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The fungal cyclohexadepsipeptides destruxins (DTXs), isar-
idins (ISDs), and isariins (ISRs) are nonribosomal peptideswhose
structures include a 19-membered ring composed of five amino
acid residues and one α- or β-hydroxy acid residue. These
cyclohexadepsipeptides contain unusual nonproteinogenic
amino acid–building blocks and possess a range of antiviral,
antibacterial, and other activities. The biosynthetic gene clusters
for ISDs and ISRs have not been identified, and the biosynthesis
of the nonproteinogenic (3S)-methyl-L-proline residue, which is
found inDTXs, ISDs, andmany other natural products, lacks full
characterization. In an ongoing effort to identify compounds
that can inhibit theZika virus (ZIKV), we examined the extract of
marine-derived fungusBeauveria felina SX-6-22 and discovered
30DTXs, ISDs, and ISRs (1–30) including seven new compounds
(1–7). The anti-ZIKV assays showed that 9–12 and 16–18
possess inhibitory activities against ZIKV RNA replication and
NS5 (nonstructural protein 5) production in ZIKV-infected
A549 cells. We sequenced the genome of B. felina SX-6-22 and
identified three biosynthetic gene clustersdetx, isd and isr, which
are responsible for the biosynthesis of DTXs, ISDs, and
ISRs, respectively. Comparative analyses of the three gene
clusters clarified the biosynthetic relationships among these
cyclohexadepsipeptides. Finally, we characterized the entire
biosynthesis of nonproteinogenic building block (3S)-methyl-L-
proline. The Δ1-pyrroline-5-carboxylate reductases (P5CRs),
also used in the biosynthesis of L-proline, were demonstrated to
catalyze the final reduction step in (3S)-methyl-L-proline for-
mation, suggesting potential cross talk between primary and
secondary metabolisms. These results provide opportunities for
biosynthetic pathway engineering to generate new anti-ZIKV
cyclohexadepsipeptides.

Destruxins (DTXs), isaridins (ISDs), and isariins (ISRs) are
three types of structurally related cyclohexadepsipeptides with
a 19-membered ring formed by five amino acid residues and
one α-hydroxy or β-hydroxy acid residue (1–3). DTX
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structures are characterized by the presence of non-
proteinogenic amino acid-building blocks including β-alanine,
N-methyl-L-alanine, and N-methyl-L-valine (only a few DTXs
without methylation) and the unusual (3S)-methyl-L-proline
residues. The α-D-hydroxyisocaproic acid (α-D-HIC) residue in
DTXs is usually modified by oxidation and decarboxylation.
ISDs are structurally related to DTXs but contain different
residues such as L-phenylalanine and N-methyl-L-phenylala-
nine at the corresponding positions in DTXs. In contrast to
DTXs, the α-HIC residues in ISDs are unmodified without
exception. ISRs differ from DTXs and ISDs with different
amino acid building blocks and a β-hydroxy acid residue
containing different length of alkyl side chain. Apart from the
potent insecticidal activities (4–6), some of the cyclo-
hexadepsipeptides also possess anti-hepatitis B virus (HBV)
(7), V-ATPase inhibition (8), cytotoxicity (9, 10), anti-
inflammatory, and antibacterial activities (11, 12). The signif-
icant biological activities and unusual chemical scaffolds of the
cyclohexadepsipeptides attracted much attention for the total
synthesis (8, 13). In biosynthetic aspects, only the biosynthetic
gene cluster of DTXs fromMetarhizium robertsii was reported
in 2012 (14), whereas the biosynthetic gene clusters of ISDs
and ISRs have not been identified despite the first discovery of
ISD and ISR decades ago. Although the structural similarity
between DTXs and ISDs and the fact that the three types of
cyclohexadepsipeptides coexist in one strain (e.g., marine-
derived fungi Beauveria felina AcSS8) are demonstrated (15),
the biosynthetic relationships among DTXs, ISDs, and ISRs are
still uncertain.

(3S)-Methyl-L-proline is an unusual building block incor-
porated in various DTXs and ISDs. The similar building blocks
are also present in other natural products including para-
herquamide E (16), bottromycins (17), scytalidamide B (18),
and neoefrapeptins (19) (Fig. S1). However, the biosynthesis of
(3S/R)-methyl-L-proline residues in nature lacks full charac-
terization. In the biosynthetic investigation of the fungal al-
kaloids UCS1025A, (3S)-methyl-L-proline as the biosynthetic
precursor of the pyrrolizidinone moiety is identified to be
originated from L-isoleucine by the catalysis of an α-ketoglu-
tarate (KG)-dependent nonheme iron dioxygenase UcsF and a
reductase UcsG (20). However, the function of UcsG has not
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EDITORS’ PICK: Fungal cyclohexadepsipeptides discovery and biosynthesis
been experimentally characterized. In DTXs and ISDs, (3S)-
methyl-L-proline residue and L-proline residue are alternatively
present in the same position of the 19-membered ring, raising
the question whether the (3S)-methyl-L-proline residue is
generated by the similar biosynthetic steps as those in
UCS1025A biosynthesis, or by the methylation of L-proline
residue as proposed in the biosynthesis of bottromycins (21).
These puzzles in the biosynthesis of DTXs and ISDs require
thorough characterization.

In the course of our continuous discovery of antiviral
natural products from marine-derived microorganisms, we
established a Zika-infected cell line model for screening anti-
ZIKV compounds from the crude extracts of our in-house li-
brary of marine-derived fungi. Together with other crude ex-
tracts, the crude extract of sponge-associated fungus B. felina
SX-6-22 (Fig. S2) was subjected for the screening, showing
anti-ZIKV activity. A Global Natural Product Social Molecular
Networking (GNPS) (22–24) analysis in association with the
1H NMR characterization revealed that the fungus produced
an array of cyclodepsipeptides (Figs. S3 and S4). A large-scale
fermentation of this fungus led to the discovery of 30 cyclo-
hexadepsipeptides including seven new congeners (1–7).
These analogues can be classified into three types: DTXs (1–5,
8–18), ISDs (6, 19, 20, 27–30; compound 6 was considered as
a cyclohexapeptide-ISD analogue), and ISRs (7, 21–26)
(Fig. 1). Their structures were determined on the basis of the
NMR, MS, X-ray diffraction, and Marfey’s analyses. A bioassay
for anti-ZIKV activities in vitro revealed that a number of
congeners exhibited considerable inhibition against the ZIKV
RNA replication and expression of NS5 (nonstructural protein
5), which is the most conserved ZIKV protein essential for
virus replication and an ideal drug target for potential thera-
peutics (25). Based on the genome sequencing, gene deletion,
and chemotype analysis, three nonribosomal peptide synthe-
tase (NRPS)-encoding gene clusters detx, isd, and isr in fungus
Figure 1. Cyclohexadepsipeptides discovered from B. felina SX-6
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B. felina SX-6-22 are identified to be responsible for the
biosynthesis of DTXs, ISDs, and ISRs, respectively. In addition,
the full biosynthesis of (3S)-methyl-L-proline is characterized
by gene deletion and reconstitution of enzymatic reactions
in vitro.
Results

Discovery and structural elucidation of
cyclohexadepsipeptides

The UPLC analysis in association with the NMR charac-
terization of the crude extracts showed that the solid-state
fermentation of fungal strain B. felina SX-6-22 produced a
profile of peptides (Fig. S3). Further analysis using GNPS
Molecular Networking tool and in-house marine natural
product database afforded the molecular ion nodes that are
classified into three peptide clusters (Fig. S4). Analysis of the
MS/MS spectra extracted from raw data led to the identifi-
cation of destruxin A (12) from cluster A; isaridin A (20),
isaridins D (27) and B (28), desmethylisaridin C (29) and
desmethylisaridin A (30) from cluster B; and isoisariin B (27)
from cluster C (Fig. S5). The GNPS method also informed that
a number of unidentified nodes that are speculated to be new
metabolites. Extensive chromatographic separation after large-
scale fermentation resulted in the isolation of 26 cyclo-
hexadepsipeptides, including seven new congeners namely
felinotoxins A-G (1–7) (Fig. 1).

