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Termites
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Herein, we report the targeted isolation and characterization of
four linear nonribosomally synthesized tetrapeptides (pseudox-
ylaramide A-D) and two cyclic nonribosomal peptide synthe-
tase-polyketide synthase-derived natural products (xylacremo-
lide A and B) from the termite-associated stowaway fungus
Pseudoxylaria sp. X187. The fungal strain was prioritized for
further metabolic analysis based on its taxonomical position

Introduction

Termites of the subfamily Macrotermitinae grow a single
species of a mutualistic fungus as food source.” Despite the
dominating monocultural system,”” species of the genus Xylaria
(Ascomycota: Xylariaceae) are inconspicuously present within
the comb.”! Once growth conditions become more favorable
within an aging or dying termite colony, germination and
growth of Pseudoxylaria is initiated within the fungal garden,
causing the displacement and repression of any remains of the
fungal mutualist within days. Although it is as yet unclear how
Pseudoxylaria senses a favorable environment, we hypothesize
that Pseudoxylaria-derived secondary metabolites assist in the

[a] F. Schalk*S. Um,* H. Guo, N. B. Kreuzenbeck, Dr. C. Beemelmanns
Chemical Biology of Microbe — Host Interactions
Institution Leibniz Institute for Natural Product Research and Infection
Biology
Hans Knéll Institute (HKI)
Beutenbergstrasse 11a, 07745 Jena (Germany)
E-mail: christine.beemelmanns@hki-jena.de
[b] Dr. H. Gérls
Institute for Inorganic and Analytical Chemistry
Friedrich-Schiller-University
Lessingstrasse 8, 07743 Jena (Germany)
[c] Prof. Z. W. de Beer
Department of Biochemistry, Genetics and Microbiology
Forestry and Agricultural Biotechnology Institute (FABI)
University of Pretoria
Hatfield, 0002, Pretoria (South Africa)

[*] These authors contributed equally to this work.

Supporting information for this article is available on the WWW under
https://doi.org/10.1002/cbic.202000331

s This article is part of a Special Collection on Microbial Biosynthesis and
Interactions. To view the complete collection, visit our homepage

N © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA. This
is an open access article under the terms of the Creative Commons Attri-
bution Non-Commercial NoDerivs License, which permits use and distribu-
tion in any medium, provided the original work is properly cited, the use is
non-commercial and no modifications or adaptations are made.

ChemBioChem 2020, 21, 2991 -2996 Wiley Online Library

2991

and morphological and bioassay data. Metabolic data were
dereplicated based on high-resolution tandem mass spectrom-
etry data and global molecular networking analysis. The
structure of all six new natural products was elucidated based
on a combination of 1D and 2D NMR analysis, Marfey’s analysis
and X-ray crystallography.

repression of the fungal mutualist” Based on antagonistic
behavior and the fact that Xylariaceae in general have been the
source of a wide range of bioactive compounds,” we set out to
gain deeper insights into the metabolic capacities of this
subgenus. Based on its phylogenetic distinct position, we
decided to focus on the strain named Pseudoxylaria sp. X187
and apply a high-resolution tandem mass spectrometry (HRMS)
based approach to identify chemical features unique to this
Pseudoxylaria species. Here, we report on the isolation of four
linear nonribosomally (NRPS) synthesized peptides and two
cyclic NRPS-polyketide synthase (PKS)-derived natural products.

