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Hybrid isoprenoid-polyketides, known as meroterpenoids, are a family of natural products that exhibit
various bioactivities and are promising drug scaffolds. Despite the structural diversity of 1,3,6,8-
tetrahydroxynaphthalene (THN)-derived meroterpenoids, such as furaquinocin, naphterpin, and
furanonaphthoquinone, several biosynthetic genes for these compounds are conserved, suggesting
a shared biosynthetic mechanism. However, the common biosynthetic mechanism and pathway-specific
structural diversification mechanisms of these meroterpenoids are not yet fully understood. This study
reveals the biosynthetic pathway for furaquinocin, demonstrating that it involves reductive deamination
to form a key hydroquinone intermediate essential for subsequent reactions, including a unique
cyclization step. We identified the mechanism of reductive deamination of the biosynthetic intermediate
8-amino-flaviolin through transient diazotization, leading to the formation of the hydroquinone
intermediate 1,2,4,5,7-pentahydroxynaphthalene (PHN). Structural and computational studies confirmed
that PHN is a key substrate for the subsequent methylation. We also showed that the hydroquinone
intermediates are prerequisites for the subsequent pathway-specific reactions, including prenylation and
novel intramolecular hydroalkoxylation of an alkene. This hydroalkoxylation reaction is notable in that
a methyltransferase homolog catalyzes it in an S-adenosylmethionine-independent manner. Our findings
provide a new model for furaquinocin biosynthesis, offering insights into the biosynthetic strategies for
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structural diversity of these final products, several of the
biosynthetic genes are conserved; for example, the gene clusters
for the biosynthesis of THN-derived meroterpenoids contain
a common gene cassette (Fig. S1T). Given the gene conservation,

Introduction

Meroterpenoids are hybrid natural products harboring a terpe-
noid skeleton fused with other molecules, such as polyketides.

Meroterpenoids exhibit various biological activities, such as
antitumor, antibacterial, and antioxidant activities."® The
1,3,6,8-tetrahydroxynaphthalene (THN)-derived
oterpenoids produced by actinomycetes include furaquinocin
(1),** an antitumor active compound produced by Streptomyces
sp. KO-3988 and Streptomyces reveromyceticus SN-593; naph-
terpin (2),° produced by Streptomyces sp. CL190; furanonaph-
thoquinone,” produced by Streptomyces cinnamonensis DSM
1042; and napyradiomycin,® produced by Streptomyces sp.
CNQ525 and Streptomyces aculeolatus (Fig. 1). Despite the

mer-
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we inferred that these meroterpenoids share a common
biosynthetic mechanism and showed that 8-amino-flaviolin (8-
AF, 3), as a common biosynthetic intermediate, is bio-
synthesized via C,, symmetric intermediates, THN and mom-
pain, by three conserved enzymes (e.g., Furl, 2, and 3 for
furaquinocin biosynthesis) (Fig. 1).>*° In contrast to 3, none of
the final products contained an amino group at the C8 position.
In the conversion of 3 to the final products, the amino group is
replaced by a hydrogen atom, indicating that a reductive
deamination step is indispensable during the biosynthesis of
THN-derived meroterpenoids. However, the mechanism by
which the amino group is removed during the biosynthesis of
these meroterpenoids has not been elucidated to date.
Questions also remain regarding the pathway-specific cycli-
zation mechanisms underlying the structural diversity of THN-
derived meroterpenoids. As pathway-specific  cyclases,

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc08319a&domain=pdf&date_stamp=2025-05-03
http://orcid.org/0000-0002-1594-3007
http://orcid.org/0000-0003-0448-9790
http://orcid.org/0000-0001-7500-9462
http://orcid.org/0000-0002-2288-7111
http://orcid.org/0000-0002-7091-0646
http://orcid.org/0000-0001-8143-8052
http://orcid.org/0000-0002-7221-5858
https://doi.org/10.1039/d4sc08319a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc08319a
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC016018

Open Access Article. Published on 31 March 2025. Downloaded on 6/9/2026 4:11:35 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Edge Article Chemical Science
OH O
o HO OH HO OH
5x Ho §CoA Fur1 Fur2 O‘l
Malocr)1 IOCoA NphC OH OH NphD OH O
y -
NapB1 THN NapB2  \ompain
Fnq6 Fnq7

OH O

Naphterpin (2)

o

Napyradiomycin

8-Amino-flaviolin (8-AF, 3)

