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Four new N-acylated aminoalkanoic acids, namely clonoroseins E—H (1—4), together with three previously
identified analogs, clonoroseins A, B, and D (5—7), were identified from the endophytic fungus Clonostachys rosea
strain 15020 (CR15020), using Feature-based Molecular Networking (FBMN). The elucidation of their chemical
structures, including their absolute configurations, was achieved through spectroscopic analysis combined with
quantum chemical calculations. Bioinformatics analyses suggested that an iterative type I HR-PKS (CrsE) gen-
erates the polyketide side chain of these clonoroseins. Furthermore, a downstream adenylate-forming enzyme of
the PKS (CrsD) was suspected to function as an amide synthetase. CrsD potentially facilitates the transformation
of the polyketide moiety into an acyl-AMP intermediate, followed by nucleophilic substitution with either
p-alanine or y-aminobutyric acid to produce amide derivatives. These findings significantly expand our under-
standing of PKS-related products originating from C. rosea and also underscore the powerful application of FBMN
analytical methods in characterization of new compounds.

1. Introduction unveiled substantial biosynthetic capabilities, particularly in the pro-

duction of various classes of secondary metabolites, notably polyketides

Natural products (NPs) continue to serve as valuable sources for drug
development. Nearly 50 % of newly approved drugs within the last 40
years have their origins in secondary metabolites produced by various
organism [1]. Among these organisms, plant endophytic fungi, partic-
ularly those engaged in interactions with plant pathogens, have more
recently garnered attention due to their production of diverse NPs that
are often endowed with significant bioactivity [2,3]. One such note-
worthy organism is the ascomycete fungus Clonostachys rosea. It is a
mycoparasite, possessing biocontrol capabilities against various fungal
phytopathogen, nematodes, and insects [4]. This ability can be partially
attributed to its secretion of cell-wall-degrading enzymes, including
chitinases, glucanases, and proteases. Additionally, C. rosea is known to
activate defense enzymes and genes related to defense in plants [5,6].

Recent genome sequencing of C. rosea isolates 67-1, and IK726 has
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(31 PKS genes) and non-ribosomal peptides (17 NRPS genes) [7,8].
These genes potentially encode a broad spectrum of antibiotics or toxins,
which likely contribute to the biocontrol efficacy of C. rosea during
competitive interactions with other fungi [6]. Gliocladines A—E and
several antinematodal secondary metabolites have been identified from
C. rosea 1A [9]. Additionally, bisorbicillinoids, clonorosein A, and
TMC-151C&E were discovered in C. rosea YRS-06, albeit with weak
antimicrobial activity. Notably, C. rosea has also yielded compounds like
bionectin B, verticillin D, and heptapeptide cyclo-(-
Gly-Leu-Ile-Val-Val-Trp-p-Ala), which exhibit significant cytotoxic ac-
tivity [10,11]. Among these natural products, only a few are
polyketides, a stark contrast to the substantial repertoire of PKS gene
content within its genome [7,8], suggesting significant potential of un-
explored natural products. The wunlocking of these untapped
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biosynthetic pathways may expand the profile of bioactive natural
products in C. rosea.

The discovery of these potential natural products requires the
application of rapid and highly sensitive analytical techniques. Ad-
vancements in LC-MS/MS techniques have paved the way for the
development of molecular networking (MN), equipping researchers with
powerful analytical tools in natural product dereplication and targeted
isolation. In a recent study, MN was effectively employed to characterize
trace amount of biosynthetic intermediates of epicospirocin [12]. To
enhance the capabilities of MN, Feature-based molecular networking
(FBMN) was developed and became widely accessible in 2020 [13]. In
comparison to the traditional MN approach, the FBMN integrates the
output of chromatographic feature detection with alignment tools. This
integration results in more concise and legible networks, capable of
distinguishing isomers, which is especially valuable [13]. The FBMN
approach was instrumental in proper annotation of five known and
eleven previously unidentified N-Acyl-i-homoserine lactones [14].
Furthermore, FBMN-based analysis unveiled that teadenol A and fuz-
huanin A were derived from epigallocatechin gallate after exposure to
an endophytic fungus found from tea leaves [15].

In order to probe the chemical diversity of C. rosea CR15020 when
cultivated in a rice medium, the current study was conducted. Guided by
FBMN analysis, a series of potential new analogs related to the anti-
fungal clonoroseins [6] were identified within the network and subse-
quently confirmed through UV, HRMS and NMR data. Targeted isolation
efforts led to the characterization of seven N-acylated aminoalkanoic
acids, including four newly discovered compounds named clonoroseins
E—H (1—4), as well as the previously reported clonoroseins A, B, and D
(5—7). The structures of these compounds were fully interpreted
through comprehensive spectrographic analysis and computational
methods.

