd (17.8, 5.8) 3.62, dd 42.4,CH, 3.72,d (6.0)
(17.8,5.2)
29 171.1,C 170.6,C 170.5,C

“Recorded at 800 MHz ('H) and 200 MHz ("*C).
"Recorded at 600 MHz (‘H) and 150 MHz (**C).
“Recorded at 750 MHz ('H) and 188 MHz (**C).

Blind docking to predicted targets

For the molecular docking, the three compounds 1-3 were drawn
and converted into a 3D structure with Maestro in a protonated and
deprotonated form (Maestro, 2020). The protonated and deprotonated
compounds were subsequently docked over the whole structure of all
predicted targets utilizing a combination of AutoDock (Goodsell et al.,
1996) as a docking engine and the DrugScore2018 distance-dependent
pair-potentials (Dittrich et al., 2019) as an objective function.
Experimentally resolved structures of the potential targets were

Frontiers in Microbiology

preferred unless domains were missing or the resolution of a complete
experimental structure was >3.1 A, more than double that of a C-C
bond length (Lide, 2004). The experimental structures with PDB IDs
1PIN (Ranganathan et al., 1997), 4PXZ (Zhang et al., 2014), 5F1A
(Lucido etal., 2016), 7CX2 (Qu et al., 2021), 7E5N (Singh et al., 2021),
7NWL (Schumacher et al., 2021), 7VDP (Daniels et al., 2022), 7VFX
(Chen et al.,, 2022), 7VL9 (Shao et al., 2022), 8GUR (Li et al., 2023),
and 8HDO (Cai et al., 2022) were used for the predicted monomers,
and the structures IUNL (Mapelli et al., 2005), 1 W98 (Honda et al.,
2005), 6UJA (Campbell et al., 2020), and 7NWL (Schumacher et al.,
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2021), were used for the predicted complexes. All co-crystallized
proteins that were not the target and all other molecules except
divalent ions in integrins were deleted from the structures prior to
docking. For all other targets, the 4™ version of their AlphaFold2
(Jumper et al, 2021) model was used. During docking, default
parameters were used, except for the RMSD cutoff used in clustering,
which was set to 2.0 A (Ranganathan et al., 1997; Sotriffer et al., 2002;
Lide, 2004). Binding modes were considered valid if they were located
in the binding pocket and contained in the largest cluster, which
comprised at least 20% of all docking poses. To gain a finer overview
of potential binding poses, all binding poses of each ligand were also
visually evaluated in Pymol (Schrodinger, 2010).

Results and discussion

Aplospojaveedins A (1) was obtained as colorless crystals, with
UV absorptions at A, 208, 255 and 317 nm. Its molecular formula
was established as C,Hj;;0sN;S on the basis of a prominent
pseudomolecular ion peak at m/z 502.2366 [M + H]* in the HRESIMS
spectrum, indicating 11 degrees of unsaturation. The NMR spectra of
1 were recorded in DMSO-dg, (Table 1) and in CD,;OD
(Supplementary Table S1). The former solvent revealed two nitrogen-
bearing protons at 8y 8.66 (s, NH-20) and 8.27 (t, NH-27), three
olefinic protons at &y 5.54 (br d, H-1), 5.32 (ddd, H-2), and 5.03 (q,
H-13), as well as four methyl signals at &y 1.52 (Me-22), 1.43 (d,
Me-14), 1.36 (s, Me-15) and 0.87 (d, Me-11). The *C NMR spectrum
of 1 displayed four carbonyl carbons at 5. 196.6 (C-16), 171.9 (C-26),
171.1 (C-29), 167.0 (C-21) and six olefinic carbons at 6. 174.9 (C-18),
135.3 (C-12), 132.3 (C-1), 128.1 (C-2), 123.0 (C-17), and 122.5 (C-13),
accounting for seven degrees of unsaturation. Thus, compound 1 was
suggested to bear a tetracyclic ring skeleton. In COSY spectrum
(Figure 2), the correlations of H-1/H-2/H-3/H-4/H-5/H,-6/H,-7/H-8/
H,-9/H-10, and between H-5/H-10, H-8/Me-11, indicated the
existence of an octahydronaphthalene ring with a double bond at
C-1/C-2 and a methyl group at C-8. The COSY correlation between
H-13 and Me-14, together with the HMBC correlations from Me-15
to C-12, C-13 and C-3, confirmed the attachment of a but-2-en-2-yl
group at C-3. Furthermore, the HMBC correlations from NH-20 to
C-16, C-17, C-18, C-19, C-21 and from H-4 to C-16 indicated the
presence of an a, f-unsaturated lactam and its linkage with the above
mentioned octahydronaphthalene ring via carbonyl group C-16.
According to the molecular formula, two additional nitrogen atoms
and a sulfur atom must reside in the remaining substructure. The
presence of a glycine-cysteine moiety was supported by the COSY
correlations between NH-27/H,-28 (6 3.80), H-24/H,-25, together
with the HMBC correlations from H,-28 to C-29, and from H-24,
H,-25, NH-27 and H,-28 to C-26. Moreover, the HMBC correlations
from H-24 to C-19, from H,-25 to C-18, and from Me-22 to C-18 and
C-19, along with the HMBC correlations from Me-22 to N-20 and
N-23 in 'H-"N-HMBC confirmed the linkage between C-19/N-23
and C-18/S-25 to form the fourth ring in 1. Thus, the planar structure
of 1 was elucidated as shown.

