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Involvement of the Baeyer-Villiger Monooxygenase IfnQ
in the Biosynthesis of Isofuranonaphthoquinone Scaffold

of JBIR-76 and -77

Yohei Katsuyama*,” Kaoru Sone*,” Ryutaro Satou,” Miho Izumikawa',® Motoki Takagi,”’
Manabu Fujie,” Noriyuki Satoh," Kazuo Shin-ya,'’ and Yasuo Ohnishi*®

JBIR-76 and -77 are isofuranonaphthoquinones (IFNQs) isolated
from Streptomyces sp. RI-77. Draft genome sequencing and
gene disruption analysis of Streptomyces sp. RI-77 showed that
a type Il polyketide synthase (PKS) gene cluster (ifn cluster)
was responsible for the biosynthesis of JBIR-76 and -77. It was
envisaged that an octaketide intermediate (C,s) could be syn-
thesized by the minimal PKS (IfnANO) and that formation of
the IFNQ scaffold (C;;) would therefore require a C—C bond
cleavage reaction. An ifnQ disruptant accumulated some shunt

Introduction

JBIR-76 and -77 are isofuranonaphthoquinone (IFNQ) deriva-
tives that were isolated from Streptomyces sp. RI-77
(Scheme 1);™ a broad range of IFNQs have been isolated from
a wide variety of organisms, including plants and actinomy-
cetes (Scheme 1).27" Some of these IFNQ derivatives have
been reported to have interesting biological properties, includ-
ing antioxidant and antiplasmodial activities.”’ Notably, some
plant-derived IFNQs have been reported to exhibit inhibitory
effects against mosquito glutathione transferase.” Based on
their structures, IFNQ derivatives appear to be synthesized by
polyketide synthases (PKSs), but their biosynthetic pathways
have not yet been elucidated.

Aromatic polyketides isolated from Streptomyces are general-
ly synthesized by type Il PKSs, which are complexes of mono-
functional proteins.”'" Ketosynthase (KS), chain length factor
(CLF), and acyl carrier protein (ACP) are essential components

for the synthesis of polyketides in type Il PKSs;*"" the single
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products (C;s), which were presumably produced by spontane-
ous cyclization of the decarboxylated octaketide intermediate.
Recombinant IfnQ catalyzed the Baeyer-Villiger oxidation of 1-
(2-naphthyl)acetone, an analogue of the bicyclic octaketide in-
termediate. Based on these results, we propose a pathway for
the biosynthesis of JBIR-76 and -77, involving IfnQ-catalyzed
C—C bond cleavage as a key step in the formation of the IFNQ
scaffold.
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Scheme 1. Structures of JBIR-76 and -77 and related IFNQs isolated from mi-
croorganisms and a plant.

set of these proteins is defined as the “minimal PKS". KS and
CLF form a heterodimer that catalyzes an iterative decarboxyla-
tive condensation reaction between malonyl-ACP and an acyl-
ACP to synthesize a polyketide chain. The resulting polyketide
chain is then further modified by tailoring enzymes, such as
oxidoreductases and cyclases, to produce a final polyketide
product.”""
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Scheme 2. Putative pathway for the biosynthesis of JBIR-76 and -77. This biosynthetic pathway is compared with those of actinorhodin and R1128A. Red,

blue, and yellow boxes indicate the putative biosynthetic pathways for JBIR-76/

Actinorhodin and R1128 derivatives are representative of the
polyketides synthesized by typell PKSs, and the pathways
involved in their biosynthesis have been studied extensively
(Scheme 2). For the biosynthesis of actinorhodin, the minimal
PKS (Act-1, 2, 3) synthesizes the octaketide intermediate 1
from eight molecules of malonyl-CoA."*™ The dihydroxybicy-
clic intermediate 2 is then synthesized by the Actlll-catalyzed
reduction of the keto group at position 9" followed by two
cyclization reactions (catalyzed by cyclases ActVIl and ActlV),
which proceed by aldol condensation."®'” Subsequent ActVI-
ORF1-catalyzed reduction of this material affords 4-dihydro-9-
hydroxy-1-methyl-10-oxo-3-H-naphtho-[2,3-c]-pyran-3-(S)-acetic
acid (DNPA, 3), which is a key precursor in the biosynthesis of
actinorhodin.'®?” In the absence of ActVI-ORF1, the dihydroxy-
bicyclic intermediate 2 is converted to dihydroxymethylanthra-
quinone-2-carboxylic acid (DMAC, 4) and aloesaponarin Il (5)
by a nonenzymatic process.!"”?"