2. Materials and methods
2.1. Microbial strain culture, identification, and genome sequencing

Plant endophytic fungal strain C. rosea 15020 was originally isolated
from tea roots in Canada. This strain has been preserved in the China
General Microbiological Culture Collection Centre (accession no.
CGMCC21037), member of World Data Centre for Microorganisms
(WDCM 550), and has been stored at —80 °C. Potato dextrose agar (PDA)
was targeted to culture the strain for laboratory experiments. The DNA
of C. rosea 15020 was extracted with CTAB (cetyltrimethylammonium
bromide) as earlier reported [16]. ITS of C. rosea 15020 ribosomal DNA
analyses with sequences from related species using CLUSTAL W [17]
after DNA was amplified with Primers (F: TCCTCCGCTTATTGATATGC,
R: GGAAGTAAAAGTCGTAACAAGG.) A phylogenetic tree was con-
structed using the neighbour-joining method [18] with MEGA 7.0 [19].
Bootstrap replications (1000) were used to establish brance support. The
ITS ribosomal DNA sequences (accession no. MW600462) and the pre-
sumed clonorosein gene cluster (accession no. ON817174) of C. rosea
15020 have been deposited in GenBank. Genomic sequencing and as-
sembly of strain C. rosea 15020 was performed using the same method as
previously described [10].

2.2. Fermentation, extraction, and isolation

Fermentation and extraction. Strain C. rosea 15020 was cultured on
PDA at 28 °C for 10 days, and agar plugs (5-mm-diameter) were trans-
ferred to 250 mL Erlenmeyer flasks containing 100 mL of potato
dextrose broth (PDB). The flasks were incubated at 28 °C, on a rotary
shaker, at 200 rpm for 5 days to create the seed culture. Then, 3 mL of
the culture was placed into each of 125 bags containing 80 g of auto-
claved rice and 120 mL of distilled H30. These inoculum bags were
incubated at 28 °C for 35 days. After that, 10 kg of whole cultures were
extracted with EtOAc (3 x 20 L) and concentrated under reduced
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pressure to yield a dark brown gum (13 g).

Isolation process for compounds 1-7. The crude extract was dissolved
in methanol and subjected to Sephadex LH-20 elution with 100 % MeOH
to yield fifteen fractions (N1-N15). Fraction N5 (472.9 mg) was sub-
jected to ODS-MPLC with an ACN-H,0 gradient (10%-100 %) elution
for 60 min to get eight sub-fractions (F1-F8). Sub-fraction F3 (58.7 mg)
was further purified by semipreparative HPLC (Cosmosil Cholester, 10
x 250 mm, 4 mL/min, 35 % acetonitrile and 65 % aqueous solution) to
obtain compounds 1 (0.6 mg, tg = 12.5 min) and 2 (1.9 mg, tg = 14.5
min). Fraction F4 (113.0 mg) was further purified by semipreparative
HPLC (Cosmosil Cholester, 4 mL/min, 10 x 250 mm, 40 % acetonitrile
and 60 % aqueous solution isocratic elution) to obtain compound 3 (0.6
mg, tg = 25.9 min), 4 (1.1 mg, tg = 19.5 min), 5 (20.3 mg, tg = 16.7
min), 6 (9.7 mg, tg = 19.0 min) and 7 (2.0 mg, tg = 17.6 min) (Fig. S9).

Clonorosein E (1): transparent oil; [0:]%4'O = +31.7 (c 0.06, MeOH);
UV (MeOH) Apax (log €) 213 (3.85) nm; CD (0.5 pM, MeOH) Amax (Ag)
220 (+1.33) nm; 'H NMR and '3C NMR data, see Table 2; HR-ESI-MS:
calcd. For C1oH2oNO3 [M + H]™: 228.1594, found: 228.1596.

Clonorosein F (2): transparent oil; [(x]2D4'0 = +50.0 (c 0.19, MeOH);
UV (MeOH) Apmax (log €) 213 (4.10) nm; CD (0.5 pM, MeOH) Apax (A€)
220 (+1.18) nm; 'H NMR and '3C NMR data, see Table 2; HR-ESI-MS:
calcd. For C13H24NO3 [M + H]™: 242.1751, found: 242.1756.

Clonorosein G (3): transparent oil; [0:]12)4'0 = +31.7 (c 0.06, MeOH);
UV (MeOH) Amax (log €) 195 (4.05) nm; CD (0.5 pM, MeOH) Apax (A€)
205 (+1.09), 220 (1.21) nm; 'H NMR and '3C NMR data, see Table 2;
HR-ESI-MS: calcd. For Ci6H3oNOs [M + H]™: 286.2368, found:
286.2373.

