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Abstract: Very little is known about chemical interactions between fungi and their mollusc host
within marine environments. Here, we investigated the metabolome of a Penicillium restrictum
MMS417 strain isolated from the blue mussel Mytilus edulis collected on the Loire estuary, France.
Following the OSMAC approach with the use of 14 culture media, the effect of salinity and of a mussel-
derived medium on the metabolic expression were analysed using HPLC-UV/DAD-HRMS/MS.
An untargeted metabolomics study was performed using principal component analysis (PCA),
orthogonal projection to latent structure discriminant analysis (O-PLSDA) and molecular networking
(MN). It highlighted some compounds belonging to sterols, macrolides and pyran-2-ones, which were
specifically induced in marine conditions. In particular, a high chemical diversity of pyran-2-ones
was found to be related to the presence of mussel extract in the culture medium. Mass spectrometry
(MS)- and UV-guided purification resulted in the isolation of five new natural fungal pyran-2-one
derivatives—5,6-dihydro-6S-hydroxymethyl-4-methoxy-2H-pyran-2-one (1), (6S, 1'R, 2’S)-LL-P8808
(3), 5,6-dihydro-4-methoxy-65-(1'S, 2’S-dihydroxy pent-3'(E)-enyl)-2H-pyran-2-one (4), 4-methoxy-6-
('R, 2’'S-dihydroxy pent-3’'(E)-enyl)-2H-pyran-2-one (6) and 4-methoxy-2H-pyran-2-one (7)—together
with the known (6S, 1’S, 2’S)-LL-P8808 (2), (1'R, 2’S)-LL-P880 (5), 5,6-dihydro-4-methoxy-2H-pyran-
2-one (8), (6S,1’S, 2’'R)-LL-P880B (9), (6S, 1'S)-pestalotin (10), 1’R-dehydropestalotin (11) and 6-pentyl-
4-methoxy-2H-pyran-2-one (12) from the mussel-derived culture medium extract. The structures of
1-12 were determined by 1D- and 2D-MMR experiments as well as high-resolution tandem MS, ECD
and DP4 calculations. Some of these compounds were evaluated for their cytotoxic, antibacterial,
antileishmanial and in-silico PTP1B inhibitory activities. These results illustrate the utility in using
host-derived media for the discovery of new natural products.

Keywords: Penicillium restrictum; mussel-derived fungi; OSMAC; metabolome; pyran-2-one

1. Introduction

The phylum Mollusca is one of the largest and most diverse group in the animal
kingdom. Estimated at 30,000 species in the sea, it comprises various bivalves such as
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oysters, mussels and clams [1]. As filter feeders, these shellfish can actively retain and
concentrates particles and micro-organisms from their surrounding environment such as
bacteria [2], viruses [3,4], protozoa [5], and fungi [6-8]. Zvereva et al. reported that fungal
strains belonging to Aspergillus, Penicillium, Acremonium, and Alternaria genera are the
most predominantly found in the two bivalve molluscs Crenomytilus grayanus and Modiolus
modiolus [7]. Santos et al. reported eight fungal genera, such as Aspergillus, Penicillium,
and Fusarium from the gills, intestine, and muscle tissue of the Nodipectennodosus scallop
from marine farms in Brazil [8]. Sallenave-Namont et al. reported the presence of genera
Penicillium, Trichoderma, Clasdosporium, Aspergillus, Paecilomyces along with Mucorales from
mussel samples from marine shellfish farming areas [6]. In this way, all marine bivalves
are colonized by a high diversity of microorganisms and fungi are major contributors to
the microbiome of these holobionts. Various lifestyles such as symbiosis, parasitism, and
mutualism have been described for fungi, depending on the species and the host [9,10].
In these ecosystems, fungi can establish numerous interactions with their hosts, mediated
by secondary metabolites that serve as communication or chemical war purposes [10].
However, while the relationship between plants and endophytic fungi or between ani-
mals and fungal parasites have been the object of numerous works, almost no studies
have investigated the chemical ecology of the association between mollusc bivalves and
associated fungi.

Penicillium is one of the predominant genera in marine environments [11] and shellfish-
derived Penicillium strains have been demonstrated to produce a high range of metabolites.
Some of these are identical to compounds from terrestrial origin such as roquefortine C [12],
patulin, cladosporin, festuclavin or griseofulvin [13,14], but others have been first detected
from marine strains [10]. It seems that under the very specific conditions observed in marine
environments, such as pressure, salinity or tides, some chemical pathways or chemical
conditions are expressed that are not observed in terrestrial media. An interaction with
marine invertebrates is one further condition that can be supposed to induce a dedicated
chemistry. In this way, in a previous work, it was demonstrated that Penicillium strains
isolated from shellfish produced more bioactive compounds than strains sampled from
their surrounding environment [15,16].

