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1. Sl Tables

Table S1. Plasmids used in this study.

Name Description Reference
plJ790 A-Red plasmid, temperature sensitive replicon m
pBluescript Il SK(+) Cloning vector, lacZ’(a-complementation) Stratagene
pKC1132 Conjugative vector, non-replicative in Streptomyces @
pUZ8002 Helper plasmid for conjugating plasmid containing the oriT &l
sequence, RK2-derived (IncP-1a group), tra1 and tra2 region
pBSK-Sas16 Plasmid containing gene sas16 for subcloning This study
pKCLP2-gusA pKCLP2 derivative with gusA gene “
pTESa pSET152 derivatives; attP flanked by loxP site, ermEp1 promoter “
flanked by tfd terminator sequences
pLERECJ Carrying aac(3)IV flanked by loxP-sites 2
pKCLP2-gusA- Vector for gene deletion of sas16 (6]
sas16::aac3
pSET152-hyg ®C31 attachment site, integrative, HygR Lab stock
pSET152-sas16 For gene sas16 complementation This study
pSET152-sas16-F250T For complementation of Sas16 with point-mutation F250T This study
pSET152-sas16-A246G For complementation of Sas16 with point-mutation A246G This study
pSET152-sas16-Y248N For complementation of Sas16 with point-mutation Y248N This study
pSET152-sas16-AY246- For complementation of Sas16 with point-mutation AY246-248GN This study
248GN
pSET152-sas16-YF248- For complementation of Sas16 with point-mutation YF248-250NT This study
250NT
pSET152-sas16-AF246- For complementation of Sas16 with point-mutation AF246-250GT This study
250GT
pSET152-sas16-AYF-246- | For complementation of Sas16 with point-mutation AYF-246-248- This study
248-250GNT 250GNT
pET28a(+) Protein expression vector carrying an N-terminal Hise- | Invitrogen
Tag/thrombin/T7 promoter, f1 ori, pPBR322 ori
pBluescript SK(-) Cloning vector, lacZ’ (a-complementation) Stratagene
puC19 Cloning and sequencing vector for E. coli Invitrogen
pBSK-Sas16 Plasmid containing gene sas16 for subcloning This study
pET28-Sas16 Vector for protein expression of Sas16 This study
pET28-Sas16-F250T Vector for protein expression of Sas16-F250T This study
pET26 PuR Vector for protein expression of PuR 7
pET26 PuxB A105V Vector for protein expression of PuxB 7
pET21-sfp-R4-4 Vector for protein expression of sfp-R4-4 (8]
pET-Trx_1c Vector with an internal hexahistidine tag and a protease cleavage ]
site between the fusion protein and the cloned protein sequence
Trx- PCP, T7 promoter
pET-Trx-A-NMt-PCP Vector for protein expression of A-NMT-PCP domain, based on This study
pET-Trx-1c
pBSK-NMt Plasmid containing MTase encoding gene for subcloning This study
pSC101-ccdA Vector for counterselection (1ol
P15A-ccdB-amp Vector for counterselection (1ol
pBAC1F16 Plasmid containing the WS9326A BGC for heterologous This study
expression
pBAC1F16-Nmet-amp- Plasmid for the point-mutation of N-methyltransferase domain This study
ccdB
pBAC1F16-D2014Q Plasmid for the point-mutation of N-methyltransferase domain This study
pBAC1F16-D2014A Plasmid for the point-mutation of N-methyltransferase domain This study




Table S2. Primers used in this study.

Primer Sequence (5'to 3') Purpose

Vsas4-KO-F CAGCGACTTGAGCAGTCTCTCGG For PCR verification of exconjugant
S. lividans 1326::1F16

Vsas4-KO-R AGTAGCTGAGGCACACCAGCAC

Vsas18-KO-F TGCTGGTCACCAACCACCACA For PCR verification of mutant S.
lividans 1326::1F16::pKC1132-

Vsas18-KO-R TGTTCGAGGATCAGCCGGATGC sasl18

apra-M-R GGCTCTTCTCCTTGAGCCACCT

P450pET-F ATAQgaattcATGACCGACGCCGAGACG For the construction of plasmid
pET28-Sas16