Clonorosein H (4): transparent oil; [oc]]zf'o = +36.4 (¢ 0.11, MeOH);
UV (MeOH) Amax (log €) 213 (4.15) nm; CD (0.5 pM, MeOH) Amax (A€)
225 (4+6.06) nm; 'H NMR and '3C NMR data, see Table 2; HR-ESI-MS:
calcd. For C15HogNO3 [M + H]™: 270.2056, found: 270.2062.

Clonorosein D (7): transparent oil; [a]%4‘0 = +20.5 (c 0.20, MeOH);
UV (MeOH) Amax (log €) 195 (4.20) nm; CD (0.5 pM, MeOH) Apmax (A€)
210 (+1.10) nm; 'H NMR and '3C NMR data, see Table S1; HR-ESI-MS:
calcd. For C15HogNO3 [M + H]™: 272.2212, found: 272.2217.

2.3. Theory and calculation details

The Quantum chemical calculations were carried out using density
functional theory (DFT) in Gaussian 09 [20]. Initial conformation search
was executed using Sybyl-X 2.0, followed by geometry optimization
using the SCRF/PCM method at the B3LYP/6-31G(d) level [21]. TDDFT
was used to calculate the electronic excitation energies and rotational
strengths at BBLYP/6-31+G(d) in methanol solution [22].

2.4. Antimicrobial and antifungal assay

Antimicrobial experiments were conducted following CLSI guide-
lines [23] in growth inhibition tests.

3. Results
3.1. Characterization and identification of the strain CR15020

After incubation on a PDA agar plate at 28 °C for 7 days, the strain
CR15020 formed grayish-white to yellowish-white colonies (Fig. 1A)
and was identified as Clonostachys rosea by morphological [24] and ITS
ribosomal DNA analyses. The organism shares 99 % similarity with
C. rosea CBS 128894 (accession number: MH865144) (Fig. 1B).

3.2. LC-MS/MS and FBMN guided the discovery of new clonoroseins

Eleven media (Rice, Maya, Z5, Q6, Z2, ISP2, Z4, CS, SWS, MM, and
YPD) were used in the fermentation to compare the chemical diversity of
CR15020 extracts. The crude extract from the culture in rice medium
showed the highest metabolic chemical diversity according to the HPLC
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Table 1
Annotation for 41 nodes in the clonorosein cluster I from the CR15020 Featured
Based Molecular Networking.

Node Molecular Cale. m/z  “A A, from Annotation

(Observed formula (ppm) seed

precursor [M+H]" clonorosein

m/z) B (6)

165.1275 - - - - -

167.1431 - - - - -

167.1431 - - - -

174.1125 CgH1gOsN 1741130 2.9 ~96.0938 -C/Hi, from
6

174.1491 - - - - -

183.1384 - - - -

188.1281 CoH1503N 188.1287 3.2 —82.0782 -CgHjo from
6

190.1438 CoHyoO3N 190.1443 2.6 —80.0625 -C¢Hg from 6

200.1282 CioH;50sN  200.1287 2.5 —70.0781 -CsHjo from
6

202.1438 C10H2003N 202.1443 2.5 —68.0625 -CsHg from 6

206.1544 - - - - -

216.1599 C11H2203N 216.1600 0.5 —54.0464 -C4Hg from 6

228.1596 C1oHp03N 228.1600 1.8 —42.0467 clonorosein
E()

230.2478 - - - - -

232.1549 - - - - -

234.1853 - - - - -

236.1650 - - - - -

242.1756 C13H2403N 242.1756 0.0 —28.0307 clonorosein
F(2)

246.1853 - - - - -

250.1799 - - - - -

254.1754 C14H2403N 254.1756 0.8 —16.0309 -CH4 from 6

254.1754 C14H2403N 254.1756 0.8 —16.0309 -CH4 from 6

256.1907 C14H2603N 256.1913 2.3 —14.0156 clonorosein
A(5)

256.1907 C14H2603N 256.1913 2.3 —14.0156 isomer of 6

258.2065 C14H2g03N 258.2069 1.5 —11.9998 -C from 6

262.1801 - - - - -

264.1958 - - - - -

268.1913 C15H603N 268.1913 0.0 —2.0150 -H, from 6

268.1913 C15H2603N 268.1913 0.0 —2.0150 -H, from 6

270.2062 C15H,803N 270.2069 2.6 —0.0001 clonorosein
H @

270.2063 C15H25803N 270.2069 2.2 0.0000 clonorosein
B (6)

272.2217 C15H3003N 272.2226 3.3 2.0154 clonorosein
D (7)

274.2015 - - - - -

274.2737 - - - - -

282.2062 C16H2g03N 282.2069 2.5 11.9999 +C from 6

284.2223 C16H3003N 284.2226 1.1 14.0160 +CH, from
6

286.2016 - - - 15.9953 -

286.2373 Ci6H3205N  286.2382 3.1 16.0310 Clonorosein
G(3

287.2412 - - - - -

288.2167 - - - - -

292.1881 C17Hp603N 292.1913 11.0 21.9818 +CxH; from
7

@ A = (Observed m/z — Calc. m/z)/Calc. m/z; “-” means less possible to be

clonorosein anologs.

