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Experimental Section

General

Biochemicals and enzymes for genetic manipulation were purchased from TaKaRa Bio
(Ohtsu, Japan), New England Biolabs Japan (Tokyo, Japan) and TOYOBO (Osaka, Japan).
Eluent additives in liquid chromatography were purchased from Sigma- Aldrich (St. Louis,
MO). Nitrite and L-Asp were purchased from Kanto Chemical Co., Inc. '°N labeled L-Glu and
nitrite were purchased from SHOKO SCIENCE. All other reagents were purchased from
FUJIFILM Wako Pure Chemical Industries (Osaka, Japan), Kanto Chemicals (Tokyo, Japan),
Tokyo Chemical Industry (Tokyo, Japan) and Nacalai Tesque (Kyoto, Japan) unless
otherwise noted. Flaviolin, 8-AF, MMF, GPP, furaquinocin D, and naphterpin were prepared
in our previous work!"-?. Cells were disrupted using a Branson Sonifier 250 (Emerson Japan,
Tokyo, Japan). HR-ESI-MS spectra were collected using a SCIEX Triple TOF 5600 system
equipped with a UFLC Nexera system (Shimadzu, Kyoto, Japan) or a SCIEX triple TOF
X500R system equipped with an UFLC Nexera system (Shimazu; Kyoto, Japan). For HPLC-
UV/VIS analysis, X-LC (JASCO, Tokyo) system was used. For HPLC-UV/VIS-MS analysis,
ACQUITY UPLC H-Class system/ACQUITY QDa (Waters, Tokyo) was used. DNA
manipulation was performed according to the manufacturer's instructions. NMR spectra were
obtained using a JEOL ECA-600.

Bacterial strains and vectors

Escherichia coli DH5a was used for plasmid cloning. E. coli BL21 (DE3) and B834(DE3)
were used for expressing recombinant proteins. Streptomyces albus G153 was used as a
heterologous host. The pT7Blue T-vector (Novagen) was used for cloning PCR products.
pHis8F! was used for protein expression. A Streptomyces-E. coli shuttle vector, pSE101,!
was used for heterologous expression. E. coli BW25141/pKD46 was used for ARED
recombination. pWHM-fura2l®! was used for gene disruption and heterologous expression.
pUC118 apr® was used for double crossover deletion of nphH.

Purification of recombinant proteins from E. coli BL21(DE3)

The pHis8 vector (Novagen, Darmstadt, Germany) pET-26b(+) (Novagen, for NphH) were
used for plasmid construction. Each gene (fur4,6,16,17,21,nphH) was amplified using the
respective primer sets shown in Table S2. These sequenced genes were digested with
corresponding restriction endonucleases to clone into pHis8 or pET-26b(+) vector. Fur7 was
cloned in our previous work.?

After transformation of E. coli BL21(DE3), each transformant was cultivated in 100 mL TB
medium (tryptone 1.2%, yeast extract 2.4%, glycerol 0.56%, K2HPO4 1.25% and KH2PO4
0.23% supplemented with corresponding antibiotics) at 37°C until OD600 reaches 0.4-0.6.
After cooling the culture on ice for 10 minutes, isopropy! 3-D-thiogalactopyranoside (IPTG)
was added to the culture at a final concentration of 100 uM to induce gene expression culture
was further incubated at 18°C for 12 h. The cells were harvested by centrifugation at 4°C
(5000 rpm, 10 min) and washed by 20 mL of Wash buffer (20 mM Tris-HCI pH 8.0, 500 mM
NaCl, 20 mM imidazole-HCI pH 8.0, and 20% glycerol), followed by centrifugation at 4°C
(5000 rpm, 10 min). The washed pellet was resuspended in Wash buffer again and lysed by
sonication on ice. Cell debris was removed by centrifugation at 4°C (17,000 rpm, 20 min).
Two mL slurry of Ni- NTA Superflow Resin (Qiagen, Tokyo, Japan) was added and incubated
with the supernatant at 4 °C for 1 h. The resulting mixture was loaded on an Econo-Pac®
chromatography column (Bio-Rad, Hercules, CA) and resins were washed with 40 mL of
Wash buffer and then eluted with 10 mL of Elution buffer (20 mM Tris-HCI pH 8.0, 500 mM
NaCl, 250 mM imidazole-HCI pH 8.0, and 20% glycerol). Each purified protein was examined
by SDS-PAGE. Finally, the purified proteins were concentrated using Vivaspin® 20
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ultrafiltration unit (Sartorius) and then aliquoted and stored at -80°C.

Purification of recombinant proteins from S. albus G153

The vector pSE101 was used for gene expression in S. albus G153 strain. The plasmid
pSE101-fur3, pSE101-fur5 and pSE101-nphH were constructed by subcloning
corresponding DNA fragments into the Hindlll and Xbal sites of pSE101. pSE101-fur3 and
pSE101-fur5 were transformed into S. albus G153, using the polyethylene glycol-mediated
protoplast transformation.l”! Each transformant was pre-cultivated in 10 mL of TSB medium
with 30 ug/mL thiostrepton at 30°C, 300 rpm for 2 days. Two % of the seed culture was
inoculated into 100 mL of YEME medium (10.3 g Sucrose, 0.3 g yeast extract, 0.5 g peptone,
1.0 g glucose, 0.3 g malt extract, separately autoclaved 0.5 mL 1 M MgCl2-6H20) or TSB
medium with 30 ug/mL thiostrepton at 28°C for 3 days. Protein purification procedures are
the same as those from E. coli BL21(DE3).

LC-HRMS analysis

The products of FurS or NphH reaction mixture, and the cultural broth of CL190WT,
CL190AnphH, CL190AnphH+pSE101-nphH were analyzed by LC-electrospray ionization
(ESI)-high-resolution mass spectrometry (HRMS) using a SCIEX Triple TOF 5600 system
equipped with an Ultra-Fast Liquid Chromatograph (UFLC) Nexera system (Shimadzu; Kyoto,
Japan). The UFLC system was equipped with a CAPCELLPAK C18 column (2.0 x 50 mm;
Shiseido, Tokyo, Japan) and eluted at a flow rate of 0.4 mL/min. The mobile phase was
composed of A: H20 + 0.1% formic acid; mobile phase B: acetonitrile + 0.1% formic acid. A
linear gradient of 10-90% B for 4 min, 90% B for 1 min, and 10% B for 5 min. MS and MS/MS
parameters were as follows: acquisition mass range, m/z 50-1500; TOF accumulation time,
0.1 s; MS/MS accumulation time, 0.04 s; Collision Energy, 30 eV; lon Source Gas 1, 50 psi;
lon Source Gas 2, 50 psi; Curtain gas, 25 psi; lon spray voltage Floating, 5500 v;
Temperature, 550 °C. MS data were analyzed with a PeakView software (SCIEX).