Furaquinocin (1)

N

o OCH;
]

OH O

Furanonaphthoquinone

Fig.1 Common biosynthetic pathway for meroterpenoids produced by Streptomyces. 8-AF (3) isa common biosynthetic intermediate for THN-
derived meroterpenoids. However, all the meroterpenoids shown here do not contain an amino group. Blue, polyketide moiety; red, terpenoid
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vanadium-dependent haloperoxidases (VHPOs) have been
identified as being involved in the biosynthesis of napyr-
adiomycin and the merochlorin class of THN-derived mer-
oterpenoids (Fig. S2t).*** In the biosynthesis of non-THN-
derived bacterial meroterpenoids including xiamycin, hapa-
lindoles, and atolypene A, unique cyclization mechanisms have
been reported (Fig. S3A-Ct)."** However, the cyclization
patterns of THN-derived meroterpenoids, including fur-
aquinocin, naphterpin, and furanonaphthoquinone, differ
from those observed in other bacterial meroterpenoids. In
addition, the gene clusters responsible for the biosynthesis of
these THN-derived meroterpenoids do not contain genes
encoding homologs of the known bacterial meroterpenoid
cyclases, such as VHPOs. Consequently, the mechanisms
driving the cyclization and structural diversification of these
THN-derived meroterpenoids remain unclear, limiting the
understanding of the source of their structural diversity.

The complete biosynthetic pathway of furaquinocin remains
to be elucidated.”® In addition to intermediate 3, 2-methoxy-3-
methylflaviolin (MMF, 4) has been identified as the substrate
for the prenyltransferase Fur7.”* However, the enzymes
responsible for the conversion of 3 to 4 and the subsequent
cyclization reactions after prenylation remain unclear.

In this study, a comprehensive analysis of furaquinocin
biosynthesis reveals a complete biosynthetic pathway involving

© 2025 The Author(s). Published by the Royal Society of Chemistry

the hydroquinone intermediates (Fig. 2). This pathway involves
the transient introduction of a diazo group, leading to the
formation of a key hydroquinone-based intermediate. This
reduced hydroquinone intermediate plays a crucial role in two
subsequent methylation steps. The introduction of two methyl
groups determines the position of the carbon atom for pre-
nylation. Following prenylation, the cyclic structure of the
prenyl moiety of furaquinocin is achieved by cyclization via
intramolecular hydroalkoxylation of an alkene catalyzed by an
unprecedented type of cyclase as a methyltransferase homolog.

Results and discussion
Nitrite formation by Fur16 and Furl?

We identified the furaquinocin biosynthetic gene (fur) cluster
(fur1-21, Table S1t) and achieved the heterologous production
of furaquinocin in Streptomyces albus.** We showed that Fur7
catalyzes the geranylation of MMF (4) to form 6-prenyl-2-
methoxy-3-methylflaviolin (Fur-P1) (Fig. S4t).>* As two methyl-
ation reactions and reductive deamination are necessary to
convert 8-AF (3) to 4, we hypothesized that the two methylation
reactions involving 3 are catalyzed by the putative methyl-
transferases Fur4 and Furé6. In addition, after closely investi-
gating the fur cluster, we found that Fur16 and Fur17, homologs
of the nitrite-producing enzymes CreD (59% identity) and CreE

Chem. Sci., 2025, 16, 7912-7920 | 7913
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Fig. 2 Proposed biosynthetic pathway for furaquinocin. With initiation by the diazotization of 3 through Fur5, furaquinocin is biosynthesized in
the reduced hydroquinone form via N, gas emission and subsequent modification reactions. The equilibrium between 5 and 6 is biased toward 6
because of the introduction of an electron-withdrawing diazo group into 3, thereby allowing the subsequent nonenzymatic diazo group
elimination in 6 to proceed. The diazo group in 6 is removed as nitrogen gas by the action of NADPH to facilitate the reaction. See the text for

details on the other reaction steps.

(59% identity), respectively, in the cremeomycin biosynthetic
gene cluster are also present in the fur cluster. The CreD and
CreE pair, known as ANS pathway enzymes, generate nitrite
from aspartate.” In addition, the nitrite-forming enzyme pair
NphK and NphL and the pair Fnq20 and Fnq21 are also
conserved in the biosynthetic gene clusters of naphterpin (nph)
and furanonaphthoquinone (fng), respectively (Fig. S17).

