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Supplementary Methods

Construction of pKD13::aac(3)IV plasmid

To construct pKD13::aac(3)IV plasmid, the FRT-flanked aph(3")Il gene in plasmid
pKD13 was replaced with the aac(3)IV gene via A-red recombination. A DNA fragment
including the aac(3)IV gene and 40 bp homologous arms corresponding to the aph(3")I1 gene
was PCR-amplified from pKU492aac(3)IV using primer set pKU492-Apr-Fwd and
pKU492-Apr-Rev. The PCR products and the plasmid pKD13 were transformed into
Escherichia coli BW25113/pKD46 for A-red recombination.

Structure determination of 5

The molecular formula of 5 was determined as C2sH33sNO4 using HR-ESI-TOF-MS
(found: m/z 412.2491 [M + H]", calculated for C2sH3sNOs 412.2488), requiring ten degrees
of unsaturation. The *H NMR spectrum showed two methyl signals and nine olefin signals
(Table S1). The *3C NMR spectrum possessed 25 carbon signals, including two methyls, four
methylenes, and 16 methines that bore two oxygenated and nine olefin signals, and three
quaternary carbons, including an olefin carbon and two carbonyl carbons at 6 165.9 and 197.1,
which were verified by the **C DEPT and HSQC spectra data. These observations suggested
that 5 was a tricyclic compound with five double bonds and two ketones. The 2D NMR
spectra were measured to determine the structure. The connections between protons and
carbons were determined by correlations in the HSQC spectrum. The DQF-COSY and
HSQC-TOCSY spectra revealed the connectivities from C-5 (8¢ 134.1) to C-16 (6¢c 52.8),
and confirmed the presence of an octalin skeleton with two hydroxyl groups at C-10 and C-
12, and verticilactams. The connectivities from C-18 (6c 124.9) to NH (61 6.92) with a
methyl group (C-26, dc 18.2) at the C-23 (dc 38.6) position were also revealed through the
DQF-COSY and HSQC-TOCSY spectra. A singlet methyl signal at 6n 1.61 (C-25, 6c 13.2)
was attached at C-17 by the correlations with C-16, C-17, and C-18 in the HMBC spectrum,
and it also indicated the connectivities from C-16 to C-18. This was confirmed by a long-
range correlation from H-18 (6 6.03) to C-16. The H-5 (6w 5.77) signal showed an HMBC
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correlation with a ketone signal at 6c 197.2, which suggested that it was assigned C-4. The
H2-3 (6w 3.17 and 3.74) signal correlated to C-4 and another carbonyl signal at ¢ 165.9,
which revealed an assignment of the carbonyl signal as C-2 and a dicarbonyl moiety from C-
2 to C-4. The connectivities from C-2 to C-5 were also confirmed by NOE correlations
between H-3 and H-5 (6n 5.77) signals in the NOESY spectrum. An NOE correlation
between NH and H»-3 signals was observed, indicating an amide bond supported by the
relatively high-field chemical shift value of C-2. Therefore, the planar structure of 1 was
determined, as shown in Supplementary Fig. 18. The geometries at A> and A?! were assigned
E-configuration by the large coupling constants of 16.1 and 14.9 Hz in the *H NMR spectrum,
respectively. On the other hand, the geometry at A'® was assigned Z-configuration by the
small coupling constant of 10.9 Hz. The observed C-25 with the typical high-field chemical
shift value of § 13.2 suggested that the A" was assigned an E-configuration. The relative
stereochemistry of the octalin skeleton was assigned by NOESY correlations, as presented in
Supplementary Fig. 16. H-8 correlated with H-13 and H-16, suggesting that they were on the
same side and the octalin skeleton had a cis-configuration. Furthermore, 10-OH correlated
with H-7, indicating that they were on the same side, and the hydroxyl group was axial. The
12-OH was assigned the same side as 10-OH by the NOESY correlations of H-12 with H-13
and H-14. It was confirmed by the NOESY correlations of H-12 with both H-11s, which also
confirmed that the hydroxyl group was axial. Thus, part of the relative stereochemistry
around the octalin skeleton in 5 was assigned, as shown in Supplementary Fig. 18.

Compound 5: colourless powder; [a]sse?>? (c=0.036, MeCN) -552.7°; UV (MeCN) Amax
(log £) 238 (4.39), 280 (4.40); IR Amax (ATR) cm™ 3348, 2920, 2854, 1736, 1716, 1653, 1647,
1635, 1558, 1541, 1522, 1508, 1458, 1338, 1095, 987, 944, 849, 823, 762; HR-ESI-TOF-MS
found: m/z 412.2491 [M + H]*, calculated for CasH3aNOs 412.2488; H and *C NMR
chemical shifts are summarized in Supplementary Table 1.

