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Berberine bridge enzyme-like oxidase-catalysed
double bond isomerization acts as the pathway
switch in cytochalasin synthesis

Jin-Mei Zhang'3, Xuan Liu'3, Qian Wei', Chuanteng Ma?, Dehai Li® 2 & Yi Zou® '™

Cytochalasans (CYTs), as well as their polycyclic (pcCYTs) and polymerized (meCYTs)
derivatives, constitute one of the largest families of fungal polyketide-nonribosomal peptide
(PK-NRP) hybrid natural products. However, the mechanism of chemical conversion from
mono-CYTs (moCYTs) to both pcCYTs and meCYTs remains unknown. Here, we show the
first successful example of the reconstitution of the CYT core backbone as well as the whole
pathway in a heterologous host. Importantly, we also describe the berberine bridge enzyme
(BBE)-like oxidase AspoA, which uses Glussg as a general acid biocatalyst to catalyse an
unusual protonation-driven double bond isomerization reaction and acts as a switch to alter
the native (for moCYTs) and nonenzymatic (for pcCYTs and meCYTs) pathways to syn-
thesize aspochalasin family compounds. Our results present an unprecedented function of
BBE-like enzymes and highly suggest that the isolated pcCYTs and meCYTs are most likely
artificially derived products.
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ytochalasans (CYTs), one of the largest families (=400

isolated compounds) of fungal polyketide-nonribosomal

peptide (PK-NRP) hybrid natural products, exhibit a wide
range of important pharmaceutical and agricultural activities!.
They contain the common feature of an isoindole core fused to an
11~14-membered macrocyclic framework (Fig. 1). The structural
complexity of CYTs is mainly attributed to four variable bio-
conversion processes:2 (1) initial steps mediated by polyketide-
nonribosomal peptide synthases (PKS-NRPSs) for core backbone
synthesis, which can incorporate diverse types of amino acids
(aromatic or aliphatic amino acids) and introduce different
modified polyketide chains (Fig. 1a); (2) tailoring steps that are
catalysed by numerous distinctive oxidases to form highly
oxidised functional groups (Fig. 1b); (3) intermolecular poly-
merization steps that are performed in undefined ways, such as
the combination of mono-cytochalasans (moCYTs) with other
chemical moieties, via Michael addition, Diels-Alder reaction
or heterocycloaddition reactions to form the dimerized or
trimerized types of mero-cytochalasans (meCYTs, Fig. 1lc);
and (4) intramolecular C—C or C—O bond linkages that can
convert the common macrocycle framework to the polycyclic
skeleton (pcCYTs, Fig. 1d), such as the 5/6/6/5/6-fused penta-
cyclic ring in aspergillin PZ (1) and its dehydroxylated derivate
2. Therefore, these fantastic transformation reactions towards
moCYT scaffolds represent a good learning example to
understand the chemical logic of nature during the construction
of complex natural products?, and more importantly, to provide
an insightful biomimetic strategy for chemists to synthesize this
family of compounds*-12.

Since the identification of CYT biosynthetic gene clusters
(BGCs) from various fungal species, the biosynthetic pathways and
the functions of their corresponding enzymes have been well
investigated by many groups over the past two decades®!3-23.
Many significant and unprecedented chemical reactions have also
been discovered. For example, cytochrome P450 (CHGG_01243)-
catalysed successive C-H oxidation on nonactivated carbons during
chaetoglobosin A biosynthesis!> and the carbonate functional

a mono-cytochalasans

T i

aspochalasin B

5/6/6/7
flavichalasine A

HiCO

asperchalasine B

5/6/6/6/5
spicochalasin A

asperchalasine A

phomopchalasin A

groups synthesized by multifunctional Baeyer-Villiger mono-
oxygenase (BVMO, CcsB) during cytochalasin E biosynthesis!®
According to previous results, a basic frame diagram of CYT
biosynthesis has been established;> however, two crucial issues
remain unsolved to date. (1) Identification of an initial core
backbone synthesized by the four-gene conserved cassette (con-
sisting of PKS-NRPS, trans-ER, hydrolase and the Diels-Alderase,
Supplementary Fig. 2) which is common to all cyt BGCs. (2) The
mechanism of chemical conversion from moCYTs to both pcCYTs
and meCYTs.

We carefully analysed previous works on CYT biosynthesis and
found the following information. (1) Reconstitution of aromatic
amino acid-type cyt BGCs in Aspergillus nidulans and Aspergillus
oryzae failed due to unexpected reduction or tailoring steps by
unknown enzymes in these two heterologous hosts (Fig. le and
Supplementary Fig. 3)1417:23, These mismodified products cannot
be recognized by the subsequent native enzymes of cyt BGCs. (2)
As shown in Fig. 1f, the conversion of moCYTs to both meCYTs
and pcCYTs via Michael addition or cycloaddition may occur on
the proposed olefin intermediate of CYT scaffolds?4. (3) In
comparison with aliphatic amino acid-type meCYTs and pcCYTs,
aromatic ammino acid-type meCYTs and pcCYTs are relatively
rare (Fig. 1c, d)3, which indicates a uniquely derived step during
the synthesis of aliphatic amino acid-type CYTs.

Here, we use the aspo cluster of aliphatic amino acid-type
cytochalasin compounds (aspochalasans) as the research target
and demonstrate that (1) reconstitution of the four-gene con-
served cassette (aspoEHBC) of the aspo cluster is successful in the
heterologous host A. nidulans and that the corresponding pro-
duction compound aspochalasin Z is the core backbone product
of the aspo pathway; (2) the BBE-like oxidase AspoA uses Glussg
as the general acid biocatalyst to catalyse an unusual protonation-
driven double bond isomerization reaction, presenting an
unprecedented function of BBE-like enzymes in natural product
biosynthesis, and acts as a switch to alter the native (for moCYTs)
and nonenzymatic (for pcCYTs and meCYTs) pathways in
syntheses of aspochalasin family compounds.
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Fig. 1 Structural and chemical diversity of the cytochalasin family compounds. a-d Representative mono-, mero- and polycyclic cytochalasans reveal four
variable bioconversion processes. e Previously unsuccessful examples of the reconstitution of aromatic ammino acid-type cyt BGCs in heterologous hosts.
f Conversion of moCYTs to both meCYTs and pcCYTs via a proposed olefin intermediate in aliphatic amino acid-type CYT scaffolds.
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Fig. 2 Confirmation of the aspo cluster and the function of the four-gene
conserved cassette. a Organization and proposed function of the cyto and
aspo clusters in A. flavipes KLAO3. b LC-MS analyses of the culture extracts
from the A. nidulans transformants. ¢ Diagram showing the incorporation of
[1,2-13C]-L-leucine into 3 and 6. The extracted ion chromatograms (EICs)
were extracted at m/z 370 [M + H]+ for 3 and 6, m/z 372 [M + H]* for
3 and 6 labelled with [1,2-13C]-L-leucine.