Felinotoxin A (1) has a molecular formula of C31H51N5O9 as
determined by the HRESIMS (m/z 638.3766 [M + H]+) and
NMR data, showing nine degrees of unsaturation. The 1H
NMR resonances for four D2O exchangeable protons and five
α-protons in association with seven carbonyl and five α-carbon
resonances in the 13C NMR spectrum were characteristic of a
peptide. Diagnostic 1D and 2D NMR data (COSY, HMQC,
HMBC, and NOESY) enabled to establish six building blocks,
-22. Compounds 27–30 are detected and analyzed by LC-MS/MS.
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including a 2-hydroxy-4-methylpentanedioic acid (HMPDA), a
3-methylproline, an isoleucine, an N-methylvaline, an N-
methylalanine, and a β-alanine residues. These data resemble
those of destruxin D (14) (6) except for a proline residue in
destruxin D to be replaced by a 3-methylproline residue in 1.
The connection of the residues in 1 was fully established by the
HMBC and NOE correlations, demonstrating a cyclo-
hexadepsipeptide with the similar sequence as destruxin D
(Supporting information). The absolute configuration of 1 was
determined by the single-crystal X-ray diffraction analysis
using Cu Kα radiation, of which the α-carbons of amino acid
residues were identified as L-configuration, while S configu-
ration for the β-carbon of 3-methylproline residue and R
configuration for both α- and γ-carbons of the HMPDA res-
idue were clarified (Fig. 2).

A detailed analyses of the spectroscopic data (Tables S1–S7,
Figs. S26–S90) in association with the Marfey’s analysis and
X-ray diffraction established the structures of felinotoxins B-G
(2–7), in addition to 19 known congeners (8–26). It is notable
Figure 2. ORTEP view of the crystal structures of 1, 3, 5, 1
that the crystal structures of 1, 3, and 5 that belong to the
DTX-type showed 2R configuration of the modified α-HIC
residue (α-D-HIC), whereas the X-ray diffraction of isaridin C
(19), an ISD-type congener whose stereochemistry was un-
identified in the literature (1), revealed a 2S configuration of
the modified α-HIC residue (α-L-HIC). Other ISD-type con-
geners such as isaridin G, desmethylisaridin G, and desme-
thylisaridin C1, whose structures are unambiguously assigned
by the X-ray diffraction (3), also showed 2S configuration for
the modified α-HIC residue. Interestingly, the crystal struc-
tures of 1, 3, 5, 17, and 19 show an intramolecular hydrogen
bond between the carbonyl oxygen of L-isoleucine residue (or
L-phenylalanine residue at the same position in 19) and the
amide hydrogen of β-alanine residue (Fig. 2), suggesting a
specifically conserved peptidyl conformation in both DTXs
and ISDs. Although most of the known homologues have been
reported for decades, it is surprising that some of them lack the
configuration assignments or spectroscopic data. In this work,
the NMR data of all known congeners have been assigned
7, and 19. Hydrogen bonds are shown in red dashed lines.

J. Biol. Chem. (2021) 297(1) 100822 3
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completely based on the 1D and 2D NMR data (Supporting
information), while the absolute configurations of the amino
acid residues as well as the α- and β-hydroxy acid moieties
have been determined by Marfey’ analysis (Fig. S6), X-ray
diffraction analysis, and NMR chemical shift characterization.
Anti-ZIKV bioassays

DTXs have been reported to suppress the secretion of
hepatitis B virus surface antigen (HBsAg) in human hepatoma
Hep3B cells (7). To investigate whether cyclo-
hexadepsipeptides are active to inhibit RNA virus, we per-
formed the anti-Zika virus (ZIKV) assays by testing their
inhibition toward ZIKV total RNA replication and NS5 pro-
duction levels in virus-infected A549 cells (25, 26). ZIKV is a
member of enveloped positive-sense single-stranded RNA vi-
rus and is transmitted by mosquitos. Prior the bioassay,
cyclohexadepsipeptides 1–26 were tested by the MTT method
for their cytotoxic effects against the virus-uninfected
A549 cells. All tested cyclohexadepsipeptides showed low
cytotoxicity with the CC50 value higher than 100 μM. To test
the anti-ZIKV activities of these low cytotoxic compounds,
Figure 3. Anti-ZIKV activities of cyclohexadepsipeptides. A, the inhibitory
infected A549 cells. The ZIKV RNA replication levels in ZIKV-infected A549 ce
ZIKV-infected A549 cells treated with DMSO. The error bars were generated fr
significances were shown with *p < 0.05 and **p < 0.01. B, the inhibitory act
western blotting, with β-actin as the negative control. C, the inhibition of NS
different time points (not time periods), detected by western blotting.
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A549 cells were treated with each compound along with ZIKV
(MR766) infection, and the ZIKV total RNA replication levels
were determined by qRT-PCR at 24 h after infection, using
ivermectin as the positive control and DMSO as the negative
control. The qRT-PCR results showed that seven compounds
(9–12 and 16–18) at 10 μM significantly inhibit the ZIKV total
RNA replication (Fig. 3A). Furthermore, western blotting
analysis of NS5 in the lysed A549 cells after infection for 24 h
showed that these antiviral compounds also inhibit NS5 pro-
tein production effectively (Fig. 3B). It is noteworthy that the
active congeners are mainly raised from DTX-type analogues,
whereas ISDs and ISRs showed no or weak antiviral effects. In
the tested DTXs, those bearing a halogen (Br or Cl) substitu-
tion such as 11, 17, and 18, or those containing an α-HIC or a
2-hydroxy-4-pentenoic acid moiety such as 9, 10, and 12
showed more potent activities than those (1–5 and 14–15)
containing hydroxy or carboxylic groups on the α-HIC
moieties.

We further selected 9, 10, and 16 to carry out a time-course
detection for their inhibitory activities against NS5 production
by treating the ZIKV-infected A549 cells with compounds at
different time points, i.e. −2 to 0 (compound added 2 h before
activities of cyclohexadepsipeptides against ZIKV RNA replication in ZIKV-
lls treated with each compound were shown as the percentage of that in
om three independent experiments for each compound, and the statistical
ivities of cyclohexadepsipeptides against ZIKV NS5 production detected by
5 production in ZIKV-infected A549 cells treated with 5, 9, 10, and 16 at
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ZIKV infection), 0 to 2, 2 to 4, 4 to 9, 9 to 14, 14 to 19, and 19
to 24 h, respectively. Compound 5, which gave slightly less
inhibition than 9, 10, and 16 in above assays, was also selected
to test whether it can give different result. The NS5 production
was analyzed after 24 h ZIKV infection by western blotting,
showing that NS5 productions in all assays were only inhibited
when compounds were added together with ZIKV infection
(0–2 h), suggesting that the antiviral effects occur at early stage
(virus entry or fusion) (Fig. 3C). Zika virus enters cells via
clathrin-mediated pH-dependent endocytosis, while inhibition
of endosome acidification can hamper the infection. To detect
whether the antiviral compounds affect the endosome acidi-
fication, Lysotracker Red was used to probe acidic compart-
ments and track acidic organelles in the cell (27). Compounds
5, 9, 10, and 16 markedly decreased cell-associated Lyso-
tracker Red fluorescence (Fig. S17), indicating that the endo-
some acidification was restrained. These results allow to
speculate that the antiviral compounds may prevent viral
endosomal fusion at early stage of virus fusion.