P450pET-R TCActcgagCTACCAGCCGATCGTCAGCTT

For_A_NMt_PCP_Ncol

ATTccatgGACACCCTGCCCGCCCTG

Rev_A_NMt_PCP_xhol

ATTctcgagAACGCTCCAATTCGATGCG

For the construction of plasmid
PET-Trx-A-NMt-PCP

SAS16F

ATATaagctcCCGACTACACCGGCATCCTC

SAS16R

ATATgaattcGCTCGTCGTCCACCGTGTC

SAS16-ApraF

CGCAAGAAATGACCTCAGCTCAGATATAGGGGTAACGTCATGGAT
ATCTCTAGATACCG

SAS16-ApraR

GATGCAGCGGTCGCGTTCGGCGTGAACCTTCATGGCGCCTAAAC
AAAAGCTGGAGCTC

For the construction of plasmid
pKCLP2-gusA-sasl6::aac3

pET28a-sas16-Ndel-
GA-F

CTGGTGCCGCGCGGCAGCCATATGACCGACGCCGAGACGAAG

pET28a-sas16-Hindlll-
GA-R

GGTGCTCGAGTGCGGCCGCAAGCTTCTACCAGCCGATCGTCAGC
T

For construction of mutant sas16-
F250T expression vector

sas16-MFrgl-F

TCGCGGACGTGCTCATAGTC

sas16-MFrgl-R

GAGCAGCAGCATCTTGGTCATCA

For  construction  of
pSET152-sas16

plasmid

F250T-F GACTATGAGCACGTCCGCGAGCTGGCCCGCATCAATGG
F250T-R TGATGACCAAGATGCTGCTGCTCgcgggcaacgagaccatcgt
A246G-R TGATGACCAAGATGCTGCTGCTCgggggctacgagttcatcgt
Y248N-R TGATGACCAAGATGCTGCTGCTCgcgggcaacgagttcatcgt

For site-directed single mutation at
position 246, 248, 250 of Sas16

AY246-248GN-R

TGATGACCAAGATGCTGCTGCTCgggggcaacgagttcatcgt

YF248-250NT-R

TGATGACCAAGATGCTGCTGCTCgcgggcaacgagaccatcgt

AF246-250GT-R

TGATGACCAAGATGCTGCTGCTCgggggctacgagaccatcgt

For site-directed double mutation at
position 246, 248, and 250 of Sas16

AYF-246-248-250GNT

TGATGACCAAGATGCTGCTGCTCgggggcaacgagaccatcgt

For site-directed mutations at
position 246, 248, 250 of Sas16

NMTsas16-D2104Q-F

gtctgatcatggcgecggtecgeccegeacgtggagetgtactggggtgcc TTTGTTTATTT
TTCTAAATAC

NMTsas16-D2104Q-R

gggtcggeggceggtctgecggegeagggtctcgatgaccgtgccggacagAGCCCCATA
CGATATAAGTTGT

Oligonucleotides
D2104Q  site
counterselection*%

containing the
mutation for

nMTsas16-D2104Q-Res

gggtcggeggeggtetgecggegeagggtetcgatgacegtgcecggacagCTGggeaccee
agtacagctccacgtgcggggcgaccggegecatgatcagac

For point mutations of D2104Q in
plasmid pBAC1F16

nMTsas16-D2104A-F

gtctgatcatggcgecggtcgeccegeacgtggagcetgtactggggtgcc TTTGTTTATTT
TTCTAAATAC

NMTsas16-D2104A-R

gggtcggeggceggtctgecggegeagggtctcgatgaccgtgccggacagAGCCCCATA
CGATATAAGTTGT

containing the
mutation for

Oligonucleotides
D2104A site
counterselection*%

nMTsas16-D2104A-Res

gggtcggeggcggtetgecggegeagggtetegatgacegtgecggacagGGCggeacceee
agtacagctccacgtgcggggcgaccggegecatgatcagac

For point mutations of D2104A in
plasmid pBAC1F16

Vnmet-ccdB-F

ACAAGTGGCAGGTCATCAAC

amp-ccdB-R

AGCCCCATACGATATAAGTTG

VNmetQ2104-R

AAGTACTGCGCCACCGAGTTG

For verification of the mutagenesis
in NMt domain of Sas17




Table S3. Strains used in this study.

Strains Relevant characteristics Reference

S. asterosporus DSM 41452 Wild type strain of WS9326A producer DSMz

S. asterosporus S. asterosporus DSM 41452 strain containing plasmid | [

DSM 41452::pUC19A3100spec pUC19A3100spec

S. asterosporus DSM 41452::pKC1132- Gene inactivation of sas78in the WT strain This study

sas18

S. lividans 1326::1F16 S. lividans 1326 containing BAC plasmid pBAC1F16 This study

S. asterosporus Asas16 Gene sas16 deletion in the WT strain (]

S. asterosporus Asas16:: pSET152-sas16 | Sas16 overexpression in the mutant S. asterosporus DSM 41452 | This study
Asas16