Results and Discussion

In a first step, five Pseudoxylaria strains were isolated from
termite mounds in South Africa and grown on PDA agar plates
(21 days, 23°C). Clean fungal hyphae were placed on fresh PDA
plates and sub-cultured to obtain a pure isolate. To determine
the identity of the fungal strain, a partial sequence from the
ribosomal DNA (rDNA) and the internal transcribed spacer
region (ITS, primer ITS1 5-TCCGTAGGTGAACCTGCGG-3' and
ITS4 5-TCCTCCGCTTATTGATATGC-3) was sequenced and com-
pared to a phylogenetic framework (Figure S1 in the Supporting
Information). Based on its distinct phylogenetic position, fast
growth and moderate antimicrobial activity (Figures S1 and S2,
Table S7) Pseudoxylaria sp. X187 was selected for a more
detailed metabolic analysis using liquid chromatography (LC)
coupled with HRMS? measurements. The resulting data set was
then subjected to global natural products social molecular
networking analysis (GNPS),” a powerful tool to process
tandem mass spectrometry (MS?) data. During cultivation of
X187, we observed that aging of X187 (> 14 days) resulted in
the regular exudation of droplets (guttation) within the older
mycelium parts, which are known to be enriched in water-
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soluble metabolites including nutrients and bioactive com-
pounds, but are generally depleted of media components.”
Thus, guttation droplets were separately collected for detailed
HRMS?-based analysis of the X187-specific secretome.

As hypothesized, the comparative analysis of HRMS data
retrieved from guttation droplets and crude culture extracts
revealed a distinct and prominent MS? pattern within samples
from guttation droplets and contained only very few annotated
chemical features (Figure 1). Although extracts retrieved from
full plate cultures contained to a certain extent the same
uncharacterized MS* networks as found for the secreted
droplets, additional subnetworks corresponding to primary
metabolites, in particular phospholipids and fatty acids were
detectable (Figure S2).

We were particularly intrigued by two extensive m/z subnet-
works containing nine and 14 connected nodes with proto-
nated molecular ions (m/z 623.3776 (1), m/z 609.3627 (2), m/z
657.3617 (3), m/z 643.3466 (4), m/z 403.2220 (5), m/z 417.2383
(6)). Dereplication of exact masses by using Antibase® and
SciFinder indicated that the corresponding m/z signals might
represent as yet unreported metabolites.

For structure elucidation of potentially novel compounds,
we performed larger scale cultivating of X187 on PDA (400 mL,
10 plates, 150x 16 mm) for a maximum of four weeks (optimal
28 days, indicated by strong droplet formation). To maximize
yields, guttation droplets were separated from mycelium and
separately purified. The remaining plates covered with fungal
mycelium were cut into small pieces and extracted with MeOH
using a previously established procedure.”’ Both extracts were
purified and fractionated using a SPE C,; cartridge followed by
MS-guided semi-preparative reversed-phase HPLC (phenyl-hexyl
column), which resulted in the isolation and characterization of
compounds (1-6) with matching HRMS and UV spectra from
GNPS analysis.
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Figure 1. A) Pseudoxylaria sp. X187 with guttation droplets (PDA, 3 weeks)
and B) enlarged picture of guttation droplets. C) Enlarged GNPS network