Cloning, expression, and purification of VtIG
For gene cloning, a DNA fragment containing the vtlG gene was PCR-amplified from
pKU503::vtl plasmid using primer sets Nde-vtlG-Fwd and Xho-vtIG-Rev. After purifying
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the PCR products, the vtlIG gene was ligated into Ndel and Xhol sites of the pET-28b(+)
vector. The recombinant plasmids were transformed into E. coli DH5a. Positive clones were
selected using colony PCR. For protein expression, the resultant pET-28b(+)::vtIG was
subsequently transformed into E. coli BL21 Star™ (DE3). A single colony was pre-cultured
with 5 mL of Terrific broth (TB) medium supplemented with kanamycin (final 50 pg/mL) at
37°C, with 150 rpm rotational agitation overnight. Subsequently, pre-culture was inoculated
into 2 L of TB medium supplemented with kanamycin (final 50 pg/mL) and cultured at 37°C
with an initial optical density of 0.1 at 600 nm (ODseoo). When the ODsoo value reached
0.5~0.6, gene expression was induced by adding isopropyl B-D-1-thiogalactopyranoside
(IPTG) (final 0.5 mM) and supplemented with 5-aminolevulinic acid (final 0.5 mM). The
recombinant VtIG was expressed at 20°C, with 150 rpm rotational agitation overnight.

Protein purification of VtIG was conducted®. Briefly, the BL21(DE3) cells were
collected by centrifugation (4°C; 5,000 x g; 10 min) and resuspended in buffer A (50 mM
Tris-HCI (pH 7.5), 500 mM NaCl, 10 mM 2-mercaptoethanol, and 20% (v/v) glycerol)
including 0.5 mg/mL of lysozyme from chicken egg white and 500 units of TurboNuclease.
The cells were lysed by sonication for 30 x 30 s with a 30 s interval at 4°C using a Bioruptor
(BM Equipment Co., Ltd.,, Tokyo, Japan). Insoluble cell debris was removed via
centrifugation (4°C; 10,000 x g; 20 min). The supernatant was applied onto a Ni-NTA
agarose column (10 mm i. d. x 20 mm) (QIAGEN GmbH, Hilden, Germany) and washed
with buffer B (50 mM Tris-HCI (pH 7.5), 500 mM NaCl, 10 mM 2-mercaptoethanol, and
10% (v/v) glycerol) containing 5 mM imidazole and 0.2% (v/v) Tween 20. The column was
further washed with buffer B containing 5 mM imidazole and 40 mM imidazole, respectively.
The Hiss-tagged VtIG was eluted with buffer B containing 250 mM imidazole and
concentrated with Amicon® Ultra-15 (30 kDa cutoff) centrifugal filter (Millipore Corp.,
Burlington, MA, USA). The purity of the eluted VtIG was confirmed using SDS-PAGE
analysis. The concentration of functional VtIG was determined using carbon monoxide (CO)
difference spectroscopy and calculated at the extinction coefficient of 91,000 Mt cm™ at
450 nm?. The purified VtIG was dialysed against storage buffer (50 mM Tris-HCI (pH 7.5)
and 20% (v/v) glycerol) and frozen at -80°C for later use.
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Protein expression and purification of recombinant Fds

DNAs of spinach Fd (codon-optimized), VtIF, MirFd, SceC, and TriM (original
sequence) were synthesized by Eurofins Genomics and ligated into Ndel and Xhol sites of
pET-28b(+) vector. The constructed plasmids were transformed into E. coli DH5a,
respectively. Correct clones were confirmed by restriction enzyme digestion. For protein
expression, the resultant pET-28b(+)::spiFd, pET-28b(+)::vtIF, pET-28b(+)::mirFd, pET-
28b(+)::sceC, and pET-28b(+)::triM, respectively, were co-transformed with pPRKSUF017
plasmid into E. coli C41 OverExpress™ (DE3) via electroporation®. A single colony was
pre-cultured with 5 mL of TB medium supplemented with kanamycin (final 50 pg/mL) and
tetracycline (final 10 pug/mL) at 37°C, with 150 rpm rotational agitation overnight.
Subsequently, pre-culture was inoculated into 1 L of auto-inducing TB medium (12 g/L
tryptone, 24 g/L yeast extract, 0.5 g/L glucose, 2 g/L lactose, 4 ml/L glycerol, 2.312 g/L
KH2POs4, and 12.541 g/L K;HPOs4) supplemented with kanamycin (final 50 pg/mL),
tetracycline (final 10 pg/mL), ferric ammonium citrate (final 0.2 g/L), and L-cysteine (final
0.15 g/L). The recombinant Fds were expressed at 30°C, with 225 rpm rotational agitation in
24 h.