S. asterosporus Asas16::pSET152-sas16- | Complementation of gene sas716 with F250T mutation in S. | This study

F250T asterosporus DSM 41452 Asas16

S. asterosporus Asas16:: pSET152- Complementation of gene sas16 with A246G mutation in S. | This study

sas16-A246G asterosporus DSM 41452 Asas16

S. asterosporus Asas16:: pSET152-sas16- | Complementation of gene sas76 with Y248N mutation in S. | This study

Y248N asterosporus DSM 41452 Asas16

S. asterosporus Asas16:: pSET152- Complementation of gene sas16 with AY246-248GN mutation in | This study

sas16-AY246-248GN S. asterosporus DSM 41452 Asas16

S. asterosporus Asas16:: pSET152- Complementation of gene sas16 with YF248-250NT mutation in | This study

sas16-YF248-250NT S. asterosporus DSM 41452 Asas16

S. asterosporus Asas16:: pSET152- Complementation of gene sas16 with AF246-250GT mutation in | This study

sas16-AF246-250GT S. asterosporus DSM 41452 Asas16

S. asterosporus Asas16:: pSET152- Complementation of gene sas76 with AYF-246-248-250GNT | This study

sas16-AYF-246-248-250GNT mutation in S. asterosporus DSM 41452 Asas16

E. coli DH5a General cloning host Invitrogen

E. coli ET12567(pUZ8002) Methylation-deficient E. coli strain for conjugation with the helper | Lab stock
plasmid

E. coli BW25113 Host for DNA recombination 151

E. coli BL21 star (DE3) Protein expression host Invitrogen

E. coliBL21(DE3) pLysS Protein expression host Invitrogen

E. coli Gbred-gyrA462 Host for ccdB counterselection (1ol

E. coli DH10 B/ pPBAC1F16 E. coli harboring BAC plasmid pBAC1F16 This study

E. coli DH10 B/pSC101-ccdA/pBAC1F 16 For point-mutation of N-methyltransferase domain in Sas17 This study

E. coli DH10 B/pSC101-ccdA/pBAC1F16- For point-mutation of N-methyltransferase domain in Sas17 This study

Nmet-amp-ccdB

E. coli DH10 B/pSC101-ccdA/pBAC1F16- For point-mutation of D2104Q in N-methyltransferase domain This study

NmetD2104Q-amp-ccdB in Sas17

E.coli DH10 B/pSC101-ccdA/pBAC1F16- For point-mutation of D2104A in N-methyltransferase domain This study

NmetD2104A-amp-ccdB in Sas17

E. coliBL21 (DE3)::pET28-Sas16 For Sas16 protein expression This study

E. coli BL21 (DE3)::pET28-Sas16-F250T For Sas16-F250T protein expression This study

E. coli BL21 (DE3)::pET-Trx_1c-A-NMt- For Trx-A-NMt-PCP protein expression This study

PCP

S. lividans 1326/1F16 NmetD2104Q For inactivation of NMt domain of Sas17 This study

S. lividans 1326::1F16 NmetD2104A For inactivation of NMt domain of Sas17 This study

S. asterosporus DSM 41452 ANmet

In-frame deletion of gene encoding MTase in the WT strain

1

S. lividans 1326::1F16::pKC1132-sas18

For inactivation of gene sas18 in S. lividans 1326::1F16

This study




Table S4. Data collection and refinement statistics for P450s,s

Data set
Space group P422:12
Cell constants  a, b, c[A] 112.8, 112.8, 146.2
a, B,y [l 90, 90, 90
Resolution limits [A] 146.15 — 2.0 (2.05 - 2.0)
Completeness (%) 100 (100)
Unique reflections 64321
Multiplicity (%) 26.6 (28.1)

Rmerge* 0.236 (1.802)
Rep.im. 0.047 (0.345)
Mean l/o(l) 13.1 (2.5)
CCir2 0.998 (0.390)
Refinement statistics

Rerystt 0.20

Riree 0.24

r.m.s.d. bond lengths [A] 0.0235
r.m.s.d. bond angles [°] 2.30

Average B-factor [A2] 27

PDB Code 70Q6

*Rmerge = Znit [(Zi |li = {I}D/Zi I];
TRcryst = Zha ”Fobs| - |Fcalc||/zhkl |Fobs|;

RMSD: Root Mean Square Deviation is the square root of the mean of the square of the distances between the matched atoms.