Results and discussion

Bioinformatic analysis revealed two cyt BGCs in the fungus
Aspergillus flavipes KLA03. Based on the abovementioned facts,
to investigate the function of each cyt BGC gene, and especially to
clarify these two common crucial issues in CYT biosynthesis, we
turned our attention to aliphatic amino acid-type CYTs. A special
example is A. flavipes?025-28, the strain that simultaneously
produces (1) r-phenylalanine-type moCYTs (Supplementary
Fig. 4a) and (2) ir-leucine-type moCYT, pcCYT and meCYT
aspochalasans (Supplementary Fig. 4b), which indicates a strict
regulation rule or a precise polycyclic/polymerization mechanism
for aspochalasin conversion.

We sequenced the genome of A. flavipes KLA03%>, used CcsA
as the probe, and found two possible cyt BGCs, which are shown
in Fig. 2a. (1) Cluster 1 (cyto cluster) shares similar gene
compositions and organizations with the ccs cluster (Supplemen-
tary Fig. 5a), and shares the identical A domain codes of the
NRPS module (Supplementary Fig. 5b); thus, cluster 1 should be
responsible for the synthesis of L-Phe-type moCYTs. (2) Apart
from the four-gene conserved cassette (aspoEHBC) and regula-
tion gene (aspoG), cluster 2 (aspo cluster) has three tailoring
genes, a cytochrome P450 monooxygenase gene (aspoF), a short
chain dehydrogenase/reductase (SDR) gene (aspoD) and a flavin-
dependent oxidase gene (aspoA), where aspoA is distinguishable
from the flavin-dependent BVMO gene (cytoB) in cluster 1. (3)

The coexistence of cluster 1 and cluster 2 highly suggests that the
structural diversity of CYTs in A. flavipes KLAO3 is not due to the
promiscuous incorporation of amino acids by the A domain of
the NRPS module but rather it is the reason that A. flavipes
KLAO3 harbours one additional cyt BGC. Indeed, deletion of the
highly homologous PKS-NRPS gene (ffsA, Supplementary Fig. 6)
in the marine-derived fungus A. flavipes CNL-338 abolished the
production of aspochalasin-type moCYTs and pcCYTs20.

Heterologous expression of the PKS-NRPS gene and trans-ER
gene in A. nidulans led to the production of shunt product. We
next planned to investigate the function of each gene in the aspo
cluster as well as the corresponding synthetic steps via a gene
combination strategy. The PKS-NRPS gene aspoE and its trans-
ER partner aspoH were first heterologously expressed in A.
nidulans (AN-aspoEH). After 3 days of solid medium culture
followed by extraction with ethyl acetate, a trace amount of
compound 3 (~0.25 mg/L) with m/z 370 [M + H]* was produced
in AN-aspoEH by liquid chromatography-mass spectrometry
(LC-MS) analysis (Fig. 2b, i, ii). When 1 mM [1,2-13C]-1-leucine
was added, the molecular weight of 3 increased by 2 amu (Fig. 2b,
iii and Supplementary Fig. 7a), demonstrating that r-leucine is
indeed the amino acid component of 3 (Fig. 2c). The molecular
weight of 3 is consistent with that of the expected Knoevenagel
condensation product 4 (Fig. 3a); however, the main UV
absorption peaks of 3 (A,.x) were located at 274 nm and 386 nm
(Supplementary Fig. 7b), which indicates that 3 could be the 1,3-
dihydro-2H-pyrrol-2-one tautomer rather than the required 1,5-
dihydro-2H-pyrrol-2-one tautomer 4. Isolation of 3 from the
large-batch fermentation cultures of AN-aspoEH was carried out
(SI), and its structure was confirmed by NMR analyses (Fig. 3a,
Supplementary Table 6 and Supplementary Figs. 44-49, the elu-
cidation process for compound 3 is described in SI). Although we
obtained shunt compound 3 rather than the expected product
4 from strain AN-aspoEH, possibly due to the rapid tautomer-
ization of 4 to 3 in vivo??, the production of 3 fully demonstrates
that (1) the working programs of both the hrPKS module (for
polyketide chain extension) and NRPS module (for polyketide
chain transfer and amino acid selection) of AspoE are correct;
and (2) under our culture conditions, no enzymes from A.
nidulans can catalyse the reduction of putative key aldehyde
intermediate 5 to yield alcohol product 5 (Fig. 3a), which is
usually observed during the reconstitution of other CYT path-
ways (Fig. le)!417.

The additional introduction of the proposed Diels-Alderase
and hydrolase genes into A. nidulans successfully reconstituted
core backbone synthesis. The production of 3 in AN-aspoEH
strongly suggests that the nonenzymatic conversion of the 1,5-
dihydro tautomer to the 1,3-dihydro tautomer should be com-
pletely inhibited during the actual biosynthetic pathway of
aspochalasin (Fig. 3a). Therefore, the Diels-Alder reaction must
occur very rapidly, before the nonenzymatic tautomerization
reaction to capture the possible Knoevenagel condensation pro-
duct 4. Based on this hypothesis, we introduced the proposed
Diels-Alderase gene aspoB into AN-aspoEH, and the resulting
strain AN-aspoEHB produced another compound 6 (~0.3 mg/L,
aspochalasin Z), with m/z 370 [M+ H]* (Fig. 2b, iv). The
incorporation of [1,2-13C]-L-leucine into 6 was also observed
(Fig. 2b, ¢, v and Supplementary Fig. 7). Structural confirmation
of 6 by NMR analyses (Fig. 3a and Supplementary Table 7 and
Supplementary Figs. 50-56) not only indicated that the coop-
eration of Diels-Alderase with the PKS-NRPS and trans-ER
enzymes is important for the interception of the shunt pathway to
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the monocyclic) and nonenzymatic (for the mero- and polycyclic) chemical conversions, where 6 is the core backbone and AspoA acts as a pathway
switch. b The proposed mechanism of conversion of 7 or 8 to 2 or 1 via protonation of the C,; carbonyl group under acidic conditions and the proposed
mechanism of AspoA-catalysed isomerization of 7 or 8 to 11 or 12 by Glus3g-mediated protonation of the C» carbonyl group.

3 but also showed the first successful example of the reconstitu-
tion of the CYT scaffold in a heterologous host.

Further addition of the hydrolase gene aspoC (AN-aspoEHBC)
significantly increased the yield of 6 (almost 60%, Fig. 2b, vi).
Recently, using synthesized mimic substrates, Zhang et al.
proposed that the hydrolase-catalysed reaction might occur prior
to the Diels-Alderase-catalysed reaction during pyrichalasin H
biosynthesis?®. Formation of a hydrolase-bound intermediate (via
covalent binding to retain the correct tautomer form of the
substrate) is crucial for the subsequent Diels-Alder reaction.
However, in our case, hydrolase AspoC only influences but does
not determine the catalytic ability of AspoB, whereas Diels-
Alderase seems to play the principal role. Indeed, exchange of

4

aspoB for cytoF (the proposed Diels-Alderase gene in cluster 1)
resulted in strain AN-aspoEHC-cytoF that retained the ability to
produce 6 (Fig. 2b, vii). Therefore, we proposed that the
hydrolase AspoC possibly provides a structural cavity (not via
covalent binding) to retain 4 in the correct tautomer form to react
with Diels-Alderase AspoB during core backbone 6 biosynthesis.

