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Abstract

We uncovered and reconstituted a concise biosynthetic pathway of the strained dipeptide
(+)-azonazine A from marine-derived Aspergillus insulicola. Formation of the hexacyclic
benzofuranoindoline ring system from cyclo-(L-Trp—/A-methyl-L-Tyr) is catalysed by a P450
enzyme via an oxidative cyclization. Supplementing the producing strain with various indole-
substituted tryptophan derivatives resulted in the generation of a series of azonazine A analogues.
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We uncovered the biosynthetic pathway of the strained dipeptide (+)-azonazine A from marine-
derived Aspergillus insulicolathat features a rarely observed benzofuranoindoline ring system.
Heterologous reconstitution of the fourth-enzyme pathway showed a P450 catalyzes an oxidative
cyclization of cyclo-(L-Trp—A~methyl-L-Tyr) to form the hexacyclic ring system. Analogues

of azonazine A were generated by supplementing the producing strain with different indole-
substituted tryptophan analogues.

Keywords
oxidative cyclization; benzofuranoindolines; biosynthesis; indole alkaloids

Amino acids with nitrogen-containing side chains are important building blocks to
construct and diversify structures of alkaloid natural products.! Many nitrogen-containing
heterocycles such as piperidine, pyrazine, pyridine, quinolones, and quinazoline are derived
from these amino acid in biosynthetic pathways.2 A notable heterocycle derived from

the coupling of tyrosine and tryptophan is the hemiaminal benzofuranoindoline, which
can be found in complex natural products such as diazonamide A,3 bipleophylline,

and (+)-azonazine (1)°® (Figure 1A). Numerous synthetic methods for preparation of

these benzofuranoindoline natural products have been developed, although stereoselective
synthesis remains challenging.® In contrast, biosynthesis of the benzofuranoindoline ring
system has not been reported to date, and consequently the chemical logic of tetracyclic
heterocycle formation remains unknown.

The hexacyclic dipeptide (+)-azonazine A (1), isolated from Aspergillus insulicola (strain
no. 088708a), has anti-inflammatory activity through the inhibition of NF-xB activity and
NO production.® 1 contains a benzofuranoindoline ring system that results in a highly
strained diketopiperazine (DKP). While the absolute stereochemistry of 1 was originally
proposed based on electronic circular dichroism (ECD) spectroscopy,® the total synthesis
of ent-1 by Yao et al.,b9™N later revised the absolute stereochemistry of 1 as 25, 10/,

115, 19S. Therefore, 1 is derived from L-tryptophan and L-tyrosine instead of their b-
enantiomers as initially proposed. The first total synthesis of ent-1 featured biomimetic
oxidative cyclization of cyclo-(p-Trp—A-Me-p-Tyr) ent-2 using hypervalent-iodine (111) as
the oxidation reagent to form the benzofuranoindoline core, which gave an equal ratio of
ent-1 and the diastereomer.69" The relatively low yield of the cyclized products indicated
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that it is challenging to construct the congested hexacyclic core of 1. This implies that
Nature must use dedicated enzymes to stereoselectively construct the benzofuranoindoline
core from a DKP precursor. We now report the concise biosynthetic pathway of 1, which
involves a key P450-catalyzed oxidative phenol-indole coupling reaction.

To identify the biosynthetic gene cluster (BGC) of 1, we first sequenced the 1-producing
strain A. insulicola. Based on the retro-biosynthetic analysis (Figure 1B), the BGC of

1 should encode at least i) a two-module nonribosomal peptide synthetase (NRPS),
homologous to other DKP synthetases such as NotE from the notoamide pathway;8 ii) an
N-methyltransferase (NV-MT) to account for the A-Me-L-Tyr; iii) an acetyltransferase (AT)
for A-acetylation of the indole nitrogen; and iv) a redox enzyme for oxidative cyclization of
the benzofuranoindoline. Guided by this proposal, we located the putative aznBGC (Figure
2A), which encodes a two-module NRPS (AznA) with the domain architecture of ATCAT, a
predicted N-MT (AznB), a P450 (AznC), and a predicted AT (AznD). An orthologous BGC
was found in the genome of Aspergillus flocculosus, which shares 99% identity to the azn
cluster (Figure S3).