cluster containing pseudoxylaramides A-D (1-4) and D) xylacremolides A
and B (5 and 6).
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First, we focused on the identification of the four major and
potentially novel metabolites that were detected within the first
MS? subnetwork (Figure 1C) and the total ion chromatograms
(TIC) and showed each a unique molecular ion peak. MS-guided
purification of enriched 80% methanol SPE fractions of culture
extracts (Supporting Information) led to the isolation of the first
major natural product 1 with the molecular formula C;5sH;,O6N,
and thirteen degrees of unsaturation as determined by high-
resolution mass spectrometry (HRMS (ESI) m/z [M+H]" calcd.
for C3sHs:O6N,* 623.3803, found 6233776, A,,, —4.49) and
NMR spectroscopy in [DgJDMSO and CD;0OH (Table S3). The "C
NMR spectrum exhibited typical analytical features of a peptide,
which includes 20 amide/carboxylic acid carbonyl carbon
signals and 20 a-carbon resonances, which was supported by
'H NMR signals related to eight exchangeable amide proton
signals. Analysis of 'H and C NMR data revealed that
compound 1 exists as a set of four stable and inseparable
conformations (in CD,OH, ratio of ca. 10:7:3:2). The planar
structure of pseudoxylaramide A (1) was assigned based on the
distinct signal sets of the major isomer in CD;OH. Interpretation
of the COSY, HSQC and HMBC spectra indicated the presence of
two N-methyl phenylalanine (N-Me—Phe) and two isoleucine
residues. The connectivity of the four residues was established
by analysis of the HMBC spectrum (Figure 2B). Correlations in
the HMBC spectrum also revealed the presence of an O-methyl
ester [0¢ 51.5; Oy 3.68] at the C-terminal end of N-Me Phel [d.
170.8]. The N-methyl [0, 2.97] of N-Me Phel displayed clear
correlations to C-2 [d¢ 59.0] and C-1" [d¢ 172.4] confirming the
connectivity between N-Me Phel and lle1. The NH [d,, 7.52] of
llel showed a heteronuclear correlation to C-1"" [0, 170.1] of
Phe2. The N-methyl protons [dy 2.99] of Phe2 displayed
correlations in the HMBC spectrum with C-1"" [d. 173.2] of lle2,
establishing the sequence from Phe2 to lle2. The amide proton
[0, 8.07] of lle2 showed the long-range coupling to the methyl
group [0¢ 21.1] and the methyl protons [d, 1.88] showed
correlation (HMBC) to carbonyl carbon [ 171.4] in lle2
deducing an OH group of lle2 was substituted by a methyl
group. To determine the absolute configurations of the a-
carbon of the incorporated amino acids, an acid hydrolysis and
Marfey’s analysis® with - and D-FDAA (1-fluoro-2,4-dinitro-
phenyl-L,b-alanine amide) were performed. After acid hydrolysis
of 1 (1h, 6N HCl at 115°C), the hydrolysate was derivatized
with FDAA and analyzed by using UHPLC-MS, which indicated
that compound 1 consisted exclusively of L-amino acids. Also,
isoleucine in 1 was determined as L-lle by comparison of
retention times with derivatized authentic standards.” As
energy barriers for amide bond rotation might range from 18 to
30 kcal/mol depending on the nature of the amide moiety,"
we assume that compound 1 exists as a set of four stable amide
isomers (cis and trans) caused by the N-terminal acetamide
moiety and the amide group connecting lle2 and Phel. As
indicated by MS*network analysis, a congener 2 of compound
1 lacking a CH, unit was detectable roughly in a 10:1 ratio (1:2;
HRMS (ESI) m/z [M+H]* caled. for C3,H,006N,* 609.3647, found
609.3627, A,,, —3.28). Again, MS-guided purification, NMR-
based structure elucidation and Marfey’s based analysis
revealed the structure of methyl ester 2, which occurs as four

2992 © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Figure 2. A) Structures of pseudoxylaramides A-D (1-4, shown as all-trans
amide bond isomers) and B) key COSY and HMBC correlations (detectable
from measurements in CD;0H and [D¢]DMSO, respectively). C) Structures of
related linear and cyclic fungal tetrapeptides.

inseparable amide isomers in a ratio of 10:6:5:3.5 in solution
(CD;0H). Based on their microbial origin, we named the linear
peptides pseudoxylaramide A (1) and B (2) respectively.
Following up on the MS*-guided prediction, we then pursued
an MS-guided analysis of the closely related molecular ions
pseudoxylaramide C (3; HRMS (ESI) [M+H]" m/z calcd. for
CsHaON,©  657.3647, found 657.3617, A,,, —441) and
pseudoxylaramide D (4; HRMS (ESI) m/z [M+H]* calcd. for
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assumed to be structural homologues containing a Phe moiety
instead of lle based on their MS? pattern and the deduced 17
degrees of unsaturation. Again, compound 3 was isolated as an
inseparable mixture of four amide isomers in a ratio of
10:8:3:3 (CD,0H), similar to compound 4 (isomeric ratio of
10:8.5:7:6 (CD;0H)). Comparative 1D and 2D NMR analysis of
all isolates (Table S4) revealed that pseudoxylaramide C (3)
carried one Phe moiety instead of an lle (1); a result which was
confirmed by Marfey’s analysis. Finally, pseudoxylaramide D (4)
was identified as the free acid of 3. Based on their homologous
structural features, we named compound 3 and 4 pseudoxylar-
amides C (3) and D (4). Here, it is noteworthy that N-
methylation in all four derivatives occurs solely at the first and
third amide position (L-Phe). Based on the structural identifica-
tion of compounds 1-4, we reanalyzed the obtained MS* data
and GNPS subnetwork and found that X187 presumably
secretes minor amounts of tetrapeptide congeners that vary in
the ratio of the two detected amino acids, lle and Phe. Although
detectable by HRMS?, low production titers prevented further
structure elucidation.