Derivatized 8-diazoflaviolin by Fur5 reaction or the cultural broth of S. albus G153/
pWFQAfur4 and S. albus G153/ pWFQAfur5 were analyzed by LC-electrospray ionization
(ESI)-high-resolution mass spectrometry (HRMS) using a SCIEX triple TOF X500R system
equipped with an UFLC Nexera system (Shimazu; Kyoto, Japan). The UFLC system was
equipped with a CAPCELLPAK C18 IF column (2.0 mm x 50 mm; Shiseido, Tokyo, Japan)
and eluted at a flow rate of 0.4 mL/min. The mobile phase was composed of A: H20 + 0.1%
formic acid; mobile phase B: acetonitrile. A linear gradient of 10-90% B for 4 min, 90% B for
1 min, and 10% B for 5 min.

LC-UV/VIS-MS analysis

The products of reaction mixtures of the Fur4, 5, 6, and 7 were analyzed by HPLC-UV/VIS-
MS with the ACQUITY UPLC H-class system/ACQUITY QDa. The HPLC-UV/VIS-MS is
equipped with a C18 column (ACQUITY UPLC BEH C18 2.1 x 50 mm, Waters) and eluted
at a flow rate of 0.4 mL/min. LC conditions were as follows: mobile phase A, H20+0.1%
Formic acid; mobile phase B, Acetonitrile+0.1% Formic acid; 0%—90% B over 4 min, 90% B
for 1 min, and then 10% B for 5 min, at a flow rate of 0.4 mL/min. Multiple-wavelength
monitoring was performed at 200—-650 nm.

HPLC-UV/VIS analysis

ATP consumption analysis of Fur5 reaction mixture was monitored by the absorbance at
260 nm using a HPLC system equipped with a Capcell Pak C18 MGII column (4.6 ¢ x 250
mm; ambient temperature; Shiseido, Tokyo, Japan). LC conditions were as follows: mobile
phase A, H2O + 5 mM dibutylammonium acetate (DBAA); mobile phase B, methanol;



20-90% B over 20 min and 90-20% B over 1 min, followed by 20% B for 15 min, at a flow
rate of 1 ml min".

The products of Fur16,17 reaction mixture were analyzed using X-LC system equipped with
a Shiseido CAPCELL PAK C18IF column (2.0 ® x 50 mm; Shiseido, Tokyo). LC conditions
were as follows: mobile phase A, H20+0.1% Formic acid; mobile phase B, Acetonitrile+0.1%
Formic acid; 0%—90% B over 4 min, 50% B for 1 min and then 10% B for 5 min, at a flow
rate of 0.4 mL/min. After 1 hour at 30°C, the reaction was stopped by adding an equal volume
of MeOH to the reaction solution. The precipitate was removed by centrifugation, and an
equal volume of 10 mg/mL Griess-Romijn reagent was added to the centrifuged supernatant
and analyzed by X-LC. The detection of nitrite with Griess-Romijn reagent involves the
conversion of nitrite to azo compounds by reaction with the amino group of sulfanilamide
under acidic conditions, followed by azo coupling with N-1-napthylethylenediamine
dihydrochloride (NED), resulting in detection at 528 nm absorbance.

GC-MS analysis

GC-MS analysis was performed using a GCMS-QP2020 system equipped with a Msieve-
5A, (30 m, 0.32 mm ID, 30 ym film) (Restek, Pennsylvania, USA). Injector temperature:
200 °C, temperature program: 40 °C constant.

In vitro assay for the Fur16 and Fur17 reaction.

The standard reaction was performed at 30 °C for 1h in 100 yL reaction mixture containing
100 mM HEPES-NaOH, pH 7.5, 1 mM NADH/NADPH, 1 mM L-Asp, 1 mM DTT, 14 uM Fur16,
and 19 yM Fur17. After incubation, the reaction was quenched by adding 100 pL of methanol.
After centrifugation, the supernatant was subjected to LC-UV/VIS-MS analysis.

In vitro assay for the Fur5 reaction.

The standard reaction was performed at 30 °C for 1h in 100 yL reaction mixture containing
100 mM HEPES-NaOH, pH 7.5, 100 uM 8-AF, 1 mM ATP, 5 mM MgClz, 1 mM NaNO:2 (or
SN labeled one) and 2 uM Fur5. After incubation, the reaction was quenched by adding 100
uL of methanol. After centrifugation, the supernatant was subjected to LC-HRMS analysis or
LC-UV/VIS-MS analysis.

The reaction condition for the ATP detection was performed at 30 °C for 2h in 100 pL
reaction mixture containing 100 mM HEPES-NaOH, pH 7.5, 200uM 8-AF, 200 uM ATP, 1
mM MgCl2, 1 mM NaNOz, and 4 uM Fur5. After centrifugation, the supernatant was subjected
to HPLC-UV/VIS analysis.

For 'H NMR analysis, the large-scale reaction was performed at 4°C for 4 days in 160 mL
reaction mixture containing 100 mM HEPES-NaOH, pH 7.5, 4.1 mg 8-AF, 5 mM ATP, 10 mM
MgCl2, 5 mM NaNOz2, and Fur5 from 8 L culture of S. albus G153/pSE101-fur5. Derivatization
by Ethyl 2-methylacetoacetate, which was previously used to detect a diazo group® was
performed at 4 °C for 9 days. The product was extracted three times with an equivalent
volume of ethyl acetate and dried under reduced pressure in an evaporator. The mobile
phase of TLC was chloroform:MeOH = 20:1 with 0.1% formic acid. The fraction of Rf = 0.33
was scraped off, dissolved in methanol, and further purified by preparative HPLC using 50%
acetonitrile with 0.1% formic acid as the mobile phase. A very small amount of derivatized 8-
diazoflaviolin was obtained by preparative HPLC using 50% acetonitrile with 0.1% formic
acid as the mobile phase. Derivatized 8-diazoflaviolin dissolved in CD3OD was subjected to
"H NMR analysis. An equal volume of mobile phase (50% acetonitrile with 0.1% formic acid)
was collected when derivatized 5 was fractionated and the solvent was evaporated to
prepare the NMR sample of the blank fraction.



In vitro assay for the NphH reaction.

The standard reaction was performed at 30 °C for 1h in 100 yL reaction mixture containing
100 mM HEPES-NaOH, pH 7.5, 100 uM 8-AF, 1 mM ATP, 5 mM MgClz, 1 mM NaNOz, 10%
(v/v) glycerol and 10 uM Furb5 or NphH. After incubation, the reaction was quenched by
adding 100 pL of methanol. After centrifugation, the supernatant was subjected to LC-HRMS
analysis.

In vitro assay for the Fur6 reaction.

The standard reaction was performed at 30 °C for 1h in 100 yL reaction mixture containing
100 mM HEPES-NaOH, pH 7.5, 100 uM flaviolin, 1 mM SAM, 5 mM dithionite or NADPH,
and 2 uyM Fur6. After centrifugation, the supernatant was subjected to LC-UV/VIS-MS
analysis.

In vitro assay for the Fur5 and Fur6 reaction.

The standard reaction was performed at 30 °C for 1h in 100 yL reaction mixture containing
100 mM HEPES-NaOH, pH 7.5, 100 uM 8-AF, 1 mM ATP, 5 mM MgClz, 1 mM NaNOz, 1 mM
SAM, 1 mM NADPH, 2 uyM Fur5, and 2 uyM Fur6. After centrifugation, the supernatant was
subjected to LC-UV/VIS-MS analysis.