Identification of the biosynthetic gene clusters of DTXs, ISDs,
and ISRs

To investigate the biosynthesis of DTXs, ISDs, and ISRs, we
sequenced the genomic DNA of B. felina SX-6-22. The bio-
informatics analysis of the genome revealed 23 NRPS-
encoding genes (Table S8), of which four genes (NRPS3,
NRPS10, NRPS11, and NRPS14) encode NRPSs with six
modules corresponding to the six amino acid residues in the
cyclohexadepsipeptides. The amino acid sequence of NRPS3
shows high homology (70% identity) to that of NRPS11, sug-
gesting their potential responsibilities for the biosynthesis of
structurally similar DTXs and ISDs. A polyketide synthase
(PKS)-encoding gene was located at the upstream of NRPS10
instead of NRPS14, suggesting that NRPS10 correlates to the
biosynthesis of ISRs that contain polyketide chains. Thus,
NRPS3 (designated detxA), NRPS11 (designated isdA), and
NRPS10 (designated isrA) were proposed to encode the NRPSs
for the biosynthesis of DTXs, ISDs, and ISRs, respectively
(Fig. 4). To confirm the biogenetic functions of DetxA, IsdA,
and IsrA, we carried out the gene deletion experiments using a
CRISPR/Cas9-mediated homologous recombination system
(Fig. S7). The regions encoding the peptidyl carrier protein
(PCP or T domain) of module-3 and condensation domain (C
domain) of module-4 within detxA, isdA, and isrA were
deleted, respectively, generating detxA-inactivated mutant
MM10024, isdA-inactivated mutant MM10025, and isrA-
inactivated mutant MM10026. HPLC and total ion chroma-
tography (TIC) of LC-MS analyses showed that the wild-type
B. felina SX-6-22 produced all homologues including 1–30
(Fig. 5, lane I, Fig. S8). It is noted that some congeners from the
wide-type strain are undetectable in HPLC due to the low
yields, but TIC spectrum is highly sensitive to check all minor
congeners. In the mutant MM10024, the productions of all
DTXs including 1–5 and 8–18 were abolished (Fig. 5, lane II,
Fig. S8), but this mutant still produced ISDs and ISRs. In the
mutant MM10025, the productions of all ISDs including 6, 19,
20, and 27–30 (Fig. 5, lane IV, Fig. S8) were abolished, while
the productions of all ISRs involving 7 and 21–26 were
abolished in MM10026 (Fig. 5, lane III, Fig. S8). Thus, the roles
of DetxA, IsdA, and IsrA to undertake the biosynthesis of
DTXs, ISDs, and ISRs were unambiguously confirmed,
respectively. By analyses of the accessory genes surrounding
detxA, isdA, and isrA (Table S9), the gene clusters detx, isd,
and isr for the biosynthesis of DTXs, ISDs, and ISRs, respec-
tively, were postulated (Fig. 4B).

Comparative analysis of the detx, isd, and isr gene clusters

Although the biosynthetic gene cluster dtx of DTXs from
M. robertsii ARSEF 23 has been reported (14), the biosyn-
thetic gene clusters of ISDs and ISRs still remain unknown.
The NRPS-encoding detxA, aldo-keto reductase-encoding
detxB, P450-encoding detxC in the cluster detx show high
homologies to dtxS1, dtxS3, and dtxS2 in cluster dtx,
respectively (Fig. 4A). In comparison with DtxS1, DetxA
possesses the same six-module NRPS assembly line with
similar domain organization. The adenylation domains (A
domains) A1–A6 in DetxA select β-alanine, α-HIC, L-proline/
(3S)-methyl-L-proline, L-isoleucine, L-valine, and L-alanine,
respectively (Fig. 4B). However, the predicted substrates of
A1–A6 by NRPSsp are L-proline, L-tryptophan, L-proline, L-
proline, L-leucine, and L-leucine, respectively (Table S10).
This discrepancy is also observed previously as that the
substrate prediction for fungal A domains is not as accurate
as that for their bacterial counterparts (28). The presence of
an epimerization domain (E domain) in module-2 and
methyltransferase domains (MT domains) in both module-5
and -6 is well consistent with the modified α-D-HIC, N-
methylvaline, and N-methylalanine residues in 1–5 and 8–18.
The presence of (3S)-methyl-L-proline residues in 1–5/8–11
and corresponding L-proline residues in 12–18 may be
attributed to the substrate promiscuity of A3 domain in
module-3 (Fig. 4B). No homologue of dtxS4, which encodes
an aspartate decarboxylase in the biosynthesis of the β-
alanine that is selected by A1 domain in module-1, is found in
detx cluster (Fig. 4A). The biosynthesis of HIC, which is the
substrate of A2 domain in module-2, is proposed to be
catalyzed by an aminotransferase and an aldo-keto reductase
(DetxB/DtxS3) using L-leucine as a substrate (29). However,
no aminotransferase-encoding gene is present in both detx
and dtx gene clusters (Fig. 4A). The aminotransferase and
aspartate decarboxylase are the enzymes commonly found in
amino acid metabolism (30, 31), and these enzymes are
proposed to participate in the generation of α-HIC and β-
alanine residues in 1–5 and 8–18. Similar to the function of
P450 DtxS2 in the biosynthesis of DTXs from M. robertsii
ARSEF 23 (14), the P450 DetxC is proposed for the successive
oxidation of HIC moiety in the biosynthesis of 1–5, 8, 9, and
11–18 (Fig. 4B). The coexistence of epimers 1/2 and 5/8
suggests the randomly selective oxidation of the α-HIC
methyl groups by DetxC. DetxC-catalyzed decarboxylation
affords a terminal vinyl group (as in 9 and 12), which is
further catalyzed by DetxC to generate the epoxide group
J. Biol. Chem. (2021) 297(1) 100822 5



Figure 4. Biosynthetic gene clusters and pathways of DTXs, ISDs, and ISRs from B. felina SX-6-22. A, biosynthetic gene clusters detx, isd, and isr
compared to dtx from Metarhizium robertsii. B, proposed biosynthetic pathways of DTXs, ISDs, and ISRs. The “R5

” is equal to “R” in Figure 1 for 7, 21–26.
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followed by hydroxylation and halogenation (enzymatic or
nonenzymatic) generating structurally diverse congeners (3, 4,
11, 15–18) (Fig. 4 and Fig. S9). The detailed catalysis involved
in these modification steps needs further experimental
characterization.

The isd cluster contains the NRPS-encoding isdA and aldo-
keto reductase-encoding isdB, which are homologous to detxA
and detxB in detx, respectively. IsdA has the same domain
organization as DetxA (Fig. 4B), and the predicted substrates
(A1-A6) of IsdA by NRPSsp are the same as the predicted
substrates of A1–A6 in DetxA (Table S10). Based on the
structures of ISDs and DTXs, the A1–A3 and A5 domains in
IsdA are depicted to select the same substrates as those in
DetxA; both A4 and A6 domains in IsdA select phenylalanine
(or leucine for A6) instead of L-isoleucine
and L-alanine that are selected by A4 and A6 domains in
DetxA. Indeed, the substrate selectivity-conferring codes of
6 J. Biol. Chem. (2021) 297(1) 100822
A1–A3 and A5 domains in IsdA are almost the same to those of
A1–A3 and A5 domains in DetxA, whereas the substrate
selectivity-conferring codes of A4 and A6 domains in IsdA
differ from those of A4 and A6 domains in DetxA by five and
four residues, respectively (Table S10). The differences be-
tween the substrate selectivity-conferring codes of A4 and A6

domains in IsdA and DetxA can be the references for more
accurate substrate prediction for fungal A domains in future.
The presence of L-proline residues in 6, 19, 20, 29, and 30
instead of (3S)-methyl-L-proline residues in 27 and 28 may be
attributed to the substrate promiscuity of A3 in module-3, and
the presence of L-phenylalanine residues in 6, 20, 28, and 30
instead of L-leucine residues in 19, 27, and 29 at corre-
sponding positions may be attributed to the substrate pro-
miscuity of A6 in module-6 (Fig. 4B). The presence of D-
leucine instead of D-HIC residue in 6 suggests the substrate
promiscuity of A2 domain in module-2. The α-L-HIC residues



Figure 5. HPLC analysis of DTXs, ISDs, and ISRs from wild-type B. felina
SX-6-22 and mutants. Lane I, wild-type B. felina SX-6-22; lane II, ΔdetxA
mutant MM10024; lane III, ΔisrA mutant MM10026; lane IV, ΔisdA mutant
MM10025; lane V, ΔdetxE mutant MM10027; lane VI, ΔSX-p5cr1 mutant
MM10028; lane VII, ΔSX-p5cr2 mutant MM10029.
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in ISDs are not oxidized by DetxC, suggesting that the L

configuration of HIC or the different phenylalanine residues in
ISDs preclude any possible substrate recognized by DetxC.

The isr gene cluster contains NRPS-encoding isrA, CoA
ligase-encoding isrB, acyltransferase-encoding isrC, and PKS-
encoding isrD. IsrA possesses six modules but lacks an A
domain in module-1 (Fig. 4B). Based on the structures of ISRs,
module-1 selects a high saturated polyketide as the starter unit.
We proposed that the PKS IsrD generates the polyketide res-
idue, which is activated by IsrB and transferred by IsrC to PCP1
in module-1 (Fig. 4B). Similar combinations of PKS, CoA
ligase, and acyltransferase have been reported for their syn-
ergistical catalysis to transfer polyketide moieties to NRPS
assembly lines in the biosynthesis of a variety of fungal lip-
opeptides, such as emericellamide in Aspergillus nidulans and
scopularide in Scopulariopsis brevicaulis (32–34). The
different length of the polyketide moieties in ISRs suggests the
substrate promiscuities of IsrB and IsrC. The presence of E4
domain in module-4 and the absence of MT domains in
module-5 and -6 are consistent with the three adjacent
D-leucine, L-alanine, and L-valine residues in ISRs (Fig. 4B).
The substrate selectivity-conferring codes and the predicted
substrates of A2–A6 in IsrA differ largely from those of A2–A6

in DetxA and IsdA (Table S10), consistent with the distinct
amino acid–building blocks of ISRs from those of DTXs and
ISDs. The replacement of the L-alanine residue in 7 and 22 by
the L-valine residue in 21, 23 to 26 at corresponding positions
may be attributed to the substrate promiscuity of A6 domain in
module-6. After the comparative analysis of detx, isd, and isr,
all candidate genes for the biosynthesis of 1–30 have been
proposed with the exception of those for the generation of
(3S)-methyl-L-proline.