Protein purification of Fds was conducted following a modified VtlG method. The
C41(DE3) cell pellets were collected via centrifugation (4°C; 5,000 x g; 10 min) and
resuspended in buffer C (50 mM Tris-HCI (pH 7.5), 500 mM NaCl, 1 mM dithiothreitol
(DTT), and 20% (v/v) glycerol), including 0.5 mg/mL of lysozyme from chicken egg white,
500 units of TurboNuclease, and 2% (v/v) Tween 20. The cells were lysed via sonication for
30 x 30 s with 30 s intervals at 4°C using Bioruptor. Insoluble cell debris was removed using
centrifugation (4°C; 8,000 x g; 30 min). The supernatant was applied onto a Ni-NTA agarose
column and washed with buffer C containing 2% (v/v) Tween 20 and buffer C. The column
was further washed with buffer C containing 5 mM imidazole and 40 mM imidazole,
respectively. The Hisg-tagged Fds were eluted with buffer C containing 250 mM imidazole

and concentrated with Amicon® Ultra-15 (10 kDa cutoff) centrifugal filter. The purities of
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the recombinant Fds were confirmed using SDS-PAGE analysis, and each protein
concentration was determined using Bradford assay. Absorption spectra were measured to
confirm the correct assembly of Fe-S clusters in recombinant spinach Fd (absorption peaks
at 463, 420, and 325 mm) and actinobacterial Fds (absorption peaks at 418 mm). The purified
recombinant Fds were dialysed against storage buffer and frozen at -80°C for enzymatic

assay.

Protein expression and purification of apo-spinach Fd and apo-MirFd mutants

The mutant spinach Fd C40A and mutant MirFd C19A were expressed in 1 L of auto-
inducing TB medium supplemented with kanamycin (final 50 pg/mL) at 30°C, with 225 rpm
rotational agitation in 24 h. Protein purification was performed as described for recombinant
Fds. The mutants’ purities were confirmed using SDS-PAGE analysis, and each
concentration was determined via Bradford assay. The purified proteins were dialysed
against storage buffer and frozen at -80°C.

Protein purification of Synechocystis sp. PCC 6803 Fd (SynFd) and [**N]-labelled SynFd

For protein purification, BL21(DE3) cell pellets harbouring recombinant SynFd and
[*°N]-labelled SynFd, respectively, were collected via centrifugation, resuspended in buffer
D (50 mM Tris-HCI (pH 7.5), 50 mM NaCl), and disrupted using sonication®. After
centrifugation, the resulting supernatant was applied onto a Cellfine A-200 anion exchange
cellulose column. The native SynFd and [*°N]-labelled SynFd samples were eluted with 50
mM Tris-HCI (pH 7.5) buffer containing 500 mM NaCl and dialysed with buffer D. The
dialysates were then applied onto a HiTrap Q HP anion exchange column, eluted with a linear
NaCl gradient (0-1 M NaCl), and precipitated with ammonium sulphate (50% saturation).
Next, the supernatant was loaded onto a HiLoad 26/10 Phenyl Sepharose HP column and
eluted with a linear ammonium sulphate gradient (0%-50% saturation). Finally, red-coloured

fractions were concentrated via ultrafiltration and further purified with gel filtration
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chromatography using a HiLoad 16/600 Superdex 200 pg column. The purity of the
recombinant native SynFd and [*°N]-labelled SynFd samples were confirmed using SDS-

PAGE analysis, and the concentration was calculated with a molar extinction coefficient (€422

=9.68 mM*tcm™).
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Supplementary Figures

a  SAM MTase | g
@

b

pyrroindomycin A

d  p-barrel domain | B-barrel domain |

€ g-barrel domain | B-barrel domain |

IdmH

indanomycin

Supplementary Fig. 1 | Representatives of intramolecular [4+2] cycloadditions in natural
products biosynthesis. a, SpnF catalyses [4+2] cycloaddition in spinosyn A biosynthesis®.
PyrE3 (b) and Pyrl4 (c) catalyse tandem [4+2] cycloadditions in the biosynthesis of
pyrroindomycin A°®. d, Fsa2 catalyses decalin formation in equisetin biosynthesis’. e, ldmH

is involved in indanomycin biosynthesis®.
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Fsa2 (PDB 7E5T) IdmH (PDB 6HNN)

