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Abstract: The 6,6-quinolone scaffold of the viridicatin-type of
fungal alkaloids are found in various quinolone alkaloids
which often exhibit useful biological activities. Thus, it is of
interest to identify viridicatin-forming enzymes and understand
how such alkaloids are biosynthesized. Here an Aspergillal
gene cluster responsible for the biosynthesis of 4'-methoxyvir-
idicatin was identified. Detailed in vitro studies led to the
discovery of the dioxygenase AsqJ which performs two distinct
oxidations: first desaturation to form a double bond and then
monooxygenation of the double bond to install an epoxide.
Interestingly, the epoxidation promotes non-enzymatic rear-
rangement of the 6,7-bicyclic core of 4'-methoxycyclopenin
into the 6,6-quinolone viridicatin scaffold to yield 4-methoxy-
viridicatin. The finding provides new insight into the biosyn-
thesis of the viridicatin scaffold and suggests dioxygenase as
a potential tool for 6,6-quinolone synthesis by epoxidation of
benzodiazepinediones.

uinoline and quinolone alkaloids are found in various
organisms and display a broad spectrum of useful biological
activities, including antibacterial, antimalarial, antiviral, and
antitumor activities.! As such, the quinolone motif has served
an important role as a flexible framework for preparing
libraries of bioactive compounds.” 4'-Methoxyviridicatin (1),
which is characterized in this study for the first time, and
related viridicatin (2), which have been isolated from various
Penicillium sp.® contain a structurally interesting and
pharmaceutically attractive scaffolds'*! (Figure 1A). This
scaffold is found in various quinolone and quinolinone
alkaloids.”] The viridicatin framework is thought to be

formed from benzodiazepinediones,*® namely cyclopeptin
(3), dehydrocyclopeptin (4), and cyclopenin (5; Figure 1 A).
These benzodiazepinediones were predicted to be biosynthe-
sized by the condensation of anthranilic acid and an amino
acid,”! a reaction which can be performed by a bimodular
nonribosomal peptide synthetase (NRPS).® Thus, an NRPS
which can combine anthranilic acid with either L-phenyl-
alanine, L-tyrosine, or a derivative thereof would be able to
form the 6,7-bicyclic precursor for the 3-phenyl-substituted
6,0-bicyclic core of the viridicatin scaffold. While there is
a report of a putative NRPS proposed to form indole-
benzodiazepinediones from anthranilic acid and L-trypto-
phan,[g] no NRPS which condenses anthranilic acid with other
types of aromatic amino acids has been reported thus far.
More importantly, details of the formation of the viridicatin
biosynthetic intermediates, as well as the transformation of
6,7-benzodiazepinedione into 6,6-quinolone, still remain ill-
defined to date. Thus, we set out to identify the biosynthetic
enzymes responsible for the formation of viridicatin scaffold
so that we can understand, in depth, the reaction mechanisms
involved in this interesting biosynthetic process.

A previous study has shown that A. nidulans HKI 0410,
a cognate strain of A. nidulans A1149, could produce the
aspoquinolones A-D (6-9; Figure 1B), which were proposed
to be biosynthesized using 1 as an intermediate.”™ Similarly,
another strain of A. nidulans, that is, an endophytic strain of
A. nidulans MA-143, was shown to produce a family of
compounds having a viridicatin-type framework.’*! Thus, we
decided to examine the genome of A. nidulans A1149, a uracil
auxotrophic, nkuA deletion strain of the genome-sequenced
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Figure 1. Proposed biosynthesis of 4-methoxyviridicatin (1). A) Chemical structures of 1, viridicatin (2), and aspoquinolones A-D (6-9).

B) Proposed biosynthetic pathway of 1 involving two consecutive oxidation steps which are catalyzed by a single a-ketoglutarate-dependent
dioxygenase, Asq). Note that the second step is an epoxidation reaction, the type of oxidation which is typically not performed by dioxygenase.
The compounds 1 and 12 are newly isolated and characterized in this study. L=ligand, which comprises two histidines and an aspartic acid
residuel'! (see Figure S40). C) Proposed mechanism of formation of the quinolone framework of 1 from 12.