In contrast, the biosynthesis of R1128 starts with the prepa-
ration of a short-chain acyl-ACP intermediate by an initiation
module.”? The resulting acyl-ACP is then used as a substrate
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77, actinorhodin, and R1128A, respectively.

by the minimal PKS and converted into the different octaketide
intermediate 6."% The biosynthetic pathway to R1128, unlike
actinorhodin, lacks a specific octaketide reductase such as
Actlll.” The cyclases (i.e., Zhul and ZhuJ) therefore cyclize the
unmodified octaketide 1 to give the trihydroxybicyclic inter-
mediate 7, which is presumably cyclized by a nonenzymatic
process in a manner similar to that observed for the formation
of DMAC in the biosynthesis of actinorhodin.”**¥ Subsequent
oxidation reactions catalyzed by ZhuK and/or ZhuM result in
the formation of R1128A (8).”

Baeyer-Villiger monooxygenases are flavin-dependent mon-
ooxygenases that catalyze the cleavage of C—C bonds adjacent
to keto groups to give the corresponding esters.”” Although
some Baeyer-Villiger monooxygenases are involved in ketone
catabolism in bacteria, many are involved in the biosynthesis
of secondary metabolites. For example, several Baeyer-Villiger
monooxygenases are involved in the modification of poly-
ketide scaffolds synthesized by type Il PKSs.?® These en-
zymes catalyze C—C bond cleavage reactions that induce rear-
rangement of scaffolds of aromatic polyketides, and are there-
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fore important for the structural diversity of aromatic poly-
ketides. MtmOIV, GilOll, and JadG are examples of this type of
Baeyer-Villiger monooxygenase; these enzymes are involved in
the biosynthesis of mithramycin,”” gilvocarcin® and jadomy-
cin,™ respectively.

Here, we analyzed the pathway involved in the biosynthesis
of JBIR-76 and -77 (Scheme 2). Genome sequencing and gene
inactivation experiments revealed that a type Il PKS gene clus-
ter is responsible. This cluster was named ifn (isofuranonaph-
thoquinone). We focused our attention on ifnQ, which encodes
a putative Baeyer-Villiger monooxygenase. Inactivation of ifnQ
and an in vitro enzymatic assay of IfnQ indicated that this
Baeyer-Villiger monooxygenase catalyzed the cleavage of a C—
C bond in a bicyclic intermediate, which could be the key step
in the biosynthesis of the IFNQ scaffold of JBIR-76 and -77.
Based on these results, we propose a pathway for the biosyn-
thesis of JBIR-76 and -77, and provide an important insight
into the biosynthesis of compounds containing an IFNQ scaf-
fold.

Results and Discussion

Identification of the gene cluster involved in the bio-
synthesis of JBIR-76 and -77

The draft genome sequence of the JBIR-76 and -77 producer
Streptomyces sp. RI-77 was determined, and two type Il PKS
gene clusters were found. One is similar to that involved in the
biosynthesis of UT-X26,*" and we therefore postulated that
the other cluster (ifn) is responsible for the biosynthesis of
JBIR-76 and -77 (Figure 1). Thus, we constructed a mutant of
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D proteins with other function or hypothetical proteins

Figure 1. Gene cluster for the biosynthesis of JBIR-76 and -77 showing
lengths and directions of the open reading frames. Letters above indicate
gene names (“ifn” is omitted for clarity).

the KS-encoding gene ifnN: the core region of ifnN was substi-
tuted with aphll to confer neomycin resistance. The Streptomy-
ces sp. RI-77 ifnN::aphll mutant did not produce JBIR-76 or -77
(Figure 2A and B), thus clearly demonstrating that ifn is re-
sponsible for the biosynthesis of JBIR-76 and -77.