The sequential reaction was performed at 30 °C for 1h in 100 uL reaction mixture under the
conditions of Reaction Mixture 1 (100 mM HEPES-NaOH, pH 7.5, 100 uM 8-AF, 1 mM ATP,
5 mM MgClz, 1 mM NaNOg, and 2 pM Fur5), followed by ultrafiltration (removal of proteins
larger than 10 kDa), and then the reaction was performed under the conditions of Reaction
Mixture 2 (1 mM SAM, 1 mM NADPH, and 2 uM Fur6).

The reaction with a wide range of reducing agents was performed at 30 °C for 1h in 100 pyL
reaction mixture containing 100 mM HEPES-NaOH, pH 7.5, 100 uM 8-AF, 1 mM ATP, 5 mM
MgClz, 1 mM NaNOz2, 1 mM SAM, 1 mM reducing agents, 2 yM Fur5, and 2 uyM Fur6. After
centrifugation, the supernatant was subjected to LC-HRMS analysis.

The reaction condition for the N2 gas detection was performed at 30 °C for 2h in 100 pL
reaction mixture containing 100 mM HEPES-NaOH, pH 7.5, 200 uM 8-AF, 1 mM ATP, 5 mM
MgCl2, 1 mM NaNO: (or '*N labeled one), 1 mM SAM, 1 mM NADPH, 2 uM Fur5, and 2 yM
Fur6. After centrifugation, the supernatant was subjected to LC-UV/VIS-MS analysis.

In vitro assay for the Fur3 reaction and '°N 8-AF purification.

Fur3 reaction was performed at 30 °C for 6 days in a 50 mL reaction mixture containing 100
mM HEPES-NaOH, pH 7.5, 4 mg mompain, 1 mM L-Glu, 50 uM PLP, and 60 uM Fur3. After
incubation, the reaction mixture was adsorbed on Sep-Pak C18 6 cc Vac Cartridge (Waters,
1 g Sorbent per Cartridge, 55-105 uym, 30/pk), washed with miliQ (+0.1% TFA), 20% MeOH
(0.1% TFA), and eluted with 100% MeOH (+0.1% TFA). The eluted fractions were dried, and
the residue was purified by preparative HPLC using 25% acetonitrile as the mobile phase.

In vitro assay for the Fur4 reaction.

The standard reaction was performed at 30 °C for 1h in 100 yL reaction mixture containing
100 mM HEPES-NaOH, pH 7.5, 100 yM 3-MF, 1 mM SAM, 5 mM dithionite, and 2 yM Fur4.
After centrifugation, the supernatant was subjected to LC-UV/VIS-MS analysis.

In vitro assay for the Fur7 reaction.

The standard reaction was performed at 30 °C for 1h in 100 yL reaction mixture containing
100 mM HEPES-NaOH, pH 7.5, 100 uM MMF, 1 mM GPP, 5 mM dithionite, and 2 yM Fur7.
After centrifugation, the supernatant was subjected to LC-UV/VIS-MS analysis.

7



In vitro assay for the Fur21 reaction.

The standard reaction was performed at 30 °C for 1h in 100 yL reaction mixture containing
100 mM HEPES-NaOH, pH 7.5, 100 uM Fur-P1, 1 mM SAM, 5 mM dithionite, and 2 yM
Fur21. After centrifugation, the supernatant was subjected to LC-UV/VIS-MS analysis.

Purification of Fur6 for crystallization

E. coli strain BL21(DE3) cells were transformed with the pHis8-fur6 and cultured as
described earlier. The cells transformed with the pHis8-fur6 were suspended in the wash
buffer described above that comprised 50 mM Tris-HCI pH 8.0, 150 mM NaCl, 10% (v/v)
glycerol, and 20 mM imidazole and disrupted by sonication. The sonicate was centrifuged at
34,000 x g for 20 min at 4°C. The supernatants were loaded onto a Ni-NTA agarose column
(QIAGEN) pre-equilibrated with the wash buffer. After washing with the wash buffer, the
proteins were eluted with the elution buffer described above containing 250 mM imidazole.
The collected samples were concentrated to 1 mL by centrifuging using an Amicon Ultra-15
10 K centrifugal filter (Merck, Darmstadt, Germany). The concentrated Fur6 was loaded onto
a HiLoad 16/600 Superdex 200 size-exclusion chromatography column (Cytiva, Tokyo,
Japan) pre-equilibrated with the equilibration buffer (20 mM Tris-HCI pH 8.0, 150 mM NaCl).
Fur6 was eluted as a single peak of monomer size (approximately 38 kDa). The fractions
abundant in the purified Fur6 were collected and substituted by changing buffers for the
crystallization buffer that comprised of 20 mM Tris-HCI pH 8.0, 150 mM NaCl. Finally, the
purified proteins were concentrated by centrifugation using an Amicon Ultra-15 30 K
centrifugal filter (Merck), frozen in liquid nitrogen, and stored at —80°C until use.

Selenomethionine (SeMet)-substituted Fur6é was prepared in the same way as the native
Fur6, except that cells expressing Fur6é were cultured in the medium containing SeMet as
follows. E. coli strain B834(DE3) cells were transformed with the pHis8-fur6, and were pre-
cultured in 5 mL of LB medium containing 50 ug/mL kanamycin overnight at 37°C. After the
induction with isopropyl B-thiogalactopyranoside, the cells were grown at 18 °C for 16 h in
1.6 L of SeMet core medium (Wako) supplemented with 16 g of glucose, 400 mg of
MgSO4-7H20, 6.7 mg of FeSO4-7H20, 16 ml of vitamin growth supplement (Sigma-Aldrich),
50 ug mL™" of kanamycin, and 40 mg of seleno-L-methionine (Wako). The E. coli cells were
harvested, washed, and suspended in the wash buffer. SeMet-substituted Fur6 protein was
purified in the same way as native Fur®6.

Crystallization conditions were screened by the hanging-drop vapor-diffusion method using
Crystal Screen (Hampton Research), the Wizard crystallization screen series (Emerald Bio),
and PEG/lon Screen (Hampton Research) at 20°C. The screens were set up using 2.0 pL
drops consisting of 1.0 L reservoir solution and 1.0 yL 10 mg ml™" Fur6 solution with and
without 2 mM S-adenosyl homocysteine. Crystals of Fur6 in complex with S-adenosyl
homocysteine were obtained in the droplet using a solution containing 20% w/v Polyethylene
glycol 3,350 and 0.2 M Calcium acetate hydrate pH7.5 (PEG/lon Screen #28). Crystals of
SeMet-substituted Fur6 were obtained from droplets of essentially the same conditions used
for unsubstituted Fur6.