profile (Fig. S10). C. rosea isolate CR15020 was grown using 10 kg of rice
medium for 35 days, followed by extraction using ethyl acetate (EA) to
obtain 13 g of crude extract, which was subjected to LC-HR-MS analysis
(Fig. 2A). A previously reported N-acylated aminoalkanoic acid, clo-
norosein B (6) [6], was identified from the chromatogram of CR15020
according to its UV spectrum and HR-MS data from CR15020 EA extract
sub-fraction N5 (Fig. 2C and Fig. S7). We carried out feature-based
molecular networking (workflow version release 28.2) on the
sub-fraction N5 LC-MS/MS dataset to uncover new clonoroseins analogs
using clonorosein B (6) as the seed (Fig. 2A, Fig. S1), which was sub-
sequently identified to be within a cluster composed of 41 nodes
(Fig. 2B). Further careful annotation (Table 1) using their precursor
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mass alongside HR-ESI-MS data uncovered 22 potential clonorosein
nodes, seven of which were also detected from HPLC chromatogram
with similar UV spectra with 6 (Fig. 2C). Three of these nodes possessing
precursor m/z of 256.1907 [M+H]", 270.2063 [M+H] ", and 272.2217
[M+H]" that are identical to known compounds clonorosein A/B/D,
respectively, and three nodes displayed previously unreported m/z of
228.1596, 242.1756, 286.2373. (Table 1).

Guided by the FBMN findings, the clonorosein yield and structure
diversity were compared among sub-fractions N1-N15, and N5 was
chosen for subsequent purification for new clonorosein analogs. Tar-
geted isolation with the unreported m/z was conducted using LC-MS
analysis, chromatographic methods, and spectroscopic techniques
(Fig. 2C), leading to the identification of four new clonoroseins, known
as clonorosein E—H (1—4), alongside three previously characterized
compounds, clonorosein A, B, and D (5—7). Based on HR-MS, 1D&2D
NMR, and ESI-MS/MS analysis (Fig. 3, Fig. S2—S88, Table 2, and
Table S1), their structures were fully elucidated. Relative configurations
were identified through a comparison of 'H NMR chemical shifts with
synthesized analogs, and absolute configurations were determined
through quantum chemical ECD computational methods (Fig. 4).

3.3. Structure elucidation of isolated clonoroseins

The molecular formula of 1 was revealed to be C1,H,1NO3 (228.1588
[M + H]", caled. for 228.1594) through HRESIMS (Fig. S2a), implying
three degrees of unsaturation. The combined analysis of 'H, '3C, and
HSQC spectra of 1 (Table 2, Figs. S2b, S2¢, and S2e) revealed 12 carbon
resonances, composed of two carbonyl carbons (§¢ 174.7 and 168.4),
one olefinic quaternary carbon (5¢ 129.4), one sp2 methine [6c/du
140.6/6.00 (d, J = 9.8 Hz)], one saturated methine (6¢/6y 31.9/2.42),
four sp3 methylenes (6¢/6y 35.7/3.28, 34.8/2.33, 38.9/1.29&1.21, and
20.0/1.21), three methyl groups, including one singlet (5¢/éy 12.7/
1.72), one doublet [6¢/8y 20.2/0.92, (d, J = 6.7 Hz)], and one triplet
[6c/u 14.0/0.84, (d, J = 6.9 Hz)]. The 'H-'H COSY (Fig. 3B and
Fig. S2d) of 1 elucidated the existence of two proton spin systems
including H-3—H-7 and NH-H-1'-H-2/, according to the crosspeaks be-
tween Hs-7/H»-6, Hy-6/Hs-5, Ho-5/H-4, H-4/H-3, H-4/H3-9, as well as
NH/H,-1" and Hj-1'/H-2". Further HMBC correlations of H,-1' to C-3'
and H»-2' to C-3 indicated the presence of an N-substituted p-alanine
moiety linked to an unsaturated acyl side chain via a 2-methyl-2-enam-
ide group following the major HMBC correlations of H3-8 to C-1, C-2, C-
3 and Hy-1' to C-1 (Fig. S2f). The A%3 double bond was designated as an
E configuration based on the observation of crosspeaks between H3-8/H-
4 within the NOESY spectrum (Fig. S2g). To identify the absolute
configuration of 1, the time-dependent density functional theory (TD-
DFT)-based electronic circle dichromatography (ECD) calculation of two
epimers 4R-1/4S-1 was performed, resulting in the identification of the
4S configuration of 1 (Fig. 4A). Therefore, the structure of 1 was
established, shown in Fig. 3A, consisting of a new analog of clonor-
oseins, named clonorosein E.