Compound 1 contains two isolated blocks of chirality: an
octahydronaphthalene and a tetrahydropyrrolo [3,2-b][1,4] thiazin-
6(2H)-one moiety with five and two chirality centers, respectively. The
relative configurations in the isolated blocks were established by
ROESY but the two blocks could not be correlated. An E configuration
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was assigned for the double bond between C-12 and C-13 due to the
ROESY correlation between H-3 and H-13. The ROESY relationships
between H-3/H-4, H-4/H-6b (6y 0.68), H-6b/H-10, H-10/H-4,
H-10/H-8 suggested that these protons are present on the same face
of the octahydronaphthalene moiety whereas the ROESY correlations
between H-5 and H-6a (6 1.75) established that these latter protons
are on the opposite face of the ring. In the heterocyclic moiety, ROESY
correlations between Me-22/H-25a (64 3.08), H-24/H-25b (84 3.05)
as well as the coupling constants between H-24/H-25ab (}Jy .,y
1125 = 1 1.5 HZ, Yy 5um050 = 5.6 Hz) suggested that H-24 adopted axial
orientation and Me-22 and H-24 are on opposite faces of the ring
(Supplementary Figure S60).

To determine the absolute configuration, compound 1 was
crystallized in methanol, and a single-crystal X-ray diffraction analysis
was performed. Compound 1 crystallizes in the non-centrosymmetric
orthorhombic space group (necessary for a chiral molecule) P2,2,2,.
The absolute configuration of compound 1 is (3R, 4S, 5R, 8R, 10S, 19R,
24R) (Figure 3). The asymmetric unit contains a molecule of 1
together with a water molecule of crystallization. In the solid state the
O-H and N-H groups are engaged in inter-molecular hydrogen
bonding (Supplementary Figure S1; Supplementary Table S5).

To elucidate the absolute configuration of 1 independently and
test the combination of TDDFT-ECD (Superchi et al., 2018; Mandi
and Kurtan, 2019) and DFT-NMR methods to assign isolated blocks
of chirality (Li et al., 2020; Kovacs et al., 2023), MMFF conformational
searches were applied on stereoisomers (3R,4S,5R,8R,10S,19R,24R)-1,
(3R,48,5R,8R,10S,19R,24S)-1, (3R,4S,5R,8R,108,195,24R-1) and
(3R,4S,5R,8R,108,198,245)-1. The computed 199, 126, 99 and 154
initial conformers were re-optimized at the B3LYP/6-31 + G(d,p)
and the ®B97X/TZVP PCM/MeOH levels. *C NMR chemical shift
data computed for the low-energy (> 1% Boltzmann populated) 7,
9, 10 and 7 B3LYP conformers were corrected for DMSO and MeOH
and then compared with the experimental "C NMR chemical
shifts (Supplementary Tables S6, S7). The DMSO results
showed better agreement for the (3R,4S,5R,8R,108,19S,24S) and
(3R,4S,5R,8R,10S,19R,24R) stereoisomers than for the other two,
which confirmed cis-(19R*,24R*) relative configuration of the C-19
and C-24 substituents but the two isolated blocks could not
be correlated. It is noteworthy that the presence of the sulfur heavy
atom in the vicinity of chirality centers and the coordinating DMSO
or MeOH solvent molecules can have a relatively large impact on the
chemical shifts (Sikandar et al., 2023).