Prediction of the JBIR-76 and -77 biosynthesis pathway

The genes encoded by the ifn gene cluster were subjected to
in silico analysis (mainly BLAST search; Table 1 and Figure 1).
IfnN and IfnO show high sequence homology to the enzymes
KS (80% identity) and CLF (71 %), respectively, involved in the
biosynthesis of actinorhodin."®'>"¥ In addition, ifn does not
contain any genes related to the formation of unusual starter
units,!"*%34 for example, genes for the initiation module in
R1128 biosynthesis.”? This suggests that IfnN and IfnO catalyze
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Figure 2. LC-MS analysis (320 nm) of the metabolites produced by Strepto-
myces sp. RI-77 and its mutants: A) wild-type Streptomyces sp. RI-77 produ-
ces JBIR-76 and -77; B) Streptomyces sp. RI-77 ifnN::aphll does not produce
JBIR-76 or -77; C) Streptomyces sp. RI-77 AifnQ does not produce JBIR-76 or
-77, but accumulates 12, 13, and 14. D)-F) Corresponding absorbances at
400 nm.

a similar reaction to that catalyzed by the minimal PKS in the
biosynthesis of actinorhodin and that they synthesize the
same octaketide intermediate (1) from eight molecules of
malonyl-CoA (Scheme 1). However, this octaketide intermedi-
ate consists of 16 carbons, and is inconsistent with the core
structures of JBIR-76 and -77, both of which have 13 carbons
(excluding two carbons of the methoxy groups). Therefore, it
seems likely that the biosynthesis of JBIR-76 and -77 involves
a C—C bond cleavage reaction.

The ifn gene cluster contains three genes (ifnJ, ifnK, and ifnT)
that encode putative polyketide cyclases. Ifn]) is a cyclase fused
to a domain of unknown function at its N terminus; the cyclase
domain is homologous to Zhul (60.1% identity).>** IfnK
shows high sequence homology to ZhuJ (78.3%)."%*® IfnT be-
longs to the Snoal family of cyclases, but does not show sig-
nificant similarity to any characterized enzyme. Zhul and ZhuJ
catalyze the formation of the A and B rings, respectively, of the
octaketide intermediate in the biosynthesis of R1128 deriva-
tives (Scheme 2).'%%24 Therefore, Ifn) and IfnK likely catalyze
similar reactions in the biosynthesis of JBIR-76 and -77. Taken
together, the trihydroxybicyclic intermediate 9 is a probable
precursor of JBIR-76 and -77 (Scheme 2). This is supported by
the fact that an Actlll homologue, which could reduce the keto
group of octaketide," is not encoded in the ifn gene cluster.

As mentioned above, the biosynthesis of JBIR-76 and -77
would require a C—C bond cleavage reaction, and it was as-
sumed that trihydroxybicyclic intermediate 9 was the substrate
for this reaction. The ifn gene cluster was therefore searched
for a gene encoding an enzyme that could catalyze such a reac-
tion: a flavin-dependent monooxygenase (IfnQ) that possesses
the Baeyer-Villiger monooxygenase motif, FXGXXXHXXXW(P/
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Table 1. Predicted functions of genes in the ifn gene cluster.
Orf  Amino Proposed function Protein homology Amino acids
acids identity
ifnA 96 acyl carrier protein acyl carrier protein [Saccharopolyspora hirsutal AAA26490.1 52/80 (65 %)
ifnB 330 dehydrogenase putative acyl-CoA dehydrogenase [uncultured soil bacterium V167] ACX83623.1 51/122 (42%)
ifnC 247 phosphopantetheinyl putative phosphopantetheinyl transferase [Streptomyces gancidicus] WP_016435292.1 101/247 (41 %)
transferase
ifnD 250 regulator SARP family transcriptional regulator [Streptomyces aureofaciens] ACK77758.1 125/244 (51 %)
ifnE 194 FMN reductase multimeric flavodoxin WrbA [Streptomyces venezuelae ATCC 10712] YP_006880813.1 116/192 (60 %)
ifnF 319 esterase lipase/esterase [Amycolatopsis mediterranei U32] YP_003766633.1 168/316 (53 %)
ifnG 361 hypothetical protein Aln6 [Streptomyces sp. CM020] 143/320 (45 %)
ifnH 377 FMNH,-dependent mono- oxygenase LndZ5 [Streptomyces globisporus] AAR16420.1 186/374 (50 %)
oxygenase
ifnl 161 hypothetical protein - -
ifnJ 287 polyketide cyclase granaticin polyketide synthase bifunctional cyclase/dehydratase [Streptomyces himastatini- 145/279 (52 %)
cus] WP_009714484.1
ifnK 265 polyketide cyclase ZhuJ cyclase [Streptomyces sp. R1128] AAG30196.1 198/249 (80 %)
ifnL 132 lipocalin-like domain EsmH2 [Streptomyces antibioticus] AFB35638.1 67/134 (50%)
ifnM 434 regulator LuxR family transcriptional regulator [Stackebrandtia nassauensis DSM 44728] YP_ 209/426 (49 %)
003512161.1
ifnN 422 KS alpha polyketide synthase [Saccharopolyspora hirsuta] AAA26488.1 344/419 (82 %)
ifnO 415 chain length factor polyketide synthase chain length factor [Streptomyces vietnamensis] ADO32787.1 290/403 (72 %)
ifnP 244 two-component oxidase actinorhodin polyketide dimerase [Streptomyces coelicolor A3(2)] NP_629242.1 86/152 (57 %)
ifnQ 638 Baeyer-Villiger mono- 4-hydroxyacetophenone monooxygenase [Streptomyces chartreusis] WP_010034394.1 364/638 (57 %)
oxygenase
ifnR 383 FMNH,-dependent mono- AInT hydroxylase [Streptomyces sp. CM020] ACI88867.1 187/385 (49 %)
oxygenase
ifnS 358 methyltransferase methyltransferase [Verrucomicrobium spinosum] WP_009963450.1 210/336 (63 %)
ifnT 141 polyketide cyclase hypothetical protein AMED 0961 [Amycolatopsis mediterranei U32] YP_003763182.1 41/114 (36 %)
ifnU 315 enoyl reductase alcohol dehydrogenase GroES domain-containing protein [Catenulispora acidiphila DSM 193/308 (63 %)
44928] YP_003115275.1