Compounds 1-4 share structural features with other
linear tetrapeptides of fungal origin such as simplicillium-
tides isolated from the marine fungus Simplicillium
obclavatum,”"? and antimalarial hirsutellic acid from the
entomopathogenic fungus Hirsutella sp. that infects
spiders." A similar N-methylation pattern (N-Me Phe) is also
found in cyclized tetrapeptides, such as onychocin C from
Onychocola sclerotica™ and pseudoxylallemycin A isolated
from Pseudoxylaria sp. X802 (Figure 2C)." Here it is impor-
tant to note that the combination of N-methylation as well
as N-acylation might prevent cyclization of the linear
peptide as well as enzymatic degradation. Several structur-
ally related tetrapeptides (linear and cyclic) were reported
to have antimalarial or antibacterial activities. None of the
isolated derivatives were active against our fungal and
bacterial test strains and were thus not accountable for the
observed activity of the crude extract of Pseudoxylaria sp.
X187. Biosynthetically, pseudoxylaramides are likely pro-
duced by a tetramodular NRPS based on the collinearity
principle commonly observed in both bacterial and fungal
NRPSs."™ As pseudoxylaramides dominantly consist of two
pairs of amino acids, it is also possible that the tetrapeptides
are biosynthesized by noncanonical NRPSs with functional
domains that are capable of acting iteratively."® Future
genomic and molecular biological studies on Pseudoxylaria
are now directed at elucidating and engineering their
biosynthetic origin.!"”

Encouraged by the identified structural diversity of
tetrapeptides, we set out to isolate the two major metabo-
lites identified from the second MS? subnetwork (Figure 1D)
and TIC, which were dominantly detectable within the 60%
MeOH SPE fractions of culture extracts (Supporting Informa-
tion). Again, MS-guided purification led to the isolation of
analytically pure compound 5, which was assigned the
molecular formula C,,H;,0:N, and nine degrees of unsatura-
tion based on the ESI-HRMS mass spectrum (HRMS (ESI) m/z

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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[IM+H]* caled. for C,,H;,0sN,* 403.2228, found 403.2220,
Apom —1.73) and acquired 'H and C NMR data (Table S6).
The planar structure of 5 was first elucidated by a combined
analysis of the 1D and 2D NMR spectra (Figure 3B).
Interpretation of the 'H and '*C NMR spectra of 5 revealed
three amide/ester carbonyl carbon signals [0, 172.0, 170.6,
and 170.2] and two a-carbon/proton signals [0 52.6; J,, 4.74
and 0. 48.7; 0y 4.99] and one amide proton [0, 8.48]
indicating typical features of a peptide-derived compound.
A detailed 2D NMR analysis revealed that compound 5 was
composed of two amino residues (Pro, Phe) and an addi-
tional 3,5-dihydroxy octanoic acid (DHOA). The 'H,"*C two-
bond coupling between NH [d, 8.48] of Phe and C-1 [,
170.6] of DHOA implied the DHOA—Phe connectivity.

The B-proton of Pro [0, 3.44] exhibited heteronuclear
correlation to C-1" of Phe [0¢ 170.2] connecting the linkage
between Phe and Pro. NOESY correlations from a- and -
protons [0y 4.74 and 2.85] of Phe to H-5" [d,, 3.16] of proline