To investigate whether Furl6 and Furl7 produce nitrite, N-
terminally His-tagged fur16 and fur17 were overexpressed in
Escherichia coli, and the recombinant proteins were purified to
homogeneity (Fig. S5At). When Furl6 and Furl7 were incu-
bated with r-aspartate (Asp), nitrite was produced (Fig. S5BY).
Unexpectedly, the fur cluster contains a nitrite biosynthetic
system involving the ANS pathway, even though the structure of
furaquinocin does not possess nitrogen atoms. In organic
synthesis, nitrite is used as a reagent for the diazotization of
amino groups.” Thus, we inferred that nitrite might be involved
in the diazotization of the amino group of 3. We identified Fur5,
which is a homolog of the diazo-forming enzyme AvaA6 (29%
identity) involved in avenalumic acid biosynthesis, in the fur
cluster.** The AvaA6 homologs NphH (28% identity) and Fnq11
(28% identity) are also conserved in the nph and fng clusters,
respectively (Fig. S1T). In the biosynthesis of avenalumic acid,
reductive deamination is achieved through diazotization by

7914 | Chem. Sci., 2025, 16, 7912-7920

AvaA6 and subsequent hydride reduction by AvaA7. Although
the fur cluster does not contain an AvaA7 homolog, we
hypothesized that furaquinocin may be biosynthesized by
reductive deamination via diazotization of 3, which could
involve Fur5.

Biochemical analysis of Fur5 and NphH

To identify the function of Fur5, we deleted the fur5 gene from
the furaquinocin heterologous expression plasmid pWHM-
fura2 (hereafter referred to as pWFQ) through A red
recombination-mediated in-frame deletion. The resulting
construct pWFQAfur5 was subsequently transformed into S.
albus G153. The resulting strain S. albus G153/pWFQ4fur5
exhibited significant accumulation of the previously reported
biosynthetic intermediate 3 but exhibited loss of 1 production
(Fig. S67). This result indicated that 3 is a substrate for Fur5. To
confirm Fur5 activity, C-terminally His-tagged fur5 was overex-
pressed in S. albus G153, and a small amount of recombinant
protein was purified to homogeneity (Fig. S7AT). When 3 was
incubated with Fur5 in the presence of ATP and nitrite, the
purple color derived from 3 disappeared within a few minutes,
indicating that 3 was converted to an unknown product
(Fig. S7Bt). To identify the reaction product of Fur5, we per-
formed LC-MS/MS analysis on the Fur5 reaction mixture; we

© 2025 The Author(s). Published by the Royal Society of Chemistry
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detected two compounds, with m/z values of 233.02 and 235.03,
that were produced in a Fur5-dependent manner (Fig. 3). When
the Fur5 reaction was performed with ’N-labeled nitrite, both
products were detected with the m/z increasing by 1 (m/z 234.02
and 236.03, Fig.s S8 and S97). This result indicated that both
products contained nitrogen atoms derived from nitrite. MS/MS
fragment analysis suggested that the product corresponding to
m/z 233.02 was 8-diazoflaviolin (5), in which the amino group of
3 was converted to a diazo group (Fig. S87). The structure of 5
was also supported by the '"H NMR spectrum obtained after
derivatization with ethyl 2-methylacetoacetate (Fig. S107).
Owing to the very low yield and low stability of Fur5, it was
difficult to purify enough 5 for >C NMR analysis. Similarly, the
product corresponding to m/z 235.03 was identified as 2,4,5,7,8-
pentahydroxynaphthalene-1-diazonium (PND, 6), a reduced
form of 5 (Fig. S91). During the investigation of the Fur5 reac-
tion, flaviolin (7) was detected in addition to 5 and 6 (Fig. 3).
Compounds 5 and 6 are unstable and therefore readily con-
verted to 7, as further discussed in the next section. In addition,
the spontaneous conversion of 5 and 6 to 7 also suggests that 5
and 6 contain unstable diazo groups. Next, we investigated how
ATP is utilized in the Fur5 reaction. As ATP was converted to
AMP during the diazotization process, we hypothesize that the
adenylation reaction toward nitrite activates nitrite to facilitate
the nucleophilic attack of 3 (Fig. S117).