To access metabolites involved in the chemical communication between the two
species and whose expression is silenced under usual laboratory culture conditions, culture-
based strategies such as OSMAC (One Strain Many Compounds) are mandatory [17,18]. As
part of this strategy, in vitro cultivation of fungi in the presence of host-derived substrates
can induce specific metabolites. For example, the cultivation of a Penicillium hordei strain on
tulip agar led to the medium-dependant production and isolation of the novel metabolites
corymbiferone [19] and corymbiferan lactones A-D [20]. Host-derived media have also
been successfully applied to enhance the yield of fungal inocula [21,22], to stimulate the
production of low abundance metabolites [23], and to promote novel extracellular enzyme
production and enhance protein expression [24-27]. In the marine field, the in vitro culti-
vation of fungi on mussel-derived substrates has been employed to convert agricultural
and marine residues into microbial metabolites [27-32], and a recent study showed that
mussel-processing wastewaters were a promising nutritive medium for astaxanthin pro-
duction by the basidiomycetous species Xanthophyllomyces dendrorhous [29]. However, very
little information is available on fungal metabolome expression induced by bivalves. Only
one study has shown that the use of a mussel flesh-derived culture medium enhanced the
production of cytotoxic metabolites by some mussel-derived fungi [16].

During our ongoing search for new marine fungal natural products, a Penicillium
restrictum ].C. Gilman & E.V. Abbott strain was isolated from a mussel sample in the Loire
estuary, France. Although it is mainly considered as a typical terrestrial soil species, it has
also been sampled from seawater, corals and marine sponges [33]. Penicillium restrictum
isolates have been shown to produce some bioactive metabolites such as dehydrocarolic
acid, gliotoxin [34], restricticin and its dimethyl derivative [35,36], curvularins [37], cal-
bistrins [38,39], and the mycotoxins patulin and penicillic acid [40].
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In this study, we present a metabolome investigation of a mussel-derived strain of P.
restrictum MMS417, with a focus on environment-derived culture conditions. Alterations
of culture conditions were performed following the OSMAC approach using seven culture
media including a host-derived medium to evaluate the influence of mussel components
on the production of specialized metabolites. In addition, the effect of salinity was also
explored. Culture extracts were submitted to an untargeted metabolomics study using
UPLC-IT/ToF-MS/MS-based molecular networking (MN) [41]. This resulted in highlight-
ing some classes of metabolites overexpressed by the presence of mussel and seawater and
to the MS-guided isolation of 12 pyran-2-ones including five new fungal natural products.
Some of these compounds were tested for cytotoxic, antibacterial, antileishmanial activity
and virtual PTP1B inhibition.

2. Results
2.1. Effects of Culture Medium Components on the Metabolome of P. restrictum

To explore the chemical diversity produced by P. restrictum MMS417 according to
culture media, a complete metabolomics study was performed following the OSMAC
approach. The strain was grown over six usual agar-based media—Czapek Yeast Agar
(CYA), Dextrose Casein Agar (DCA), Potato Dextrose Agar (PDA), Yeast Extract Sucrose
agar (YES), Malt Extract Agar (MEA) and Kohlmeyer-Medium Solid (KMS). A seventh
medium was employed: Mussel Extract Sucrose Agar (MES), a host-derived medium [16]
used to evaluate the influence of mussel flesh on the production of specific metabolites.
Two different osmotic conditions were also used separately for each medium, by employing
either distilled water (DW) or synthetic seawater (SSW) for the reconstitution of the media.
Colony morphology was observed throughout the culture growth (Figure S1), showing
that the morphology of the strain was dramatically modified according to each medium. A
particularly unusual aspect was observed for cultures in the MES-SSW medium, which
appeared to be “wet” and “submerged” at the centre of the colony with an absence of
classical aerial mycelial structures.

Extracts of the cultures after 10 days were analysed by HPLC-HRMS using both the
positive and negative ionisation modes. The chemical profiles of the 14 types of cultures
(four replicates each) were converted to a data matrix using automated peak detection and
compared by multivariate data analyses. The data were preliminarily analysed by principal
component analysis (PCA) including quality control samples (QC), which confirmed data
consistency (Pareto scaling) (Figure S2). In the positive ionization mode, the PCA scores
plot achieved on all the 56 samples (Figure 1) showed a variation in the chemical profiles,
with the first two components of PCA explaining 26.4% of the variance (15 % and 11.4 %
for PC1 and PC2, respectively).

It clearly appeared that both the medium composition and the presence of seawater
influenced the extract composition. Extracts from media with the lowest content in nutrients
(KMS, PDA and DCA) clustered closely together on the left part of the scores plot, while
YES and MES extracts, issued from media for which the composition was similar except for
the presence of mussel flesh in MES instead of yeast extract on YES, clustered in the other
same part of the scores plot. On the other hand, DW and SSW extracts were separated
from each other regardless of the composition of the medium. Of particular interest was
the observation that MES-SSW extracts appeared clearly individualized from the other
ones, suggesting that environment-based culture conditions can induce the production of
specific compounds.

The influence of sea water/distilled water on the induction/repression of the pro-
duction of metabolites was then globally investigated. For that purpose, a supervised
orthogonal projection to latent structure discriminant analysis (OPLS-DA), comparing
the two osmotic conditions was performed to highlight the distribution differences of
metabolites in DW or SW extracts.
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Figure 1. PCA (Pareto scaling) of the 14 Penicillium restrictum metabolic profiles (HPLC-HRMS data
in positive ionization mode, n = 4). MES-SSW extracts are highlighted by a black circle.