The molecular formula of 2 was identified as C13H23NO3 according
to the HRESIMS (Fig. S3a) analysis (242.1457 [M + H]", calcd. for
242.1750), indicating three degrees of unsaturation. The 'H and !3C
NMR data of 2 (Table 2, Figs. S3b, S3c, and S3e) exhibited high simi-
larity with those of 1, aside from a supplemental sp> methylene (5¢/du
25.0/1.89), demonstrating its identity as a homolog of 1. The presence
of an N-substituted y-aminobutyric acid moiety in 2 was revealed
through further analysis of 2D NMR spectra, instead of the p-alanine
fragment of 1, according to the 'H-'H cosY crosspeaks of NH/Ha-1', Ho-
1'/H,-2/, and Hp-2'/H,-3' (Fig. S3d) as well as HMBC correlations of Ha-1'
to C-1, Hy-2' to C-4, and Hy-3' to C-4 (Fig. S3f). The A%® double bond was
established as being in the E configuration by NOESY correlation of Hs-
8/H-4 (Fig. S3g), and the absolute configuration at C-4 was assigned as S
through ECD calculation (Fig. 4B). Thus, 2 was highlighted as illustrated
in Fig. 3A, and identified as clonorosein F.

HRESIMS (Fig. S4a) analysis demonstrated the molecular formula of
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Table 2
1H and'3C NMR Data of clonorosein E—H (1—4).

Synthetic and Systems Biotechnology 9 (2024) 684-693

clonorosein E (1) clonorosein F (2)

clonorosein G (3) clonorosein H (4)

Pos dy" mult (J in Hz) 5, type oy mult (J in Hz) 5%, type Sy mult (J in Hz) 5%, type Sy mult (J in Hz) 5¢°, type
168.4, C 170.4, C 178.1,C 168.3, C
1-NH 7.77, t (5.6) 6.12, t (5.4) 5.87, brs 7.73 t(5.5)
129.4, C 128.9, C 2.28, m 39.2, CH 129.1,C
3 6.00, d (9.8) 140.6, CH 6.14,d (10.1) 143.2, CH 1.39, m 41.5, CH, 5.99, d (9.8) 140.8, CH
1.34, m
4 2.42, m 31.9, CH 2.46, m 32.9,CH 1.52, m 27.8, CH 2.53, m 29.9, CH
5a 1.29, m 38.9, CH, 1.33, m 39.3, CH, 1.19, m 45.5, CHy 1.27, m 44.3, CHy
5b 1.21, m 1.26, m 0.94, m 1.09, m
6 1.21, m 20.0, CHy 1.26, m 20.7, CHy 1.50, m 29.7, CH 1.29, m 29.9, CH
7a 0.84, t (6.9) 14.0, CH3 0.86, t (7.0) 14.1, CH3 1.25, m 39.2, CHy 1.21, m 39.4, CHy
7b 1.00, m 1.06, m
8 1.72, s 12.7, CH3 1.84,s 12.9, CH3 1.33, m 20.1, CH, 1.28, m 19.4, CH,
1.23,m 1.22, m
9 0.92,d (6.7) 20.2, CHj 0.97, d (6.6) 20.3, CH3 0.87,t(7.2) 14.6, CH3 0.84, t (7.0) 14.3, CH3
10 1.10,d (6.8) 17.6, CH3 1.74, s 12.6, CH3
11 0.84, d (6.4) 20.3, CH3 0.92, d (6.7) 20.8, CH3
12 0.83, d (6.5) 20.2, CH3 0.79, d (6.5) 19.3, CHs
1 3.28, dt (5.6, 6.7) 35.7, CHy 3.39, 39.3, CH, 3.32, m 38.9, CHy 3.28, dt (5.5,7.0) 35.5, CHy
2 2.33,t(6.7) 34.8, CH, 1.89, 25.0, CH, 1.84, m 25.3, CHy 2.38,t(7.0) 35.2, CH,
3 174.7,C 2.42,1(7.0) 31.9, CH, 2.38,1(6.2) 31.9, CHy 173.3,C
4 177.4,C 177.3,C
2 Recorded at 600 MHz in DMSO-de.
b Recorded at 150 MHz in DMSO-de.
¢ Recorded at 600 MHz in CDCls.
4 Recorded at 150 MHz in CDCls.
A B 0.5 82 | Clonostachys rosea 15020
Clonostachys rosea CBS 128894 (MH865144)
98 Clonostachys rhizophaga CBS 361.77 (AF358228)
Clonostachys byssicola CBS 364.78 (MH861151)
Clonostachys rosea
15020 " Clonostachys compactiuscula CBS 729.87 (AF358242)
100