The pcCYTs and meCYTs are not enzyme-catalysed products
from the biosynthetic process of the aspochalasin family
of compounds. Introduction of the cytochrome P450 mono-
oxygenase gene aspoF into strain AN-aspoEHBC (AN-
aspoEHBCF) gave two products, 7 (~1.25 mg/L, TMC-196) and

| (2022)13:225 | https://doi.org/10.1038/s41467-021-27931-z | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

a EICm/z386 1.8 72

i m/z 402 AN-wild type

AN-aspoEHBCF

7 in pH 4 buffer

iii J___I\fL

8 in pH 4 buffer

T T T T T T e T e
10.00 min

4.00 5.00 6.00 7.00 8.00 9.00
b EIC m/z 386 8 7
i m/z 402 AN-wild type+6
i o L AN-aspoF+6
n A AN-wild type+7
iv A N AN-aspoF+7
4.00 5.00 6.00 7.00 8.00 9.00 10.00 min
c 9 10 72
EIC m/z 386 ‘ i
m/z 507 I
m/z 521 A} 7+L-Cys in pH 4 buffer
i \ AI\ 7+adenine in pH 4 buffer
AL IR UMM ey
4.00 5.00 6.00 7.00 8.00 9.00 10.00 min

Fig. 4 Confirmation of the function of the aspoF gene and the nonenzymatic
conversions towards 7 and 8. a LC-MS analyses of the culture extracts from
the A. nidulans transformants and the products from 7 and 8 conversion
under acidic conditions. b Chemical feedings confirmed that AspoF
catalyses only successive hydroxylation reactions to form 7 and 8. ¢ Mimic
synthesis of mero-cytochalasans via Michael addition using 7 as the
example substrate. The EICs were extracted at m/z 386 [M + H]* for

7 and 2, m/z 402 [M + H]T for 8 and 1, m/z 507 [M + H]* for 9, and m/z
521 [M + H]* for 10.

8 (~1.0 mg/L, aspochalasin D), with m/z 386 [M + H]* and m/z
402 [M + H]™, respectively (Fig. 4a, i, ii). These two compounds
were purified through large-batch fermentation and isolation (SI).
When 7 and 8 were dissolved in CDCl; for NMR analyses, we
found that these two compounds were converted to new com-
pounds, 2 and 1, respectively (Supplementary Fig. 8). We care-
tully repurified 7 and 8, accompanied by 1 and 2, and confirmed
their structures by NMR analyses in DMSO-ds and CDCl,,
respectively (Fig. 3a and Supplementary Tables 4, 5, 8, 9 and
Supplementary Fig. 30-43, 57-70). The results showed that (1) 7
and 8 are the monohydroxyl and dihydroxyl products of 6,
respectively; however, (2) 1 and 2 contain the complex 5/6/6/5/6-
fused pentacyclic system, and they are nonenzymatically derived
from 8 and 7; and (3) in the slightly acidic chloroform envir-
onment, the C,; carbonyl groups of 7 and 8 might be protonated,
which induces new C-C bond formation between C;3 and Cjq.
The obtained carbocation at C,4 could then finally be quenched
by the C;g hydroxyl group (Fig. 3b). To verify this hypothesis, we
incubated 100uM 7 and 8 in pH 4 Tris-HCI buffer, and the
conversions of 7 and 8 to 2 and 1 were clearly observed after 10 h
(Fig. 4a, iii, iv). Moreover, P450 AspoF catalysed only the suc-
cessive hydroxylation of 6 to 7 and 7 to 8, confirmed by in vivo
feeding (Fig. 4b, i-iv).

According to the above results, pcCYTs 1 and 2 are the
nonenzymatic conversion products obtained from simple

moCYTs 8 and 7. This discovery is the opposite of a previous
biosynthetic hypothesis, that the formation of polycyclic skeletons
in CYTs, from the common macrocycle framework, may need to
involve a series of diverse oxidative reactions®!2. This none-
nzymatic polycyclic transformation might be related to the highly
reactive features of the y-keto-a,B-unsaturated moiety in 7 and 8,
which might also be important for linking the macrocycle
framework to other chemical functional groups via a Diels-Alder
reaction, heterocycloaddition or Michael addition. Based on this
hypothesis, we used r-cysteine (L-Cys, a mimic for cytochathia-
zine A synthesis, Fig. 1¢) and adenine (a mimic for alachalasin F
synthesis, Fig. 1c) as the donors, under acidic conditions (in pH 4
Tris-HCI buffer), taking the Michael addition reaction with 7 as
an example. Apart from the product 2, the corresponding
Michael addition products 9 and 10 were successfully detected by
LC-MS (Fig. 4c, 1, ii, and Fig. 3a), and further confirmed by high-
resolution mass spectrometry (HRMS) (Supplementary Figs. 23,
24). These results strongly indicate that the previous reported
pcCYTs and meCYTs are possibly not natural products, but
instead, they are likely artificially derived products, which mainly
depend on the reactive promiscuity of the y-keto-a,B-unsaturated
moiety in the macrocycle framework of aliphatic amino acid-type
moCYTs.

Berberine bridge enzyme (BBE)-like oxidase AspoA alters the
native and nonenzymatic pathways. We next investigated the
function of the flavin-dependent oxidase gene aspoA. AspoA
contains a berberine bridge enzyme/glycolate oxidase (BBE/GlcD)
conserved domain (Supplementary Fig. 9a) and belongs to
the BBE-like oxidase superfamily®). BBE-like oxidases usually
catalyse dehydrogenation or dehydrogenation-mediated C-C
or C-N bond formation reactions during natural product
biosynthesis31-3°, In many cyt BGCs, a gene which is homologous
to the flavin-dependent oxidase aspoA replaces the presence of a
gene encoding a BVMO (Supplementary Fig. 2). In contrast to
AN-aspoEHBCEF, the strain AN-aspoEHBCFA produced two new
compounds, 11 (~0.5 mg/L, aspochalasin Q) and 12 (~0.7 mg/L,
aspochalasin P), with the same molecular weights as compounds
7 and 8 (Fig. 5a, i, ii), which indicated that unlike the classical
BBE-like oxidase, AspoA does not catalyse dehydrogenation
reactions of 7 or 8. Large-batch fermentation and isolation of 11
and 12 (Supplementary Tables 10, 11 and Supplementary
Figs. 71-83) showed the following: (1) these compounds are the
double bond isomerization counterparts of 7 and 8, respectively
(Fig. 3); (2) the y-keto-a,B-unsaturated moiety in 7 and 8 is
converted to a 1,4-diketone in 11 and 12, which possibly removes
the high reactivity. Indeed, upon further incubation of 11 (as the
example substrate) with L-cysteine or adenine in pH 4 Tris-HCl
buffer, the expected pcCYTs of 11, as well as their corresponding
Michael addition meCYTs, were not detected (Fig. 5b, i-iii), and
compound 11 was stable. These results clearly suggest that AspoA
acts as a switch to alter the native and nonenzymatic pathways in
aspochalasin synthesis. The actual route to synthesize aspocha-
lasin in A. flavipes KLAO3 is the avoidance of nonenzymatic
conversions, such as intramolecular cyclization to form pcCYTs
and intermolecular addition to form meCYTs.