The biosynthesis of (3S)-methyl-L-proline

The generation of (3S)-methyl-L-proline in the biosynthesis
of UCS1025A has been investigated (20). The α-ketoglutarate
(KG)-dependent nonheme iron dioxygenase UcsF oxidizes L-
isoleucine to (4S, 5S)-4-methyl-Δ1-pyrroline-5-carboxylate,
which is depicted to be reduced by the reductase UcsG to
generate (3S)-methyl-L-proline. However, the function of
UcsG has not been characterized by gene inactivation or
reconstitution in vitro. After analysis of detx and isd gene
clusters and surrounding regions, we located an α-KG-
dependent nonheme iron dioxygenase-encoding detxE that
shows homology (identity of 42%) to UcsF in detx cluster, but
no homologues of UcsG in the two clusters and surrounding
regions were present (Table S9). Thus, we chose to explore
whether detxE is involved in the biosynthesis of (3S)-methyl-L-
proline residues in 1–5, 8–11, 27, and 28.

To explore the function of detxE, the detxE-deletion mutant
MM10027 was generated by the CRISPR/Cas9-mediated ho-
mologous recombination system (Fig. S7). HPLC and LC-MS
analyses showed that MM10027 abolished the production of
the (3S)-methyl-L-proline-containing congeners including 1–
5, 8–11, 27, and 28 but still produced 6, 12–18, 19, 20, 29,
and 30 that contain the L-proline residue (Fig. 5, lane V,
Fig. S10), confirming the involvement of detxE in the biosyn-
thesis of (3S)-methyl-L-proline residues in both DTXs and
ISDs. We further purified DetxE from Escherichia coli and
reconstituted the catalysis of DetxE in vitro using L-isoleucine
as the substrate. The reaction system including DetxE, L-
isoleucine, α-KG, (NH4)Fe(SO4)2, and ascorbate was con-
structed, and possible intermediates or products were analyzed
by 9-fluorenylmethyl chloroformate (Fmoc-Cl) and o-amino-
benzaldehyde (o-AB) derivatization (35). The reaction of
DetxE with L-isoleucine produced 5-hydroxy-L-isoleucine (32)
and (4S, 5S)-4-methyl-Δ1-pyrroline-5-carboxylate (35) based
on the detection of their Fmoc-derivative (33, Fig. 6, lane III)
and o-AB-derivatives (36/36ʹ, Fig. S12), respectively, but no
Fmoc-derivative of (3S)-methyl-L-proline was detected, sug-
gesting that a reductase is required in the reduction of (4S, 5S)-
4-methyl-Δ1-pyrroline-5-carboxylate (35) to (3S)-methyl-L-
proline (37). The reaction of DetxE with D-isoleucine under
the same reaction condition produced no oxidation product,
whereas the reaction of DetxE with L-allo-isoleucine produced
minor amount of oxidation product (Figs. S13 and S14),
confirming L-isoleucine as the biosynthetic origin of (3S)-
methyl-L-proline. Based on above result, the biosynthesis of
(3S)-methyl-L-proline requires a reductase, whose encoding
gene is probably out of the detx and isd gene clusters, to
complete the last reduction step. In the biosynthesis of (4R)-
methyl-L-proline in griselimycin, the α-KG-dependent
nonheme iron dioxygenase GriE oxidizes L-leucine to (4R)-5-
hydroxy-L-leucine, followed by the dehydrogenase GriF-
catalyzed oxidation to generate (2S, 4R)-4-methylglutamate-
5-semialdehyde, which is spontaneously cyclized to (3R, 5S)-3-
J. Biol. Chem. (2021) 297(1) 100822 7



Figure 6. HPLC analysis of enzymatic reactions in vitro. Lane I, Fmoc-Cl
derivatization of L-isoleucine; lane II, Fmoc-Cl derivatization of (3S)-methyl-L-
proline; lane III, Fmoc-Cl derivatization after the reaction catalyzed by DetxE
with L-isoleucine; lane IV, Fmoc-Cl derivatization after the reaction catalyzed
by DetxE and SX-P5CR1 with L-isoleucine and NADH; lane V, Fmoc-Cl
derivatization after the reaction catalyzed by DetxE and SX-P5CR1 with
L-isoleucine and NADPH; lane VI, Fmoc-Cl derivatization after the reaction
catalyzed by DetxE and SX-P5CR2 with L-isoleucine and NADH; lane VII,
Fmoc-Cl derivatization after the reaction catalyzed by DetxE and SX-P5CR2
with L-isoleucine and NADPH; lane VIII, Fmoc-Cl derivatization after the re-
action catalyzed by boiled DetxE, SX-P5CR1 with L-isoleucine and NADH.
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methyl-Δ1-pyrroline-5-carboxylate, and the F420-dependent
oxidoreductase GriH reduced (3R, 5S)-3-methyl-Δ1-pyrro-
line-5-carboxylate to generate (4R)-methyl-L-proline (Fig. S15)
(36). The last reduction step catalyzed by GriH can also be
achieved by the Δ1-pyrroline-5-carboxylate reductase (P5CR)
ProC, which catalyzes the reduction step in L-proline biosyn-
thesis in E. coli. In the most common biosynthetic pathway of
L-proline in fungi and bacteria,
L-glutamate is initially phosphorylated to γ-glutamyl phos-
phate by γ-glutamyl kinase (GK), followed by reduction to
generate γ-glutamyl semialdehyde by γ-glutamyl phosphate
reductase (GPR) and spontaneous cyclization to Δ1-pyrroline-
5-carboxylate, and subsequent reduction to produce L-proline
by P5CR (37, 38) (Fig. 7A). Given the structural similarities
between the intermediates (4S, 5S)-4-methyl-Δ1-pyrroline-5-
carboxylate (35) and Δ1-pyrroline-5-carboxylate, we propose
that the P5CRs in L-proline biosynthesis catalyze the reduction
step from (4S, 5S)-4-methyl-Δ1-pyrroline-5-carboxylate (35) to
(3S)-methyl-L-proline (37). Only two P5CR-encoding genes,
SX-p5cr1 and SX-p5cr2, were located by homologue searching
of ProC in the genome of B. felina SX-6-22, and the SX-p5cr1-
deletion mutant MM10028 and SX-p5cr2-deletion mutant
MM10029 were constructed with the CRISPR/Cas9-mediated
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homologous recombination system. HPLC analysis showed
that the productions of DTXs and ISDs, not ISRs, were
significantly decreased in MM10028 compared with the wild-
type B. felina SX-6-22 (Fig. 5, lane VI), and MM10029 showed
the similar chemotype as the wild-type B. felina SX-6-22
(Fig. 5, lane VII). These results suggest that SX-p5cr1 instead
of SX-p5cr2 is deeply involved in both L-proline and (3S)-
methyl-L-proline biosynthesis in B. felina SX-6-22. The minor
productions of DTXs and ISDs in MM10028 may be attributed
to the complementation of other L-proline biosynthetic path-
ways (37, 38) or the catalysis of SX-P5CR2.