D),** showed sequence similarity to the Baeyer-Villiger mono-
oxygenase 4-hydroxyacetophenone monooxygenase from
Pseudomonas fluorescens (46.8% identity).?¥ This enzyme cata-
lyzes the oxidation of 4-hydroxyacetophenone to 4-hydroxy-
phenyl acetate, and it was therefore hypothesized that IfnQ
catalyzes the Baeyer-Villiger monooxygenation of 9 to afford
cleavage of an appropriate C—C bond. Three substrates were
considered as candidates for the IfnQ-catalyzed Baeyer-Villiger
reaction: octaketide intermediate 9 synthesized by IfnJ and
IfnK, p-keto acid 10 synthesized by the hydrolysis of 9, the
ketone 11 formed by decarboxylation of 10 (Scheme 1).

Analysis of the ifnQ deletion mutant

An ifnQ deletion mutant was constructed to examine the func-
tion of IfnQ. The ifnQ gene was deleted in-frame, thereby re-
sulting in Streptomyces sp. RI-77 AifnQ, which was unable to
produce JBIR-76 and -77 (Figure 2C). Three compounds accu-
mulated in the culture of Streptomyces sp. RI-77 AifnQ (Fig-
ure 2F); these were isolated and analyzed by spectroscopic
methods to elucidate their structures. High-resolution electro-
spray ionization mass spectrometry (HR-ESI-MS) revealed the
molecular formulae of 12, 13, and 14 (Table 2), and NMR analy-
sis revealed their structures (Figure 3; Table 3). All three have
a benzolglisochromene scaffold, and the core structure is
composed of 15 carbons, thus suggesting that they are shunt
products synthesized by the spontaneous cyclization and oxi-

ChemBioChem 2016, 17, 1021 -1028 www.chembiochem.org

Table 2. HR-ESIMS analysis of 12, 13, and 14.

Compound  Molecular formula Observed m/z Calculated m/z

12 CreH1405 333.0612 [M—H]"  CyH,,05=333.0610
13 CieHi1i0, 317.0656 [M—H]~  CyH,,0,=317.0661
14 Cy5H1,04 287.0559 [M—H]~  C,H;,0,=287.0556