Data collection, structure determination, and refinement of Fur6

Prior to data collection from SeMet-Fur6, the crystals were briefly soaked in a cryo-
protectant solution supplemented with 30% (v/v) PEG 3350, then flash-cooled in a nitrogen-
gas stream at 95 K. The X-ray diffraction experiments were performed at the SPring-8
beamlines BL32XU (Hyogo, Japan) or Photon Factory, High Energy Accelerator Research
Organization (KEK, Tsukuba, Japan). SeMet single wavelength anomalous diffraction (Se-
SAD) data were collected at the BL-5A station of KEK. Diffraction images were indexed,
integrated, and scaled using the XDS packagel® from CCP4 suite. The data collection
statistics are shown in Table S3. Structure determination via the SAD method was performed
using an automated pipeline for structure determination, Crank2.!" The data from crystals
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of native Fur6 in complex with S-adenosyl homocysteine collected at a wavelength of 1.0 A
were used for subsequent molecular replacement and crystallographic refinement. Molecular
replacement was performed by Phaser'l in the CCP4 program suite.['? Model correction
into the electron density map was performed using Coot,!"*! and the real space refinement
was performed using Refmac 5.5. ['"¥ Ramachandran plots produced by the program
Molprobity"® are summarized in Table S3. The figures were prepared using PyMOL
(https://pymol.org/2/). The atomic coordinates have been deposited in the RCSB PDB with
the accession number 8HAR.

pKa calculation

The pKa values of all hydroxy groups of PHN were calculated with a software program Epik
(Release 2021-1)'617] ysing the optimized geometry obtained by Gaussian 16 Rev B.01.
Default parameters were used throughout the calculations.

Molecular dynamics (MD) simulations

The crystal structure of Fur6 in complex with SAH was used to construct model structures
of the Fur6-SAM-PHN ternary complex. Since Fur6 forms a dimer structure, MD simulations
were performed for dimeric forms. Hydrogen atoms were added to the protein and all histidine
residues were protonated at the Ne2 atom. The geometries of SAM and PHN were optimized
at the B3LYP/6-31G(d) level and their partial charges were obtained by the restrained
electrostatic potential (RESP) method using the electrostatic potentials calculated at the
HF/6-31G(d) level for the optimized geometries with Gaussian 16 Rev B.01.'"8 The
ANTECHAMBER module!" was used to parameterize the cofactor and the substrate. The
ff14SB force field?” and the general AMBER force field 2 (GAFF2)?"! were used for the
protein and organic molecules, respectively. For the MD simulations, the initial coordinates
of the methyl group of SAM were generated by the LEaP modulel?? using the optimized SAM
geometry as a template.

The prepared complex structure was fully solvated with the TIP3P explicit water model®]
in a cubic periodic box with an edge length of 120 A using the AMBER LEaP module. Na*
and CI” ions were added at a concentration of 0.15 M to neutralize the system. The system
was first relaxed using 200 steps of steepest descent minimization with 1,000 kcal mol~' A=
position restraints applied to the non-hydrogen atoms of the protein. Subsequently, the
restraints were removed, and the entire system was subjected to 200 steps of steepest
descent minimization. Next, MD simulations were performed for 1 ns under the NPT
ensemble to gradually heat and equilibrate the system at 300 K. In this equilibration run,
distance restraints were imposed on atom pairs that form hydrogen bonds in the active site
(Table S4). After the equilibration, 50-ns conventional production runs were performed. Van
der Waals interactions were calculated with a cut-off radius of 10 A. The particle mesh Ewald
(PME) method®®* was used to calculate electrostatic interactions. The SHAKE algorithm[2°!
was used to constrain the bonds including hydrogen atoms. The integration time step was
set to 2 fs. The Berendsen weak coupling algorithm?®! was used to maintain a constant
temperature and pressure. All the energy minimization, equilibration, and production runs
were performed using the PMEMD module of AMBER 20.127]

Gene disruption and heterologous expression analysis of pWFQ

For the construction of the fur4 disruption plasmid, fur4 gene located on pWFQ was replaced
by the aph cassette via ARED recombination. The linear DNA fragment containing aph gene
was amplified by PCR with pKU479[?8 as a template using two primer pairs, fur4_loxP_f and
furd_loxP_r. The amplified fragment was introduced into E. coli BW25141/pKD46/pWFQ to
yield pWFQAfur4.?®! The fur deleted construct, pWFQAfur4, was introduced into S. albus


https://pymol.org/2/

G153, and the resultant transformant, S. albus G153/pWFQAfur4 was used for the further
analysis.

Transformants of S. albus G153/ pWFQAfur4 were pre-cultured in TSB (+30 ug/mL tsr)
medium at 30°C for 2 days. The pre-culture was inoculated 2% into 100 mL of NMMP (+30
pg/mL tsr) medium and incubated at 27°C for 5 days. Equal volumes of methanol were added
to the culture medium, and the centrifugal supernatant was subjected to LC-HRMS analysis.

S. albus G153/pWFQAfurb was prepared by the same method as S. albus
G153/pWFQAfur4.

Transformants of S. albus G153/ pWFQAfur5 were pre-cultured in TSB (+30 ug/mL tsr)
medium at 30°C for 2 days. The pre-culture was inoculated 2% into 100 mL of A1 (+30 pg/mL
tsr) medium and incubated at 27°C for 4 days. Equal volumes of methanol were added to the
culture medium, and the centrifugal supernatant was subjected to LC-HRMS analysis.

nphH disruption and cultural analysis of Streptomyces sp. CL190

Using primers dnphH_up_f and dnphH_up_r for amplifying the upstream 2 kb region of
nphH, and dnphH_down_f and dnphH_down_r for amplifying the downstream 2 kb region
(Table 2-1), DNA fragments were amplified by PCR and cloned into the Hindlll site of
pUC118apr to construct the gene disruption plasmid pUC118aprAnphH. The resulting
plasmid was transformed into Streptomyces sp. CL190, and apramycin-resistant colonies
were selected to obtain single-crossover mutants.

The single-crossover mutants were cultured on R2YE medium at 30°C for 2 days, followed
by protoplast formation. After appropriate dilution, cultures were spread onto R2YE agar
medium to obtain single colonies. These single colonies were subsequently streaked onto
both TSB agar and TSB agar containing 25 ug ml™ apramycin. Colonies that showed
sensitivity to apramycin were selected as Streptomyces sp. CL190AnphH mutants, referred
to hereafter as CL190AnphH. Gene disruption in the selected strains was confirmed by
colony PCR using the verification primers dnphH_check_f and dnphH_check_r, as listed in
Table S2. The plasmid pSE101-nphH for nphH complementation was constructed by
amplifying a DNA fragment from the CL190 genome template using the primers
pSE101_nphH_f and pSE101_nphH_r. The amplified fragment was then cloned into the
Hindlll and Xbal sites of pSE101. The resulting pSE101-nphH plasmid was transformed into
the CL190AnphH mutant to obtain the complementation strain, CL190AnphH+pSE101-nphH.

CL190WT, CL190AnphH, CL190AnphH+pSE101-nphH were pre-cultured in TSB medium
at 30°C for 2 days. The pre-culture was inoculated 2% into 100 mL of KG medium and
incubated at 27°C for 1-3 days. Equal volumes of methanol were added to the culture medium,
and the centrifugal supernatant was subjected to LC-HRMS analysis.
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Supplementary Tables

Table S1 Annotation of each protein encoded by the fur cluster.