The OPLS-DA (Figure 2a) showed significant discrimination between the two groups
along the first dimension, and that the DW extracts metabolic profiles were less dispersed
than for the SSW extracts on the orthogonal component. This was particularly obvious for
MES-SSW and YES-SSW profiles which clustered separately from the other SSW extracts.
They were also the most influenced by the type of water used. The S-loadings plot repre-
sented in Figure 2b highlighted the metabolites distinct between the two groups. Features
with a large Variable Influence on Projection values (VIP > 2) were considered to be the
most contributing ones and were subjected to dereplication based on their (+)-HRESIMS
spectrum, UV-vis spectrum and retention time leading to their putative annotation (Table 1).
Nevertheless, many annotations could not be ascertained, as regioisomers and stereoiso-
mers that can be produced simultaneously by the same fungal strain were described in
the literature. Thus, these isobaric compounds were annotated as putative isomers of a
reference compound already described from fungi. Most of the VIP compounds were
found to correspond to some pyran-2-one derivatives, which could be clearly annotated
due to the characteristic UV absorption of either the pyran-2-one (Amax = 280 nm) [42] or
the 5,6-dihydropyran-2-one moieties (Amax = 238 nm) [43]. In SSW extracts, pestalotin and
2’-hydroxypestalotin isomers [44,45] were highly produced, whereas dehydropestalotin,
LL-P8807 [46], and 5,6-dihydro-4-methoxy-2H-pyran-2-one [45] were correlated with DW
culture conditions. Various steroid derivatives were also detected as compounds distinctive
of SSW extracts with antibiotic Mer-NF 8054A [47], 3B-hydroxyergosta-8,14,24(28)-trien-
7-one [48] and paxisterol [49], together with the two macrolides melearoride A [50] and
N-demethylmelearoride A [51]. Among all the metabolites detected and annotated, only
antibiotic TAN-1446A has been previously described from P. restrictum [52]. Some uniden-
tified metabolites at m/z 412.3335 [M+H]* (Rt = 23.28 min) and m/z 427.3221 [M+H]"*
(Rt = 23.76 min) were also highlighted in SSW profiles, which did not match to any com-
pound in natural product databases (see Materials and Methods).
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Figure 2. (a) OPLS-DA of the 14 Penicillium restrictum metabolic profiles (HPLC-HRMS data in positive ionization mode,
n = 4) with separation of extracts following salinity (R2X cum 0.316 and R2Y cum 0.89, Q2 cum 0.766; CV-ANOVA
(p-value = 5.61 x 10~11)); (b) corresponding S-plot showing regions (blue: SSW; grey: DW) of highly specific features

following salinity.

Table 1. Putative identification of characteristic ions highlighted in the OPLS-DA S-plot comparing media following salinity.

R, ?::::::sd Molecular UV-vis
VIP mlz . . Formula Appm Absorption Putative Annotation
(min) (Ionic P
. orM (Amax M)
Species)
4.05 231.1225 6.52 [M+H]* C11H1805 —3.24 238 2’-hydroxy pestalotin isomer
253.1050 [M+Na]*
3.46 411.3253 23.41 [M+H]* CogHypOn —2.44 n.d. 3B-hydroxyergosta-8,14,24(28)-trien-7-one
343 472.3422 22.27 [M+H]* Cp9HysNO4 —1.02 n.d. N-demethylmelearoride A
494.3197 [M+Na]*
3.15 486.3583 23.86 [M+H]* C30Hy7NOy —0.07 nd. Melearoride A
uz) 508.3407 [M+Na]*
© o 28 443.3150 23.87 [M+H]* CogHyp Oy —-2.56 n.d. Paxisterol
2.5 215.1281 9.08 [M+H]* C11H1804 —1.09 237 Pestalotin isomer
2.42 412.3335 23.28 [M+H]* CosHy1 N30 —1.53 nd. -
2.34 427.3221 23.76 [M+H]* CogHy O35 2.06 n.d. -
2.12 467.3157 19.62 [M+Na]* CogHysOy 4.22 n.d. Antibiotic Mer-NF 8054A
6.33 213.1139 9.82 [M+H]* C11H1604 —2.78 279 Dehydropestalotin isomer
235.0972 [M+Na]*
4.08 213.1132 10.03 [M+H]* C11H1604 242 237 Pyran-2-one derivative
3.89 307.1577 14.92 [M+H]* C17H2,05 10.26 n.d. Antibiotic TAN 1446A
3.88 213.1132 9.09 [M+H]* C11H1604 —3.18 288 Dehydropestalotin isomer
3.82 251.0899 11.56 [M+Na]* C11H1605 1.42 275 LL-P880 isomer
267.0638 [M+K]*
E 3.72 129.0549 2.18 [M+H]* CeHgOs3 —2.09 237 5,6-dihydro-4-methoxy-2H-pyran-2-one
3.24 431.2787 22.98 [M+Na]* Cp4HyoOs 3.14 n.d. Aspergillus acid A
2.97 515.2648 24.36 [M+H]* Cy9Hj350g 0.60 nd. Citreohybridone B
29 147.0654 213 [M+H]* CeH19O4 —2.27 237 5-hydroxy-3-methoxy-2-pentenoic acid
2.79 379.3358 20.40 [M+H]* CogHyp —1.78 nd. -
2.58 185.0845 5.88 [M+H]* C12H11NO 2.36 n.d. -
2.22 544.3654 18.59 [M+H]* C3,H49NOg 291 n.d. Pestalotiopin B
2.11 520.3413 16.45 [M+Na]*  C31HyyNOy 1.96 nd. -