BBE-like oxidases usually have two conserved fingerprint
motifs, “R/KxxGH” and “CxxV/L/IG"3. His in motif 1 and Cys
in motif 2 are the key residues responsible for the unusual
bicovalent attachments to the 8a and 6 positions of the
isoalloxazine ring of the cofactor FAD?. Unlike the identified
fungal BBE-like enzymes (such as EasE?4, Supplementary Fig. 9b),
AspoA has only the conserved H;sg residue of motif 1, while the
Cyy6 residue of motif 2 in AspoA is mutated to Glyas (G,
Supplementary Fig. 9b). This spontaneous mutation indicates that
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Fig. 5 Confirmation of the function of gene aspoA. a LC-MS analyses of the culture extracts from the A. nidulans transformants. b Compound 11 could not
undergo nonenzymatic conversions under acidic conditions. ¢ In vitro biochemical assays showed that AspoA catalyses the isomerization of 7 or 8 to 11 or
12, respectively, where the exogenous addition of FAD does not increase the activity of AspoA. d Identification of the key amino acid residues in AspoA for
double bond isomerization by site-directed mutation. Mutation of the classical endogenous FAD binding residue His;sg does not decrease the activity of
AspoA. Site-direct mutagenesis demonstrated that Glussg is essential for AspoA activity. The EICs were extracted at m/z 386 [M + H]* for 7 and 11, m/z

402 [M + H]* for 8 and 12.

AspoA has a rare mono-covalent flavin linkage3°. Phylogenetic
analysis and sequence similarity network (SSN) analysis further
showed that it is indeed divided into a separate evolutionary clade
(Supplementary Fig. 9c, d).

AspoA uses Glus;zg as the general acid biocatalyst to catalyse a
protonation-driven double bond isomerization reaction. To
confirm the function of AspoA, intron-free aspoA was cloned and
expressed in E. coli; however, soluble expression of AspoA was
not successful even when glutathione S-transferase (GST)-tagged
or maltose binding protein (MBP)-tagged AspoA was constructed
(Supplementary Fig. 10a). Alternatively, yeast was used as the
heterologous expression host, and the activity of AspoA was then
confirmed by cell-free extraction. After incubation of 7 and 8 with
AspoA, production of 11 and 12 was detected by LC-MS analysis
(Fig. 5¢, i, ii, iv, v). Additionally, adding exogenous 100 uM FAD
(final concentration) or FMN (Supplementary Fig. 11) did not
increase the activity of AspoA (Fig. 5¢, iii, vi). Moreover, the
H;ssA mutant (elimination of the endogenous binding ability of
AspoA toward FAD or FMN) did not decrease the activity of
AspoA (Fig. 5d, i, ii). These two results indicate that the cofactor
FAD (FMN), which is essential for the activity of classical BBE-
like oxidases, likely does not participate in AspoA-catalysed
reaction.

To discover the key amino acid residues and to deduce the
mechanism of AspoA, we attempted to use a molecular docking
model to investigate the interaction of AspoA with 7 and 8. A
flavoprotein oxidase MtVAO615 (PDB 6F72)38, with known
crystal structure reported, from Myceliophthora thermophila C1
was found via homologue modelling of the Swiss Model online
analysis®®. Although the function of MtVAQO615 has not been
identified, the MtVAO615 shows 35.15% identity with AspoA,
which meets the requirement of accuracy of docking model that
the identity between the template and the query enzyme should
exceed 30%(Supplementary Fig. 12)40. As shown in Fig. 6a, b, the

molecular docking models show that there are indeed no alkaline
amino acid residues (such as His, Arg or Lys, as observed for
classical BBE-like oxidases to catalyse the dehydrogenation
reaction) to act as the base to abstract the C;g hydrogen,
however, this indicates another possible mechanism of AspoA
(Fig. 3b). (1) The proposed distance between Glussg and the Cy;
carbonyl group is 3.2 A (for 7) and 2.5A (for 8) (Fig. 6c, d),
highly indicating that proton transfer to the C,; carbonyl group
from Glussg is possible;*! (2) protonation of the C,; carbonyl
group could promote the C;9-C,¢ double bond shift and remove
the Cjg hydrogen; (3) during this process, Tyrs possibly
stabilizes the C;s hydroxyl group via a hydrogen bonding
interaction (the proposed distance between Tyr;g, and the C;g
hydroxyl group) is 2.8 A (for 7) and 2.7 A (for 8) (Fig. 6¢, d) or as
the base pair (in enzymatic environment) to abstract the Cg
hydrogen*? (Supplementary Fig. 13); and (4) the final keto-enol
tautomerization of both C,; and the C,4 carbonyl group furnishes
the conversion of 7 to 11 or 8 to 12. Notably, the AspoA
homologous proteins and the predicted key residues Glussg and
Tyrigo are highly identical and conserved in many aliphatic
amino acid-type cyt BGCs (Supplementary Fig. 9b).

Based on this hypothesis, we carried out a series of site-direct
mutation experiments, using 7 as the example substrate to
compare with the AspoA wild type, and found that (1) the E533A
mutant indeed abolished the activity of AspoA (Fig. 5d, iii); (2)
the Y;60A mutant decreased the activity of AspoA (Fig. 5d, iv);
and (3) importantly, the Es33D mutant retained the ability to
catalyse the conversion of 7 to 11 (Fig. 5d, v), which fully suggests
the role of Glus;s as the general acid biocatalyst that catalyses the
protonation of the C,; carbonyl group. The decrease in activity of
the Es;sD mutant may be due to Glu having one additional
methylene unit, which may position the acidic side chain close to
the substrate carbonyl group (the proposed distance between the
Aspssg mutant and the C,; carbonyl group of 7 and 8 increased to
3.9 A and 3.3 A, respectively, Fig. 6e, f).
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minimize energy status interaction with AspoA

minimize energy status

interaction with AspoA

Fig. 6 Molecular docking model of AspoA with substrates 7 and 8. The proposed complex structures of AspoA with 7 (a) and 8 (b). The proposed
distance between AspoA-Glussg and the Cy; carbonyl group of 7 (¢) and 8 (d), or the AspoA-Tyreo and Cig hydroxy group of 7 (¢) and 8 (d). The
proposed distance between AspoA-Glussg or AspoA mutant Aspssg and Cy; carbonyl group of 7 (e) and 8 (f). The proposed distance between Cy3 and Cyo
of 7 (g) and 8 (h) in minimize energy status (left) or in interaction with AspoA status (right). Compounds 7 and 8 are shown in cyan and wheat colours,

respectively.