Supplementary Fig. 2 | Crystal structures and active site cavities of microbial-derived [4+2]
cyclases. The SAM cofactor in SpnF and FAD cofactor in PyrE3 are shown in sticks in

yellow. The [4+2] cycloaddition product of Pyrl4 is shown in sticks in cyan.
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Supplementary Fig. 3 | Polycyclic macrolactams biosynthesised by intramolecular [4+2]
cycloadditions. a, Sceliphrolactam is converted into tripartilactam after incubation at ambient
temperature for 5 days®. b, Cyclamenols B and C are stereoisomers generated from parent
cyclamenol A, ¢, Mirilactam A is speculated to undergo cascade epoxidation and [4+2]
cycloaddition to form mirilactam C*!. d, Macrotermycin A is proposed to undergo cascade
[4+2] cycloaddition and Micheal addition to generate macrotermycin B*2. Macrotermycin A
can also be hydroxylated to form macrotermycin C, which undergoes [4+2] cycloaddition to

form macrotermycin D*2,
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Supplementary Fig. 4 | Comparative analysis of vtl, mir, sce, tri, and mte gene clusters. a,
Mir gene cluster from Actinosynnema mirum NBRC 14064%, sce gene cluster from
Streptomyces sp. SD85 tri gene cluster from Streptomyces sp. SNA112°, and mte gene
cluster from Amycolatopsis sp. M39%2. The presence of the P450-Fd set (vtl, mir, sce, and tri)
in macrolactam biosynthetic gene clusters was underlined. b, Multiple sequence alignment
of the actinobacterial Fds. The [3Fe-4S] cluster binding Cys residues in the Cys-Xz-(Y or

non-Cys)-X,-Cys-Xn-Cys-Pro motif are indicated with an asterisk above the sequence.
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Cys-S, s ~S-Cys
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Neo”

Cys-S/ S \S-Cys

[2Fe-2S](Cys),

[3Fe-4S][4Fe-4S] Fd 2[4Fe-4S] Fd

Supplementary Fig. 5 | Natural ferredoxins (Fds) containing Fe-S clusters of various
stoichiometries. a, Canonical Fe-S clusters in Fds. b, Crystal structures of spinach [2Fe-2S]
Fd (PDB 1A70), Mycobacterium tuberculosis [3Fe-4S] Fd (PDB 8AMP), Bacillus
thermoproteolyticus [4Fe-4S] Fd form | (PDB 11QZ), Bacillus schlegelii [3Fe-4S][4Fe-4S]
Fd (PDB 1BC6), and E. coli 2[4Fe-4S] Fd (PDB 2ZVS). The cysteine residue ligands
coordinating the Fe-S clusters in each Fd are shown as sticks.
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Supplementary Fig. 6 | Disruption of the vtIG gene in pKU503vtl. a, Exchange of antibiotics
resistance marker gene in plasmid pKD13 (Supplementary Table 2). b, Scheme of in-frame
vtlG gene deletion in pKU503vtl. ¢, PCR products amplified with primer sets of pKU503-
vtIG-Fwd and pKU503-vtlG-Rev (Supplementary Table 3) were confirmed by 0.9% agarose
gel electrophoresis. Lane 1, 1kb DNA Ladder; lane 2, pKU503vtl (1278 bp); lane 3,
pKU503vtl::AvtlG (339 bp).
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276 Supplementary Fig. 16 | HSQC-TOCSY spectrum of compound 5.

25




277

278

] [
] '
g _ Wl ‘
g g__ ‘ ‘I Hﬁ e
E ] ' '4 Dl' | |LN)M l ULJ 'J‘ WMWJ" »J‘
£ A o AT L MUl 9. w |
< = = =
1 ® = P -
] ° Qo |
gi @ S
% e -— - .
] = ® o o "o (—-
] =1 8
a; @ Lx) o @ @;} ustp & [} {%
1 - » & f K ——
] ° P o ®q e =_
] @ 4 E_
] @ & & e ——
] < & ¢ @Jte ° o e 'E —
m l’
.fo
»
L0
@
wy
] = (=] '.z] ®
B =
5 ] L . |
g ] Yy 4 - . o © A $ =
& <] ﬁ'l w? o
L E] @ =] = <& . i L—
2] & @ @ ° 2=
=g ] M P
3 - S L
2 ] = . @ o s oo -
£ o] e = g ~
a ™4 o’
- 8
— T T L B B L LA e s S S S L B T [
7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.1 0.2
X : parts per Million : Proton abundance

Supplementary Fig. 17 | NOESY spectrum of compound 5.