A. nidulans FGSC A4, to locate the genes involved in the a gene cluster containing the NRPS gene asqgK and the
biosynthesis of 1. Bioinformatics analysis of the A. nidulans  prenyltransferase gene asqH, along with other genes encoding
genome and the chemical structure of 1-12 led us to consider  terpene cyclases and redox enzymes (see Figure S1 and Table
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S1 in the Supporting Information), as a potential gene cluster
for the biosynthesis of 1 and related quinolones. Transcrip-
tional analysis of each gene in the cluster revealed that genes
asqE, F, and K were expressed under conventional culturing
conditions (see Figure S35). However, other genes appeared
to remain silent, thus indicating that this gene cluster is
another example of silent secondary metabolite biosynthetic
gene clusters often found in fungal genomes. Since the
majority of the genes are silenced,"” and we could not detect
the presence of 1 or related compounds in the culture of A.
nidulans A1149, we decided to overexpress asqK in A.
nidulans A1149 to ascertain what products this NRPS can
produce. Upon introduction of an extra copy of asqK, placed
on a plasmid into A. nidulans A1149, we were able to isolate
cyclopeptins from the culture extracts of this modified A.
nidulans A1149 strain. This strain was able to produce 3 and
4’-methoxycyclopeptin (10) when L-phenylalanine and O-
methyl-L-tyrosine, respectively, were introduced (see Fig-
ure S2). To evaluate the extender amino acid specificity of the
NRPS AsgK, we performed HPLC analysis of the two culture
extracts and discovered that O-methyl-L-tyrosine was nearly
tenfold more efficiently incorporated into the benzodiazepi-
nedione framework than L-phenylalanine, with a yield of
20 mgL™" for the formation of 10 as compared to a yield of
2 mgL~" for 3. This result indicated that O-methyl-L-tyrosine
is the actual substrate for AsqK, and suggested strongly that
the asq gene cluster is likely responsible for the biosynthesis
of 1, the key motif of 6-9. In addition, the observation of the
formation of 10 by AsqK clarifies a previous question®!
regarding the origin of the S-adenosyl-L-methionine-derived
N-methyl group in the cyclopeptin skeleton. With putative
standalone methyltransferase genes in the cluster not tran-
scribed at an appreciable level (see Figure S35), the N-methyl
group appears to be introduced by the embedded methyl-
transferase domain of AsqK.

Next, to examine the involvement of each of the predicted
redox enzymes, AsqE, F, G, I, J, and L, in the quinolone
formation, we attempted in vivo bioconversion experiments
using 10 (see Figures S17 and S18 and Tables S6 and S7) as
a fed substrate. For this study, we generated a series of A.
nidulans A1149 strains, expressing each of the six genes, from
an expression plasmid (see the Supporting Information for
details). These in vivo assays revealed that the new compound
11 (Figure 1A), was formed in the presence of Asql (see
Figure S4). High-resolution electrospray ionization (HREST)
LC-MS and 'HNMR, “"CNMR spectrometric analyses
identified 11 as 4'-methoxydehydrocyclopeptin (see Fig-
ures S19-S24 and Table S8). Thus, AsqJ is capable of
performing dehydrogenation on 10 to form a double bond
between C, and Cg of the O-methyltyrosine side chain to form
11. To confirm the function of AsqJ and understand the
detailed reaction mechanism for the formation of 11, we
characterized the activity of AsqJ against 10 in vitro (Fig-
ure 2A, i versus ii). Recombinant Asq] was produced
successfully in Escherichia coli and purified to homogeneity
(see Figure S38 and the Supporting Information). We per-
formed further in vitro analysis on the purified AsqJ, where
the dependence of the activity of AsqJ on cofactors required
by an a-ketoglutarate-dependent dioxygenase™® was exam-
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Figure 2. In vitro analysis of the activity of recombinant Asq) against
different 4-methoxylated substrates. Detailed reaction conditions are
described in the Supporting Information. All traces were monitored at
A=280 nm. A) HPLC profiles of: i) the reaction mixture containing
heat-inactivated Asq), indicated by (—), with 10 as a negative control;
ii) the reaction mixture containing active Asg, indicated by (+), and
10, showing the formation of 11 after 10 min of incubation; iii) the
reaction mixture containing active Asq) and 10, showing the formation
of 12 and then 1 after two hours of incubation; iv) the reaction mixture
containing active Asq) and 10, showing complete conversion of 10 into
1 after 12 h of incubation. The authentic references are given for 10
(v), 11 (vi), 12 (vii), and 1 (viii). B) HPLC profiles of: i) the reaction
mixture containing heat-inactivated Asq) with 11; ii) the reaction
mixture containing Asq) and 11, showing the formation of 12 after