Amin

Gene Sequence similarity Similarity Protein
o} . . ;
Produc acids Proposed function / Identity accession
. - o
¢ (no.) (protein, origin) (%) number
Type lll polyketide RppA, Streptomyces
Fur1 356 synthase antibioticus 95/91 BAB91443
Fur2 188 Quinone forming MomaA, 'S'tre'ptomyces 87/81 BAD89290
monooxygenase antibioticus
Fur3 385 RLP dependent NphE, Streptomyces 88/80 BAM67036
aminotransferase sp. CL190
Furd 331 SAM dependent an9, Streptomyces 88/77 CAL34087
O-methyltransferase cinnamonensis
fatty-acid-CoA NapB4, Streptomyces
Furb 528 ligase sp. CNQ525 85/74 ABS50451
SAM dependent Fnq27, Streptomyces
Fué 357 C-methyltransferase cinnamonensis 87/78 CAL34105
Fur? 307 prenyltransferase Fnq26, Streptomyces 81/66 CAL34104
cinnamonensis
Furg 434 cytochrome P450 cytochrome P450, 50/33 ZP 10449418
C-methyltransferase
Furls 304 Acetoacetyl CoA NphT7, Streptomyces 81/73 D7URVO
synthase sp. CL190
CreE, Streptomyces
Fur16 652 N-monooxygenase cremeus 69/59 CAL34098
Furl? 484  Nitrosuccinate lyase ~ CreD: Streptomyces 67/59 CAL34099
cremeus
. . NapU1, Streptomyces
Fur18 209 hypothetical protein sp. CNQ525 64/46 ABS50476
Fur19 352 GPP synthase Fnq23, Streptomyces 80/71 CAL34101
cinnamonensis
undecaprenyl Streptomyces
Fur20 282 diphosphate synthase davawensis JCM 4913 97/91 CCK32344
Fur21 308 SAM dependent Fnq27, Streptomyces 75/60 CAL34105

C-methyltransferase

cinnamonensis

The nucleotide sequence of the fur cluster is deposited in the DDBJ/EMBL/GenBank nucleotide
sequence database under the accession number AB212624.
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Table S2 List of primers used in this study.

Primer Oligonucleotide sequence (5’ to 3")

Fur3_fw 5'-GGGAAGCTTGACGCCCGGCCGCGAACCGCACGC-3'

Fur3_rv 5'-GGGTCTAGACTCAGTGGTGGTGGTGGTGGTGGTGGTGTGCTGCCCCTCCTGGGCTCGG-3'
Furd_fw 5'-GGGCCATGGCACGGACCACCAGCCGACTCCGGAC-3'

Furd_rv 3'-GGGGGATCCTCACCGGGCGATGACCAGGGTGG-3'

gind”LFurB’fW’ 5'-GGGAAGCTTAGCAACGGAGGTACGGACATGAACGGCTCAGTGGCCTATCGCACG-3'

Xbal _Fur5_rvC10

Fure_fw
Fur6_rv

Ncol Furl6_f
BamHI_Furl6_r
Furl7-fw
Furl7-rv
Fur2l-fw
Fur2l-rv

furd_loxP_f

furd_loxP_r

furb_loxP_f

furb_loxP_r

d_furd _check_f
d_furd _check_r
d_furb_check_f
d_furb_check_r
NphH_fw
NphH_rv
dnphH_up_f
dnphH_up_r
dnphH_down_f
dnphH_down_r
dnphH_check_f
dnphH_check_r
pSE101_nphH_f
pSE101_nphH_r

5
GGGTCTAGACTCAGTGGTGGTGGTGGTGGTGGTGGTGGTGGTGCTCCCGGCCCTTGCGCTTG
TC-3'

5'-GGGCCATGGCACGTCTGACCAGCCGGCCGC-3'
3'-GGGGGATCCTCACACGACCTTGGTCGCGG-3'
5'-GGGCCATGGCACCACCCGTCACTGCACCGTTG-3'
5'-GGGGGATCCTCACTGCGCGTAGGTCAGACCACG-3'
5'-GGGCCATGGCCCCAATGACACCAGCCTCACC-3'
5'-GGGGGATCCTCACGCAGATCGTGATGCAACG-3'
5'-GGGGGATCCTCCAACCCCGAAGCCGTACTCG-3'
5'-GGGAAGCTTTCAGTCCCGCTTCGTCGCGC-3'

5
GGGCCACCGGCGTCGTCGGCGCCGCGGCCGCCCACTCGCTGTTCACCCACATGCAGTGAATT
CGAGCGACTCGAGT-3'

5
AAACCGGCCTTGACCAGCCAGTTGTGGTAGTCGGAGCGCCGCCAGGTGCCTCAGGGTACCGA
GCGAACGCGTT-3'

5
GCCTGCTCCCGGCCATGGCCGCGGCCGTCGACGAGACGACGCCCATCACCATGCAGTGAATT
CGAGCGACTCGAGT-3'

5
ACCTTGAGGGTGCCGGTGCGCGGCAGTTCGGCCTCGGGGATCTGGACCGGTCAGGGTACCG
AGCGAACGCGTT-3'

5'-GACACGGCACCTTCGCGACCCACATCC-3'
5'GGAGCAGGCCTATGTGCAGTCCGCGTTTC3'
5'-GGGCTGTACTCCCACATCGCCCACCAGGAGG-3'
5'-GGGCGAAGCCCTCCTTGACCAGGAGGAGAAGC-3'
5'-GGGCATATGAAGGGCTCTGTGGCCTACCAATCGATACAGAAG-3'
5'-GGGCTCGAGGCCGCGGCTCTTGAGCTGGTCC-3'
5'-GGGAAGCTTCCTGGGAGGGGCGGCATGACGAAC-3’
5'-GGGTCTAGAGATCGGCGTCGACGGGTTCACGGC-3’
5'-GGGTCTAGACAGATCCCCGAGGCCGAACTGCCG-3'
5'-GGGAAGCTTCAGGTCGGCGAGCGCCTGCTCAAG-3’
5'-GGGGAGACGGGCAACCCGTACGGCACC-3’
5'-GGGCAGGGTCTCCACAGCGACACGCGAC-3’
5'-GGGAAGCTTATGAAGGGCTCTGTGGCCTACCAATCGATACAG-3’

5'-GGGTCTAGAGTCAGCCGCGGCTCTTGAGCTGGTC-3’
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Table S3 X-ray data collection and refinement statistics.