To determine the functions of enzymes in the azn cluster, we performed heterologous
expression of aznA-Din Aspergillus nidulans A1145 ASTAEM strain.? After three days of
culture on CD-ST agar, the fungal strain produced a new compound with the same retention
time and molecular weight as 1 with an isolated titer of ~3 mg/L (Figure 2B, trace iv, and
Figure S4). Upon purification from scaled-up culture, the compound was assigned to be 1
by NMR, HRMS as well as optical rotation (Table S4 and Figures S16-S18). We therefore
confirmed that the azn cluster is the BGC of 1.

To understand the chemical logic in biosynthesis of 1, we next performed a gene-by-gene
reconstitution of the azn cluster in A. nidulans. When AznA was the sole enzyme expressed,
no new products were observed compared to the vector-only control (Figure 2B, trace

i). This is consistent with the bioinformatics prediction that AznA does not contain a
releasing domain; such a terminal condensation (Ct) domain is found in other DKP-forming
NRPSs.10 However, coexpression of AznA and the methyltransferase (AznB) led to the
formation of a new product 2 with molecular weight of 363 (Figure 2B, trace ii). Large-scale
cultivation of the transformant allowed us to isolate 2 (~8 mg/L), which was structurally
determined to be cyclo-(L-Trp—/A-Me-L-Tyr). This suggests that the installation of a-A-Me
group on L-Tyr is essential for the formation and release of the DKP from AznA. To
examine the timing of A-methylation, AznB was expressed and purified from Escherichia
coliBL21 (DEJ) (Figure S5), and assayed with L-Tyr or cyclo-(L-Trp—L-Tyr) as substrate.
While no methylation was detected using cyclo-(L-Trp—L-Tyr), AznB readily catalyzed the
N-methylation of L-Tyr with SAM to form A-Me-L-Tyr (Figure 2C and Figure S7). This
suggested that one of the A domains in AznA activates and incorporates A-Me-L-Tyr to
form 2. To test this, we supplemented A-Me-L-Tyr to A. nidulans expressing only AznA. As
expected, the accumulation of 2 was only observed upon N-Me-L-Tyr feeding (Figure S6).

AznA lacks the Ct domain that catalyzes intramolecular cyclization and product release
found in other DKP synthetases such as NotE8 or GliP1! (Figure S1). Therefore, release of 2
from AznA is likely nonenzymatic. A-methylation of L-Tyr by AznB is essential to facilitate

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2024 April 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Liuetal.

Page 4

this step. Mechanistically, the formation of cyclodipeptide must require a c/s-configured
peptide bond between the two amino acids in order to position the nucleophilic A-terminal
amine (N,;-amine) in a conformation to attack the electrophilic thioester carbonyl.12 It was
shown that A+alkylation of the second amino acid from Atterminus in peptides changes

the conformation of amide bond configuration from transto cis.13 We therefore reason that
while A1 domain of AznA, which has moderate identity (37%) with the L-Trp activating
A, domain of NotE8 activates L-Trp; while A-Me-L-Tyr is activated by A, domain of
AznA. C1 domain of AznA then catalyzes the condensation of To-tethered A-Me-L-Tyr
with Tq-tethered L-Trp to form the T,-tethered linear L-Trp—A-Me-L-Tyr as shown in Figure
2E. The cis-configured amide bond then facilitates the nonenzymatic nucleophilic attack of
N;-amine of L-Trp to the T,-tethered thioester to release 2 from AznA.