Clonostachys divergens CBS 967.73b (AF210677)
Clonostachys miodochialis CBS 997.69 (MH859506)

Clonostachys candelabrum CBS 504.67 (AF210668)

Stanjemonium grisellum CBS 125832 (MH863799)

Fig. 1. Morphology and phylogenetic tree of C. rosea 15020. (A) Colony characteristics of 15020 grown on potato dextrose agar at 28 °C for 10 days. (B) Neighbour-
joining tree of CR15020 based on ITS sequences. Numbers at nodes indicate levels of bootstrap support (%) based on a neighbour-joining analysis of 1000 resampled
datasets; only values > 50 % are shown. NCBI accession numbers are provided in parentheses. The bar represents 0.5 nucleotide substitutions per site.

3 to be C;6H31NO3 (286.2376 [M + H]™, caled. for 286.2368), indi-
cating two degrees of unsaturation. According to the combined analysis
of 1H, 13C, and HSQC spectra derived from 3 (Table 2, Figs. S4b, S4c, and
S4e), 16 carbon resonances were observed, composed of two carbonyl
carbons (6¢ 178.1 and 177.3), three saturated methines (6¢/dy 39.2/
2.28; 27.8/1.52; 29.7/1.50), seven sp3 methylenes (5¢/6y 41.5/1.37;
45.5/1.19&0.94; 39.2/1.25&1.00; 20.1/1.33&1.23; 38.9/3.32; 25.3/
1.84; 31.9/2.38), and four methyls, including three doublets [5c/én
20.3/0.84, (d, J = 6.4 Hz); 20.2/0.83, (d, J = 6.5 Hz); 17.6/1.10, (d, J =
6.8 Hz)], and one triplet [6¢/6y 14.6/0.87, (t, J = 6.9 Hz)]. The presence
of two proton spin systems was revealed through the 'H-'H COSY
(Fig. S4d) conducted on 3, including H-10—H-2—H-3—[H-4—H-11]-H-
5—[H-6—H-12]-H-7-H-8—H-9 and NH-H-1'-H-2'—H-3. Further
HMBC correlations between Hy-1' to C-1 and Hy-2' to C-4’ indicated the
presence of an N-substituted y-aminobutyric acid moiety attached to a
saturated acyl side chain via an amide group based on the major HMBC
correlations of H3-10 to C-1, C-2, C-3 and H,-1' to C-1 (Fig. S4f). The acyl
side chain was verified to be 2,4,6-trimethyl-pelargonyl according to the
critical HMBC correlations of H3-10 to C-1/C-2/C-3, H3-11 to C-3/C-4/
C-5, H3-12 to C-5/C-6/C-7, and H3-9 to C-8/C-7 (Fig. S4f). The relative
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configuration between C-2 and C-4 was assigned to be anti based on the
little difference in chemical shift between the C-3 methylene protons, H-
3a and H-3b (A8 < 0.1 ppm), according to the empirical rule outlined by
Schmidt and colleagues [25]. C-4 and C-6 were confirmed to be in a syn
configuration through comparison of the A§ of H-3a/H-3b and
H-5a/H-5b to the synthesized compounds (2R,4S,6S)-tert-butyl-2,4,
6-trymethyl-8-phenyloctanoate and (2R,4S,6R)-tert-butyl-2,4,6-tryme-
thyl-8-phenyloctanoate [25] (Fig. 3C). Further ECD determination of
two enantiomers 2S,4R,65-3/2R,4S,6R-3 was conducted, identifying the
2S,4R,6S- configuration of 3 (Fig. 4C). Therefore, the structure of 3 was
defined as shown in Fig. 3A, named clonorosein G.

The molecular formula of 4 was determined to be C;5Hy7NO3
following the HRESIMS (Fig. S5a) analysis (270.2063 [M + H]", calcd.
for 270.2056), suggesting the presence of three degrees of unsaturation.
The 'H and '3C NMR data for 4 (Table 2, Figs. S5b, S5¢, and S5e)
exhibited high similarity to those of 1, apart from three supplemental
saturated carbon resonances in the acyl side chain, one methine (5¢/5y
31.5/1.29), one methylene (5¢/m 39.4/1.21&1.06), and a methyl
doublet [6¢/6y 19.3/0.79, (d, J = 6.5 Hz)], indicating its identity as a
homolog of 1. The 'H-'H cosy (Fig. S5d) of 4 uncovered the existence
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of two proton spin systems, including H-3—[H-4—H-11]—H-5—[H-6—H-
12]—-H-7—H-8—H-9, and NH-H-1'—H-2'. Further HMBC correlations of
Hy-1' to C-3' and H,-2' to C-3' indicated the presence of an N-substituted
p-alanine moiety linked to an unsaturated acyl side chain through a 2-
methyl-2-enamide group following the key HMBC correlations of Hs-
10 to C-1, C-2, and C-3 and H,-1' to C-1. The syn configuration between
C-2 and C-4 was revealed by comparing the A8 of H-5a/H-5b with
Hoplofungin A [26] and Amide 8b [27] (Fig. 3C), while further ECD
calculation indicated that 4 preferred the 4S,6R-configuration (Fig. 4D).
Thus, the structure of 4 was defined as outlined in Fig. 3A, and named
clonorosein H.