To further confirm the involvement of P5CR in (3S)-
methyl-L-proline biosynthesis, we purified SX-P5CR1 and SX-
P5CR2 from E.coli and carried out the enzymatic reactions
in vitro. When SX-P5CR1 was added into the reaction system
including DetxE, L-isoleucine, α-KG, (NH4)Fe(SO4)2, ascor-
bate, and NADH or NADPH, (3S)-methyl-L-proline (37) was
produced as evidenced by the detection of its Fmoc-derivative
38 (Fig. 6, lanes IV and V) in addition to the production of 5-
hydroxy-L-isoleucine (Fmoc-derivative 33). Unexpectedly, the
reaction with SX-P5CR2 that replaces SX-P5CR1 in the re-
action system gave similar results (Fig. 6, lanes VI and VII,
Fig. S16). Whether SX-p5cr2 is transcribed in a low level in
B. felina SX-6-22 remains future exploration. No (3S)-methyl-
L-proline and 5-hydroxy-L-isoleucine were produced when
boiled DetxE was used in the reaction (Fig. 6, lane VIII).
Thus, P5CRs in L-proline biosynthesis are demonstrated to
catalyze the last reduction step in the biosynthesis of (3S)-
methyl-L-proline in DTXs and ISDs (Fig. 7B), which is
distinct from the biosynthesis of (4R)-methyl-L-proline (36)
and proposed biosynthesis of (3S)-methyl-L-proline in
UCS1025A (20). This is the first time to clarify the full
biosynthesis of (3S)-methyl-L-proline by experimental
characterization.
Discussion

Fungal strains have been shown as rich sources of DTXs,
ISDs, and ISRs. DTXs arewidely distributed in the fungal species
of Metarhizium, Trichothecium, Aschersonia, and Beauveria
genera (39–41), whereas ISDs and ISRs have been reported
exclusively from B. felina (3, 42). B. felina AcSS8 is the only
fungal strain reported to produce all the three types of cyclo-
hexadepsipeptides, in which four DTXs, two ISDs, and two ISRs
were characterized (15). In this study, the marine sponge-
derived fungus B. felina SX-6-22 exhibits potent capability to
produce cyclohexadepsipeptides with a large chemical diversity,
of which a total of 16 DTXs (1–5, 8–18), seven ISDs (6, 19, 20,
27–30), and seven ISRs (7, 21–36) including seven new com-
pounds (1–7) are characterized. A number of diastereoisomers
(1/2, 3/4, 5/8, and 13/15) are purified by the chromatographic
approach, suggesting that the oxidation on the α-HIC moiety of
DTXs is stereochemically unspecific. The crystal structures of
DTXs (1, 3, 5, and 17) and ISD (19) clarify the absolute con-
figurations in these peptides with multiple stereogenic centers.
The observation of a hydrogen bond between the carbonyl ox-
ygen of L-isoleucine residue (or L-phenylalanine residue at the



Figure 7. Biosynthesis of (3S)-methyl-L-proline (37) in DTXs and ISDs. A, biosynthesis of L-proline by γ-glutamyl kinase (GK), γ-glutamyl phosphate
reductase (GPR), and Δ1-pyrroline-5-carboxylate reductase (P5CR) using L-glutamate as the precursor. B, biosynthesis of (3S)-methyl-L-proline (37) by DetxE
and SX-P5CR1 or SX-P5CR2 using L-isoleucine as the precursor. Fmoc-derivatives 31, 33, and 38 and o-AB-derivatives 36/36’ (a pair of stereoisomers) are
also shown.
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same position in 19) and the amide hydrogen of β-alanine res-
idue in the crystal structures (Fig. 2) suggests a specifically
conserved conformation of peptidyl skeleton in both DTXs and
ISDs.Whether this conserved peptidyl skeleton conformation is
related to the biological activities of DTXs and ISDs is worthy of
further investigation. This work also extends the antiviral ac-
tivities of DTXs to anti-ZIKV activities for the first time.
Compounds 9–12 and 16–18 show the potent inhibitory effects
against ZIKV total RNA level in the ZIKV (MR766 strain)-
infected A549 cells with higher efficacy than the positive con-
trol ivermectin. These compounds also downregulate the pro-
duction of NS5 that is one phenotype of blocking viral
replication, and inhibit the virus entry or fusion by regulation of
the endosome acidification.

Genome sequencing and gene deletion in association with
the chemotype analysis reveal the NRPS-encoding gene
clusters detx, isd, and isr responsible for the biosynthesis of
DTXs, ISDs, and ISRs, respectively. These findings clarify
that DTXs and ISDs are produced from two distinct NRPSs
(DetxA and IsdA) instead of one NRPS with promiscuous A
domains. The biosynthetic gene clusters (isd and isr) of ISDs
and ISRs are reported in this study for the first time,
although the first ISD and ISR were discovered in 2001 (11)
and 1962 (43), respectively. DetxA, IsdA, and IsrA are all
composed of six modules with similar domain organization,
but unusual issues are raised in their domain catalysis. The
A1, A2, A4–A6 in DetxA, A1, A5, and A6 in IsdA, A2–A5 in
IsrA show strict substrate selectivity, whereas A3 (selects
(3S)-methyl-L-proline or L-proline) in DetxA, A2 (selects
α-HIC or L-leucine), A3 (selects (3S)-methyl-L-proline or
L-proline), and A4 (selects L-phenylalanine or L-leucine) in
IsdA, A6 (selects L-valine or L-alanine) in IsrA show substrate
promiscuities. The C2 in DetxA and IsdA catalyzes the
esterification rather than a typical amide bond formation
between upstream β-alanine and downstream α-HIC; C2 in
IsrA accepts upstream reduced polyketide substrates for the
condensation; C3 in DetxA only accepts upstream α-HIC
with D-configuration but C3 in IsdA only accepts upstream α-
HIC with L-configuration; and CT domains in all three NRPSs
accept different linear peptide intermediates to catalyze
intramolecular cyclization and release the NRPS nascent
products. Thus, DetxA, IsdA, and IsrA in this study provide
excellent templates for comparative analyses regarding
the catalytic mechanisms of NRPS domains, and for biosyn-
thetic pathway engineering by module- or domain-
swapping to rationally generate building block-hybrid
cyclohexadepsipeptides. The nonproteinogenic (3S)-methyl-
L-proline residue is present in many different natural prod-
ucts (Fig. S1), but the full biosynthesis of this unusual
building block has not been characterized experimentally in
previous research. In this study, we characterize the biosyn-
thetic steps of (3S)-methyl-L-proline by gene deletion and
reconstitution of enzymatic catalysis in vitro, revealing that
P5CRs in L-proline biosynthesis catalyze the last reduction
step using L-isoleucine as the precursor. This result suggests
potential cross talk between primary and secondary metab-
olisms not only by sharing same biosynthetic building blocks
but also by utilizing same biosynthetic machineries.

In summary, the discovery of 30 cyclohexadepsipeptides in
B. felina SX-6-22, anti-ZIKV activity assays, and the biosyn-
thetic investigation in this study enrich the structural diversity
and biological activity of DTXs, and offer great opportunities
J. Biol. Chem. (2021) 297(1) 100822 9
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for biosynthetic pathway engineering to generate new anti-
ZIKV agents in future.

Experimental procedures

General procedures

Optical rotations were measured on an Autopol III auto-
matic polarimeter (Rudolph Research Analytical). UV (ultra-
violet) data were obtained from a NanoDrop One
spectrophotometer (Thermo Scientific). IR (infrared) spectra
were recorded by a Thermo Nicolet Nexus 470-FT-IR spec-
trometer (Thermo Scientific). NMR (nuclear magnetic reso-
nance) spectra were recorded on Bruker Ultrashield Plus
400 MHz and 600 MHz spectrometers (Bruker Corporation)
with TMS as an internal standard. HRESIMS (high-resolution
electrospray ionization mass) data were measured on a Xevo
G2 Q-TOF/YCA spectrometer (Waters). LC-MS was per-
formed on a Thermo Q Exactive Orbitrap instrument
(Thermo Fisher Scientific) with a C18 column (ACQUITY
UPLC HSS T3 C18 1.8 μm, 2.1 × 100 mm). ECD (electronic
circular dichroism) spectra were measured using a JASCO J-
810/J-815 spectropolarimeter (Welltech Inc Company, CHN).
The X-ray diffraction data were collected on a XtaLAB Synergy
diffractometer system (1.54056 Å). UPLC (ultra-performance
liquid chromatography) was performed on a Waters Acquity
UPLC (Waters) with a C18 column (ACQUITY UPLC BEH C18

1.7 μm, 2.1 × 100 mm), and HPLC analysis was performed on a
Waters 2695 with a C18 column (Hypersil BDS C18 5 μm,
4.6 × 250 mm). Semipreparative HPLC was performed on a
Lab Alliance series III HPLC (Lab Alliance) with a semi-
preparative C18 column (Alltech Chrom, octadecylsilyl, 10 μm,
10 × 250 mm). Column chromatography was performed with
solid phases including silica gel (200–300 mesh) or ODS
(50 μm; YMC). B. felina strains were cultured in an SPX-150B-
Z biochemical incubator (Boxun Industry and Commerce Co,
Ltd), and E. coli strains were fermented in HYG-C shakers
(Peiying Laboratory Equipment Co, Ltd). PCR and primer
annealing were performed in a Veriti Certified Refurbished
Thermal Cycler (Applied Biosystems).