To determine the subsequent biosynthetic steps, including the formation of
benzofuranoindoline core, additional azn genes were then coexpressed with aznAB.
Coexpression of the acyltransferase aznDwith aznAB in A. nidulans did not give any new
compounds (Figure S4). However, when the P450 aznC was coexpressed with aznABin

A. nidulans, two new metabolites 3 and 3’ with MW=361 were produced (Figure 2B, trace
iii). We performed a large-scale cultivation of the A. nidulans transformant and isolated 3

(8 mg/L). NMR and HRMS characterization revealed the structure of 3, which contains the
strained benzofuranoindoline ring system as in 1 (Table S6, Figures S24-S29). 3 and 3’

can interconvert during purification and characterization, with 3 being the dominant form

in NMR solvent (DMSO-gg). Given the interchangeable nature of 3 and 3’, the structure of
3’ is proposed to be the imine form of 3 that results from the C11-O7 bond cleavage of

the hemiaminal. The biosynthesis of 3 suggests that AznC alone is sufficient to catalyze an
oxidative cyclization of 2 into benzofuranoindoline 3 with the formation of C8—C10 and
C11-07 bonds. To confirm the substrate and the function of AznC, we supplemented 2 to
the A. nidulans transformant expressing only AznC, which led to the direct formation of 3
and 3’ (Figure 2D, trace ii). When directly assayed with 2, the microsomal fraction of the A.
nidulans transformant converted 2 to 3, albeit with low efficiency (Figure S8). This evidence
strongly supports the proposal that AznC is solely responsible for the oxidative cyclization
of 2 to 3. Further expression of AznD led to conversion of of 3 to 1, thereby completing

the biosynthetic pathway (Figure 2B, trace iv). The putative imine form of 1 analogous to 3’
was not observed, which is expected following acylation of the indole nitrogen that leads to
decreased electron density on A4. Hence, the logic of the N-acylation as the final step is to
prevent unraveling of the newly formed benzofuranoindoline ring system.

Biosynthetic pathways of DKP natural products such as (=)-ditryptophenaline often involve
a P450 that catalyzes intermolecular or intramolecular couplings to generate structural
complexity.14-17 AznC is most similar to AneD18 from the aculene BGC and share ~43%
sequence identity. However, AznC facilitates the unprecedented intramolecular oxidative
cyclization that forms two new bonds (one C-C, one C-0) stereoselectively. Based on
proposed mechanisms of other intramolecular coupling P450s, such as CYP121,16 DtpC,12
and HqlC,17 abstraction of hydrogen atom from OH or NH by a P450 must be the first

step to generate a reactive radical species for oxidative coupling reactions. Therefore, the
abstraction of the phenolic (O7) and/or the indole AL-hydrogen in 2 is likely catalyzed by

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2024 April 02.
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AznC. To probe the mechanism of this reaction, we first prepared cyclo (L-Trp—A-Me-L-Phe)
(7) as the analogue of 2 lacking the phenolic OH and cyclo (1-Me-L-Trp—N-Me-L-Tyr) (8)

as the analogue of 2 lacking the indole NH (Figure 2E). Feeding A-Me-L-Phe or 1-Me-L-Trp
to the A. nidulans transformant expressing AznA or AznA with AznB led to the production
of 7 or 8, respectively. Both 7 (Table S7, and Figures S30-S31) and 8 (Table S8 and Figures
S32-536) were purified and structurally verified. With 7 and 8 in hand, we next supplied
each compound to the A. nidulans transformant expressing AznC. However, feeding neither
7 nor 8 led to the formation of any new product. This suggests that both phenolic hydrogen
and indole hydrogen in 2 are required for the AznC-catalysis.