1024

O OH O OH
12: R" = OH, R? = OMe 12
13: R"=H, R? = OMe
14:R'=H,R*=H

C)
_OH 07
MeO X X — COSY
o % ~— HMBC
O OH
13

Figure 3. NMR analysis of 12, 13, and 14. A) Compounds 12, 13, and 14.
HMBC and COSY signals for B) 12, C) 13, and D) 14.
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Table 3. "3C and 'H NMR data for 12, 13, and 14.
12[3] 13[b] 14[b]
Position  dy Oc Oy Oc Oy Oc
1 158.5 158.9 158.8
3 539(q, 60.7 54(q 632 544 (q 63.3
J=6.5 Hz, J=6.5 Hz, J=6.5 Hz,
1H) 1H) 1H)
4 162.6 162.6 162.6
4a 115.2 117.5 117.9
5 178.5 180.7 181.4
5a 131.5 133.0 139.2
6 7.8 (s, TH) 109.0 7.26 (s, TH) 109.6 7.13(d, 110.2
J=2Hz,
1H)
7 157.9 157.6 168.3
8 139.3 140.7 6.48(d, 109.1
J=2 Hz,
1H)
8-OMe 3.82(s,3H) 599 3.96 (s,3H) 61.0 -
9 157.5 158.5 167.3
9a 11.5 113.6 1121
10 184.7 186.6 185.9
10a 116.7 118.0 118.1
n 143 (d, 213 1.55 (d, 214 1.54 (d, 21.3
J=6.5 Hz, J=6.5 Hz, J=6.5 Hz,
3H) 3H) 3H)
12 482 (s, 2H) 544 271 (s,3H) 138 271 (s,3H) 136
[a] 'TH NMR, *CNMR, COSY, HMQC, and HMBC spectra recorded in
[Dg]DMSO on a JEOL JNM-A500 NMR system. The solvent peak was used
as an internal standard (0c=39.7, 0, =2.49 ppm). [b] 'H (600 MHz) and
3C (125 MHz) NMR spectra recorded in [Dg]DMSO on a Varian 600 NB CL
NMR system. The solvent peak was used as an internal standard (0.=
39.7, 0,=2.49 ppm).

dation of a decarboxylated octaketide intermediate prior to
the Baeyer-Villiger monooxygenation (9, 10, or 11). Com-
pounds with similar structures have been isolated from anoth-
er IFNQ producer, Nectria haematococca.” These compounds
might be synthesized by a similar shunt pathway.

In vitro analysis of IfnQ

To determine which compound (9, 10, or 11) is the natural
substrate of IfnQ, we analyzed the activity of IfnQ in vitro. Re-
combinant IfnQ was produced with the pET system and Escher-
ichia coli BL21(DE3) and purified by Ni** affinity chromatogra-
phy (Figure 4A). LC-MS analysis revealed that purified IfnQ
contained flavin adenine dinucleotide (FAD; data not shown),
thus suggesting that this enzyme uses FAD as a cofactor.
Given that the putative substrate of IfnQ was predicted to be
unstable, we synthesized five substrate analogues (Figure 4B).
Compounds 15 and 16 mimic heptaketide bicyclic intermedi-
ates in the free-acid and ACP-bound forms, respectively; N-ace-
tylcysteamine (NAC) is known to mimic ACP* Compounds 17,
18, and 19 mimic 9, 10, and 11, respectively. When IfnQ was
incubated with 15, 16, 17, 18, or 19 in the presence of re-
duced nicotinamide adenine dinucleotide phosphate (NADPH),
only 19 gave a new product, which was subsequently identi-
fied as 20 (Figure 4C and D). Given the predicted function of
IfnQ, it was assumed that 20 would be 2-naphthalenemethyl

ChemBioChem 2016, 17, 1021 -1028 www.chembiochem.org
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Figure 4. In vitro analysis of IfnQ. A) SDS-PAGE of recombinant IfnQ. Lane M:
molecular weight marker; lane 1: insoluble fraction; lane 2: soluble fraction;
lane 3: washings; lane 4: purified recombinant IfnQ. B) Substrates 15, 16, 17,
18, and 19 used for the in vitro analysis of IfnQ. C) IfnQ-catalyzed conversion
of 19 to 20, and D) LC-MS analysis. E) Michaelis-Menten plot of IfnQ-cata-
lyzed formation of 19; mean +SEM (n=3).

acetate, which was prepared by chemical synthesis and used
as an authentic standard. LC-MS analysis of the authentic 2-
naphthalenemethyl acetate and the material produced by the
incubation of 19 with IfnQ revealed that these two materials
had identical retention times (Figure 4D) and UV spectra (data
not shown). Because IfnQ was active without a flavin reduc-
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tase, we concluded that this enzyme is a single-component
FAD-dependent monooxygenase. The kinetic parameters for
the synthesis of 2-naphthalenemethyl acetate by IfnQ were
then measured (Figure 4E): k., and K., were determined to be
0.045s™' and 210 pm, respectively. Based on these results, it
was concluded that in vivo IfnQ catalyzes the Baeyer-Villiger
oxidation of 11 (or its derivatives) to 21 (Scheme 2).