The Fur5 homolog NphH (77% identity) is found in the
biosynthetic gene cluster of the naphterpin-producing Strepto-
myces sp. CL190. Therefore, we hypothesized that NphH is also
involved in the diazotization of the amino group of 3. Inacti-
vation of the nphH gene in CL190 resulted in the complete loss
of naphterpin production and the accumulation of 3 (Fig. S12B
and Ct). Complementation of CL1904nphH with the nphH gene
restored naphterpin production (Fig. S12D%), indicating that
nphH is essential for naphterpin biosynthesis. Purified NphH

+2H* N
HO\*OH +2e” HO\“/OH HO\*OH HO\*OH
OH O OH OH OH O
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Fig. 3 In vitro assays of the enzymatic activity of Fur5. HPLC-UV/VIS
analysis of the Fur5 reaction mixture. The assay conditions are
described in the ESL.{ Asz1o, absorbance at 310 nm.
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was unstable and aggregated rapidly during the in vitro reaction
but converted 3 to 5 and 6 as Fur5 catalyzed (Fig. S137). These
results indicate that the biosynthesis of the THN-derived mer-
oterpenoids naphterpin and furaquinocin involves a biosyn-
thetic system involving the diazotization of the amino group of
3. Furthermore, the conservation of genes encoding 8-AF (3)-
forming enzymes, nitrite-forming enzymes, and diazotization
enzymes in the fur, nph, and fng clusters (Fig. S11) suggests the
existence of a shared diazotization system in the biosynthesis of
THN-derived meroterpenoids such as furaquinocin, naph-
terpin, and furanonaphtoquinone.

Fur6 methyltransferase-catalyzed reactions

As mentioned above, when the Fur5-catalyzed reaction mixture
was left at room temperature for one day and then analyzed by
LC-MS again, 5 and 6 were found to have been fully converted to 7
(Fig. S147). We expected that 5, 6, or 7 would be the authentic
substrate for the subsequent methylation reaction and examined
various reaction conditions. Surprisingly, Fur6 exhibited meth-
ylation activity when 7 was used as a substrate in the presence of
the strong reducing agent dithionite, whereas methylation
activity was not detected under reaction conditions without
dithionite (Fig. 4A). Large-scale reactions with Fur6 and NMR
spectroscopy analysis revealed that the methylated product was 3-
methylflaviolin (3-MF (8), Fig. 4A and S15%). This result indicates
that the quinone moiety of 7 is reduced by dithionite, the resul-
tant 1,2,4,5,7-pentahydroxynaphthalene (PHN, 9) serves as
a substrate for Fur6 methyltransferase, and subsequent aerobic
oxidation yields 8 (Fig. 4A). On the other hand, when NADPH was
added instead of dithionite, 8 was not formed, suggesting that
NADPH cannot reduce 7 directly (Fig. 4A).

Crystal structure of Fur6 methyltransferase

To gain more insight into the Fur6-catalyzed reaction, we
prepared crystals of Fur6 and determined its three-dimensional
structure at 2.12 A resolution via X-ray crystallography (PDB ID
8HAR; Fig. S161). Only the S-adenosylmethionine (SAM) analog
S-adenosylhomocysteine (SAH) was bound to the active site.
Since 9 is readily oxidized in air and therefore obtaining the 9-
bound crystal structure would be difficult, we decided to
perform docking simulations to reveal the binding pocket of 9.

The initial coordinates of Fur6 were obtained from the crystal
structure mentioned above. The position of the transferable
methyl group of SAM was modeled by superimposing an opti-
mized SAM structure over that of SAH observed in the crystal
structure. The model of 9 was generated in the monoanionic
form. The pK, values of 9 calculated using the software program
Epik2021-1 for pK, prediction suggested that the hydroxy group at
C5 was deprotonated (Fig. S17t).22° The following assumptions
were applied when 9 was manually docked into the Furé6 struc-
ture. First, the overall structure of 9 was assumed to be near the
position of the methyl group of SAM, which is necessary for
initiating the Sy2-like reaction.”” Second, the C3 atom of 9 was
assumed to be located within 4 A from the carbon atom of the
transferable methyl group of SAM to facilitate the methylation
reaction. Third, 9 was assumed to be surrounded by several

Chem. Sci., 2025, 16, 7912-7920 | 7915
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Fig. 4 Characterization of Fur6. (A) HPLC-UV/vis analysis of the Fur6 reaction mixture. The assay conditions are described in the ESI.{ Asio,
absorbance at 310 nm. (B) Ligand interactions in the active site of Fur6. Carbon atoms in PHN, SAM, and Fur6 residues are shown in yellow,
orange, and green, respectively. Oxygen, nitrogen, sulfur, and hydrogen atoms are shown in red, blue, yellow-orange, and white, respectively.
The distance between the C3 atom of PHN and the carbon atom of the transferable methyl group of SAM is shown as a black dashed line.