n.d.: UV maxima not determined; -: not hit from fungal natural product databases.
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To observe the specific effect of the mussel flesh on the induction of metabolites in
P. restrictum, an OPLS-DA was carried out comparing the MES-SSW extracts to other
SSW extracts (Figure 3). The validated OPLS-DA model (Figure 3, R2Y cum 0.89, Q2
cum 0.766) exhibited a significant discrimination between the two groups following the
first component, the MES-SSW extracts being well separated from the others. The S-
plot showed that the ions responsible for distinction of MES-SSW (VIP > 3) were still
pyran-2-one derivatives: isomers of pestalotin, 2"-hydroxypestalotin, dehydroxypestalotin
and LL-P880y were dereplicated among the compounds with the highest VIP values
(Table 2). The ion at m/z 211.0581 [M+Na]* eluted at 6.58 min remained unidentified when
searched in fungal natural products databases. However, its UV-Vis spectrum showed
an absorption band at Amax = 237 nm, which is characteristic of a 5,6-dihydropyran-2-one
moiety [43]. The compound at m/z 147.0654 was annotated as 5-hydroxy-3-methoxy-2-
pentenoic acid (verrucolone or arabenoic acid), which corresponds to an open acidic form
of 5,6-dihydro-4-methoxy-2H-pyran-2-one, two compounds which have been previously
described from Penicillium strains [53,54]. From this OPLS-DA, it could also be noticed that
on the first orthogonal component, which corresponds to an unsupervised direction, the
YES-SSW extracts were clearly distinguished from the other SSW extracts. Another OPLS-
DA (Figure S3, Table S1) was conducted comparing these extracts to other SSW extracts,
which showed that other pyran-2-ones together with melearorides were responsible for
this discrimination.
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Figure 3. (a) OPLS-DA scores-plot of MES-SSW extracts versus the six other SSW extracts (positive ionization, n = 4; R2X
cum 0.317 and R2Y cum 0.927, Q2 cum 0.777; CV-ANOVA (p-value = 2.72 x 107)); (b) corresponding S-plot: features
highlighted in blue correspond to discriminatory ions with VIP > 3.
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Table 2. Identification of characteristic ions highlighted in the OPLS-DA S-plot comparing MES-SSW extracts to other

SSW extracts.
Observed Molecular UV-vis
VIP mlz R¢ (min) Features Formula Appm Absorption Putative Annotation
(Ionic Species) forM (Amax nm)
8.95 231.1225 6.52 [M+H]* C11H1505 —3.24 238 2’-hydroxypestalotin isomer
253.1050 [M+Na]*
269.0800 [M+K]*
483.2219 [2M+Nal*
7.95 211.0581 6.58 [M+Na]* CgH1,05 —0.68 237 Unknown pyran-2-one derivative
5.45 213.1139 9.82 [M+H]* C11H1604 5.71 279 Dehydroxypestalotin isomer
4.59 129.0549 218 [M+H]* CeH1004 —2.09 237 5,6-dihydro-4-methoxy-2H-
pyran-2-one
4.53 215.1281 9.08 [M+H]* C11H1804 —1.09 237 Pestalotin isomer
237.1117 [M+Na]*
3.57 251.0905 6.68 [M+Na]* C11H1605 5.8 275 LL-P880 isomer
5-hydroxy-3-methoxy-2-
3.50 147.0654 2.13 [M+H]* CeHy04 —4.99 237 pentenoic
acid
3.24 251.0905 11.56 [M+Na]* C11H605 1.82 275 LL-P8807 isomer