Conclusion

In this study, we identified the JBIR-76 and -77 biosynthesis
gene cluster and elucidated the critical role of the Baeyer-Vil-
liger monooxygenase IfnQ in the construction of the IFNQ scaf-
fold. Furthermore, we propose the following pathway for the
biosynthesis of JBIR-76 and -77 on the basis of bioinformatics
analysis and our experimental results (Scheme 2). First, IfnO
and IfnN synthesize the octaketide intermediate 1 from eight
molecules of malonyl-CoA. IfnJ and IfnK convert this intermedi-
ate into the trihydroxybicyclic intermediate 9. Subsequent hy-
drolysis and decarboxylation reactions (enzymes unknown)
convert 9 into 11, which is the probable substrate of IfnQ. The
IfnQ-catalyzed Baeyer-Villiger oxidation of 11 then gives ester
21. This IfnQ-catalyzed C—C bond cleavage reaction is the key
step in the formation of the IFNQ scaffold, because the
hydroxy group synthesized during the hydrolysis of 21 would
be sufficiently nucleophilic to attack the adjacent ketone and
form a five-membered ring. Subsequent nonenzymatic dehy-
dration completes the synthesis of the IFNQ scaffold (22). Fur-
ther tailoring reactions would be required to synthesize JBIR-
76 and -77.

This work has provided a deeper insight into the way in
which type Il PKS systems expand the structural diversity of
their products. The results also provide a new example of the
role of Baeyer-Villiger monooxygenases in the tailoring of
polyketides.

Experimental Section

Materials: ISP-2 starch medium was prepared by dissolving Bacto
yeast extract (0.4%), Bacto malt extract (1%) and soluble starch
(0.4%) in water. The pH was adjusted to 7.2 prior to autoclaving.

Draft genome sequencing of Streptomyces sp. RI-77: Genome se-
quencing was performed on a 454 GS FLX sequencer (Roche).
Shotgun and paired-end reads were assembled in Newbler (de
novo sequence assembly software; Roche). The ifn gene cluster
was deposited at the DNA Data Bank of Japan (DDBJ) under acces-
sion number LC125462.

Construction of ifnN and ifnQ mutants: The ifnN mutant (Strepto-
myces sp. RI-77 ifnN:aphll) was constructed by exchanging the
region encoding Pro97 to Ala362 of IfnN with aphll, which confers
neomycin resistance. The ifnQ mutant (Streptomyces sp. RI-77
AifnQ) was constructed by deleting the region encoding Asp122
to Glu544 of IfnQ. Both mutants were obtained by conjugal trans-
formation with E. coli ET12567/pUZ8002 (John Innes Centre, Nor-
wich, UK) and screening of the double-crossover recombinant
mutants. Correct gene disruption was confirmed by PCR.

ChemBioChem 2016, 17, 1021 -1028 www.chembiochem.org
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Analysis of metabolites produced by Streptomyces sp. RI-77 and
its mutants: Streptomyces sp. RI-77™" and its mutants were inocu-
lated into ISP-2 starch medium (100 mL) and cultivated at 30°C for
7 days. The resulting culture was acidified with HCl (1 m) to pH< 2,
and extracted with ethyl acetate. The organic extract was collected
and evaporated to dryness to give a residue, which was dissolved
in methanol for LC-ESI-MS analysis on an 1100 series HPLC system
(Agilent Technologies) with a high-capacity trap plus (Bruker Dal-
tonics) equipped with a Monobis C,3 column (2x100 mm; Kyoto
Monotech, Kyoto, Japan). The compounds were eluted with linear
gradient of water and acetonitrile containing formic acid (0.1 %).