Potential hydrogen bonds are shown as yellow dashed lines.

residues that stabilize the ligand in the active site through
hydrogen bonds or m-m stacking. On the basis of these
assumptions, we constructed 12 complex models. MD simulation
was then performed to evaluate the stability of each model. The
simulation revealed a stable binding mode of 9 in Fur6 (Fig. 4B).
The C3 atom of 9 in the complex was located at an average
distance of 3.41 A from the carbon atom of the methyl group of
SAM (Fig. S18t), which is sufficiently close for the methylation
reaction. Trp150 and Asp252 form hydrogen bonds with 9, and
the aromatic moieties of Tyr98, Tyr137, His249, Phe297, Phe298,
Phe301, and Phe302 appear to stabilize the ligand in the active
site. When residues potentially involved in hydrogen bond
formation with 9 were mutated, the methylation activity of Furé
disappeared because of mutations at Tyr137, Trp150 and Asp252.
(Fig. S19 and S207), suggesting that Tyr137, Trp150, and Asp252
recognize 9 in the Fur6 active site. These results also indicate that
9 is the authentic substrate of Fur6.

The hydroxy group at C5 exhibited the lowest pK, (Fig. S171).
This group is first deprotonated to phenolate under physiolog-
ical conditions. Deprotonated 9 binds to the active site of Fur6
and is correctly oriented by Tyr137, Trp150, and Asp252. In
contrast, the hydroxy group at C5 of 7 forms a hydrogen bond
with the ketone at C4, which becomes difficult to deprotonate,
partially explaining why the methylation reaction does not
proceed against 7 (Fig. S2171). Although 9 is easily oxidized in air
and cannot be directly detected, 9 may also be an intermediate
in the biosynthesis of (R)-5-hydroxyscytalone and an important
intermediate in secondary metabolism.?

Nonenzymatic reduction of compound 6

While it was established that compound 9 is the substrate for
Fur6, the mechanism by which 9 is generated from compound 3

7916 | Chem. Sci., 2025, 16, 7912-7920

during the formation of 8 remained unknown. To elucidate this
mechanism, we attempted to generate 8 by using 3 as
a substrate and conducting a simultaneous reaction catalyzed
by Fur5 and Fur6; however, 8 was not detected after this reac-
tion (Fig. 5). In contrast, when NADPH was simultaneously
added to the reaction mixture, 8 was detected. Compound 8 was
also generated through sequential reactions catalyzed by Fur5
and Fur6, wherein Fur5 was removed from the reaction mixture
by ultrafiltration before NADPH was added (see the Methods
section, Fig. S227). These findings suggest that 9, which could
be generated by nonenzymatic reduction of 6 by the action of

E‘ o +§H+ 3 OH OH Furé o
HO. OH +2g~ HO. OH NADPH "HO OH urt [_2H]H0 OH
—
oo O | o ™
OH O OH OH OH OH OH O
8-Diazoflaviolin (5)  PND (6) PHN (9) 3-MF (8)
5 6 8
) 3-MF std.
Flaviolin std.
8-AF std.

0
u N
B

1.0 2.0 3.0 4.0 5.0
Retention time (min)

+Furb, +Fur6, +NADPH

A310

+Furb, +Fur6

+Fur6

—Fur5, -Fur6

Fig. 5 In vitro assays for the simultaneous Fur5 and Fur6 reaction
mixture. HPLC-UV/VIS analysis of the simultaneous Fur5 and Fur6
reaction mixture. The assay conditions are described in the ESI.1 Az;o,
absorbance at 310 nm.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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NADPH, serves as a substrate for Fur6, resulting in methylation
at C3 and the subsequent formation of 8 by aerobic oxidation
(Fig. 5). The addition of a wide range of other bioreducing
agents, such as GSH and cysteine, also enabled the Fur5- and
Fur6-catalyzed formation of 8, as did the addition of NADPH.
These observations imply that 6 might also undergo nonenzy-
matic reduction in vivo (Fig. S237).