Based on these data and the proposed mechanism of P450-catalyzed reactions reported by
others,14-20 several mechanisms for the AznC-catalyzed oxidative [3+2]-cyclization such as
a diradical recombination or a single radical mechanism can be proposed. To investigate

the plausible mechanism of the AznC-catalyzed reaction, we performed DFT calculations
on the transformation of 2 to 3. As shown in Figure 3, the reaction can be initiated by

a H-abstraction of the indole N—H bond (TS1) or the phenol O-H bond (TS2) by the
ferryl-oxo Compound I of AznC, which can generate an indolyl (Int1) or a phenolyl radical
(Int2). While TS1 has a lower barrier, TS2 leads to a thermodynamically more stable
product (Int2). Given the comparable low energy barriers of both pathways, both routes

are plausible. The resultant compound 11 of AznC can readily abstract the indole N-H or

the phenolic O-H, generating the diradical intermediate Int3. Additionally, we explored the
potential direct attack of radical Int1/Int2 on the phenol/indole aromatic ring, but observed
higher energy barriers that disfavor such reactions (Figure S12). Int3 then undergoes radical
recombination via TS5 with a low coupling barrier (11.1 kcal/mol) to form the ketone
intermediate Int4. The resulting C7-ketone in Int4 readily tautomerizes to form the phenolic
alcohol (Int5), which subsequently attacks the C11-indole imine from the s/-face leading

to the thermodynamically stable product 3 (AGxn = —19.7 kcal/mol). Since the newly
formed stereocenter at C11 could be strictly controlled by the stereochemistry of C10

and the strained structure of Int5, the stereoselective formation of C11-O7 bond may not
require enzymatic control. The spontaneous hemiaminal formation in the active site of AznC
supports the observation that 3’ (the putative imine form) and 3 are interconvertible.

A similar P450-mediated tandem one-electron C-C coupling followed by two-electron
intramolecular cyclization was proposed in the biosynthesis of duclauxins.?! Another
notable example for such tandem reaction is proposed for the biosynthesis of communesin.2?
The P450 CnsC catalyzes the hetero radical-radical coupling reaction between the

indole moieties of tryptamine and aurantioclavin, and forms a heterodimer connected by
vicinal quaternary stereocenters. The resulting heterodimer is subjected to intramolecular
nucleophilic attack from the two amine groups on the electrophilic indole imines to

form the heptacyclic communesin.?2 AznC, DuxL, and CnsC are all proposed to generate
an electrophilic imine or ketone next to a quaternary carbon resulted from one-electron
C-C coupling. The quaternary carbon prevents tautomerization of the imine (or ketone)

to enamine (or enol), and leads to subsequent nucleophilic intramolecular cyclization.
Therefore, this efficient strategy using both one and two electron chemistries employed

by those P450s is a general strategy to form complex heterocyclic scaffolds. We expect that

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2024 April 02.
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this chemical logic will be found in biosynthesis of other multiheterocyclic natural products
such as diazonamide A and bipleiophylline.

Our reconstitution data showed that only three enzymes AznA-C are sufficient to
biosynthesize the strained benzofuranoindoline 3, compared to the reported chemical
synthesis which requires over 10 synthetic steps. The heterologous expression system in

A. nidulans can be leveraged to generate azonazine analogues. To test this, we supplemented
twelve L-Trp analogues (4-F-L-Trp, 4-Br-L-Trp, 5-F-L-Trp, 5-CI-L-Trp, 5-Br-L-Trp, 6-F-L-
Trp, 6-Cl-L-Trp, 6-Br-L-Trp, 7-Br-L-Trp, 7-Me-L-Trp, 5-OH-L-Trp, and 5-NO,-L-Trp) to A.
nidulans transformant expressing aznA-C. All of the examined L-Trp analogues except for
5-OH-L-Trp and 5-NO,-L-Trp supported the biosynthesis of the corresponding analogues

of 2, as detected by selected ion chromatography (Figure S13). The 5-Br- and 6-Br-L-Trp
analogues (16 and 22) of 2 were isolated from large-scale cultivation of the A. nidulans
transformant, and structurally characterized by NMR (Tables S9, S11, and Figures S37-S41,
S47-S51). This suggests that A and C domains of AznA have relaxed substrate scope
towards indole-substituted L-tryptophans. Furthermore, analogues of 3 can be detected in
the feeding studies, except when 4-Br-L-Trp, 5-OH-L-Trp, 5-NO,-L-Trp, and 7-Br-L-Trp
were used (Table 1 and Figure S13). The 5-Br- and 6-Br-L-Trp analogues of 3 (17 and 23)
were isolated from the large-scale cultivations at titers of ~3 mg/L (Table 1), and structurally
confirmed by NMR (Tables S10, S12, and Figures S42-S46, S52-S56). Lastly, analogues