2.2. Molecular Networking of P. restrictum MES-SSW Extract

A molecular network (MN, Figure 4) of the MES-SSW extract was constructed using
LC-HRMS/MS data obtained in the positive ionization mode, including the retention time
of all detected ions in order to distinguish the isobaric compounds. The MN consisted of
83 nodes representing the most abundant ions in the chemical profile, which were grouped
into seven clusters. Compounds significantly discriminating the MESS-SSW extract on the
OPLS-DA were searched among the nodes and mapped on the MN. Among a total of 43
nodes corresponding to compounds for which VIP > 1 (light blue nodes), seven of the ions
with VIP > 3 (dark blue nodes) were present in the MN. Five compounds were not detected
due to a too low relative abundance in the extract to be fragmented using the MS/MS
parameters. The largest cluster (Figure 4a) corresponded to ergosterol derivatives, some
of them being dereplicated by the GNPS database as ergostapentaene (1m/z 375.3014), er-
gostahexaene (m/z 377.3163), ergostatetraen-3-one (1m/z 393.3115), ergostatetraen-3-ol (m/z
395.3301) and hydroxyergostatrien-7-one (1/z 411.3253) analogues [48], among which
five were overproduced in the mussel-derived medium. A more detailed list of anno-
tated metabolites can be found in Table S2. In the second cluster (Figure 4b), the node
at m/z 508.3407 was annotated as melearoride A (C3yHs7NO4 [M+Na]*, Appm 0.83),
a 13-membered macrolide previously isolated from a marine-derived Penicillium melea-
grinum var. viridiflavum [50]. Four other melearoride derivatives—PF 1163E (m/z 536.3657,
[M+Na]*, C3pHs51NO4 Appm -10.96) [55], PF 1163B (m/z 484.3053, [M+Na]*, Co7H43NO5
Appm 2.91) [56,57], N-demethylmelearoride A (m/z 472.3422, [M+H]* CpoHs5NO4 Appm
—1.02) [51]—were dereplicated in the same cluster, for which the annotation was confirmed
by a thorough manual interpretation of their MS/MS fragmentation pattern (Figure S4).
Two nodes at m/z 522.3549 and 522.3563 were connected with the m/z 536.3657 node
with a difference of 14.01 suggesting that they corresponded to two undescribed demethyl
derivatives. Two other nodes at m/z 492.3083, 746.5283 corresponding to unknown com-
pounds were also strongly connected within this cluster, showing a high diversity of new
compounds in this rare macrolide family, which were specifically produced by the fungus
on YES-SSW and MES-SSW media.
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Figure 4. MS/MS molecular network obtained from the MES-SSW extract of Penicillium restrictum MMS417. Above:
complete network showing the three main clusters, (a) ergosterol derivatives, (b) melearorides derivatives, (c) pyran-2-ones.
Below: expansion of pyran-2-one cluster (c). Light blue nodes represent features with VIP > 1, dark blue nodes represent
features with VIP > 3. Bold numbers highlight isolated compounds.
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The third cluster (Figure 4c) was composed of 10 nodes related to pyran-2-one com-
pounds, linked together by an accurate mass difference of 2.01 or 18.01. Three of them
were some of the ions highlighted in the OPLS-DA with VIP > 3: m/z 215.1281 (pestalotin
isomer), m/z 213.1139 (dehydropestalotin isomer) and m/z 231.1225 (2’-hydroxypestalotin
isomer). Among the other nodes, four exhibited a VIP score between 1 and 3. Two of them
were dereplicated as other analogs of dehydroxypestalotin and 2’-hydroxypestalotin, and
the node at m/z 229.1048 was consistent with LL-P880y. Two other nodes with the same
accurate mass and similar fragmentation pattern (cosine score = 0.70 and 0.86) were linked
to the latter but with a different retention time, showing that three different isomers of
LL-P880v were present. Some of the ions with VIP > 3 in the O-PLSDA model did not
appear to be connected to this pyran-2-one cluster because they were observed as [M+Na]*
adducts and thus exhibited different fragmentation patterns than the corresponding proto-
nated molecule. In particular, two other LL-P880-y isomers were observed as isolated nodes
at m/z 251.0905. Other pyran-2-ones were manually searched among the self-loop nodes
using their UV-vis absorbance spectra, on the basis of the characteristic absorbance band at
280 nm revealing a pyran-2-one ring and 238 nm for the 5,6-dihydropyran-2-one moiety. A
node at m/z 197.1154 [M+H]* was then annotated as 6-pentyl-4-methoxy-2H-pyran-2-one
(Amax 280 nm), a dehydroxy derivative of dehydropestalotin [12]. Manual curation of
its MS/MS spectrum and comparison with those of other pyran-2-ones confirmed this
annotation as it did not present an [M-18+H]* fragment ion characteristic of the hydroxyl
group found in all the compounds of the pyran-2-one cluster. It appeared then that most
of the pyran-2-one compounds could not be clearly annotated due to the possibilities of
many regio- or stereoisomerism. In this way, none of the three m/z 229.1047, 229.1048,
229.1049 nodes could be assigned as one of the four diastereoisomers of LL-P880+, among
which only the (1S, 2’R) and (1'R, 2’S) analogues have been described as natural products.
It was the same for the m/z 231.1237 and 231.1225 nodes, for which two of the eight
possible 2’-hydroxypestalotin (LL-P880) configurations have been described as natural
products, these two in the 6S series. Thus, as some of the compounds would likely be new
ones, it was decided to engage the purification and structure elucidation of all pyran-2-one
derivatives found in the MES-SSW extract.

2.3. Isolation and Structure Elucidation of Pyran-2-ones

Targeted isolation of pyran-2-ones was both MS- and UV-guided, focusing on com-
pounds detected in the cluster (III) of the MN and other compounds, showing a UV
spectrum typical of a pyrone system. This led to the isolation of 12 pyran-2-ones including
five new fungal compounds (Figure 5). Six of the seven known compounds were identified
as (I'R, 2’S)-LL-P880vy (5), 5,6-dihydro-4-methoxy-2H-pyran-2-one (8) [45], (65,1'S,2’R)-
LL-P880B (9) [44], (65,1'S)-pestalotin (10) [58,59], 1’R-dehydropestalotin (11) [60,61] and
6-pentyl-4-methoxy-2H-pyran-2-one (12) [61]. The identification of these substances was
established by comparison of their physical and spectroscopic data with those reported
previously and their absolute configuration was established by circular dichroism and
comparison of their spectra with published data.