TDDFT-ECD calculations were performed at various levels of theory
on the low-energy (> 1% Boltzmann population) 11,9, 5 and 11 ®B97X
conformers of the four stereoisomers, which indicated that the ECD
spectrum was governed by the C-19 chirality center above 240nm. The
(3R,4S,5R,8R,108,19R,24R) and (3R,4S,5R,8R,10S,19R,24S) stereoisomers
reproduced equally well the experimental ECD spectrum of 1, while the
(3R4S,5R,8R,10S,19S5,24R) and (3R,4S,5R,8R,108,19S,24S) stereoisomers
gave a mismatch in this region (Figure 4; Supplementary Figures S2-54).
Below 240 nm, all four computed stereoisomers reproduced the intense
negative Cotton effect (CE), which suggested that this region was
determined by the (4S) chirality center of the octahydronaphthalene
moiety. Thus, ECD transitions above 240 nm reported the AC of C-19
chirality center of the heterocyclic scaffold, while the C-4 chirality center
of the octahydronaphthalene moiety was reflected in the intense CE
below 240 nm. Thus, combined with the known relative configuration of
the isolated blocks, TDDFT-ECD calculations allowed determining the
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Key COSY and HMBC correlations of compound 1.

FIGURE 3

orange line).

Molecular structure of compound 1 from the single crystal X-ray structure. (50% thermal ellipsoids, H atoms with arbitrary radii. The atom numbering is
the same as in Figure 1. Compound 1 crystallizes with a water molecule, shown here with the hydrogen bond from the carboxyl group as a dashed

absolute configuration of 1 as (3R4S,5R,8R, 10S,19R,24R), which
corroborates the result of X-ray analysis.

Compound 2 shared the same molecular formula as 1 as deduced
from HRESIMS. The planar structure of 2 was confirmed to
be identical to that of 1 after detailed analysis of the 2D NMR spectra
of 2. The obvious differences of NMR data between 1 and 2 were the
chemical shifts for H-24 and H-25a which differed by +0.55
and+0.26 ppm in 2 when compared to 1. Further differences were
observed with regard to the coupling constants between H-24 and
H-25ab, suggesting a different configuration of 2 compared to 1 in the
nitrogen containing moiety. In the ROESY spectrum of 2, the
correlations from Me-22 (6, 1.58) to H-24 (64 3.99) and H-25a (64
3.34) indicated that they were present on the same face of the ring,
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whereas Me-22 and H-24 were on the opposite side of the ring in 1
(Supplementary Figure S61).

For the configurational assignment of 2, the computed "C
DFT-NMR and TDDFT-ECD data of four stereoisomers of 2 were
compared with the experimental data. The C DFT-NMR
results compared to the experimental data of 2 showed a preference
for the cis-(19R*24R*) relative configuration over the trans-
(19S*,24R*) one, which contradicted the experimental ROE results
(Supplementary Tables S8, S9). Above 260 nm, a broad positive ECD
band was measured at about 310 nm, which was reproduced well by
the computed TDDFT-ECD  of the  stereoisomers
(3R,4S8,5R,8R,108,195,24R)-2 and (3R,4S,5R,8R,10S,198,24S)-2,

while the stereoisomers (3R,4S,5R,8R,10S,19R,24R)-2 and

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1458622
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Gao etal.

10.3389/fmicb.2024.1458622

2 o bt I A P .
o° I | N
o
Z
e 104 —— measured ECD
o —— A¢ (PBEO/TZVP, average
% of 11 conformers)
204 I R (PBEO/TZVP, conformer A)
£
_O
3
» 304
<
T T T T T
200 250 300 350 400 450
wavelength (nm)
FIGURE 4

Experimental ECD spectrum of compound 1in MeOH (black line)
compared with the calculated PBEO/TZVP PCM/MeOH spectrum of
(3R4S,5R,8R,10S,19R,24R)-1. Level of DFT optimization: ®B97X/TZVP
PCM/MeOH. Bars represent the rotational strength values of
conformer A.

(3R,4S,5R,8R,108,19R,245)-2 gave a mismatch, allowing elucidation
of the (195) absolute configuration. All four stereoisomers reproduced
the negative ECD transitions below 260 nm, which confirmed that
the C-4 chirality center and hence the octahydronaphthalene moiety
had the same absolute configuration as that of 1 (Figure 5;
Supplementary Figures S5-57). The negative highest wavelength n-z*
transition above 350nm could be well estimated by the
(3R,4S,5R,8R,108,19S,24R)-2, while it could not be reproduced by the
stereoisomer (3R,4S,5R,8R,108,195,24S5)-2 in accordance with the
experimental ROE results. The combination of TDDFT-ECD
calculations and experimental ROE data determined the absolute
configuration of 2 as (3R,4S,5R,8R,1085,19S,24R).