To confirm the mechanism of AspoA as shown in Fig. 3b, we
carried out the enzymatic reaction in D,O buffer (SI) and found
the following information. (1) When the purified 11 (m/z 386
[M + H]T) was incubated in D,O buffer, the molecule weight
of 11 does not increase, which confirmed that the hydrogen-
deuterium exchange in 11 cannot be occurred (Supplementary
Fig. 14a-c). However, (2) when the AspoA-catalyzed isomer-
ization of 7 to form 11 was instead performed in D,O buffer,
the molecule weight of the generated 11 increased by 2 amu
(m/z 388 [M-+H]*", Supplementary Fig. 14a-c), highly
suggesting the proposed dienol intermediate is indeed exist
(Fig. 3b). (3) When the enzyme-prepared 2H-11 (m/z 388
[M + H]*) was incubated back to H,O buffer, the molecule
weight of the 2H-11 does not decrease (Supplementary
Fig. 14a—c), which confirmed that these two deuteriums were
incorporated into the nonactivated carbon atoms of 11,
respectively (Supplementary Fig. 14c, e). (4) The *H-11 was
finally prepared from the large-scale enzymatic conversion

assays (SI), and the subsequent 'H NMR analysis showed that
these two deuteriums were indeed incorporated into Ci9 and
Cyo of 11 (Supplementary Fig. 14d, e), respectively. (5) The
spontaneous conversion of 7 to 2 in pH 4 D,O buffer confirmed
that only one deuterium was incorporated into C,o, while the
incorporated deuterium was also not further wash-out during
incubation of 2H-2 back to H,O buffer (Supplementary
Fig. 15a-e). The above both amino acid residues mutation
and isotope labelling results confirmed that the AspoA-
catalysed double bond isomerization includes protonation of
the C,; carbonyl group, hydride shift and keto-enol tautomer-
ization (Fig. 3b and Supplementary Fig. 14e).

Although these two conversions use the same precursors
(7 and 8) and are all achieved via protonation of the C,; carbonyl
group (Fig. 3b), compared to the nonenzymatic conversion to
form 2 and 1, AspoA strictly catalyses the production of 11 and
12. These results clearly suggest that the C;3-C,4 double bond, as
the nucleophile to form the new C;3-C;9 bond, should be
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Fig. 7 Confirmation of the function of AspoD. In vitro biochemical assays
showed that AspoD catalyses the reduction of 11 or 12 to 13 or 14,
respectively.

completely inhibited in the AspoA-catalysed reaction. However,
the possible corresponding aromatic amnio acid residues of
AspoA that are used for the stabilization of the C;3-C;4 double
bond via n-7 interactions were not found (Fig. 6a, b). Therefore,
we reasoned that during the AspoA-catalysed reaction, 7 and 8
may have slightly different conformations. Indeed, as shown in
Fig. 6g, h, the distance between C;; and C;9 (minimized energ‘z
status vs. interaction with AspoA status) increased from 2.9
(for 7) and 2.9 A (for 8) to 3.6A (for 7) and 3.1 A (for 8),
respectively, which may prevent C;5-C;9 bond formation.

AspoD acts as the cooperation partner of AspoA, and it spe-
cifically and precisely reduces the C;g carbonyl group. The
function of the last gene, aspoD, was confirmed by in vitro bio-
chemical assays. N-Hisgs AspoD was expressed and purified from
E. coli (Supplementary Fig. 10b). When AspoD was incubated
with 11 and 12 in the presence of NADPH, two corresponding
reduction products, 13 (m/z 388 [M + H]T) and 14 (m/z 404
[M + H] ™, flavichalasine G, Supplementary Table 12 and Sup-
plementary Fig. 84-90), were detected (Fig. 7, i-iv). However, the
kcat/K,, calculation showed that the catalytic efficiency of
AspoD towards 12 was nearly 15-fold greater than that of 11
(Supplementary Fig. 16), which indicates that 12 is the preferred
substrate of AspoD.

These results fully demonstrate that AspoD acts as the
cooperation partner of AspoA, it specifically and precisely
reduces the C;g carbonyl group (formed by AspoA-catalysed
double bond isomerization and subsequent keto-enol tautomer-
ization) back to its original hydroxyl group (Fig. 3a). For instance,
for the conversions of 7 to 13 or 8 to 14, via this isomerization,
tautomerization and reduction strategy (catalysed by AspoA-
AspoD together), the key C;o-C,o double bond in 7 or 8 was
skillfully eliminated; however, other functional groups in 7 or 8
were not changed. This directional conversion ensures the
metabolic flux in the direction of the native pathway of
aspochalasin, while the nonenzymatic conversions are blocked.

In this work, we clarified the gene function of the aspo cluster
and successfully reconstituted the core backbone as well as the
whole pathway of the cytochalasin family compounds. Signifi-
cantly, the flavin-dependent oxidase AspoA harbours the BBE-
like oxidase feature but uses Glussg as the general acid biocatalyst,
which catalyses an unusual protonation-driven double bond
isomerization reaction and finally alters the native and none-
nzymatic pathways in aspochalasin synthesis. Our results greatly
promote research progress on the heterologous biosynthesis of
cytochalasin family compounds, importantly present an unpre-
cedented function of BBE-like enzymes in natural product

biosynthesis and highly suggest that the isolated pcCYTs and
meCYTs are most likely artificially derived products.

Method

General methods. Reagents were purchased from Sigma-Aldrich, Thermo Fisher
Scientific, or New England BioLabs. Primer synthesis and DNA sequencing were
performed by Sangon Biotech Co., Ltd. (Shanghai, China). The plasmids and
primers used in this study are summarized in Supplementary Tables 1-3. All
plasmids were extracted by the alkaline lysis method and dissolved in elution
buffer. LC-MS analyses were performed on a Waters ACQUITY H-Class UPLC-
MS system coupled to a PDA detector and an SQD2 mass spectrometer (MS)
detector with an ESI source. Chromatographic separation was performed at 35 °C
using a C18 column (ACQUITY UPLC® BEH, 1.7 pm, 2.1 mm x 100 mm, Waters).
MPLC was performed on BUCHI Reveleris® X2 Flash Chromatography System,
with UV and ELSD detectors using BUCHI Reveleris® C18 column (40 pm, 80 g).
Semi-preparative HPLC was performed on Shimadzu Prominence HPLC system
using a YMC-Pack ODS-A column (5 um, 10 x 250 mm). MCI column chroma-
tography (CC) was performed on an MCI gel CHP 20 P/P120 (37-75 um, Mitsu-
bishi Chemical Corporation, Japan). NMR spectra were recorded on a Bruker
AVANCE III NMR (400 MHz) with a 5 mm broadband probe and TMS as an
internal standard. HRMS data were obtained on Fourier-transform ion cyclotron
resonance-mass spectrometry (FT-ICR-MS) (Bruker Solarill, Bremen, Germany)
or quadrupole time-of-flight (QTOF) mass spectrometrometry (Bruker IMPACT
II, Bremen, Germany).

Strains. Aspergillus flavipes KLAO3 was cultured on PDB medium (26 g/L Potato
Dextrose Water) at 25 °C for 4 days for extraction of genomic DNA (gDNA) and
complementary DNA (cDNA). Aspergillus nidulans LO8030 was used as the host
for heterologous expression of the aspo gene cluster. Saccharomyces cerevisiae
strain BJ5464-NpgA was used as the host for the expression of aspoA or for
heterologous recombination to construct the A. nidulans overexpression plasmids.
Escherichia coli BL21 was used for protein expression of aspoA and aspoD. E. coli
XL-1 was used for cloning.

Isolation of the gDNA and cDNA synthesis. A. flavipes KLA03 was cultivated
in PDB medium at 25 °C for 4 days to extract gDNA according to cetyl-
trimethylammonium bromide (CTAB) methods and to extract RNA by TRLZOL®
Reagent (Ambion). RNA samples were then treated with DNase, followed by
cDNA reverse transcription with the Transcriptor First Strand cDNA Synthesis
Kit (Roche).