26



- DQF-COSY, HSQC-TOCSY

~—~ HMBC
279 y "y NOESY
280 ¥\ NOESY

281  Supplementary Fig. 18 | Key 2D NMR and NOESY correlations of verticilactam S (5).
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Supplementary Fig. 19 | Characterization of VtIG as a cytochrome P450. a, 12.5% SDS-
PAGE analysis of recombinant VtIG purified from E. coli. Lane 1, protein molecular mass
marker; lane 2, Hiss-tagged VtIG. b, CO difference spectrum. c, Kinetic analysis of VtIG-
catalysed hydroxylation against 4. Error bars represent standard deviation (s.d.) obtained
from three independent replicates (n=3). The catalytic efficiency (keat/Km) was calculated to

be 7.7 (mint pM™1). Source data are provided as a Source Data file.
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Supplementary Fig. 20 | Nonenzymatic conversion of 6 and 4. a, 1 uM 6 was incubated in
50 mM Tris-HCI (pH 7.5) at 30°C for 12 days. b, 10 uM 4 was incubated in 50 mM Tris-
HCI (pH 7.5) at 30°C for 30 days. UPLC-MS monitored the nonenzymatic reaction.
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294  Supplementary Fig. 21 | In vitro conversion of purified 6 (1 uM) in the presence or absence
295  of ViIG, spinach Fd, spinach FNR, and NADPH. The reactions were performed in 50 mM
296  Tris-HCI (pH 7.5) at 30°C for 30 min. The reaction product was monitored by UPLC-MS.

297  w/o, without enzyme.
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Supplementary Fig. 22 | Kinetic analysis of spinach Fd (a) and MirFd (b) catalysed [4+2]
cycloadditions against 4. Error bars represent standard deviation (s.d.) obtained from three
independent replicates (n=3). The catalytic efficiencies (kca/Km) for spinach Fd and MirFd
were calculated to be 0.011 and 0.065 (min™t pM1), respectively.
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Supplementary Fig. 23 | Characterization of recombinant Fds. a, 15% SDS-PAGE analysis
of Hise-tagged Fds purified from E. coli. Lane 1, protein molecular mass marker; lane 2,
recombinant spinach Fd; lane 3, MirFd; lane 4, ViIF; lane 5, SceC; lane 6, TriM. b,

Absorption spectrum of purified VtIF. Source data are provided as a Source Data file.
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Supplementary Fig. 24 | Protein purification of apo-spinach Fd and apo-MirFd mutants from
E. coli. a, 15% SDS-PAGE analysis. Lane 1, protein molecular mass marker; lane 2, wild-
type spinach Fd; lane 3, mutant spinach Fd C40A; lane 4, wild-type MirFd; lane 5, mutant
MirFd C19A. b, Absorption spectra of wild-type spinach Fd (holo-form, solid line) and
mutant spinach Fd C40A (apo-form, dotted line). ¢, Absorption spectra of wild-type MirFd
(holo-form, solid line) and mutant MirFd C19A (apo-form, dotted line). Source data are

provided as a Source Data file.

33



316

317
318
319
320

kDa 1 2 3 1.2
250 1]
150 1
100 g 08
75 — 8 06_
c |
w
50— < 04
37 0.2 _
0 T T T T T T T T T T T T T
250 300 350 400 450 500 550 600
25 o Wavelength (nm)
20—
«
15 -
10 e