The molecular formula of 7 was confirmed to be C;5H2903N based on
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HRESIMS (Fig. S8a) analysis (272.2220 [M + H] ™, calcd. for 272.2212),
implying the presence of two degrees of unsaturation. The 'H and '3C
NMR data of 7 (Table S1, Figs. S8b, S8c, and S8e) exhibited high simi-
larity to those of 3, with the exception of the elimination of one sp>
methylene in the alkyl side chain. 'H-'H COSY crosspeaks uncovered
the existence of two subunits, H-9—H-2—H-3—[H-4—H-10]-H-5—[H-
6—H-11]-H-7—H-8, and NH-H-1'-H-2'-H-3'. The acyl side chain was
verified to be 2,4,6-trimethyl-octanoyl according to critical HMBC cor-
relations of H3-9 to C-1/C-2/C-3, H3-10 to C-3/C-4/C-5, H3-11 to C-5/C-
6/C-7, and H3-8 to C-6/C-7 (Fig. S8d). The syn configuration between C-
2 and C-4 was confirmed based on the large A& value between H-3a and
H-3b (A8 = 0.66 ppm) [25]. C-4 and C-6 were determined to be in a syn
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Fig. 3. Structure elucidation of clonoroseins and relative configuration determination. (A) Chemical structures of clonoroseins E—H (1—4), and clonoroseins A, B,
and D (5-7). (B) 2D NMR correlations of clonoroseins E—H (1—4), and D (7). (C) Chemical-shift differences (A5) at H-3 and H-5 of clonoroseins G (3), H (4), D (7),
and comparison to published data.

configuration via comparisons between the A§ of H-3a/H-3b and
H-5a/H-5b and the synthesized compounds (2S,4S,6R)-tert-butyl-2,4,
6-trymethyl-8-phenyloctanoate and (2S,4S,6S)-tert-butyl-2,4,6-tryme-
thyl-8-phenyloctanoate [25] (Fig. 3C). Further ECD determination
revealed the absolute configuration of 7 to be 2R,4R,6S- (Fig. 4E).
Therefore, the structure of 7 was identical to the identified compound
clonorosein D [6], and its spectroscopic data and structural elucidation
are presented in this study for the first time.

3.4. In vitro anti-microbial and cytotoxicity assay

As clonoroseins A and B inhibit the growth of the phytopathogens
Botrytis cinerea and Fusarium graminearum at 64 pg/mL [6], we evaluated
the antimicrobial activity of all seven isolated clonoroseins against
human pathogens, such as Staphylococcus aureus, Streptococcus mutans,
Methicillin-resistant S. aureus, Streptococcus sanguis, and Candida albi-
cans, and several Fusarium sp. phytopathogens (Table S2). We also
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examined the cytotoxicity of these compounds against the HepG2 cell
line (Table S3); however, no clear inhibitions could be observed at the
concentration of 100 pg/mL in these assessments.

3.5. Proposed biosynthetic pathway of the isolated clonoroseins

To gain further information about clonorosein biosynthesis, we
performed antiSMASH analysis on the CR15020 genome, revealing one
candidate biosynthetic gene cluster (BGC) CR15020_scaffold739.1
(approximately 49.1 kb, accession no. ON817174), containing ten open
reading frames (ORFs) (crsA-crsJ; Fig. 5A, Table 3) with a high sequence
similarity to the genes in Cluster 117 of C. rosea IK726 [6]. CrsE showed
99.7 % identity with PKS22, which was responsible for the generation of
acyl side chain in clonoroseins, testified by knockout experiment [6],
while the enzyme responsible for the amide bond formation were still
unknown.

The PKS gene (crsE/pks22) was flanked by putative 5-oxoprolinase
(crsA), MFS-transporter (crsB and crsJ), FAD-dependent oxidoreduc-
tase (crsC), AMP-binding protein (crsD), GPCR-like protein (crsF),
tubulin-tyrosine ligase (crsG), arylesterase (crsH), and aldo/keto
reductase (CrsI) (Fig. 5A). The structures of clonoroseins are quite
similar to fungal sourced N-acyl-amides wortmanamides (Hai and Tang
2018) generated by PKS-C enzyme, but unlike wortmanamides, thus
hybrid enzymes like PKS-NRPS/PKS-C are not present in the crs cluster.
BLASTP analysis utilizing the adenylate-forming protein (CrsD) as the
query sequence in the Swiss-Prot database revealed CrsD was homolo-
gous to iboA (52 % similarity/31 % identity), which high likely activates
the carboxylic acid to introduce an amide bond in the ibotenic acid
biosynthesis [28].