The preparation and transformation of A. nidulans protoplasts. A. nidulans was
cultured in solid CD medium (10 g/L glucose, 50 mL/L 20 X nitrate salts, 1 mL/L
trace elements, 20 g/L agar) containing 10 mM uridine, 5mM uracil, 1 pg/mL
pyridoxine HCI and 0.25 pg/mL riboflavin at 37 °C for 5 days, and then spores were
collected in 20% glycerol. The spores were inoculated in 40 mL liquid CD medium
and cultured at 37 °C and 220 rpm for 9 h. After the germination of spores, culture
fluid was centrifuged at 4 °C, 2000 g for 5 min to harvest the mycelia. The pre-
cipitation was washed two times with 15 mL Osmotic buffer (1.2 M MgSO,-7H,0,
10 mM sodium phosphate, pH 5.8) and centrifuged at 4 °C and 2000 g for 5 min to
remove the supernatant. Then, the precipitate was resuspended in 10 mL osmotic
buffer containing 30 mg Lysing Enzymes (Sigma) and 20 mg Yatalase (Takara),
transferred into a 50 mL Erlenmeyer flask, and cultured at 28 °C and 80 rpm for
14 h. The culture fluid was poured directly into a sterile 50 mL centrifugal tube and
overlaid gently with 10 mL of trapping buffer (0.6 M sorbitol, 0.1 M Tris-HCI, pH
7.0), and then centrifuged at 4 °C and 3000 g for 20 min. The protoplasm layer was
transferred and fully scattered into 2xSTC buffer (1.2 M sorbitol, 10 mM CaCl,,
10 mM Tris-HCI, pH 7.5), and centrifuged at 4 °C and 3000 g for 8 min. The
supernatant was removed, and STC buffer was added to resuspend the protoplasts
for transformation.

Heterologous expression of the aspo cluster in A. nidulans. To gain stains of
heterologous expression in A. nidulans, 2-5 pL plasmids (pIM 8001-8007) were
added to 100 pL protoplasts of A. nidulans and held on ice for 30 min. Subse-
quently, 600 uL PEG solution was added into the mixture and the mixture was
cultured on the regeneration dropout solid medium (CD medium with 1.2 mM
sorbitol and appropriate supplements, CD-SD medium) at 37 °C after being placed
at room temperature for 20 min. After 2-3 days, the transformants were moved on
solid CD and cultivated at 37 °C for 3-4 days to for sporulation. The spores were
inoculated on solid CD-ST medium (20 g/L starch, 10 g/L casein hydrolysate (acid),
50 mL/L nitrate salts, 1 mL/L trace elements, 20 g/L agar) and cultured at 25 °C for
3 days, while the products were analysed using LC-MS.

Metabolite analysis for A. nidulans strains. The transformant of A. nidulans was
grown on solid CD-ST for 3 days and extracted with ethyl acetate. The organic

phases were evaporated to dryness and dissolved in methanol for LC-MS analyses.
LC-MS metabolite profiles were performed on a Waters UPLC-MS system with the
following method: chromatographic separation was achieved with a linear gradient
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of 5-99% MeCN-H,O (both with 0.02% v/v formic acid) in 10 min followed by
99% MeCN for 3 min and then 5% MeCN-H,O for 3 min, with a flow rate of
0.4 mL/min. The MS data were collected in the m/z range 50-1500 in positive
mode simultaneously.

Feeding assays of [1,2-13C]-L-leucine in A. nidulans. 1 mM [1,2-13C]-L-leucine
(final concentration) was added to 4 ml solid CD-ST medium and the spores of

AN-aspoEH and AN-aspoEHB were inoculated on medium. Then the petri dishes
were maintained at 25 °C for 3 days, and products were extracted with a twofold
volume of ethyl acetate. The extracted ethyl acetate layer was evaporated to dry-

ness, redissolved in methanol, and then analyzed by LC-MS.

Feeding assays of 6 and 7 for AspoF in A. nidulans. The recombinant plasmid
pIM8006 was transformed into A. nidulans to obtain strain AN-aspoF. The strain
was cultured in 40 ml liquid CD-ST medium at 25 °C, 220 rpm for 2.5 days and
then centrifugated to remove all solution. The cells were resuspended in 3 mL
liquid CD-ST medium and cultured at 25 °C and 220 rpm for 12 h after 200 uM
substrate (compound 6 or 7) was added. The products were extracted with twofold
volume of ethyl acetate. The extracted ethyl acetate layer was evaporated to dry-
ness, redissolved in methanol, and then analyzed by LC-MS.

The protein expression and purification of AspoD in E. coli. To confirm the
function of the aspoD gene, AspoD protein was expressed and purified from E. coli.
The recombinant plasmid pIM 8011 was transformed into the E. coli BL21 strain
by heat shock transformation. The mono colony was cultivated in 3 ml liquid LB
medium (25 g/L LB broth) with 100 ug/mL ampicillin at 37 °C overnight. The
bacterial solution was then transferred to 300 mL LB medium containing 100 ug/
mL ampicillin and cultured at 37 °C and 220 rpm to an ODgq, of 0.4-0.6. Then, the
cells were maintained at 16 °C for 30 min and cultured at 16 °C for 20 h after

0.2 mM isopropylthio-B-D-galactoside (IPTG) was added. After that, the cells were
collected by centrifugation at 4 °C and 3000 g for 5 min and resuspended in 15 mL
buffer A (50 mM Tris-HCl, 500 mM NaCl, 10% glycerol, pH 7.5). Subsequently, the
cells were lysed through sonication on ice and centrifuged at 4 °C and 23,000 g for
40 min to gain the soluble fraction. The protein was purified by Ni-NTA agarose
resin and the protein of interest was eluted by buffer A containing 350 mM imi-
dazole. The purified protein was passed through a PD-10 desalting column (GE
Healthcare) and eluted with buffer C (50 mM Tris-HCI, 50 mM NaCl, 5% glycerol,
pH 7.5). The protein was concentrated using a 30-kDa ultrafiltration centrifugal
tube (Millipore Amicon ® Ultra-15 mL) at 4 °C and 2000 g. The concentrated
protein solutions were aliquoted into 1.5 ml EP tubes, flash frozen with liquid
nitrogen, and then stored at —80 °C. The purified enzyme was analysed by SDS-
PAGE, and the concentration was measured with a BCA protein quantification kit
(Beijing Dingguo Changsheng Biotechnology Co., Ltd).

In vitro characterization of AspoD. An in vitro assay for AspoD was performed
in 50 uL buffer C (pH 7.5), containing 5 uM AspoD, 400 uM NADPH and 200 uM
substrate (compound 11 or 12). The reaction was quenched with an equal volume
of MeOH after 2 h of incubation at 25 °C, and centrifuged at 23,000 g for 5 min
before LC-MS analysis.