Supplementary Fig. 25 | Preparation of Synechocystis Fd. a, 15% SDS-PAGE analysis. Lane
1, protein molecular mass marker; lane 2, Synechocystis sp. PCC6803 wild-type Fd (SynFd)
purified from E. coli; lane 3, gallium-substituted SynFd (GaFd). b, Absorption spectra of
SynFd (solid line) and GaFd (dotted line). Source data are provided as a Source Data file.
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Supplementary Fig. 26 | NMR analysis of [*°N]-labelled GaFd. The superposition of H-
15N HSQC spectra of 10 uM [**N]-labelled GaFd alone (black) and with 10 pM substrate 4
(red) obtained at 277 K (a) and 298 K (b), respectively. Positions of the [2Ga-2S] cluster
coordinating Cys residues are coloured by blue. No detectable chemical shifts were observed
upon the titration of substrate 4 with variable moral ratios. UPLC-MS monitoring of the
[*°N]-labelled GaFd catalysed [4+2] cycloaddition of 4 after NMR analysis at 277 K (c) and
298 K (d), respectively.
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330 Supplementary Fig. 27 | The DFT calculations for the nonenzymatic [4+2] cycloadditions.
331 Four transition-state structures and associated activation barriers for forming a decalin
332 skeleton from 6 (a) and 4 (b). Activation-free energies (AG?) calculated at the M06-2X/6—
333 311+G**(scrf=CPCM, water) level of theory are given in kcal mol™ and distances in A.
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335  Supplementary Fig. 28 | The DFT calculation for the nonenzymatic Michael additions of 1'.

336  Four reaction pathways for the Michael addition of 1" with a chair or boat conformation via
337  an intramolecular hydrogen bond or an additional water molecule. Activation-free energies
338 (AGY) calculated at the M06-2X/6-311+G**(scrf=CPCM, water) level of theory are in kcal

339  mol? and distances in A.
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Supplementary Fig. 29 | Time-dependent in vitro assay of 0.1 mM DTNB, 20 uM [3Fe-
4S](Cys)s MirFd, and i) 24 uM substrate 4 (grey solid line) or ii) DMSO as control (grey
dashed line) at room temperature (24 °C). Absorbances were monitored at 412 nm. iii), the
cleavage of Cys residues coordinating the [3Fe-4S] cluster was not detected by calculating
with 1) — ii) (black dots). Error bars represent standard deviation (s.d.) obtained from five

independent replicates (n=3).
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Supplementary Fig. 30 | The DFT calculations for the [4+2] cycloadditions of 6 with a [2Ga-
2S] cluster. Four reaction pathways and associated activation barriers for forming a decline
skeleton from 6+Ga. Activation-free energies (AG*) calculated at the M06-2X/SDD and 6

311+G** (scrf=CPCM, water) level of theory are given in kcal mol* and distances in A.
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Supplementary Fig. 31 | Application of Fds as versatile biocatalysts for [4+2] cycloaddition.
a, Stereospecific [4+2] cycloadditions of the linear polyenoyl tetramic acid 10. b, The in vitro
reaction of 10 with VtIF were conducted on ice in 50 mM Tris-HCI (pH 7.5) for 5 min. w/o,
without enzyme. The reaction products were monitored by UPLC-MS.
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360

Supplementary Tables

Supplementary Table 1 | *H and **C NMR chemical shifts of verticilactam S (5) in

acetonitrile-ds.

Position oc on (multi, J in Hz) Position oc on (multi, J in Hz)
2 165.9 - 15 130.8 5.74 (br d, 10.3)
3 46.8 3.17 (d, 15.5) 16 52.8 2.70 (m)
3.74 (d, 15.5) 17 139.3 -

4 197.2 - 18 124.9% 6.03 (d, 10.9)
5 134.1 5.77 (d, 16.1) 19 125.2* 6.01 (dd, 10.9, 10.9)
6 155.7 6.70 (dd, 16.1, 10.4) 20 128.6 5.82 (br dd, 10.9, 10.9)
7 46.2 2.89 (br d, 10.4) 21 127.7 6.24 (dd, 14.9, 10.9)
8 355 2.06 (m) 22 137.6 5.29 (dd, 14.9, 8.6)
9 359  1.66 (ddd, 14.3,6.9, 2.9) 23 38.6 2.35 (m)

1.88 (br d, 14.3) 24 45.2 2.83 (M)
10 68.0 3.94 (brs) 3.35 (ddd, 13.2, 5.7, 3.4)
11 38.4  1.74(ddd, 14.3, 2.9, 2.9) 25 13.2 1.61 (3H, s)

2.02 (br d, 14.3) 26 18.2 0.99 (3H, d, 6.8)
12 69.8 3.98 (brs) 1-NH - 6.92 (brs)
13 41.0 2.30 (M) 10-OH - 3.42 (br d, 4.0)
14 131.2 5.81 (m) 12-OH - 3.45 (br d, 5.8)

*Interchangeable.
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361

362

Supplementary Table 2 | Bacterial strains and vectors/plasmids.