SeMet Furb Fur6
PDB code 8HAR
Data Collection
Beamline PF-NE3A SPring-8 BL32XU
Wavelength (A) 0.97876 1
pP212121 pP212121

Space group

Cell dimensions

a,b,c(A) 72.53,88.11,120.82 74.98,91.84,125.35
a, B,y () 90, 90, 90 90, 90, 90
Resolution (A)® 2.18 (2.25-2.18) 2.12 (2.18-2.12)
R erge (%)2° 10.6 (85.6)
Ryim (%)%° 6.7 (55.9)
Roym (%)° 26.4 (68.7)
/o () 11.6 (2.4) 5.93 (2.05)
Completeness (%) 99.9 (100.0) 99.9 (99.7)
No. of obs. reflections 262991 763438
No. of uniqg. reflections 41119 94785
Redundancy 6.4 8.1
CCyp (%)° 99.7 (67.3) 98.4 (81.3)
Phasing
No. of Se sites 25
FOMm® 0.20 (0.53)
Refinement
Resolution (A) 50-2.12
Roork! Ftree (%) 21.1/25.6
No. of protein atoms 5303
No. of Ligand/ion atoms 60
No. of water molecules 120
Averaged B-factor (A?)
Protein 41.5
Ligand/ion 41.0
Water 37.4
R.m.s.d from ideal values
Bond length (A) 0.004
Bond angles (deg.) 1.3
Ramachandran plot (%)
Favored 97.75
Allowed 2.25
Outliers 0

#Values in parentheses are for highest-resolution shell.

PR =2 | 1-<I>1/ T <I>.

merge™

°Figure of merit was calculated with the program Crank?2
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Table S4 The sets of distance restraints used in MD simulation models.

Force constants

Atom 1 Atom 2 Equilibration distance r (A) k (kcal mol-' A2)
Tyr137-OH PHN359-02 3.20 2.0
SAM358-OXT  Thr158-HG1 3.20 2.0
Arg147-NH1 Ala141-O 3.20 2.0
Arg147-NH1 Glu209-0 3.20 2.0
Arg147-NH2 Glu209-O 3.20 2.0
Arg147-NH2 Glu213-0OE1 3.20 2.0
Met154-SD PHN359-C6 4.20 2.0
Trp150-HE1 PHN359-03 3.20 2.0
Ala181-O SAM358-N 3.20 2.0
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Supplementary Figures
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Figure S1. A conserved cassette among the biosynthetic cluster of meroterpenoids.

In addition to three contiguous fur7-3 involved in the synthesis of 8-AF (3), nitrite-forming
fur16 and fur17 homologs, diazo-forming fur6 homologs, and methyltransferases are
also conserved among the biosynthetic gene clusters for meroterpenoids such as
naphterpin and furanonaphthoquinone
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R = H, napyradiomycin A1

R = H, naphthomevalin - . .
R = Me, SF2415B1 R =Me, SF2415B3 napyradiomycin B

Figure S2. Cyclization by VHPOs in meroterpenoid biosynthesis.

Two vanadium-dependent haloperoxidase enzymes, NapH1 and NapH3, are involved in
the biosynthesis of napyradiomycin. NapH1 catalyzes the initial halogenation and
cyclization of the C-2 prenyl side chain to form the tricyclic 6,6,6 ring system, while
NapH3 contributes to further modifications, such as additional chlorination or oxidative
rearrangements. In the biosynthesis of merochlorin, the vanadium-dependent
haloperoxidase Mcl24 catalyzes the C-2 monochlorination, oxidative dearomatization,
and cyclization of the pre-merochlorin intermediate, constructing its unique
bicyclo[3.2.1]octane structure. NapH3 is not directly involved in the merochlorin pathway.
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Figure S3. Unique cyclization mechanisms of bacterial meroterpenoids.

(A) The indolesesquiterpenoid xiamycins undergo two distinct cyclizations to form their
pentacyclic core. First, the integral membrane protein XiaE/XiaH (independently named)
rearranges 3-(epoxyfarnesyl)-indole to yield a decalin intermediate, and then the FAD-
dependent oxidase XiaF/Xial catalyzes a second ring closure that ultimately leads to pre-
xiamycin and, after further oxidation, to xiamycin A. (B) The hapalindoles, a family of
polycyclic indole-terpenoids from cyanobacteria, undergo Cope rearrangement—initiated
cyclizations mediated by the Stig cyclases. FamC1 catalyzes a three-step cascade
starting with a Cope rearrangement and followed by an aza-Prins cyclization to yield 12-
epi-hapalindole U, while a 1:1 mixture of FamC2 and FamC3 predominantly produces
hapalindole H (especially in the presence of Ca?*), and a combination of FamC1 with
FamC4 under pH 6.0 conditions shifts the reaction to favor the formation of hapalindole
U. (C) The enzyme AtoE catalyzes the cyclization of meroterpenoids by protonating an
epoxide group through its conserved xxxE314TAE motif, initiating a cascade of
carbocation-driven reactions. Key aromatic and aliphatic residues in the active site
stabilize the substrate and control the stereochemistry of the reaction. Mutational studies
confirmed that E314 is crucial as Brgnsted acid for this cyclization process.
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Figure S4. A previously proposed biosynthetic pathway for furaquinocin.

In addition to 8-AF (3), MMF (4) has been identified as a substrate for geranylation.

During the conversion to 4 from 3, two methylations and reductive deamination reactions
occur.
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Figure S5. Nitrite production by Fur16 and Fur17.

(A) SDS—PAGE analysis of Fur16 and Fur17. The molecular weights of Fur16 and Fur17
are 71 kDa and 51 kDa, respectively. (B) HPLC-UV/VIS chromatograms of the Fur16
and Fur17 reaction mixture. Aszg, absorbance at 528 nm. Nitrite was produced in a Fur16-
and Fur17-dependent manner. The assay conditions are described in the Supporting
Information.
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Figure S6. Gene disruption of fur5 and heterologous expression analysis of
PWFQAfur5.

(A) Gene disruption and confirmation of fur5 gene on pWFQ vector. The fur5 gene was
disrupted in-frame, and disruption was confirmed by the amplified length of the region
between the two primers d_fur5_check_fand d_fur5_check_r by PCR. (Table S2) (B)(C)
Extracted ion chromatograms of culture broth of S. albus G153 transformed with pWFQ
or pWFQAfurb. (B: 220.03 [M-H] for 8-AF, C: 385.18 [M—H] for Furaquinocin D).
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Figure S7. 8-AF consumption by Fur5.

(A) SDS—-PAGE analysis of Fur5. The molecular weight of Fur5 is 59 kDa. (B) Fur5
reaction mixture after the 1 h of incubation. The 8-AF-derived purple color disappeared
after incubation with Fur5. The assay conditions are described in the Supporting
Information.
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Figure S8. LC-MS/MS analysis of 8-diazoflaviolin.

(A) MS/MS spectrum of 8-diazoflaviolin (5) in the Fur5 reaction mixture. (B) MS/MS
spectrum of "°N labeled 8-diazoflaviolin (5) in the Fur5 reaction mixture with *N-labeled

nitrite.
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Figure S9. LC-MS/MS analysis of PND.

(A) MS/MS spectrum of PND (6) in the Fur5 reaction mixture. (B) MS/MS spectrum of
®N-labeled PND (6) in the Fur5 reaction mixture with "°N-labeled nitrite.
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Figure S10. Structural analyasis of derivatized 8-diazoflaviolin.