30 min of incubation; iii) the reaction mixture containing Asq) and 11,
showing the formation of 1 after two hours of incubation. The
authentic references are shown for 11 (iv), 12 (v), and 1 (vi).

ined. The result indicated that lack of o-ketoglutarate or
inclusion of ethylenediaminetetraacetic acid in the reaction
mixture substantially diminished the ability of AsqJ to
convert 10 into 11, thus confirming that the dioxygenase
activity of AsqJ was responsible for the formation of the
double bond in 11 (see Figure S39).

To our surprise, the in vitro analysis of AsqJ revealed that
a longer incubation of the reaction mixture (two hours as
compared to ten minutes) resulted in the total loss of 11 and
the formation of an another compound (12; see Figure 1 A)
which appeared as a clear UV peak, and whose structure was
identified to be that of (—)-4'-methoxycyclopenin, an epoxi-
dized product of 11 (Figure 2 A, iii; see Figures S25-S29 and
Table S9). Furthermore, a clear peak representing 1 (see
Figures S30-S34 and Table S10) was also observed. After
a prolonged incubation (12 h), all of the products were
converted into 1 (Figure 2 A, iv). The sequential nature of the
transformation was corroborated by a separate in vitro
reaction in which AsqJ converted 11 into 12 then into
1 (Figure 2B). This unexpected successive conversion of 10
into 12 via 11 revealed that AsqJ is a very unique dioxygenase
which is capable of catalyzing radical-mediated dehydrogen-
ation and epoxidation reactions sequentially on a 6,7-benzo-
diazepinedione substrate in the 4'-methoxyviridicatin biosyn-
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thetic pathway. Another unexpected observation from the
assay, namely the formation of 1, was confirmed to proceed
non-enzymatically by observing the spontaneous and quick
conversion of 12 into 1 in an aqueous buffer at 30°C (see
Figure S41). Similar to the previously proposed mechanism
for the formation of 2, we propose the reaction mechanism
of the formation of 1 to involve opening of the epoxide in 12,
a step is initiated by donation of the methoxy oxygen lone pair
of electrons. This opening results in the conversion of the 6,7-
bicyclic system into the 6,6-bicyclic quinolone of 1 upon
elimination of carbon dioxide and methylamine in the form of
methyl isocyanate (Figure 1 C).

Considering that AsqK is capable of producing 3, we
examined wheter the Asq enzymes are capable of biosynthe-
sizing the non-4’-methoxylated series of products. Analyses of
the asq genes similar to those performed earlier (Figure 3)
revealed that AsqJ is indeed capable of converting 3 into 4
(see Figure S7-S9 and Table S4) and 5 (see Figure S10-S14
and Table S5) in a sequential fashion. However, we were not
able to observe the AsqJ-catalyzed conversion of 5 into 2 (see
Figures S15 and S16). While it is known that 5 can be
converted into 2 non-enzymatically, the rate of conversion is
far slower than that of the conversion of 12 into 1.4l This
slow conversion is probably the reason a viridicatin-producing
fungus carries an enzyme called a cyclopenase.l*®!41
Unfortunately, cyclopenase has only been characterized in
a fractionated cell extract and has not been isolated in the
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Figure 3. In vitro analysis of the activity of Asq) against different non-
4’-methoxylated substrates. Detailed reaction conditions are described
in the Supporting Information. Peaks from separate runs were stand-
ardized by scaling together the height of the IS peak (N-Boc-L-
tryptophan methyl ester). All traces were monitored at A =280 nm.