In vitro characterization of AspoA and its mutants. Plasmids pIM8012-8016
were transformed into the heterologous expression host S. cerevisiae through the
Frozen-EZ Yeast Transformation II Kit (Zymo Research) and the transformant
yeast strains were selected on solid selective uracil dropout medium at 28 °C for
2-3 days and confirmed by colony PCR. The right single colony was inoculated
into 3 mL liquid uracil dropout medium and cultured at 28 °C and 220 rpm for
15-24 h. The inoculums were then inoculated on YPD medium (20 g/L glucose,
20 g/L tryptone, 10 g/L yeast extract) and cultured at 28 °C and 250 rpm for 48 h.
The culture broth was centrifuged to remove solution and collect the cells. The cells
were lysed by grinding, and cellular debris was resuspended in buffer C. The
supernatant was harvested by centrifugation at 4 °C and 23,000 g for 30 min.
Substrates were added in supernatant to accomplish the reaction at 25 °C for 10 h.
The final concentration of compounds 7 or 8 and the cofactors FAD or FMN were
100 uM. The reaction mixture was extracted with twice the volume of ethyl acetate.
The extracted ethyl acetate layer was evaporated to dryness and redissolved in
methanol. The products were analysed by LC-MS.

The nonenzymatic reactions in Tris-HCI buffer. All spontaneous reactions were
performed in 200 pL pH 4 Tris-HCI buffer, 100 uM compounds 7 and 8 were
added and the reactions were incubated at 25 °C for 10 h to obtain 2 and 1. For
mimic synthesis of meCYT products (9 and 10), 100 pM compound 7 and 200 uM
L-cystine or adenine were added. After 6 h at 25 °C, the reactions were quenched
and extracted with 200 uL of ethyl acetate. The resultant organic extracts were
evaporated to dryness, redissolved in methanol, and then analysed by LC-MS.

Molecular docking. The amino acid sequence of AspoA was submitted to SWISS-
MODEL (https://swissmodel.expasy.org/). Based on sequence similarity, the
crystal structure of MtVAO615 from Myceliophthora thermophila (PDB: 6F72,

https://www.rcsb.org/structure/6F72) was selected as the template to model the
tertiary structure of AspoA. Molecular docking between the AspoA model and
substrates 7 or 8 was carried out using the software Discovery studio client (Dis-
covery Studio V2021, National Demonstration Center for Experimental Pharmacy
Education, Southwest University) by means of the CDOCKER method. The
interrelation between the AspoA model and substrates was analysed by Discovery
studio client.

Data availability

The sequence data of aspo gene cluster from A. flavipes KLAO3 is listed in Supplementary
information. All other data generated and analyzed in this study are available within the
article and the Supplementary information. Source data are provided with this paper.

Received: 27 July 2021; Accepted: 10 December 2021;
Published online: 11 January 2022

References

1. Scherlach, K., Boettger, D., Remme, N. & Hertweck, C. The chemistry and
biology of cytochalasans. Nat. Prod. Rep. 27, 869-886 (2010).

2. Zhu, H. et al. Progress in the chemistry of cytochalasans, in Progress in the
Chemistry of Organic Natural Products 114. (eds. A. D. Kinghorn et al.) 1-134
(Springer International Publishing, Cham; 2021).

3. Skellam, E. The Biosynthesis of cytochalasans. Nat. Prod. Rep. 34, 1252-1263
(2017).

4. Zaghouani, M., Kunz, C., Guedon, L., Blanchard, F. & Nay, B. First total
synthesis, structure revision, and natural history of the smallest cytochalasin:
(4)-periconiasin g. Chemistry 22, 15257-15260 (2016).

5. Bao,R. Y. etal. Total syntheses of asperchalasines A.-E. Angew. Chem. Int. Ed.
57, 14216-14220 (2018).

6. Long, X. W, Ding, Y. M. & Deng, J. Total synthesis of Asperchalasines A, D,
E, and H. Angew. Chem. Int. Ed. 57, 14221-14224 (2018).

7. Reyes, J. R, Winter, N., Spessert, L. & Trauner, D. Biomimetic synthesis of
(+)-Aspergillin PZ. Angew. Chem. Int. Ed. Engl. 57, 15587-15591 (2018).

8. Long, X. W, Ding, Y. M., Wu, H. & Deng, ]. Total synthesis of Asperchalasine
A. Synlett 31, 301-308 (2020).

9. Long X. W., Wu, H, Ding, Y. M., Qu, C. L. & Deng, . Biosynthetically inspired
divergent syntheses of merocytochalasans. Chem.-Us 7, 212-223 (2021).

10. Vedejs, E. & Duncan, S. M. A synthesis of C(16),C(18)-bis-epi-cytochalasin D
via Reformatsky cyclization. J. Org. Chem. 65, 6073-6081 (2000).

11. Haidle, A. M. & Myers, A. G. An enantioselective, modular, and general route
to the cytochalasins: synthesis of L-696,474 and cytochalasin B. Proc. Natl.
Acad. Sci. USA 101, 12048-12053 (2004).

12. Wu, H. et al. Bioinspired network analysis enabled divergent syntheses and
structure revision of pentacyclic cytochalasans. Angew. Chem. Int. Ed. 60,
15963-15971 (2021).

13. Qiao, K., Chooi, Y. H. & Tang, Y. Identification and engineering of the
cytochalasin gene cluster from Aspergillus clavatus NRRL 1. Metab. Eng. 13,
723-732 (2011).

14. Fujii, R,, Minami, A., Gomi, K. & Oikawa, H. Biosynthetic assembly of
cytochalasin backbone. Tetrahedron. Lett. 54, 2999-3002 (2013).

15. Ishiuchi, K. et al. Combinatorial generation of complexity by redox enzymes
in the chaetoglobosin A biosynthesis. J. Am. Chem. Soc. 135, 7371-7377
(2013).

16. Hu, Y. C. et al. A carbonate-forming Baeyer-Villiger monooxygenase. Nat.
Chem. Biol. 10, 552-554 (2014).

17. Song, Z. et al. Heterologous expression of the avirulence gene ACE1 from
the fungal rice pathogen Magnaporthe oryzae. Chem. Sci. 6, 4837-4845
(2015).

18. Wang, C,, Hantke, V., Cox, R. J. & Skellam, E. Targeted gene inactivations
expose silent cytochalasans in Magnaporthe grisea NI980. Org. Lett. 21,
4163-4167 (2019).

19. Wang, C. Q. et al. Investigating the function of cryptic cytochalasan
cytochrome p450 monooxygenases using combinatorial biosynthesis. Org.
Lett. 21, 8756-8760 (2019).

20. Heard, S. C., Wu, G. & Winter, J. M. Discovery and characterization of a
cytochalasan biosynthetic cluster from the marine-derived fungus Aspergillus
flavipes CNL-338. J. Antibiot. 73, 803-807 (2020).

21. Li, H. et al. Genomics-driven discovery of phytotoxic cytochalasans involved
in the virulence of the wheat pathogen Parastagonospora nodorum. Acs.
Chem. Biol. 15, 226-233 (2020).

22. Hantke, V., Skellam, E. J. & Cox, R. J. Evidence for enzyme catalysed
intramolecular [4+4-2] Diels-Alder cyclization during the biosynthesis of
pyrichalasin H.Chem. Commun. 56, 2925-2928 (2020).