We hypothesize that CrsD generate the acyl-AMP intermediates after
the release of the polyketide side chain from PKS (CrsE), followed by the
introduction of amide bonds through condensation with f-alanine (or
y-aminobutyric acid, GABA), generating the clonoroseins (Fig. 5B).
Considering that polyketide chain length of clonoroseins varied among
Cq tetraketide (3 and 4), Cg tetraketide (5—7), and Cy triketide (1 and 2),
the SAT domain of PKS (CrsE) may employ both acetyl-CoA and
propionyl-CoA as beginning units (Fig. 5B), and a similar situation has
been observed in AveATO, the SAT domain of Avermectin PKS [29].

4. Discussion and conclusion

Plant endophytic fungi are important resources for new bioactive
natural products discovery, while the capabilities of most species have
not been uncovered yet [30]. Clonoroseins are a class of N-acylated
aminoalkanoic acids first identified by Fatema et al. derived from the
biocontrol agent C. rosea 1K726, revealed by gene expression analysis
during C. rosea interactions with the phytopathogens [6]. In this study,
we characterized four new analogs, clonoroseins E—H (1—4), and dis-
cussed their biosynthesis for the first time.

N-acyl-amides or macrolactam from fungi are often generated by
single-module PKS-NRPS [31] or PKS-C [32] hybrid enzymes. In the
biosynthesis of wortmanamides, amide bonds between acyl units and

Table 3
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pB-alanine (or 5-aminopentanoic acid) are introduced by the C-domain in
the PKS-C hybrid enzyme TwmB [32]. However, the clonorosein BGC
only contains a single PKS gene (crsE, 99.7 % identity with pks22), and
PKS-NRPS, PKS-C, or NRPS enzymes could not be identified. We pro-
posed the adenylate-forming protein (CrsD) within crs cluster facilitates
the transformation of the polyketide moiety into an acyl-AMP interme-
diate, followed by nucleophilic substitution with either p-alanine or
y-aminobutyric acid to generate clonoroseins. The ATP-dependent
AMP-binding enzymes produce acyl-adenylate (acyl-AMP) which
could be further substituted by different nucleophiles [33]. Several
bacterial-derived AMP-binding enzymes were annotated as acyl-CoA
synthetases but displayed catalytic functions related to the amination
of acyl-AMP, including Ann1, Cfals, McbA, SimL, and AcsA [34-38]. The
X-ray crystal structure of McbA displays a flexible C-terminal region,
which undergoes a large rotation after acyl-adenylate formation to
occlude the acyl binding pocket and generate the closed amino acid
binding site [36]. To the best of our knowledge, fungal-derived adeny-
late-forming proteins with amination reactivity are rare reported,
further functionality and catalytic mechanism study around this enzyme
is undergoing.

Since clonoroseins A and B were reported to possess inhibition
against B. cinerea and F. graminearum at 64 pg/mL [6], we also tested the
antifungal activity of new clonoroseins E—H (1—4) obtained in this
study against several phytopathogens belonging to Fusarium sp., while
no obvious inhibition could be observed, partly due to the length and
unsaturation degree of the polyketide side chain may influence the
antifungal activity. Apart from this, NPs with similar structural features
were found to possess interesting bioactivities. Bipolamides A&B are
triene amides isolated from Bipolaris sp. MU34 is capable of inhibiting
the growth of several filamentous fungi with a MIC of 16-64 pg/mL
[39]. In addition, anandamide-like fatty acid amides could play a role as
cannabinoid receptor ligands [40-42], while chlorinated fatty acid
amides, known as columbamides exhibit potent biosurfactant action
[43].

Over the past 5 years, molecular networking has been broadly uti-
lized as an efficient mass data mining tool for new natural product
discovery alongside MS-based metabolomics [44], and novel workflows,
including FBMN [13], block-based molecular networking (BBMN) [45],
and Ion Identity Molecular Networking (IIMN) [46]. It is believed that
identifying gene clusters of molecular families will become attainable
when MN can integrate genomic analysis [47].

In summary, a series of new N-acylated aminoalkanoic acids, called
clonoroseins, were revealed from C. rosea CR15020 culture by applying
FBMN. The possible biosynthetic pathway of clonoroseins has also been
proposed according to BGC annotation. These results expand the limited
knowledge of polyketide NPs produced by C. rosea, and provide an
efficient method of determining and identifying new compounds using
FBMN in the early stages of isolation.
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