The conversion of 9 from 3 proceeds via reductive deami-
nation, which is accomplished by diazotization with Fur5 and
nonenzymatic reduction with reducing agents, such as NADPH.
In our subsequent investigation, we postulated that the diazo
group in compound 6 would be liberated as nitrogen gas during
the reductive deamination process. To test this hypothesis, we
used "°N-labeled 3 and "’N-labeled nitrous acid in the Fur5 and
Fur6 reaction mixture. °N-labeled 3 was synthesized with *°N-
labeled 1-Glu via the oxidative transamination of mompain
with Fur3 (Fig. S2471).° Fully labeled N, gas (’N'°N) was
produced in a labeled substrate- and Fur5-dependent manner,
as detected by GC-MS analysis of the gas phase in the reaction
vial (Fig. S251). This result indicates that during the reductive
deamination process, the nitrogen atoms in the amino groups
that are converted to diazo groups are released as nitrogen gas.

Deamination reactions in vivo, such as those catalyzed by PLP-
dependent aminotransferases, glutamate dehydrogenase, and
flavoenzymes, typically replace the amino group with an oxygen
atom®?® and differ from reductive deamination (Fig. S267).
Reductive deamination is poorly understood, with GMP reductase
being the only known single enzyme to catalyze this process,
releasing ammonia and forming inosine monophosphate (IMP).**
Recently, a novel reductive deamination pathway involving the
diazo-forming enzyme AvaA6 and the NAD(P)-dependent oxido-
reductase AvaA7 was identified as being involved in avenalumic
acid biosynthesis.** The reductive deamination via diazotization
catalyzed by Fur5 is also one of the few examples highlighting the
structural diversity achieved by rare diazo-forming enzymes, such
as AvaA6, CreM, Aha1l1, and AzpL (Fig. S277).>7*

Naphthoquinone is reduced nonenzymatically by NADH,*
but many of the intermediates of furaquinocin, such as 3,
cannot be reduced nonenzymatically by NADH or NADPH.
Electron-donating groups the redox potential of
quinones®** to accelerate the autoxidation of hydroquinones.*®
Therefore, we suspect that the electron-donating hydroxy
groups at C2, C5, and C7 and an amino group at C8 lower the
redox potential of the naphthoquinone intermediates and
prevent them from being reduced nonenzymatically by NADPH.
On the other hand, the introduction of an electron-withdrawing
diazo group by Fur5 increases the redox potential of the naph-
thoquinone intermediate. Thus, the equilibrium between 5 and
6 is biased toward 6, presumably allowing the subsequent
elimination of the nonenzymatic diazo group in 6 to proceed.
Further biochemical analyses of Fur5 are needed to clarify its
characteristic function in reductive deamination.

lower

Fur4 methyltransferase-catalyzed reaction

Compound 8, detected in the sequential reaction of Fur5 and
Fur6, also accumulated in the culture medium of S. albus G153/
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PpWFQ4fur4, which was prepared by deleting the fur4 gene from
PWEFQ (Fig. S287). On the basis of this result, we hypothesized
that the substrate of Fur4, the SAM-dependent O-methyl-
transferase homolog among the Fur enzymes necessary for
conversion to 4, is also a reduced form of 8. To test this
hypothesis, we incubated Fur4 with 8 in the presence of the
reducing agent dithionite, as previously performed with Furé.
HPLC analysis revealed that significant quantities of 4 were
generated in the reaction mixture, indicating that 3-methyl PHN
(10), a reduced form of 8, is the authentic substrate for Fur4
(Fig. S29%). This result demonstrates that 4 is produced by
aerobic oxidation of 2-methoxy-3-methyl PHN (11), a reaction
product catalyzed by Fur4.

Fur7 prenyltransferase-catalyzed reaction

Similar to the methylation reactions catalyzed by Fur6 and Fur4,
prenylation catalyzed by Fur7 was greatly enhanced when the
substrate was in the reducing state (Fig. S30t), with 4 reduced to
2-methoxy-3-methyl PHN (11) by the action of dithionite.
Although the quinone form intermediate 4 has previously been
proposed as a substrate for Fur7, this result reveals that the
authentic substrate of Fur7 is 11, the reduced form of 4, and the
reaction product of Fur7 is 6-prenyl-2-methoxy-3-methyl PHN,
which is subsequently oxidized to Fur-P1.>* We suspect that in
previous studies, a large amount of Fur7 was incubated with 4
over an extended reaction period; therefore, prenylation of 4,
which is a side reaction, was observed.>*