23. Nielsen, M. L. et al. Linker Flexibility facilitates module exchange in fungal
hybrid PKS-NRPS engineering. Plos. ONE. 11 (2016).

| (2022)13:225 | https://doi.org/10.1038/s41467-021-27931-z | www.nature.com/naturecommunications 9


https://swissmodel.expasy.org/
https://www.rcsb.org/structure/6F72
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Shang, Z., Raju, R, Salim, A. A,, Khalil, Z. G. & Capon, R. J. Cytochalasins
from an australian marine sediment-derived Phomopsis sp. (CMB-MO0042F):
acid-mediated intramolecular cycloadditions enhance chemical diversity. J.
Org. Chem. 82, 9704-9709 (2017).

Lin, Z. J. et al. Spicochalasin A and new aspochalasins from the marine-
derived fungus Spicaria elegans. Eur. J. Org. Chem. 2009, 3045-3051 (2009).
Zhu, H. et al. Epicochalasines A and B: two bioactive merocytochalasans
bearing caged epicoccine dimer units from Aspergillus flavipes. Angew. Chem.
Int. Ed. 55, 3486-3490 (2016).

Zhu, H. et al. Asperflavipine A: A cytochalasan heterotetramer uniquely
defined by a highly complex tetradecacyclic ring system from Aspergillus
flavipes QCS12. Angew. Chem. Int. Ed. 56, 5242-5246 (2017).

Zhu, H. et al. Asperchalasine A, a Cytochalasan dimer with an unprecedented
decacyclic ring system, from Aspergillus flavipes. Angew. Chem. Int. Ed. 54,
13374-13378 (2015).

Zhang, H., Hantke, V., Bruhnke, P., Skellam, E. J. & Cox, R. J. Chemical and
genetic studies on the formation of pyrrolones during the biosynthesis of
cytochalasans. Chemistry 27, 3106-3113 (2021).

Daniel, B. et al. The family of berberine bridge enzyme-like enzymes: a
treasure-trove of oxidative reactions. Arch. Biochem. Biophys. 632, 88-103
(2017).

Liu, S. H. et al. A BBE-like oxidase, AsmF, dictates the formation of
naphthalenic hydroxyl groups in ansaseomycin biosynthesis. Org. Lett. 23,
3724-3728 (2021).

Purdy, T. N., Kim, M. C., Cullum, R., Fenical, W. & Moore, B. S. Discovery
and biosynthesis of tetrachlorizine reveals enzymatic benzylic
dehydrogenation via an ortho-quinone methide. . Am. Chem. Soc. 143,
3682-3686 (2021).

Chen, K. L. et al. Enzyme-catalysed azepinoindole formation in clavine
alkaloid biosynthesis. Org. Lett. 22, 3302-3306 (2020).

Yao, Y. P. et al. Catalase involved in oxidative cyclization of the tetracyclic
ergoline of fungal ergot alkaloids. J. Am. Chem. Soc. 141, 17517-17521 (2019).
Zou, Y. et al. Tandem prenyltransferases catalyse isoprenoid elongation and
complexity generation in biosynthesis of quinolone alkaloids. J. Am. Chem.
Soc. 137, 4980-4983 (2015).

Winkler, A. et al. Structural and mechanistic studies reveal the functional role
of bicovalent flavinylation in berberine bridge enzyme. J. Biol. Chem. 284,
19993-20001 (2009).

Winkler, A., Hartner, F., Kutchan, T. M., Glieder, A. & Macheroux, P.
Biochemical evidence that berberine bridge enzyme belongs to a novel family
of flavoproteins containing a bi-covalently attached FAD cofactor. J. Biol.
Chem. 281, 21276-21285 (2006).

Waterhouse, A. et al. SWISS-MODEL: homology modelling of protein
structures and complexes. Nucleic Acids Res. 46, W296-W303 (2018).
Ferrari, A. R. et al. Characterization of two VAO-type flavoprotein oxidases
from Myceliophthora thermophila. Molecules 23, 111 (2018).

Nayeem, A., Sitkoff, D. & Krystek, S. Jr A comparative study of available
software for high-accuracy homology modeling: from sequence alignments to
structural models. Protein Sci. 15, 808-824 (2006).

Abe, I, Yang, J., Mori, T., Wei, X. & Matsuda, Y. Structural basis for
isomerization reactions in fungal tetrahydroxanthone biosynthesis and
diversification. Angew. Chem. Int. Ed. Engl. 60, 19458-19465 (2021).

42. Pang, B. et al. Investigation of indigoidine synthetase reveals a conserved
active-site base residue of nonribosomal peptide synthetase oxidases. J. Am.
Chem. Soc. 142, 10931-10935 (2020).

Acknowledgements

We thank Prof. Mancheng Tang from Shanghai Jiaotong University and Prof. Xiao
Zhang from Southwest University, for their helpful discussions. This work is supported
by the National Key R&D Program of China (2020YFA0907700 to Y.Z.) and Chongging
Science Funds for Distinguished Young Scientists (cstc2020jcyj-jgX0005 to Y.Z.).

Author contributions

J-M.Z. and X.L. performed all in vivo and in vitro experiments, as well as compounds
isolation. Q.W. performed compounds characterization. C.T.M and J-M.Z. performed
molecular docking. J-M.Z., X.L., QW., CT.M,, D.H.L. and Y.Z. analysed and discussed
the results. Y.Z. conducted the research and wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-27931-z.

Correspondence and requests for materials should be addressed to Yi Zou.

Peer review information Nature Communications thanks Katherine Williams and the
anonymous reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
37 Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

| (2022)13:225 | https://doi.org/10.1038/541467-021-27931-z | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-021-27931-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Berberine bridge enzyme-like oxidase-catalysed double bond isomerization acts as the pathway switch in cytochalasin synthesis
	Results and discussion
	Bioinformatic analysis revealed two cyt BGCs in the fungus Aspergillus flavipes KLA03
	Heterologous expression of the PKS-NRPS gene and trans-ER gene in A. nidulans led to the production of shunt product
	The additional introduction of the proposed Diels-Alderase and hydrolase genes into A. nidulans successfully reconstituted core backbone synthesis
	The pcCYTs and meCYTs are not enzyme-catalysed products from the biosynthetic process of the aspochalasin family of�compounds
	Berberine bridge enzyme (BBE)-like oxidase AspoA alters the native and nonenzymatic pathways
	AspoA uses Glu538 as the general acid biocatalyst to catalyse a protonation-driven double bond isomerization reaction
	AspoD acts as the cooperation partner of AspoA, and it specifically and precisely reduces the C18 carbonyl group

	Method
	General methods
	Strains
	Isolation of the gDNA and cDNA synthesis
	The preparation and transformation of A. nidulans protoplasts
	Heterologous expression of the aspo cluster in A. nidulans
	Metabolite analysis for A. nidulans strains
	Feeding assays of [1,2-13C]-l-leucine in A. nidulans
	Feeding assays of 6 and 7 for AspoF in A. nidulans
	The protein expression and purification of AspoD in E. coli
	In vitro characterization of AspoD
	In vitro characterization of AspoA and its mutants
	The nonenzymatic reactions in Tris-HCl buffer
	Molecular docking

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