xylacremolide A (5, R = H)
xylacremolide B (6, R = CH3)
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Figure 3. A) Structures of xylacremolide A (5) and B (6). B) Key COSY and
HMBC, C) NOESY correlations and D) Newman projection of 2-Me (C2—C3
bond) to determine stereochemical assignment of 5 and 6. E) Structures of
related natural products.
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supported the connectivity of Phe to Pro. The sequence was
accounted for 8 of the 9 degrees of unsaturation number
(phenylalanine, proline ring, and three carbonyl signals).
The remaining degree of unsaturation was deduced by
correlation (HMBC) between the carbonyl carbon of Pro [d
172.0] and methine proton [0, 4.66] of DHOA possessing an
additional ring. Stereochemistry of the amino acids was first
analyzed with Marfey’s method using L-FDAA, which con-
firmed the presence of p-Phe and L-Pro. Finally, the relative
(and absolute) structure was unambiguously solved by
single X-ray analysis from a single crystal prepared in MeOH
and H,O (Figure 4). Again, following up on the MS?-guided
prediction, we isolated the second most dominant con-
gener, compound 6 (HRMS (ESI) m/z [M+H]" calcd. for
C,H3305N, ™ 417.2384, found 417.2383, A,,, —0.47). Com-
parative 1D and 2D NMR analysis revealed a similar core
structure as 5, but featuring an additional methyl group at
C-2 [2-CH5: O 8.0; Oy 0.81]. The stereochemistry of C-2 was
determined based on NOESY correlations between NH of
Phe [0, 8.46] and 2-H of DHOA [d, 2.57] with no correlation
signal between NH [, 8.46] and 2-CH, [, 8.0] (Figure 3).
The unexpected drastic upfield-shift of 2-CH; is potentially
caused by direct orientation towards the aromatic ring of
Phe and a strong ring current effect.

Based on their fungal origin and structural features, we
named the polyketide- or fatty acid-NRPS-derived 12-
membered macrocycles xylacremolide A (5) and B (6),
respectively.

Following up on the identified structural features of
compounds 5 and 6, we reanalyzed the obtained MS? data
and GNPS subnetwork and found that Pseudoxylaria sp.
X187 presumably secretes also minor amounts of congeners
that vary in the length and oxidation pattern of the PKS
moiety (Supporting Information). However, low production
titres prevented again further structure elucidation.

In general, xylacremolides share partial structural fea-
tures with acremolides isolated from Acremonium sp."®
saroclides from the mangrove-derived fungus Sarocladium
kiliense  HDN11-112"9 and the fungus-derived histone
deacetylase inhibitors FR235222%% and trapoxin.”"! Here, it

Figure 4. Crystal structure of xylacremolide A (5) shown as an ORTEP plot
with displacement ellipsoids of non-hydrogen atoms drawn at the 50%
probability level.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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is important to note that xylacremolides, similar to acre-
molides and saroclide A, incorporate D-phenylalanine and L-
proline, while FR235222 and trapoxin were reported to
contain L-phenylalanine and p-proline.

However, the absolute structures of acremolides have so
far not been reported. Similar as their structural counter-
parts, xylacremolides did not show cytotoxic, antibacterial
or antifungal activities, which poses the intriguing question
about the cellular or ecological role of these NRPS-PKS
hybrids in Pseudoxylaria and other Ascomycota.

Conclusion

In summary, we selected Pseudoxylaria sp. X187 based on a
phylogenetic and activity-guided approach for a detailed
metabolomic investigation. HRMS>-GNPS based analysis of
guttation droplets and culture extracts from the aging
fungal strain resulted in the identification of four linear N-
acetylated and methylated peptides and two cyclic lip-
odepsipeptides. Although the reason for the active segrega-
tion of secondary metabolites into the guttation fluids
remains speculative, the striking structural similarity
amongst linear and cyclic tetrapeptides isolated from
species across the Ascomycota division points towards a
more general ecological or even cellular functions of this
compound class.

Experimental Section

The Supporting Information contains all information regarding
culture conditions, isolation procedures, structure elucidation,
activity assays, ESI-HRMS, 1D and 2D NMR spectra, and crystallo-
graphic data.

Deposition number 1987814 (for 5) contains the supplementary
crystallographic data for this paper. These data are provided
free of charge by the joint Cambridge Crystallographic Data
Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service www.ccdc.cam.ac.uk/structures.
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