of 1 were also detected when we supplemented the 5- and 6-substituted L-tryptophan
analogues to the A. nidulans co-expressing aznA-D (Table 1 and Figure S14). 5-F-L-Trp
and 5-CI-L-Trp derived analogues of 1 (27 and 28) were also isolated with titers of ~8 mg/
L and 4 mg/L (Table 1), and were structurally determined to be 5-F-L-Trp-azonazine and
5-Cl-L-Trp-azonazine (Tables S13-S14, and Figures S57-S66), respectively.

In conclusion, we reconstituted the biosynthesis of 1 using four enzymes from the azn
BGC, and uncovered the first biosynthetic pathway to the benzofuranoindoline core through
the oxidative phenol-indole dihydrofuran-forming coupling reaction catalyzed by the P450
AznC. Our finding enriches the catalytic repertoire of P450s and facilitates the discovery of
new benzofuranoindoline-containing natural products by genome mining.
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(A) Representative benzofuranoindoline-containing natural products. (B) Retrobiosynthetic

analysis of 1.
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Figure 2.

Biosynthesis of (+)-azonazine A (1). (A) The azn cluster from Aspergillus insulicola

encodes aznA: NRPS (A: adenylation; T: peptidyl-carrier protei

n; C: condensation); aznB:

MT: methyltransferase; aznC. P450; aznD: acetyltransferase; TF: transcriptional factor. (B)
LC-MS analysis of product profiles from each A. nidulans transformant expressing azn
genes. The structure of 3’ is likely the imine form of 3 that results from the C11-O7 bond
cleavage of the hemiaminal. (C) LC-MS analysis of in vitro assay of AznB with L-Tyr.

(D) LC-MS analysis of metabolites from the A. nidulans transformant expressing AznC

supplemented with 2. (E) Proposed biosynthetic pathway of 1.
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Figure 3.
Proposed mechanism for the AznC-catalyzed oxidative coupling reaction of 2 to 3.

Computed pathways for the formation of 3. The energies were calculated by B3LYP-
D3(BJ) /def2-TZVP/SMD(Et20)// B3LYP-D3(BJ) /def2-SVP/IEEPCM(Et20) and are given
in kcal/mol. For all iron-containing species, possible spin states with free energy were
reported. The spin state with the lowest free energy was reported for the species without
iron.
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A. nidulans biosynthesis of indole-substituted compound by supplementation of different L-Trp analogues 4.

AzZnABC AznABCD
Entry Substrate Analogues of 3 Analogues of 1

1 4-F-L-Trp + -
2 4-Br-L-Trp - -

oL ++ (27)
3 5-F-L-Trp A (Isolated yield ~8 mg/L)

++(28)

4 5-Cl-L-Trp =+ (Isolated yield ~4 mg/L)

ne +++ (17)
5 5-Br-L-Trp (Isolated yield ~3 mg/L) +
6 6-F-L-Trp +++ ++
7 6-CI-L-Trp ++ +

+(23)

8 | BT | (1solated yield ~3 mg/L) *
9 7-Br-L-Trp - -
10 7-Me-L-Trp + -
11 5-OH-L-Trp - -
12 5-NO,-L-Trp - -

a .
All substrates were fed at ~ 300 uM. Product analogues were detected by selected ion chromatography. - : not detectable. +++: analogues

produced at levels > 50% of 3 or 1; ++: analogues produced at levels > 20% of 3 or 1; +: analogues produced at levels <20% of 3 or 1. Isolated
yield from large-scale cultivation is shown for 17, 23, 27, and 28.
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