Plasmids/vectors

Descriptions

Sources

pKU503

pKUS503vtl

pKUS503vtl::AvtlG
pKD13

pKD13::aac(3)IV

pKU492aac(3)IV

pKU492aac(3)IV

-sav2794p-vtIR

PET-28b(+)

PET-28b(+)::vtIG

PET-28b(+)::spiFd

PET-28b(+)::vtIF

pET-28b(+)::mirFd

PET-28b(+)::triM

PET-28b(+)::sceC

pPRKSUFO017

BAC vector containing neomycin resistant gene, aph(3’)Il, and
ampicillin resistance gene, for heterologous gene expression

BAC vector pKU503 containing the entire verticilactam
biosynthetic gene cluster for heterologous expression

pKU503vtl, which contains an in-frame deletion of the vtIG gene
Template plasmid containing the FRT-aph (3 ’)II-FRT gene cassette

Recombinant pKD13 with aph(3’)II gene replaced by the aac(3)IV
gene

Integrating vector pKU492Acos containing apramycin resistant
gene, aac(3)1V, for heterologous gene expression

Integrating vector pKU492aac(3)1V containing sav2794 promoter
and LuxR-family transcriptional regulator gene, vtIR

E. coli expression containing N-terminal His-tag for protein
purification

Recombinant pET-28b(+) with the vtlG gene (1206 bp) was
inserted into Ndel and Xhol sites

Recombinant pET-28b(+) with vector the synthetic spinach Fd
gene (294 bp) inserted into Ndel and Xhol sites

Recombinant pET-28b(+) with the synthetic vtIF gene (234 bp)
inserted into Ndel and Xhol sites

Recombinant pET-28b(+) with the synthetic mirFd gene (243 bp)
inserted into Ndel and Xhol sites

Recombinant pET-28b(+) with the synthetic triM gene (222 bp)
inserted into Ndel and Xhol sites

Recombinant pET-28b(+) with the synthetic sceC gene (222 bp)
inserted into Ndel and Xhol sites

A recombinant plasmid containing the sufABCDSE operon for
iron-sulphur (Fe-S) cluster assembly

15

16

This study

17

This study

18

16

Novagen

This study

This study

This study

This study

This study

This study
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364

Supplementary Table 2 Continued | Bacterial strains and vectors/plasmids.

Bacterial strains Descriptions Sources

S. avermitilis SUKA17 (SUKAL17) Clean host for heterologous gene expression: 1°
SUKA13 A(2633682-2641994 nt)::mut-loxP

SUKA17/ pKU503vtl SUKA17 transformed with pKU503vtl 16

SUKA17/pKU503vtI SUKAL7/pKUS03vtl  transformed  with

/pKU492aac(3)1V-sav2794p-vtIR pKU492aac(3)IV-sav2794p-vtIR

SUKA17/pKU503vtl::AvtiG SUKAL7/pKU503vtl::AvtlG  transformed with  This study

/pKU492aac(3)I1V-sav2794p-vtIR pKU492aac(3)1V-sav2794p-vtIR

E. coli DH5a Host for routine cloning Takara

E. coli BW25113/pKD46 For A Red-mediated recombination g

E. coli XL1-Blue MRF' For FLP/FRT-based gene deletion Agilent

E. coli GM2929 hsdS::Tn10
E. coli BL21 Star™ (DE3)

E. coli C41 OverExpress™ (DE3)

For DNA demethylation
For protein expression

For protein expression

Technologies
15
Invitrogen

Biosearch

Technologies
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365 Supplementary Table 3 | PCR primers used in this study.

For the exchange of antibiotics resistance marker gene in pKD13

pKU492-Apr-Fwd:
5’-CAGAGCGCTTTTGAAGCTCACGCTGCCGCAAGCACTCAGGATCGGTATAAGACCCCGAA-3’

pKU492-Apr-Rev:
5’-ATAGGAACTTCGGAATAGGAACTTCAAGATCCCCTTATTATCATGAGCTCAGCCAATCGA-3’

For in-frame deletion of vtIG gene in pKUS503vtl

pKD13-Apr-Fwd:
5’-ATACGCGCCTATCCGTTCAGCGAACCCACCGGCTCGCACATTCCGGGGATCCGTCGACC-3’

pKD13-Apr-Rev:
5’-CGTCGGGAAGCGCTGTACGAGCGTGGACAGCACCGTGCTGCTGTAGGCTGGAGCTGCTTC-3?