Strains and culture conditions

Fungus B. felina SX-6-22 was isolated from the marine
sponge Xestospongia testudinaria collected in the South China
Sea by tissue inoculation and identified by analysis of the ITS
(internal transcribed spacer) region of its rDNA. The ITS
sequence data derived from the fungus are similar (99%) to the
sequence of B. felina CBS 217.37 (accession No. MH855893).
The fungus is preserved at the Marine Natural Products
Research Laboratory of the Peking University.

Chromatographic analysis of secondary metabolites in
B. felina SX-6-22

Sterile water (1 ml) was added to fresh mycelia (1 g) for
homogenization, and the homogenate was diluted by 100 times
for inoculation (50 μl/plate). The small-scale fermentation of
B. felina SX-6-22 was carried out in PDA medium (potato
dextrose agar, Becton/Dickinson and Company) by adding
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3.3% sea salt at 25 �C for 15 days. After fermentation, mycelia
and medium were extracted with appropriate amount of
EtOAc for three times by ultrasound. Part of the wild-type
fungal extract was dissolved in 70% MeOH for the HPLC
and UPLC detection, and the other part was dissolved in
DMSO-d6 for

1H NMR measurement. The UPLC analysis was
performed using an elution program of 10% CH3CN in H2O to
100% CH3CN over 10 min, with a flowrate of 0.4 ml/min
under the detection at 210 nm. The HPLC analysis was per-
formed using an elution program of 5% CH3CN in H2O to
100% CH3CN over 60 min, with a flowrate of 1 ml/min under
the detection at 210 nm.

Chemotype detection by molecular networking

Molecular networks were generated with GNPS from the
targeted high-resolution CID spectra of all metabolites pro-
duced by the fungus detected in this study. MS/MS spectra
were extracted by MZmine 2 using the following parameters:
mass detection noise level 10; ADAP chromatogram builder
group intensity threshold 1E3, min highest intensity 2E3, m/z
tolerance 0.005 m/z or 20 ppm; chromatogram deconvolution
wavelets, S/N threshold 3, min feature height 1000, peak
duration range 0.05to 0.7, RT wavelet range 0.01 to 0.7, m/z
range for MS/MS scan paring 0.05, RT range for MS/MS scan
paring 0.2. Molecular networks parameters (GNPS) were set as
follows: precursor ion mass tolerance 0.2 Da; fragment ion
mass tolerance 0.02 Da; min pairs cosine score 0.4; minimum
matched fragment ions 4; minimum peak intensity 1000. The
molecular network resulting from GNPS was visualized in
Cytoscape 2.8.2. The chemical assay of crude extract using
GNPS database and in-house data enable to recognize a
number of nodes within the three peptide clusters (Fig. S4),
indicating that the crude extract contained three types of
peptides. The MS2 of some nodes in the three clusters was the
same to that of the reported compounds, leading to the
identification of three peptide clusters corresponding to des-
truxins (marked in green), isaridins (marked in red), and
isariins (marked in blue) (Fig. S5, A–C). These data promoted
subsequent isolation of cyclodepsipeptides, and four
inseparable compounds (27–30) were identified by MS2

(Fig. S5, D–G).

Large-scale fermentation and isolation

The large-scale fermentation was carried out in 100 flasks
(500 ml), each containing rice (80 g/flask) and artificial
seawater (50 ml/flask) (33 g sea salt dissolved in 1 l distilled
H2O), which were sterilized before fungal inoculation. After
cooling to room temperature, a small piece of PDA medium
containing fungus was added to each flask and the fermen-
tation was continued at 25 �C for 35 days. The fermented rice
medium was exhaustively extracted with EtOAc. After filtra-
tion, extracts (40.5 g) were obtained under vacuum concen-
tration and subjected to a silica-gel vacuum liquid
chromatography (VLC) eluting with a solvent gradient
(CH2Cl2-MeOH 50:1–1:1) to obtain ten fractions (A1–A10).
According to the 1H NMR and HPLC MS/MS detection,
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fractions A9 and A10 mainly contain peptide components. A9
(3.1 g) was separated upon ODS column eluting with MeOH-
H2O gradient (from 20% to 100%) to yield seven subfractions
(B1–B7). B3 (1.1 g) was separated by ODS column eluting
with MeOH-H2O (from 20% to 100%) to afford 12 (68.4 mg),
11 (186.0 mg), and the subfractions C1 to C6. C4 (190 mg)
was separated by semipreparative HPLC (51% MeOH-H2O) to
get 14 (168.9 mg), 13 (4.8 mg), 16 (4.7 mg). C5 (380 mg) was
further purified by semipreparative HPLC (35% MeCN-H2O)
to yield 17 (369.1 mg). C6 (65 mg) was separated by semi-
preparative HPLC (56% MeOH-H2O) to afford 1 (43.0 mg),
18 (3.6 mg), 5 (1.8 mg), 2 (3.8 mg), and 8 (2.1 mg). Com-
pounds 20 (42.1 mg), 19 (3.9 mg), and 6 (3.9 mg) were iso-
lated from B6 (58 mg) by the same protocol as for C6 using
73% MeCN-H2O as mobile phase. A silica gel flash column
separation of B4 (12 mg) eluting with CH2Cl2-MeOH (30:1) to
yield 9 (2.0 mg) and 10 (2.4 mg). A10 (235.5 mg) was sepa-
rated by ODS eluting with MeOH/H2O (from 20% to 100%)
and further purified by the semipreparative HPLC to obtain
23 (21.6 mg), 24 (10.4 mg), 21 (38.5 mg), 3 (10.6 mg), 4
(5.2 mg), 15 (10.2 mg), 7 (27.4 mg), 25 (8.9 mg), 26 (2.9 mg),
and 22 (3.1 mg). All semipreparative HPLC purifications were
carried out with the flowrate of 2 ml/min under the UV
detection at 210 nm.

Marfey’s analysis

Compound 6 (0.5 mg) was hydrolyzed by heating in 6 N HCl
(1ml) at 110 �C for 24 h. After cooling to room temperature, the
solvent was removed in vacuo. The residue was dissolved into
the solution of 0.1ml of H2O, 0.1ml of 1MNaHCO3, and 0.2ml
of 1% FDAA in acetone, and the solution was heated at 45 �C for
1 h. Then, 10 μl of 1 N HCl was added to quench the reaction.
FDAA derivatives of standard L- and D-amino acids were pre-
pared using the same procedures above. Each of the reaction
mixtures was analyzed by UPLC at 340 nm. Analysis conditions:
Acquity UPLC BEH C18 column (2.1 × 50 mm, 1.7 μM, 0.4 ml/
min) with a linear gradient of MeCN in H2O containing 0.05%
trifluoroacetic acid (0–10 min, 10:90–20:80; 10–15 min,
20:80–50:50; 15–17min, 50:50–100:0). The retention times (Rt)
of FDAA derivatives of standard amino acids were as follows: L-
Pro (13.48min), D-Pro (13.75 min), N-Me-L-Val (15.13min), N-
Me-D-Val (15.54 min), N-Me-L-Phe (15.40 min), N-Me-D-Phe
(15.86 min), L-Phe (15.30 min), D-Phe (15.92 min), L-Leu
(15.33 min), D-Leu (16.08 min), while the retention times of the
amino acid FDAA derivatives of 6 were 13.48, 15.13, 15.40,
15.30, and 16.08 min, corresponding to L-Pro, N-Me- L-Val, N-
Me-L-Phe, L-Phe, and D-Leu, respectively.