(A) Extracted ion chromatograms of derivatized 8-diazoflaviolin in a Fur5 and ethyl 2-
methylacetate dependent manner (335.09.03 [M]*). (B)(C) 'H NMR data of derivatized
8-diazoflaviolin. The green line is a '"H NMR spectrum of derivatized 8-diazoflaviolin. The
brown line is a '"H NMR spectrum of blank fraction (Fractionation of the mobile phase
only, as when derivatized 5 was fractionated) of preparative HPLC. The proton signals
on the green line, which are not on the brown line, are listed in the table (B).
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Figure S11. ATP consumption by Fur5.
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(A) A proposed mechanism for the activation of ATP by Fur5. (B) HPLC-UV/VIS
chromatograms of the Fur5 reaction mixture. Az, absorbance at 260 nm. AMP was
produced in an 8-AF-, ATP-, nitrite-, and Fur5-dependent manner. The assay conditions

are described in the Supporting Information.
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Figure S12. Gene disruption of nphH and heterologous expression analysis of
Streptomyces sp. CL190AnphH.

(A) Gene disruption by double crossover and confirmation of nphH gene on the
genome of CL190 strain. The nphH gene was disrupted in-frame, and disruption was
confirmed by the amplified length of the region between the two primers
d_nphH_check_f and d_nphH_check_r by PCR. (Table S2) (B)(C) Extracted ion
chromatograms of culture broth (1day) of S. sp CL190wiletype (WT) and AnphH and
AnphH+pSE101-nphH (complemented strain). (B: 220.03 [M—-H] for 8-AF, C: 353.14
[M-H]" for naphterpin). (D) Extracted ion chromatograms of culture broth (3days) of S.
sp CL190wiletype (WT) and AnphH and AnphH+pSE101-nphH (complemented strain).
(353.14 [M-H] for naphterpin).
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Figure S13. Diazotization of 8-AF by NphH, a homolog of Fur5

(A) SDS-PAGE analysis of NphH. The molecular weight of NphH is 59 kDa. (B)(C)
LC—HRMS analysis of Fur5 or NphH reaction mixture. 5 and 6 were produced in a
NphH-dependent manner as well as Fur5. The assay conditions are described in the
Supporting Information. Compound 5 and 6 was detected by extracted ion
chromatogram (XIC) (B: 231.00 [M-2H]" for 5, C: 233.02 [M-2H]  for 6).
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Figure S14. Time-dependent degradation of the diazo compounds.

As10, absorbance at 310 nm. Both 8-diazoflaviolin (5) and PND (6) were degraded in a
time-dependent manner and converted into flaviolin (7).
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/X Key HMBC

OH O
3-Methylflaviolin
(3-MF, 8)

No By (Ppm) 5C

~ (multi, Jy (Hz)) (ppm)
1 180.1
2 156.0
3 1191
3-Me 1.87 (s) 7.94
4 189.6
4a 131.9
5-OH 12.6 (s)
5 162.8
6 6.50 (d, 3.0) 108.0
7 163.4
8 6.93 (d, 3.0) 107.8
8a 107.3
OH 10.9 (s)
(CD3),SO-ds
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Figure S15. NMR spectra of 3-MF.

1D spectra of 'H and '*C, 2D spectra of HSQC and HMBC, and the summarized table of
the NMR spectra of 3-MF (8).
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(A) (B)

Mitomycin 7-O-methyltransferase MmcR

Figure $16. Structure comparison between Fur6 and a known methyltransferase.

(A) Structure of mitomycin 7-O-methyltransferase MmcR (59 % identity with Fur6). (B)
Structure of Fur6. The crystal structure of Fur6 is similar to that of MmcR (RMSD 4.4 A).
SAH is accommodated in the active site. The N-terminal domain has a dimerization

function.
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PHN structure Position pK,

2-OH 8.02
OH
HO OH 4-OH 6.80
T
5-OH 6.74
5 4
OH OH 7-OH 9.27

Figure S17. Predicted pKa of the hydroxy group in PHN.
The pKa values of the hydroxy groups at each position are shown in the right column.
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Figure S18. Plot of the distance between the methyl group of SAM and C3 of PHN.
The plot was obtained from the unstrained 50-ns MD simulation.
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M 1 2 3 4 5

M: LMW marker

97 97 1: Fur6 (Wild type)
66 66 2: Fur6 Y137F
45 3: Fur6 W150F
45 4: Furé E209A
5: Furé D252A
6: Fur6 YO8F
30 7: Fur6é T306A

30
(kDa)

20
(kDa)

Figure S19. Fur6 and its variants expression.

SDS-PAGE analysis of Fur6 and its variants. All variants were prepared with
homogeneity.
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Dlthlonlte

HO OH [+2 HO oH
o

0]

Fur6[2H] HO. !* OH

OH O OH OH OH O
Flaviolin (7) PHN (9) 3-MF (8)
7 8
1 3-MF std.
, Flaviolin std.
Y A +Fur6
1 1 +Furé T306A
B | +Furé D252A
+Furé E209A
o | ur
< ) +Fur6 W150F
/k +Fur6 Y137F
B | A +Fur6 Y98F
P -Furé

Retention time (min)

Figure S20. Methylation analysis of Fur6 variants.

The LC-UV/VIS chromatograms of the wild-type Fur6 and its variants reaction mixtures.
As10, absorbance at 310 nm. Methylation by Fur6 proceeded under reduced conditions,
in which flaviolin (7) is reduced to PHN (9). The mutations, Y137F, W150F, and D252A,
impaired Fur6 function, suggesting that these residues are essential for PHN recognition.
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OH Q

HO l l OH HO O‘ OH

5 4 5 4
OH OH O °
PHN Flaviolin

Figure S21. Structural comparison of PHN and flaviolin.

In the flaviolin structure, the hydroxy group at C5 forms a hydrogen bond with the ketone
at C4, making it difficult to deprotonate.
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N* OH +H-

(NADPH) | HO OH | Fur6 [ 2H] HO OH
RGO CO O‘

OH OH OH OH OH O
PND (6) PHN (9) 3-MF (8)
6 8
JL 3-MF std.
A Flaviolin std.

A 8-AF std.

A }[ +Fur6+NADPH
A ﬂ +Furé
Q +NADPH

1.0 2.0 3.0 4.0 5.0
Retention time (min)

Figure S22. In vitro assays for the sequential Fur5 and Fur6 reaction mixture.

HPLC-UV/VIS analysis of the sequential Fur5 and Fur6 reaction mixture. Aasio,
absorbance at 310 nm. PHN (9) is generated by nonenzymatic reduction of 6 by the
action of NADPH and served as a substrate for Fur6, resulting in methylation at C3 and
the subsequent formation of 8 by air oxidation. The assay conditions are described in
the Supporting Information.
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(o}

OH

OH O
3-MF (8)
m/z 219.03
m/z 219.03 A 3-MF std.
N +NaDPH
l\ +NADH
A +GSH
N tL-Cys
-reducing agent
0 1 2 3 4 5

Retention time (min)

Figure S23. In vitro assays for the sequential Fur5 and Fur6 reaction mixture with a
wide range of reducing agents.