The molecular formula of 3 was the same as for compounds 1 and
2 based on the HRESIMS data. The 'H and “C NMR data of the
octahydronaphthalene ring in 1, 2 and 3 were likewise very similar,
suggesting that they shared the same substructure. However,
significant differences were found for chemical shifts for C-17 and
C-19 (-24.9 and — 10.3 ppm, respectively) in 3 when compared to 2.
In addition, H-25ab showed HMBC correlations to C-19 in 3 instead
of to C-18 as in compounds 1 and 2, indicating exchange of the
positions of S and NH in 3. Thus, the planar structure of 3 was
elucidated as shown. The ROESY relationship between Me-22 (&4
1.78) and H-24 (6 4.53) suggested they were on the same side of the
ring (Supplementary Figure S62).

The above DFT-NMR and TDDFT-ECD protocols were
performed on four stereoisomers of 3 by changing the configuration
of the C-19 and C-24 chirality centers; (3R,4S,5R,8R,10S,19R,24R)-3,
(3R,48,5R,8R,108,19R,245)-3, (3R,4S,5R,8R,108,195,24R) -3 and
(3R4S,5R,8R,108,195,24S)-3. The comparison of the computed
and experimental “C NMR chemical shifts showed a clear
preference for the trans-(195*24R*) relative configuration of the
heterocyclic moiety in line with the experimental ROE
results (Supplementary Tables S10, S11). TDDFT-ECD calculations
of the stereoisomers  (3R,4S,5R,8R,10S,195,24R)-3  and
(3R,4S,5R,8R,108,195,245)-3 gave acceptable agreement with the
experimental ECD spectrum of 3, while stereoisomers
(3RA4S,5R,8R,108,19R,24R)-3 and (3R,48,5R,8R,10S,19R,245)-3 gave
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FIGURE 5

Experimental ECD spectrum of compound 2 in MeOH (black line)
compared with the calculated PBEO/TZVP PCM/MeOH spectrum of
(3R4S,5R,8R,10S,195,24R)-2. Level of DFT optimization: ®B97X/TZVP
PCM/MeOH. Bars represent the rotational strength values of
conformer A.

a mismatch (Figure 6; Supplementary Figures S8-S10). The
combination of experimental ROE data, "C DFT-NMR and
TDDFT-ECD calculations allowed determining the absolute
configuration of 3 as (3R,4S,5R,8R,108,19S,24R).

Compounds 1-3 show limited structural similarities to known
fungal constituents including equisetin (Phillips et al., 1989),
phomasetin (Singh et al., 1998), and Ascosalipyrrolidinone A
(Osterhage et al., 2000). However, in compounds 1-3, the substituents
on the octahydronaphthalene moiety are different from those present
in known compounds. Furthermore, 1-3 show significant differences
in the alkaloid part, implying that the former compounds feature a
distinctive novel skeleton. A plausible biogenetic pathway for the
formation of 1-3 involves iterative hybrid polyketide synthases—non
ribosomal peptide synthetases (PKS-NRPS) with the following key
steps (Supplementary Figure S59), which can be partially referenced
from the known biogenetic pathway of equisetin (Fisch, 2013).
Intermediate B was built from an octaketide and an alanine moiety.
The beta carbon of the lactam ring in intermediate B was attacked
either by S atom of the cysteine moiety to form 1 and 2 or by N atom
of the cysteine moiety to give 3.

To identify potential targets for the three compounds 1-3, we used
the target prediction software packages SwissTargetPrediction (Daina
et al., 2019) and SuperPred (Nickel et al., 2014). Targets identically
predicted by both approaches (Supplementary Tables S2-54) were
subjected to blind docking experiments individually (“inverse
docking”). These probe ligand binding across the whole receptor to
unravel whether potential binding sites of compounds 1-3 are similar
to known binding sites.