Compound 1 was obtained as a white amorphous powder. Its molecular formula was
deduced as C;H;9O4 with three degrees of unsaturation from the (+)-HRESIMS ions at m/z
159.0652 [M+H]*. The 13C NMR spectrum (Table 3) showed seven carbons including one
oxygenated methyl group, one unsaturated methine, one oxygenated methine, one methy-
lene, one oxygenated methylene, one unsaturated quaternary carbon and one carbonyle.
The 'H-NMR spectrum (Table 3) revealed the presence of one methoxy group at 8y 3.77 (3H,
s, O-CH3), one methine olefinic proton at oy 5.16 (1H, dd, | = 1.5 Hz, H-3), one oxygenated
methine at 6y 4.51 (1H, m, H-6), two methylene protons at 61y 2.8 (1H, ddd, ] = 1.5, 12.5,
16.7 Hz, H-5a) and 2.28 (1H, dd, ] = 3.8, 17.2 Hz, H-5b) and two oxygenated methylene
protons at oy 3.73 (1H, dd, | = 4.6, 12.2 Hz, H-1'b); 3.92 (1H, m, H-1"a). Comparison of
these data with those of 5,6-dihydro-(6R)-hydroxymethyl-4-methoxy-2H-pyran-2-one [62]
revealed that the two compounds possessed the same planar structure. This was supported
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by 'H-'H COSY correlations between H-6 (5 4.51) and H-5a/H-5b/H-1"a/H-1"b. HMBC
correlations from H-3 (8gg 5.16) to C-2 (6¢ 166.73)/C-4 (5¢ 172.94) /C-5 (6¢ 28.84), from H-5a
(871 2.8) to C-3 (8¢ 89.95)/C-4 (8¢ 174.94)/C-6 (d¢ 76.21)/C-1'(5¢ 63.74) and 4-OCHj to C-3
(8¢ 89.95)/C-4 (5¢c 174.94) confirmed that the methoxy group and the hydroxymethyl were
located at C-4 (6¢c 174.94) and C-6 (¢ 76.21), respectively, of a 5,6-dihydro-2H-pyran-2-one
moiety (Figure 6). The UV spectrum with an absorption band at Apax 238 nm was also in
accordance with a 5,6-dihydropyran-2-one moiety [43].

2: (1S,2'S) 4 5
3: ('R 2'S)

0 0 0 0
N
N > 7 7
OH | OH

7 8 9

0 0 0
Y | /\/\)Oij\ /\/\/ﬁ\
0 N0 N0
OH ' OH ' |

10 11 12

Figure 5. Structures of compounds 1—12.

cosy
77\ HmBc

Figure 6. Selected HMBC and COSY correlations for compound 1, 4.

The absolute configuration of 1 was assigned as (6S) using optical rotation which
was found to be of a similar magnitude to that of 5,6-dihydro-(6R)-hydroxymethyl-4-
methoxy-2H-pyran-2-one [62], but opposite. The ECD spectrum confirmed this assign-
ment as it showed a negative Cotton effect at 245 nm (Figure 7), similar to the one re-
ported for (6S,1'S)-pestalotin [59] and compound 9 (also isolated and analysed in this
study). 5,6-dihydro-6-hydroxymethyl-4-methoxy-2H-pyran-2-one can be found, reported
as two different products in the chemical literature. It is referenced under the CAS no:
1013918-20-1 as the (6R) enantiomer isolated from the endophytic fungus Pestalotiopsis
sydowian and obtained as a synthetic intermediate by Pospisil et al., 2008 [63]. However,
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it is also found under the reference CAS no: 1332747-99-5 as a compound isolated from
the endophytic fungus Pestalotiopsis palmarum but without determination of its absolute
configuration [62]. Therefore, compound 1 was assigned as the previously unreported
5,6-dihydro-6S-hydroxymethyl-4-methoxy-2H-pyran-2-one.

Table 3. 'H (500 MHz) and 13C NMR (125 MHz) data for compounds 1-7 and the reference compound (65,1’S,2'R)-LL-P880