LC-HRMS analysis of the sequential Fur5 and Fur6 reaction mixture. The assay
conditions are described in the Supporting Information. Compound 8 was detected by
extracted ion chromatogram (XIC) at m/z 219.03. GSH, glutathione.
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Figure S24. Spectra of '*N-labeled 8-AF.

(A) HPLC-UV/VIS chromatograms of the 8-AF standard (upper) and purified the "°N-
labeled 8-AF (lower). Aszs, absorbance at 528 nm. (B) MS/MS spectra of the 8-AF
standard (upper) and purified "*N-labeled 8-AF (lower). The purification conditions are
described in the Supporting Information.
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15N=15N i

15N

5NH, O 155 H OH
° . e “#» ROON
ATP OO NADPH
Na15N02 OH OH OH OH
8-AF (3) PND (6) PHN (9)

XIC: m/z 30 ‘ \ +15N-8-AF, +5N-NaNO,

+15N-8-AF, +(¥N)NaNO,

+14N-8-AF, +°N-NaNO,

+14N-8-AF, +14N-NaNO,

e

+15N-8-AF, +°N-NaNO,, -Fur5

(RN (RN} (RN NN [NRERN (AR RN

30 32 34 36 38 40 42 44
Retention time (min)

Figure S25. N2 gas detection assays for the Fur5 and Fur6 reaction mixture.

GC-MS analysis of the Fur5 and Fur6 reaction mixture. Each peak was detected by
extracted ion chromatogram at m/z 30. The assay conditions are described in the
Supporting Information. Fully labeled N, gas ("°N'°N) was clearly detected under the
“+"°N-8-AF, +'®°N-NaNO,” condition. In contrast, under the other conditions, negligible
amounts of fully labeled N2 gas ("*N'°N) were detected due to "°N present in the natural
8-AF (3) or NaNO. at approximately 0.4 %.
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H+H NH,* o
HJ Ny 2 H,O
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0,CH,;CH,C™  "CO, ——— = "0,CH,CH,C” wCO, 0O,CH,CH,C™ "CO, 4
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Figure S26. Comparison of deamination mechanisms in vivo.

(A) General deamination mechanisms by glutamate dehydrogenase in vivo. The amino
group of L-Glu is oxidatively converted to the keto group of 2-oxoglutaric acid. (B)
Proposed mechanism underlying the reductive deamination by the GMP reductase. In
the reaction of GMP reductase, Cys186 binds to GMP, increasing the electrophilicity of
the carbon atom and facilitating hydride reduction. GMP, 3-aminoavenalumic acid; XMP,
xanthosine  5-monophosphate; IMP, inosine 5'-monophosphate; AHA, 5-
hydroxyanthranilate; DON, 6-diazo-5-oxo-L-norleucine.
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(A) OH
AvaA6 AvaA7
HO ———» HO
XX NH, NO, - NAD
(0]

3-AAA 3- avenalumic acid
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(ANS pathway)
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<_§ Ahat 0= >>; { ;\
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o 2 HN /\H
\
N, Nl AzoD NN NH, 0
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(ANS pathway)

L-aspartic acid

Figure S27. Diazo-forming enzymes and ANS pathway.

Representative ANS (L-aspartate-nitro-succinate) pathway that generates nitrous acid
or nitrite from aspartate and characterized diazo-forming enzymes. (A) AvaA®b is the
diazo-forming enzyme in the biosynthesis of avenalumic acid. Following diazotization by
AvaA6, NAD(P)-dependent oxidoreductase AvaA7 achieves reductive deamination. (B)
CreM is the diazo-forming enzyme in the biosynthesis of cremeomycin. (C) Aha11 is the
diazo-forming enzyme in the biosynthesis of tasikamide. (D) AzpL is the diazo-forming
enzyme in the biosynthesis of alazopeptin. All enzymes except AzpL are ATP-dependent
enzymes. 3-AAA, 3-aminoavenalumic acid; 3-DAA, 3-diazoavenalumic acid; 3,2,4-
AHMBA, 3-amino-2-hydroxy-4-methoxybenzoic acid; AHA, 5-hydroxyanthranilate; DON,

6-diazo-5-oxo-L-norleucine.
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% e
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m/z219.03M-H l 3-MF std. m/z 335.09 [M-H]- Furaquinocin D std.
_ ., PWFQAdays PWFQ 4days
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Figure S28. Gene disruption of fur4 and heterologous expression analysis of
PWFQAfur4.

(A) Gene disruption and confirmation of fur4 gene on pWFQ vector. The fur4 gene was
disrupted in-frame, and disruption was confirmed by the amplified length of the region
between the two primers d_fur4_check_fand d_fur4_check_r by PCR. (Table S2) (B)(C)
Extracted ion chromatograms of culture medium of S. albus G153 transformed with
pWFQ or pWFQAfur4. (B: 219.03 [M—-H]" for 3-MF, C: 385.18 [M—H]" for Furaquinocin
D).
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Figure S29. Methylation by Fur4.

(A) SDS-PAGE analysis of Fur4. The molecular weight of Fur4 is 37 kDa. (B) The LC-
UV/VIS chromatograms of the Fur4 reaction mixture. Asio, absorbance at 310 nm.
Methylation by Fur4 proceeded under reduced conditions, in which 3-MF (8) is reduced
to 3-methyl PHN (10). The assay conditions are described in the Supporting Information.
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OH OH
MMF 4) 2-Methoxy-3-methylPHN (11)  6-Prenyl-2-methoxy-3-methylflaviolin
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Figure S30. Geranylation by Fur7.

The LC-UV/VIS chromatograms of Fur7. Az, absorbance at 310 nm. Geranylation by
Fur7 proceeded in a reduced condition. The assay conditions are described in the
Supporting Information. In the +Fur7+dithionite condition, the substrate MMF (4) was
completely consumed and converted to Fur-P1. Fur-P1 was also detected in the +Fur7
condition but in very small amounts.
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Figure S31. Reaction mechanism of cyclisation reactions catalyzed by SAM-
dependent methyltransferase homologs.

(A) Cyclization reaction catalyzed by methyltransferase TleD. (B) Cyclization reaction
catalyzed by methyltransferase homolog SImM. (C) Intramolecular Diels-Alder (IMDA)
and hetero-Diels-Alder (HAD) reactions catalyzed by methyltransferase-like Lepl. (D)
[4+2] cycloaddition reaction catalyzed by methyltransferase-like SpnF.

53



OH OH
HO © Tyriss HO 0 Tyriss
OO oo @
_—
{0 0 0 0
( H H
. ;
JNHZ NH; 0.0
Lyssg Lysss b
Gluyoq Glujog
OH OH
HO OO OCH; HO OO OCHs
= — o X
X Or} OH -0 OH
AH/ BH
Fur-P1 (reduced) Furaquinocin C (reduced)

Figure S32. Hydroalkoxylation by enzymes.

(A) Proposed reaction mechanism of cyclization catalyzed by PhnH in the DUF3237
superfamily. (B) Proposed reaction mechanism of Fur21.
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