The blind docking revealed a high propensity of the compounds
to bind to two different sites: The orthosteric binding site of G-protein
coupled receptors (GPCRs) and domains similar to the f-propeller
domain found in integrins (Figures 7A,B) (Campbell and Humphries,
2011). A few binding poses in the orthosteric binding pocket in the
GPCR adenosine receptor A,; and the cannabinoid CB, (Figure 7A)
receptor address transmembrane helices (TMs) 3 and 6 and in the
chemokine receptor CCR1 TM 6. Such poses, which might be suitable
for an agonist (A,z, CB,) or antagonist (all), were identified for all
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FIGURE 6

Experimental ECD spectrum of compound 3 in MeOH (black line)
compared with the calculated BH&HLYP/TZVP PCM/MeOH
spectrum of (3R,4S,5R,8R,10S,195,24R)-3. Level of DFT optimization:
®BI7X/TZVP PCM/MeOH. Bars represent the rotational strength
values of conformer A.

compounds. However, the number of poses identified in the
orthosteric binding pockets was too small to count as valid binding
poses (see Methods for criteria). In the GPCRs A,z and formyl peptide
receptor 1 (FPR1) (Figure 7C), binding modes at the extracellular
loop 2+3 (EL2+3), a potential allosteric binding site (Peeters et al.,
2012), were additionally identified. For the integrin asf3, complex,
binding modes of the compounds inside the -propeller (Figure 7B)
or the f-propeller-like domain of Kelch-like ECH-associated protein
1 were identified (Figure 7D). In the X-ray crystal structure of cyclin-
dependent kinase 5 (CDK5), a binding mode of deprotonated
compound 1 at the position of the co-crystallized R-roscovitine
(Figure 7E) was identified. Despite this target being found for
compound 3 in the ligand similarity-based screening only, the high
similarity to compound 1 still renders CDKS5 a viable higher-priority
target for compound 1. In the X-ray crystal structure of mitotic
rotamase Pinl (Peptidyl-prolyl cis-trans isomerase NIMA-interacting
1), a binding mode of deprotonated compound 3 at the position of the
co-crystallized proline (Figure 7F) was identified.

We predicted a diverse set of potential targets for compounds 1-3
based on a search for chemically and structurally similar ligands.
Accordingly, proteins known to bind ligands similar to compounds
1-3 were suggested as potential targets for the respective compounds.
The set of potential targets is structurally diverse, including GPCRs,
integrins, kinases, and histone deacetylases. Despite the high structural
similarity of, e.g., the epimeric compounds 1 and 2, varying targets
were identified for all three compounds. To counteract potential biases
of the screening methods and to identify targets that are more likely to
be influenced by the compounds, a blind docking of all compounds to
all potential targets identically identified by both screening methods
was conducted (“inverse docking”). The blind docking suggested
several putative targets for all three compounds, e.g., the GPCR
cannabinoid receptor 2 or the integrin asf; complex; the predicted
compound binding might functionally impact these targets.

Note, however, that computational target prediction (Katsila et al.,
2016) and inverse docking (Vasseur et al., 2015) are considered
challenging. Further investigations could thus consider compute-
intensive molecular simulations of free ligand binding (Gohlke et al.,
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FIGURE 7

Selected, biologically putatively relevant, predicted binding modes of
compound 1 (salmon), 2 (gray), and 3 (navy) in predicted targets.

(A) Binding mode of compound 1 in the adenosine receptor Ax
(white). TMs 3 and 6 are addressed by the compound, which forms a
salt bridge to H251, located in a position important for the activation
of GPCRs above the functionally relevant W247. (B) Binding mode of
compound 2 in the integrin asp; complex (green and blue,
respectively). The compound binds to the g-propeller domain of
integrin as. (C) Binding mode of compound 3 at the EL2 + 3 of the
formyl peptide receptor 1 (pink). This binding mode may convey an
allosteric effect. (D) Binding mode of compound 1 in the g-propeller-
like domain of the Kelch-like ECH-associated protein 1 (blue).

(E) Binding mode of compound 1 at the binding site of R-roscovitine
(shown in addition in black) in the cyclin-dependent kinase 5 (forest
green). (F) Binding mode of compound 3 in the proline (shown in
addition in cyan) binding site of the mitotic rotamase Pin1 (yellow).

2013a; Kaiser et al., 2023) to confirm the predicted binding modes,
long-time molecular simulations to probe functional effects (Gohlke
et al.,, 2013b), or experimental validation of the putative agonistic or
antagonistic activity of compounds 1-3 with a higher priority toward
those targets.

Conclusion

In summary, compounds 1-3 represent a new family of alkaloids
comprising octahydronaphthalene, «, f-unsaturated lactam and
glycine-cysteine moieties. The combination of X-ray diffraction
analysis, DFT-NMR, and TDDFT-ECD calculations aided by ROE
correlations could efficiently handle the configurational assignment of
two isolated blocks of chirality in compounds 1-3. The unusual
skeleton of the new compounds that were induced by addition of Nal
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to solid rice medium during fermentation of the endophytic fungus
Aplosporella javeedii implies an interesting biosynthetic mechanism
that is of value for further investigation.
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