Crystallographic data

Crystallographic data for 1: C31H53N5O10, fw = 655.78,
orthorhombic, space group P2(1)2(1)2(1), unit cell dimensions
a = 11.6069(3) Å, b = 15.7016(4) Å, c = 19.6550(5) Å, α = β =
γ = 90�, V = 3582.06(16) Å3, Z = 4, ρcalcg = 1216 cm3, μ =
0.751 mm−1, F (000) = 1416.0, crystal size
0.68 × 0.55 × 0.5 mm3. The 18,714 measurements yield 6579
independent reflections after equivalent data were averaged,
and Lorentz and polarization corrections were applied. The
final refinement yield R1 = 0.0834, wR2 = 0.2318 [I ≥ 2σ (I)].
The Flack parameter was −0.07(10) in the final refinement for
all 6579 reflections with 439 Friedel pairs. Crystallographic
data have been deposited in the Cambridge Crystallographic
Data Center with the deposition number CCDC 2031969.
Crystallographic data for 3: C30H51N5O9, fw = 625.75,
orthorhombic, space group P2(1)2(1)2(1), unit cell dimensions
a = 8.86720(10) Å, b = 17.6481(3) Å, c = 20.5603(3) Å, α =
β = γ = 90�, V = 3217.47(8) Å3, Z = 4, ρcalcg = 1292 cm3,
μ = 0.787 mm−1, F (000) = 1352.0, crystal size
0.08 × 0.05 × 0.02 mm3. The 14,998 measurements yield 6012
independent reflections after equivalent data were averaged,
and Lorentz and polarization corrections were applied. The
final refinement yield R1 = 0.0332, wR2 = 0.0772 [I ≥ 2σ (I)].
The Flack parameter was −0.00(9) in the final refinement for
all 6012 reflections with 421 Friedel pairs. Crystallographic
data have been deposited in the Cambridge Crystallographic
Data Center with the deposition number CCDC 2031038.
Crystallographic data for 5: C31H53N5O8, fw = 623.78,
monoclinic, space group P2(1), unit cell dimensions a =
9.68172(18) Å, b = 11.2950(5) Å, c = 15.7305(3) Å, α = γ = 90�,
β = 93.6814(17), V = 1716.67(8) Å3, Z = 2, ρcalcg = 1207 cm3,
μ = 0.713 mm−1, F (000) = 676.0, crystal size
0.29 × 0.29 × 0.05 mm3. The 21,435 measurements yield 5886
independent reflections after equivalent data were averaged,
and Lorentz and polarization corrections were applied. The
final refinement yield R1 = 0.0835, wR2 = 0.2310 [I ≥ 2σ (I)].
The Flack parameter was −0.08(16) in the final refinement for
all 5886 reflections with 407 Friedel pairs. Crystallographic
data have been deposited in the Cambridge Crystallographic
Data Center with the deposition number CCDC 2031968.
Crystallographic data for 17: C29H52ClN5O10, fw = 710.66,
monoclinic, space group P2(1), unit cell dimensions
a = 9.78542(7) Å, b = 10.92110(8) Å, c = 15.77201(10) Å,
α = γ = 90�, β = 90.7265(6), V = 1685.38(2) Å3, Z = 2,
ρcalcg = 1400 cm3, μ = 2.177 mm−1, F (000) = 752.0, crystal size
0.71 × 0.36 × 0.29 mm3. The 18,468 measurements yield 6094
independent reflections after equivalent data were averaged,
and Lorentz and polarization corrections were applied. The
final refinement yield R1 = 0.0375, wR2 = 0.1069 [I ≥ 2σ (I)].
The Flack parameter was −0.039(8) in the final refinement for
all 6094 reflections with 430 Friedel pairs. Crystallographic
data have been deposited in the Cambridge Crystallographic
Data Center with the deposition number CCDC 2051154.
Crystallographic data for 19: C36H59N5O9, fw = 705.88,
orthorhombic, space group P2(1)2(1)2(1), unit cell
dimensions a = 10.26330(10) Å, b = 15.7135(2) Å, c =
23.8764(2) Å, α = β = γ = 90�, V = 3850.60(7) Å3, Z = 4,
ρcalcg = 1.218 cm3, μ = 0.714 mm−1, F (000) = 1528.0, crystal
size 0.22 × 0.09 × 0.05 mm3. The 21,902 measurements yield
7410 independent reflections after equivalent data were
averaged, and Lorentz and polarization corrections were
applied. The final refinement yield R1 = 0.0353, wR2 = 0.0860
[I ≥ 2σ (I)]. The Flack parameter was 0.05(8) in the final
refinement for all 7410 reflections with 465 Friedel pairs.
Crystallographic data have been deposited in the Cambridge
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Crystallographic Data Center with the deposition number
CCDC 2049507.

Genome sequencing and bioinformatics analysis

The wide-type B. felina SX-6-22 was cultured in PDA me-
dium by adding 3.3% sea salt at 25 �C for 15 days for genomic
DNAs preparation. Genomic DNAs of B. felina were extracted
by EasyPure Genomic DNA Kit (TransGen Biotech). Shotgun
sequencing was performed at GENEWIZ using Illumina Hiseq
2000 platform. The contigs were assembled by SSPACE 3.0 to
yield 78 scaffolds, which were used for gene prediction by
prodigal v2.6.3 and gene cluster analysis by anti-SMASH
(antibiotics and secondary metabolite analysis shell). The
functions of the coding sequences were annotated by BLAST
on NCBI website. The domain organization and annotation of
all NRPSs were further analyzed by anti-SMASH, BLAST, and
InterProScan.

Mutants construction

The process for gene knockout is the same as that reported
previously (44). Initial plasmid pYBC-01a was digested by BsaI
(NEB) to yield linearized fragment with sticky ends for specific
sgRNA fragment insertion. The paired sg-F/R primers of target
genes (Table S11, e.g., detxA_sg-F/R, p5cr1_sg-F/R) were slowly
annealed and phosphorylated to form a 72 bp short fragment
containing a specific sgRNA sequence for different target genes,
which were ligated into the above linearized plasmid by T4
ligase (NEB) respectively to yield pMM1029-pMM1034. Donor
DNA (dDNA) fused with sequences flanking the knockout re-
gion for homologous recombination was constructed by three
rounds of PCR as previous reports (44, 45).

Fresh mycelia (2 g) of B. felina SX-6-22 were homogenized
by adding 1 ml of sterile H2O and then transferred into 50 ml
of PDB medium (potato dextrose broth, Becton/Dickinson and
Company) to germinate at 25 �C for 36 h, 220 rpm. Germinal
mycelia were collected and rinsed with osmotic medium
(1.2 M MgSO4, 10 mM sodium phosphate, pH 5.8) for three
times, then transferred into 10 ml of sterile osmotic medium
with 2 mg/ml catalase (TAKARA) and 3 mg/ml lysing enzyme
(Sigma-Aldrich). After digestion at 25 �C for 12 h, 90 rpm,
6 ml of trapping buffer (0.6 M sorbitol, 0.1 M Tris HCl, pH 7.0)
was added in the lysate gently. The mixture was centrifuged at
4000 rpm for 15 min at 4 �C, and the protoplast fraction was
obtained from the interface and washed with 6 ml of STC
buffer (1.2 M sorbitol, 10 mM CaCl2, 10 mM Tris HCI, pH 7.5)
for twice. Protoplasts (100 μl) were gently mixed with dDNA
(2 μg) and constructed plasmid (1 μg) for incubation on ice for
50 min, followed by the addition of 1.25 ml of PEG 4000 so-
lution (60% PEG 4000, 50 mM CaCl2, 50 mM Tris-HCI, pH
7.5) and incubated at room temperature for 20 min. The so-
lution was mixed with 3.75 ml of STC buffer and plated on the
regeneration selection medium (SMM, 1.2 M D-sorbitol,
200 μg/ml hygromycin B), and the transformants were ob-
tained after incubation at 25 �C for 7 days.

To confirm the constructed mutants, the transformants
were inoculated in PDB medium with stationary incubation for
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about 5 days. Mycelia were collected, lyophilized, and resus-
pended in LETS buffer (10 mM Tris HCI, pH 8.0, 20 mM
EDTA, 0.5% SDS, 0.1 M LiCl) for cell lysis. The cell lysate was
extracted twice with phenol/chloroform/isoamylol. Genomic
DNAs were precipitated with ethanol and resuspended in TE
buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0). The genotypes
of all mutants were verified by PCR. The crude extracts of all
mutants were analyzed by HPLC using the same method as
that for wild-type strain. The LC-MS analysis was carried out
on a Thermo Q Exactive Orbitrap instrument using an elution
program of 2% MeOH in H2O (0.05% formic acid) to 100%
MeOH over 11 min at a flow rate of 0.3 ml/min.