For PCR-confirmation of vtIG disruption in pKU503vtl::AvtlG gene

pKU503-vtIG-Fwd: 5’-CCCGGACGAACTCACACCATTGAT-3’
pKU503-vtIG-Rev: 5>-TCACCAGGCCACCTTCAGTACCTT-3’

For gene cloning and expression of the vtIG gene

Nde-vtIG-Fwd: 5>-GGGAATTCCATATGGTGACCACCTCCCAGGAGA-3’
Xho-vtlG-Rev: 5’-CCGCTCGAGTCACCAGGCCACCTTCAGTA-3’

For site-directed mutagenesis of spinach Fd

SpiFd_C40A_Fwd: 5’- CCCGTATAGCgcaCGCGCAGGATC-3’
SpiFd_C40A_Rev: 5’- AGATCAATGCCTTCTTCTTC-3’

For site-directed mutagenesis of MirFd

MirFd C19A Fwd: 5’- CCGCGCGGCCgcaATCGGCACCG-3’
MirFd C19A Rev: 5’- TCGACGGCGACCGACCAG-3’

366 Homologous arms for A-red recombination are underlined. Recognition sites of DNA
367  restriction enzymes are indicated in italics. Lowercase letters correspond to mutated

368 nucleotides.
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371

Supplementary Table 4 | DNA sequences for the ferredoxin genes.

Gene
(accession #)

Sequence

Expected
molecular
mass (kDa)

SpiFd
(M35660.1) *

VtIF
(LC523631)

mirFd
(CP001630.1)

sceC
(KX230849.1)

trim
(MN305323.1)

CATATGGCCGCGTACAAAGTGACCTTAGTGACCCCTACTGGCAA
TGTCGAGTTCCAATGCCCAGATGACGTGTACATCCTTGATGCTG
CGGAAGAAGAAGGCATTGATCTCCCGTATAGCTGTCGCGCAGG
ATCATGCTCTAGTTGCGCTGGGAAACTGAAAACCGGTAGCTTG
AACCAGGATGATCAGTCCTTTCTGGATGACGACCAGATTGACG
AAGGTTGGGTTCTGACATGTGCGGCATATCCGGTTTCGGATGT
AACGATCGAAACGCATAAGAAAGAGGAACTGACCGCCTGACT
CGAG

CATATGGTGAGCAACGCCGGCACCTGGGCCCTCGTCGTGGACC
GGGGTGCCTGCATCGGCGCCTCGGTGTGCGCGAACTACGCACC
CGGCCACTTCGAGCTGCGTGCCGGCAAGTCTCACGCGCTGACC
GGTTCGGTCGAGCCGGACCCGGCACTGCTGGACGCCGCGGAGA
CTTGCCCGGTGAGCGCGATCACGGTGCAGGACGCGGACACCGG
GGCGCTGCTGGCGCCCGAGGAATGACTCGAG

CATATGGTGAACCACACCACCGAGGCCACCTCCTGGTCGGTCGC
CGTCGACCGCGCGGCCTGCATCGGCACCGGCGTGTGCGTGAGC
ACCTCGCCGGAGCACCTGGAGATCCGCGACGGCAAGGCCGCCG
CCCGCGCGACCGAGACCGGTCCCGCGCAGTACCTGCTCGACGC
GGCGGACATGTGCCCCATGGCCGCGATCACCGTCACCGAGACG
GCCACGGGCCGGGTGCTCGCACCCGAGGAGTAACTCGAG

CATATGGTGACCGGCTCCGGAGAGAGGTTCCCCGCCATGCGCGT
CAGCGTGGAGACCCCGCGGTGCGTGGGGTCCGGTCAGTGCGCG
ATGCTCACCCCGGAGGTCTTCGACCAGGACGAGGACGGGATCG
TCGTCCTCCTCCAGGAGGCGCCGCCGGAGGAGGTGTACGAGGA
CGTCCGCCAGGCGGCCATGACGTGCCCGGTCCAGGTCATCAGC
CTCGACGAATAGCTCGAG

CATATGGTGACGGCCGACCCGGACGGAGTCCCCCTCATGCGTGT
CACCGCCGACCGCGACCGGTGCGTGGGCTCCGGCCAGTGCGCG
ATGCTCAGTCCCGAGGTGTTCGACCAGGACGACGACGGCCTCG

TCCTGGTCCTGCGGGAGGTGCCGGCCGCGGATCTCCACGAGGA
GGTGCACCGGGCCGCCGACCTGTGCCCGGCGCGCTCGATCCAG

GTGCAGGACTGACTCGAG

12.42

9.65

10.19

9.76

10.19

Recognize sites of DNA restriction enzymes are indicated in italics.

*Codon of spiFd gene was optimized for expression in E. coli.
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