Fur21-catalyzed reaction

We determined that Fur4 and Fur6 are responsible for the two
methylation reactions in furaquinocin biosynthesis, but, curi-
ously, another methyltransferase homolog, Fur21, is present in
the fur cluster. Therefore, we hypothesized that Fur21 has
activities other than methylation. Finally, experiments with our
reductive in vitro reaction system revealed that Fur21 catalyzes
the cyclization of a reduced form of Fur-P1 to produce a reduced
form of furaquinocin C (Fig. 6). Fur21 is a homolog of SAM-
dependent methyltransferases but does not require SAM for
this cyclization reaction (Fig. 6). Several homologs of SAM-
dependent methyltransferases catalyze cyclization reactions,
but the reaction properties of Fur21 differ from those of the
other homologs.*>*® The cyclization reaction catalyzed by TleD
requires methylation by SAM, whereas cyclization by Fur21 does
not require such methylation.”*" SInM is similar to Fur21 in
that it does not require methylation but differs from Fur21 in
that SAM is required for its activity. SInM activity is preserved by
the SAM analog sinefungin but inhibited by SAH, indicating
that the positive charge of SAM is essential for SInM activity.**
Another example of an enzyme in which the positive charge of
SAM is important for activity is Lepl. Lepl is a SAM-dependent
multifunctional enzyme that catalyzes the ambimodal Diels-
Alder/hetero-Diels-Alder reaction and retro-Claisen rearrange-
ment.*»** SpnF is also a SAM-dependent methyltransferase-like
enzyme that catalyzes cyclization, but its cyclization pattern is
a [4 + 2] cycloaddition reaction (Fig. S317).* The reaction cata-
lyzed by Fur2l can be regarded as an intramolecular
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Fig.6 Cyclization by Fur21. LC-UV/VIS-MS spectra of Fur21. Cyclization by Fur21 proceeded under reduced conditions. The assay conditions are
described in the ESI.T As;0, absorbance at 310 nm. Under the +Fur21 + dithionite condition, the substrate Fur-P1 was completely consumed and
converted to Furaquinocin C. The cyclization occurred in a SAM-independent manner.

hydroalkoxylation of an alkene, which is a challenge in stereo-
selective organic chemical synthesis.*® PhnH from Penicillium
herquei NRRL 1040 is the only enzyme reported to catalyze
intramolecular hydroalkoxylation, similar to Fur21.**®* PhnH is
a small protein composed of approximately 150 amino acid
residues belonging to the DUF3237 superfamily and does not
show sequence similarity with Fur21 (Fig. S32At). The cycliza-
tion mechanism catalyzed by Fur21 is also intriguing from the
perspective of a novel noncanonical terpenoid cyclization
reaction.>****%® Although further biochemical and structural
analyses of Fur21 are needed, Fur21-catalyzed stereoselective
intramolecular hydroalkoxylation of an alkene may be mediated
by an acid-base catalyzed mechanism proposed in the PhnH-
catalyzed reaction (Fig. S32Bt).*”*

Conclusion

We have shown that the biosynthetic pathway of the THN-
derived meroterpenoid furaquinocin involves the reductive
deamination of 8-AF (3) and intramolecular hydroalkoxylation-
mediated cyclization. This study highlights the importance of
the amino group of 3 in the formation of a hydroquinone
intermediate via diazotization common to the biosynthesis of
THN-derived meroterpenoids such as furaquinocin and naph-
terpin. The amino group of 3 is a prerequisite for the formation
of 8-diazoflaviolin (5) via diazotization. The resulting diazo
group elevates the redox potential of the quinone moiety of 5 to
facilitate the formation of the key hydroquinone intermediate,

7918 | Chem. Sci, 2025, 16, 7912-7920

PHN (9) via PND (6). Compound 9 is critical for the formation of
the subsequent hydroxyquinone intermediates of furaquinocin
biosynthesis. In the later stage of the biosynthetic pathway after
9, two methylation events regulate the position of geranylation,
which is a prerequisite for cyclization in furaquinocin biosyn-
thesis. Our discovery regarding furaquinocin biosynthesis
through the reduced hydroquinone intermediates led to the
revision of the previously proposed model for THN-derived
furaquinocin biosynthesis through the oxidized quinone
intermediates.?**!
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