(in CDCl3).
(65,1'S,2’R)-LL-P8803 2 3
Position
8¢, type oy (J in Hz) 8¢, type Sy (J in Hz) 8¢, type oy (Jin Hz) 8¢, type Su (J in Hz)
2 16673 C - 16658 C 167.03C - 167.18C ;
3 89.95 CH 5.16, 5 89.73CH  514(d,15)  8951CH 5.12,5 89.55 CH 5.11,s
4 17294 C - 173.40 C 173.94C - 173.68 C ;
a.2.8(dd, a. 2.89 (ddd, a. 3.05 (dd, a. 2.88 (dd,
12.8,16.7) 15,12.9,17.2) 13.8,16.7) 13.9,16.2)
5 884CH, AR wsscHy P mascm, (SRR 2socm %00
3.7,17.0) 3.7,169) 29,17.0) 3.5,17.2)
452 (dt, 4.0, 476 (dt, 12.8, 45 (dt, 3.9,
6 76.21 CH 451, m 77.95 CH 0 rs) 75.41 CH o) 77.88 CH 2128
4-OCH; 56.18 377, 56.16 3.76, s 56.16 3.76, s 56.18 374,
, a.3.73 (dd, 3.49 (dd, 2.9, 3.37 (dd, 2.0, 347 (t,35,
1 63.74 CH, b 122y 73.80 CH i) 71.27 CH & 70.77 CH +5)
b. 391, m
p% - - 7093 CH 380, m 7mzen O8O0 TL s ggey 377435
7.7) 43)
3 - - 3594CH,  15-163,m 3571 CH, > 11'656';‘ 3584CH,  15-158,m
¥ : : 1878CH,  13815m  1878CH, & 11'55':1‘ 1872CH,  1.3815,m
5 - - 1394CH;  094(71)  1398CH;  095(t7.1)  1392CH; 092 (t 6.7)
5 6 7
Position
8¢, type 8y (J in Hz) 8¢, type 8y (J in Hz) 8¢, type 8y (J in Hz) 8¢, type Sy (J in Hz)
2 16658 C 164.12C 162.7C 163.75C
3 89.81 CH 5.14,s 88.4 CH 546(d,20)  8835CH  544(d,27)  8998CH  553(d,23)
4 17332C 17111 C 17118 C 17056 C
a.2.97 (dd,
13.8,17.3)
5 25CH; 5oy 10045CH  616(d,20)  10019CH  614(d,20)  10313CH 601, m
3.9,17.3)
6 7594 CH 4'512(?; 5’)2 163.19C ; 167.3C - 15090CH  7.35(d,6.1)
4-OCH, 56.18 376, 5 55.99 383, 55.96 382, 5551 381,s
, 3.49 (dd, 2.0,
1 74.79 CH < 7344CH  444(d,40)  7375CH 451, brm ; ;
by 7260CH  432(t 64) 7256 CH 402, m 72.98 CH 451, brm ; -
) 5.53 (dd, 7.7, 55 (dd, 1.3,
3 129.24 CH o 3324 CH, 143, m 127.1 CH 20155 ; ;
, a. 1.54,m 5.83 (dq, 6.7,
4 130.60 CH 5.88,m 18.91 CH, bl m . 13148CH e - ;
5 1788CH;  174(d,64)  1391CH; 093t 7.4) 179cH, 71 éd;)l' 13, . ]

Compound 2 was obtained as a white powder. Its (+)-HRESIMS data (m/z 231.1229
[M + HJ*, 253.1050 [M+Na]*) indicated a molecular formula of C11H;505 corresponding to
a hydroxylated derivative of pestalotin such as (6S,1’S,2’R)-LL-P880 [44]. The UV spec-
trum in MeOH showed an absorption maximum at 238 nm, revealing a 5,6-dihydropyran-
2-one moiety [43]. The 3C NMR spectrum displayed 11 carbons including two methyl
groups, three methylenes, three methines, and two quaternary carbons. Inspection of
the TH NMR spectrum showed one methyl group at 65 0.95 (3H, t, ] = 7.1 Hz, H-5'), one
olefinic proton at 6y 5.12 (1H, s, H-3), six methylenes at 6y 1.38-1.5 (2H, m, H-4"), 6y
1.5-1.63 (2H, m, H-3), 53 3.05 (1H, dd, ] = 13.8, 16.7 Hz, H-5a), 55 2.19 (1H, dd, ] = 2.9,
17.0 Hz, H-5b), three oxygenated methines by 3.37 (1H, dd, ] = 2.0, 6.7 Hz, H-1"), 817 3.80
(1H,t,]=71,77Hz, H-2"), 85 476 (1H, d, | = 12.8 Hz, H-6) and one methoxy group éy



Mar. Drugs 2021, 19, 378

12 of 26

3.76 (3H, s, 4-OCHj3). The analysis of the 'H-'H COSY spectrum indicated the presence of
a spin system (C-3-C-5-C-6-C-1"-C-2"-C-3’-C-4’-C-5"). Key HMBC correlations from H-3
(51 5.12) to C-2 (6¢ 167.03)/C-4 (6¢ 173.94) /C-5 (6¢ 29.49)/C-6 (6¢ 75.41), from H-1" (5y
3.37) to C-2 (5¢ 167.03)/C-5 (5¢c 29.49)/C-6 (5¢c 75.41)/C-2" (5¢ 74.13), H-5a (b 3.05) to
C-2 (6¢ 167.03)/C-3 (6¢ 89.51)/C-4 (¢ 173.94)/C-6 (5¢ 75.41)/C-1" (6¢ 71.27) and from
4-OCHj3; (6 3.76) to C-2 (b¢ 167.03)/C-4 (5¢ 173.94)/C-5 (6¢ 29.49) confirmed that the
methoxy group and an 1’,2’-dihydroxy five-carbon side chain were, respectively, located
at C-4 and C-6 of the 5,6-dihydro-pyran-2-one. The planar structure of 2 was then estab-
lished as the same as hydroxypestalotin [(6S5,1’S,2'R)-LL-P880B]. The ECD spectrum of
compound 2 was similar to compound 1 (Ae409nm = —1.92) and (6S,1’S,2’R)-LL-P880S
(A€epa52 nm = —11.54) with a negative Cotton effect at 247 nm indicating its (6S) absolute
configuration (Figure 7). The four diastereoisomers SSR, SSS, SRS and SRR have been
reported so far, but only the two first have been isolated from a natural source. Their
absolute configuration has been, for most of them, deduced from diagnostic coupling
constants of the H-6-H-1’-H2’ system, which we investigated in the 'H NMR spectrum of
2. The 3Jt.6.1.17 (J = 2.0 Hz) of 2 was different to that of (65,1'R,2’S)-nodulisporipyrone D
Clirem-1 = 6.5 Hz) [64] and (6R, 1’S, 2’R)-LL-P880S Clite1 = 6.7 Hz) [65] but similar
to that of (65,1'S,2’S)-LL-P8808 (*Ju.6.1.1 = 1.1 Hz) [66], which indicated that the rela-
tionship between H-6 and H-1" was syn. Moreover, the 311 (J = 6,7 Hz) of 2 was
equivalent to that of (65,1'R,2’R)-LL-P880S G112 = 6.1 Hz) [67] and in the same or-
der as that of (6R,1'R,2’R)-LL-P8808 (*Jy1.1-12' = 9.2 Hz) [67] and (6S,1°S,2’S)-LL-P880S
Gl = 9.1 Hz) [66], which identified that the relationship between H-1" and H-2’
was anti. Furthermore, the NOESY spectrum showed both an absence of correlation be-
tween H-6 and H-2" and a strong correlation between H-1" and H-2". On the basis on
these results, the absolute configuration of 2 was determined as 65,1'S,2’S (Figure 8) and
compound 2 was assigned as (65,1'5,2’S)-LL-P880p, a natural product obtained once from
a mangroved-derived Pestalotiopsis virgatula [66].