A) HPLC profiles of: i) the reaction mixture containing heat-inactivated
Asg), indicated by (—), with 3 as a negative control; ii) the reaction
mixture containing active Asq), indicated by (+), and 3, showing the
formation of 4 after 15 min of incubation; iii) the reaction mixture
containing active Asq) and 3, showing the formation of 4 and 5 after
12 h of incubation. The authentic references are shown for 3 (iv), 4 (v),
and 5 (vi). B) HPLC profiles of: i) the reaction mixture containing heat-
inactivated Asq) with 4; ii) the reaction mixture containing Asq) and 4,
showing the formation of 5. The authentic references are shown for 4
(ii)) and 5 (iv). IS=internal standard (N-Boc-L-tryptophan methyl
ester).
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pure form. Thus, detailed biochemical or mechanistic infor-
mation is not known about this enzyme at this time. Cyclo-
penase is absent from the asq cluster, presumably because the
conversion of 12 into 1 proceeds spontaneously.

In conclusion, we identified the gene cluster in A. nidulans
that is responsible for the biosynthesis of 4’-methoxylated 6,7-
benzodiazepinediones and 4'-methoxyviridicatin, which likely
act as a precursor of quinolone natural products, such as
aspoquinolones,®  peniprequinolones,”®  penigequinolo-
nes,” and yaequinolones.’¥ As such, our study provides
new insight into how quinolone and quinolinone alkaloids are
biosynthesized in fungi. Further characterization of the
remaining genes in the cluster is currently ongoing to
determine the exact identity of quinolone products this
cluster is responsible for biosynthesizing. Most interestingly,
however, our study revealed that the dioxygenase AsqJ to be
responsible for the two-step oxidation of the NRPS product,
where the latter epoxidation of the compound sets up the
system for the conversion of a 6,7-bicyclic skeleton into a 6,6-
bicyclic quinolone framework. During the first half of the
transformation, AsqJ creates a double bond in the 6,7-bicyclic
substrate by a radical-mediated dehydrogenation. Then,
during the latter half of the process, AsqJ converts the
double bond it just formed into an epoxide. AsqJ is the first
reported fungal iron- and a-ketoglutarate-dependent, non-
heme dioxygenase involved in alkaloid biosynthesis which not
only performs two sequential oxidation reactions on a single
substrate but also catalyzes an epoxidation reaction. While
there are known examples of dioxygenases performing
sequential reactions on a substrate, such as deacetoxycepha-
losporin/deacetylcephalosporin C synthase from cephalo-
sporin biosynthesis'®! and flavonol synthase in flavonoid
biosynthesis,'? the only other example of a dioxygenase
catalyzing sequential dehydrogenation-epoxidation reactions
was found in the pentalenolactone sesquiterpenoid biosyn-
thesis in Streptomyces.'¥! Moreover, unlike the pentalenolac-
tone biosynthesis, epoxidation of 11 is not the end point of the
biosynthesis but the initiation of an efficient elimination-
rearrangement of the 6,7-bicyclic benzodiazepinedione core
to form the 6,6,-bicyclic viridicatin framework. While dioxy-
genases are known to catalyze a wide variety of redox
reactions,'”! AsqJ is rare in that it catalyzes an epoxidation
reaction. Typically, monooxygenases, such as cytochrome
P450s and flavin-containing monooxygenases, are responsible
for the formation of epoxides in different metabolites.*"!
Apart from the pentalenolactone biosynthetic enzymes
described above, the only reported case of a dioxygenase
catalyzing an epoxidation reaction involves the biosynthesis
of a bacterial nonribosomal peptide antibiotic dapdiamide.?"
Our finding indicates that this dioxygenase-catalyzed epox-
idation is the key step in the rearrangement of benzodiaze-
pinediones into viridicatins in alkaloid biosynthesis, thus
hinting at the potential of this type of dioxygenase as a unique
catalyst for synthesizing various 6,6-quinolones from benzo-
diazepinediones prepared from anthranilic acid with various
different amino acids.
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