Isolation and characterization of 12, 13, and 14: Streptomyces sp.
RI-77 was inoculated into ISP-2 starch medium (1.5 L) and cultivat-
ed at 30°C for 7 days. Amberlite XAD FPX66 (20 g, Organo, Tokyo,
Japan) was then added to the culture, and the mixture was stirred
at room temperature for 2 h. The mixture of cells and XAD was
harvested by centrifugation and extracted with methanol. The sol-
vent was then evaporated to dryness to give a residue, which was
purified by medium pressure liquid chromatography (MPLC; Purif-
Compact A, Shoko Scientific, Kanagawa, Japan) equipped with an
ODS column (Purif-Pak ODS SIZE 60, Shoko Scientific). The com-
pounds were eluted in a linear gradient from solvent A (methanol
(10%) containing formic acid (0.1%)) to solvent B (methanol con-
taining formic acid (0.1 %)) over 20 min. Fractions containing com-
pounds were evaporated to dryness and further purified on a Se-
phadex LH20 column (GE Healthcare). Compounds were eluted in
methanol as a mobile phase; fractions containing compounds
were evaporated to dryness, and the compounds were further pu-
rified on a Waters 600 HPLC system equipped with a C-AR-ll
column (10x250 mm, COSMOSIL, Nacalai Tesque, Kyoto, Japan).
Compounds were eluted in linear gradient of methanol (50-100 %)
containing formic acid (0.1%). 'H NMR, *C NMR, COSY, HMQC, and
HMBC spectra of 12 (2.8 mg) were recorded in [DgJDMSO on a
JNM-A500 NMR System (JEOL, Tokyo, Japan). 'H NMR, "*C NMR,
COSY, HMQC, and HMBC spectra of 13 (0.6 mg) and 14 (0.5 mg)
were recorded in [Dg]DMSO on a Varian 600 NB CL NMR system
(Varian, Palo Alto, CA).

Synthesis of 2-naphthaleneacetyl-N-acetylcysteamine (16): 2-
Naphthaleneacetyl-N-acetylcysteamine was synthesized as previ-
ously reported.® 2-Naphthaleneacetate (4 mmol, TCl, Tokyo,
Japan), N-acetylcysteamine (NAC, 4 mmol, Sigma-Aldrich), triethyla-
mine (4 mmol, Wako, Osaka, Japan), 1-ethyl-3-(3-dimethylamino-
propyl)-carbodiimide hydrochloride (WSC, 4 mmol, Dojindo Molec-
ular Technologies, Kumamoto, Japan) and 4-dimethylaminopyridine
(DMAP, 6 mmol, Wako) were dissolved in dichloromethane (10 mL),
and the mixture was stirred at room temperature for 8 h. The mix-
ture was diluted with chloroform and washed with deionized
water before being dried over anhydrous Na,SO,. The solvents
were then evaporated under reduced pressure to give a residue,
which was purified by MPLC on a silica gel column (Purif-Pak SI,
SIZE 60, Shoko Scientific). The structure of 2-naphthaleneacetyl-N-
acetylcysteamine was confirmed by 'H NMR analysis.

Synthesis of 4-(2-naphthalene)-3-oxobutyryl-N-acetylcysteamine
(17):  3-Oxo-4-naphthylbutyryl-N-acetylcysteamine thioester was
synthesized according to a previously reported procedure.'® 2-
Naphthaleneacetate (4 mmol, TCl), Meldrum’s acid (4 mmol, Wako),
triethylamine (4 mmol), WSC (4 mmol) and DMAP (6 mmol) were
dissolved in dichloromethane (10 mL), and the resulting mixture
was stirred at room temperature for 8 h. The mixture was then
diluted with chloroform and washed with deionized water before
being dried over anhydrous Na,SO,. The solvents were evaporated
under reduced pressure to give a residue, which was purified by
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MPLC on a reversed-phase column (Purif-Pak ODS SIZE 60). The
structure of 2-naphthaleneacetylmeldrum acid was confirmed by
"H NMR.

2-Naphthaleneacetylmeldrum acid (4 mmol) and NAC (4 mmol)
were added to anhydrous benzene (10 mL), and the mixture was
stirred under reflux at 80 °C for 2 h. The mixture was then cooled
to ambient temperature and diluted with chloroform before being
washed with deionized water and dried over anhydrous Na,SO,.
The solvents were evaporated under reduced pressure to give a
residue, which was purified by MPLC on a silica gel column (Purif-
Pak SI, SIZE 60). The structure of 4-(2-naphthalene)-3-oxobutyryl-N-
acetylcysteamine was confirmed by 'H NMR.

Synthesis of 4-(2-naphthalene)-3-oxobutyric acid (18): 4-(2-Naph-
thalene)-3-oxobutyric acid is unstable and was therefore synthe-
sized immediately prior to the reaction. Methanol (5 L) and NaOH
(3 uL, 2m) were added to 17 (100 mm) in dimethyl sulfoxide
(DMSO), and the mixture was incubated at 60°C for 2 h. The mix-
ture was then cooled to ambient temperature and treated with
methanol (7 uL) and HCl (3 uL, 2m). The resulting mixture was
added directly to the reaction mixture.