Gene clone and protein purification

Total RNA of B. felina SX-6-22 grown on PDA (add 3.3%
sea salt) plates for 15 days was extracted by TransZol Up Plus
RNA Kit (TransGen Biotech) following user’s manual, and
cDNA was synthesized by EasyScript One-Step gDNA
Removal and cDNA Synthesis SuperMix (TransGen Biotech).
The coding sequences of DetxE, SX-P5CR1, and SX-P5CR2
were amplified from the cDNA of B. felina SX-6-22 and
cloned into pMCSG7, pMCSG19, and pMCSG19 plasmids to
generate pMM1035, pMM1036, and pMM1037, respectively,
by LIC (ligation independent cloning) following previous
published protocol (46, 47). Plasmids pMM1035-pMM1037
were transformed into E. coli BL21 (DE3) for His6 or MBP
(maltose binding protein)-His6-tagged protein overproduction.

The cells were cultured at 37 �C, 220 rpm in 1 l of LB
medium supplemented with 50 μg/ml ampicillin untill an
OD600 of 0.4 to 0.5 was reached. The culture was cooled down
to 16 �C and gene expression was induced by the addition of
500 μl IPTG (1 M stock). After incubation for 16 h, the cells
were collected and resuspended by 50 ml of lysis buffer
(15 mM imidazole, 50 mM Tris, 300 mM NaCl, 10% glycerol,
pH 8.0) for sonication. After centrifugation at 14,000 rpm for
45 min, the supernatant was loaded onto a Ni-NTA agarose
column (GE Healthcare Life Sciences). The Ni-NTA agarose
was incubated with the supernatant at 4 �C for 2 h. Then the
column was eluted with 30 ml of buffer A (50 mM Tris,
300 mM NaCl, 20 mM imidazole, pH 8.0), 10 ml of buffer B
(50 mM Tris, 300 mM NaCl, 30 mM imidazole, pH 8.0), and
10 ml of buffer C (50 mM Tris, 300 mM NaCl, 200 mM
imidazole, pH 8.0). The eluent buffer C containing recombi-
nant proteins was concentrated with with a Vivaspin 6 cen-
trifugal concentrator (Sartorius Stedim Biotech) and
exchanged into storage buffer (50 mM Tris-HCl, 20% glycerol,
pH 8.0) by PD-10 column (GE Healthcare). The DetxE, SX-
P5CR1, and SX-P5CR2 proteins were individually analyzed
by SDS-PAGE and concentrations were determined at 280 nm
by NanoDrop (Thermo Scientific).

Reconstitution of the catalysis of DetxE, SX-P5CR1, and SX-
P5CR2 in vitro

For reconstitution of the catalysis of DetxE, a 100 μl reaction
system containing 2 mM of L-isoleucine (or other amino
acids), 4 mM α-KG, 2 mM ascorbate, 0.5 mM (NH4)2Fe(SO4)2,
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and 100 μM of purified DetxE in 100 mM HEPES (pH 7.0) was
constructed. The reaction was carried out at 25 �C for 3 h and
quenched with 100 μl of MeOH. After centrifugation, the
supernatant was used directly for LC-MS analysis using the
same procedure as that for mutants analysis. For ortho-ami-
nobenzaldehyde (o-AB) derivatization after reaction, 1 mg of
o-AB was added to the 100 μl reaction system without MeOH
quenching, and the mixture was incubated at room tempera-
ture for 1 h. Afterward, the insoluble o-AB was removed by
filtration, and the filtrate was subjected to UPLC analysis
(same procedure as that for crude extract analysis of wild-type
strain). For 9-fluorenylmethyl chloroformate (Fmoc-Cl)
derivatization, the reaction was quenched with 100 μl of
MeOH. After centrifugation, 50 μl of 200 mM sodium borate
(pH 8.0) followed by 20 μl of 10 mM Fmoc-Cl were added to
the supernatant, and the mixture was incubated at room
temperature for 5 min. Then 20 μl of 100 mM 1-
adamantanamine was immediately added to the mixture. Af-
ter centrifugation, the supernatant was analyzed by UPLC
(same procedure as that for crude extract analysis of wild-type
strain) and LC-MS (same procedure as that for mutants
analysis).

For reconstitution of the catalysis of DetxE combined with
SX-P5CR1 or SX-P5CR2, the same 100 μl of reaction system
was constructed with the exception of the addition of SX-
P5CR1 or SX-P5CR2 (final concentration for each: 50 μM)
and NADH or NADPH (final concentration for each: 2 mM).
The reactions, Fmoc-Cl derivatization, UPLC, and LC-MS
analysis were carried out with the same procedures as those
for the catalysis of DetxE. The standards of L-isoleucine, D-
isoleucine, and L-allo-isoleucine were purchased from Aladdin,
while standard of (2S,3S)-3-methylproline was purchased from
Acros.
Anti-ZIKV assays

A549 cells were obtained from America type culture collec-
tion (ATCC) and cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 10% fetal bovine serum
(FBS), penicillin-streptomycin at 37 �C in a 5% CO2 incubator.
ZIKV African-lineage MR766 strain was obtained from ATCC.
ZIKV NS5-specific monoclonal antibody (8B8) was from Bio-
Front Technologies. Human β-actin monoclonal antibody and
horseradish peroxidase (HRP)-conjugated goat anti-mouse
antibody were obtained from Bioeasy Biotechnology. RNA
isolation kit and DNase I were from Magen. TransScript Probe
One-Step qRT-PCR SuperMix was from TransGen Biotech.
RIPA lysis buffer and enhanced BCAprotein assay kit were from
Beyotime. Enhanced chemiluminescence (ECL) substrate for
western blot was purchased from Bidragon Immunotechnolo-
gies. LysoTracker Red was from Beyotime. The 96-well Glass
Bottom plate (P96-1.5H-N) was from Cellvis.

A549 cells were seeded in a 24-well plate at a density of 2 ×
105 per well and cultured in DMEM containing 10% FBS
overnight. After being washed with 1 × phosphate-buffered
saline (PBS) twice, A549 cells were treated with ZIKV [MR766
strain, MOI (multiplicity of infection) = 1] and different
compounds (final concentration: 10 μM) were added at
different time points. At 24 h post infection, the total RNA was
isolated and quantified by qRT-PCR with chloroquine (final
concentration: 10 μM), bafilomycin A1 (final concentration:
100 nM), ivermectin (final concentration: 10 μM), and 4-
hydroxyphenylretinamide (final concentration: 10 μM) as the
positive control and DMSO as the negative control, and
western blotting was carried out with primary NS5 antibody
(8B8) and β-actin antibody using β-actin as the internal
control.

For qRT-PCR, total RNA from cultured cells was extracted
using Rapure Total RNA kit (Magen), according to manufac-
turer’s instructions. qRT-PCR was performed using probe
one-step qRT-PCR Kit (Transgene). Primers and probes are
ZIKV-F: CCCTCAAGTATAGCTGCAAGAG, ZIKV-R: AGA
GTCAGGAAACGCATCAC, ZIKV-probe:/56-FAM/TTATG
ACTGCCACACCACCAGGAA/3IABkFQ/; β-actin-F: GGAA
ATCGTG CGTGACATTAAG, β-actin-R: AGCTCGTAG
CTCTTCTCCA, β-actin-probe:/56-FAM/CTGGA CTTCG
AGCAAGAGATGGCC/3IABkFQ/. Three independent ex-
periments were carried out to generate the means ± standard
deviations (error bars were shown in Fig. 3) for each com-
pound, and the statistical significances were analyzed by one-
way ANOVA: *p < 0.05 and **p < 0.01.

For western blotting, a total of 20 μg protein for each sample
was separated by electrophoresis in SDS-PAGE, followed by
transfer to a polyvinylidene difluoride (PVDF) membrane.
Immunoblot analysis was carried out using primary mouse
monoclonal antibodies specific to NS5 (8B8), HRP-conjugated
anti-mouse secondary antibody, and an enhanced chem-
iluminescence (ECL) kit (Bidragon).

For endosome acidification detection, A549 cells were
grown to 60% confluency in 96-well Glass Bottom plate and
compounds (final concentration: 10 μM) were added to the
culture medium. After 2 h or 4 h, cells were switched to the
medium containing LysoTracker Red (final concentration
50 nM) for 30 min. The medium was changed to LysoTracker-
free medium, and cell-associated Lysotracker Red fluorescence
was observed by confocal microscopy with chloroquine (final
concentration: 50 μM) and bafilomycin A1 (final concentra-
tion: 100 nM) as the positive control.
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