_‘g 0 A(nm)
2 200 0 260 280 300
N
<92
-1
-2 4 - —6
3 —5

—4
-9

Figure 7. ECD spectra of compounds 1—6 and reference compound 9 monitored in methanol.

¥ NOESY @) 0O

Figure 8. Selected NOESY correlations for compounds 2, 3 and 9.

Compound 3 was obtained as a white powder and showed the same molecular
formula C11H;g05 as compound 2, with ions m/z 231.1225 [M+H]*, 253.1041 [M+Na]"* in
(+)-HRESIMS. The 1D NMR ('H, 3C NMR), 2D NMR (HSQC, COSY, and HMBC), UV
and ECD spectra were very similar to those of 2, indicating the same planar structure.
However, the 3Jg6.111” (J = 3.9 Hz) was different from 2 but similar to (6S, 1'R, 2'R)-LL-P880p,
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Clhe-ar = 4.0 Hz) [67], and 3J1.17-11.2 (J = 3.5 Hz) of 3 was different from the one of 2 but
similar to (6S, 1'S, 2'R)-LL-P880 (J-1-12 = 4.0 Hz) [46]. The NOESY spectrum revealed
a strong H-6/H-2’ correlation and the absence of H-1"/H-2’, and H-1"/H-6 correlation
(Figure 8). Compound 3 was then assigned as (6S,1'R,2’S)-LL-P8808, a new natural product
previously obtained by stereoselective synthesis [68].

Compound 4 was isolated as a white amorphous powder. Its (+)-HRESIMS spectrum
displayed ions at m/z 229.1068 [M+H]*, 251.0884 [M+Na]*, and 211.0964 [M—H,O+H]*,
with the formula C11H;605 and four degrees of unsaturation. The UV spectrum in MeOH
showed an absorption maximum at 238 nm, revealing a 5,6-dihydro-pyran-2-one moi-
ety [43]. The 'H-NMR and '*C-NMR spectra have demonstrated that 4 was closely related
with 2 and 3 except for the difference in the chemical shift of H-2" (811 4.32)/C-2" (813 72.62),
H-3'(dy 5.53)/C-3" (5¢ 129.24), H-4'(511 5.88)/C-4"(6¢ 130.60) and H-5'(6y 1.74)/C-5'(5¢
17.88). The differences in molecular formula and NMR data indicated that 4 was a re-
duced homologue of 2, 3 and 9. The HMBC correlation from H-4" (6y 5.88) to C-2" (6¢
72.62)/C-5" (6¢ 17.88) and from H-2’ (5yy 4.32) to C-1" (6¢ 74.79)/C-3" (5¢ 129.24) /C-4’ (6¢
130.60)/C-6 (6¢ 75.94) indicated that the double bond was adjacent to a methyl group and
occurred at C-3” and C-4". The geometry of C-3’ (8¢ 129.24) was deduced to be E by the
NOESY correlation between H-2" and H-4’, the 13C-NMR deshielded chemical shift of
the methyl group and the coupling constant 3Jts-ta = 15.7 Hz. The planar structure of
4 was established, which was confirmed by the exhaustive analysis of the 2D-NMR data
(HSQC, 'H-'H COSY, and HMBC) (Figure 6). The ECD spectrum of compound 4 was
found to be similar to those of 1-3 (Figure 7). NOESY correlations between H-6 and H-1"
and between H-1" and H-2" together with diagnostic coupling constants 361 = 2.0 Hz
(similar to that of (6S,1’S,2’S)-LL-P880S [66] and 31y = 6.1 Hz (equivalent to that of
2), permitted the assignment of the structure and absolute configuration for 4 as the new
compound 5,6-dihydro-4-methoxy-65-(1'S,2’S-dihydroxy pent-3’(E)-enyl)-2H-pyran-2-one,
unprecedented LL-P880S analogue with an unsaturated side chain.

Compound 5 was obtained as a white amorphous powder. The (+)-HRESIMS analysis
returned a molecular formula of C1;H;405 with four degrees of unsaturation from ions
m/z 229.1069 [M+H]*, 251.0896 [M+Na]*, and 211.0969 [M—H,O+H]*. The UV spectrum
of compound 5 in MeOH showed an absorption maximum at 280 nm