Synthesis of 1-(2-naphthyl)acetone (19): 1-(2-Naphthyl)acetone
was synthesized as previously reported.*® A mixture of 2-naphthyl-
acetic acid (1 g, TCl), acetic anhydride (4 mL, Wako) and pyridine
(4 mL, Wako) was heated at reflux under an atmosphere of nitro-
gen for 4 h. The mixture was then cooled to ambient and the sol-
vents were evaporated under reduced pressure to give a residue,
which was purified by MPLC on a silica gel column (Purif-Pak SI,
SIZE 60). The structure of 1-(2-naphthyl)-acetone was confirmed by
"H NMR.

Synthesis of 2-naphthalenemethyl acetate (20): 2-Naphthalene-
methanol (1 mmol, TCl), acetic anhydride (2 mmol, Wako), and
DMAP (0.05 mmol) were dissolved in dichloromethane (5 mL), and
the mixture was stirred at room temperature for 8 h. The mixture
was then diluted with chloroform and washed with deionized
water before being dried over anhydrous Na,SO,. The solvents
were evaporated under reduced pressure to give a residue, which
purified by MPLC on a silica gel column (Purif-Pak SI, SIZE60). The
structure of 2-naphthalenemethyl acetate was confirmed by
"H NMR.

Purification of IfnQ: A 1.6 kb DNA fragment containing the IfnQ-
encoding region was amplified from genomic Streptomyces sp. RI-
77 by PCR with primers 5-AACAT ATGGC GTTCA GCAGG CCGCT
GCG-3' (Ndel site in bold, start codon in italics) and 5-TTCTC
GAGTC AGCTG ACATG GAGGT CGT-3' (Xhol site in bold, stop
codon in italics). The amplified fragment was inserted to pJET1.2 to
obtain pJET1.2-ifnQ. The Ndel-Xhol fragment containing ifnQ was
excised from pJET1.2 and inserted between the Ndel and Xhol
sites of pET16b, thereby resulting in pET16b-ifnQ.

For the production of N-terminally His-tagged IfnQ, E. coli
BL21(DE3) harboring pET16b-ifnQ was grown at 37°C in ZYM-5052
medium®” containing ampicillin (100 mgL™") to ODy,=0.8. The
culture was then cooled to 15°C and incubated at this tempera-
ture for 32 h. The cells were harvested by centrifugation and resus-
pended in Tris-HCl (10 mm, pH 8.0) containing NaCl (200 mm) and
glycerol (10%). After sonication, cellular debris was removed by
centrifugation and filtration, and the clear lysate was subjected to
purification by Ni** affinity chromatography using His-Accept (Na-
calai Tesque). Imidazole was removed from the elution buffer by
using a PD-10 column (GE Healthcare), and the purified protein
was dissolved in Tris:HCI (10 mm, pH 8.0) with NaCl (200 mm) and
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glycerol (10%). The cofactor of IfnQ was identified by the following
procedure. The IfnQ solution was mixed with an equal volume of
methanol, and the resulting mixture was centrifuged to remove
the precipitated protein. The supernatant was analyzed by LC-MS
to compare the retention time of the extracted cofactor and that
of FAD.

In vitro analysis of IfnQ reaction: The reaction mixture (100 L)
containing Tris-HCI (100 mm, pH 8.0), substrate analogue (200 um),
NADPH (250 pum), and IfnQ (1 um) was incubated at 30°C for 1 h,
and the product was extracted with ethyl acetate. The organic
layer was collected and evaporated to dryness to give a residue,
which was dissolved in methanol (15 L) for LC-MS analysis.

Kinetic analysis of IfnQ: For the analysis of the kinetic parameters
of the IfnQ reaction, Tris-HCl (50 mm, pH 7.5, 100 plL) containing
IfnQ (3 um), 1-(2-naphthyl)-acetone (10-250 pum), NADPH (2 mm)
was incubated at 30°C. The initial velocity of the reaction was esti-
mated by monitoring the decrease in absorbance at 340 nm as
a result of the consumption of NADPH. The kinetic parameters
were calculated by fitting the substrate concentration/initial veloci-
ty plot to Equation (1)

V= Kea x [E] ¥ [SI/(Kny + [S]) M
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