Table S5. Structure of WS9326 derivatives determined by HR-MS and MS? fragmentation. For MS? traces see Sl Figures $12-S16.

miz [M+H]* miz [M+H]* .
Number Name Theoretical Observed AE("O;‘) Nll:zlfr;:::r g:'r 32';?; Producer
Weight (Da) Weight (Da) PP
OH
1 WS9326K 1055.5090 1055.5072 17 WT and Mutant
Cs4H70NgO14 Asas16
HOOC E
)iOH
PentenylcinnamoyI-Thr-NMet-Dht-Leu-Phe-Thr-Asn-Ser-OH
2 WS9326L 1057.5246 1057.5231 1.4 CosHr2NeOra Ml
Asas16
HOOC E
PentenylcinnamoyI-Thr-NMet-Tyr-Leu-Phe-Thr-Asn-Ser-OH
OH
= N
© | © 0) NH WT and M
3 WS9326M 856.4497 856.4489 1.0 CaHs1NsO1o HO and Mutant
[0) Asas16
O
NH
Ho)i[
OH
Pentenylcinnamoyl-Thr-NMet-Tyr-Leu-Phe-Thr-Asn-Ser-OH




WS9326N

842.4340

842.4332

1.0

C46H59N5010

OH
_ j*
(@] |O
O
(0]
NH
OH

Pentenylcinnamoyl-Ser-NMet-Tyr-Leu-Phe-Thr-OH

WT and Mutant
Asas16

WS93260

495.2495

495.2491

0.8

CasH34N206

OH

g fL”l
OHO O

Pentenylcinnamoyl-Thr-NMet-Tyr-OH

Mutant Asas16

WS9326X

1038.4828

1038.4821

0.6

Cs4Hg7N7O14

OH

Rl K
o) o)

o H 07 "NH
N__O _©
oﬁ/ o)

HO NﬁNH

H
HO ™0 OH

Pentenylcinnamoyl-Thr-NMet-Dht-Leu-Phe-Thr-Asp-Ser-O-

Mutant S. lividans
1326::1F16




Table S6. Summary of NMR Data for WS9326M (DMSO-d;). For NMR spectrum see Sl Figures $32-S36.

position 8¢ (ppm) 8. (Jin Hz) 'H-'H COSY HMBC
Acyl 1 165.8
2 122.8 6.79, 1H, d(15.5) 7.56 165.8, 133, 132.8,
136.7(weak)
3 136.7 7.56, 1H, d(15.5) 6.79 165.8, 132.8, 136.9, 133,
128.7, 125.8, 122.8
4 132.8
5 os
6 0s
7 os
8 os
9 136.7
10 134 5.82, 1H, dt(11.2, 7.8) 6.56, 1.97 136.7, 21.9, 29.9
1 127 6.56, 1H, d(11.2, 8.7) 5.82, 1.97 29.9
12 29.9 1.96, 2H, m 1.35
13 21.9 1.35,2H, m 0.79
14 13.5 0.79, 3H, m 1.35
"Thr NH 8.48, 1H, brs 4.34
a 53 4.34, 1H, brs 8.48 165.7, 171.5, 65.8, 19.4
B 65.8 3.06, 1H, brs 0.68
\% 19.4 0.68, 3H, os
C=0 171.5
Tyr NMe 28.8 2.75,3H, s 171.5, 60.7
a 60.7 5.03, 1H, m 2.96, 2.79 168.5, 127.2
B 33.6 2.96, 1H, m 168.5, 127.2, 130.1
2.79,1H, m 168.5, 127.2, 130.1
1 127.2
2,6 130.1 7.03, 2H, m 6.66 156
3,5 115.4 6.66, 2H, m 7.03 156
4 156




Cc=0 168.5
3Leu NH 9.28, 1H, brs
a 58.2 4.14, 1H, os 8.03(NH), 1.18, 1.06
B 40.4 1.18, 1.06, 2H, m 4.14,1.05 58.2, 1721
y 23.7 1.05, H, m 0.56
¢] 225 0.56, 3H 1.05
22.6 0.69, 3H, m
C=0 1721
‘Phe NH 8.28, 1H, brs
a 54 4.57,1H, m 8.28 137.6, 170.9, 37.7
B 37.7 3.06, 1H, m 137.6, 129.4
2.71,1H, os
1 137.6
2,6 127.7 7.24, 2H, os 717 37.7,125.8, 1291
3,5 125.8 717, 2H, os
4 129.1
C=0 170.9
SThr NH 8.28, 1H
a 54.3 4.77,1H, m 8.28, 3.85 164.5, 170.7
B 67.1 3.85, 1H, m 1.02 170.7
s 19.6 1.02, 3H, os 3.85
OH n/d
C=0 170.7

Note: assignments based on HSQC, COSY, and HMBC experiments. 0s = overlapping signal, n/d = no data, brs = broad signal.




Table S7. Summary of NMR Data for WS9326N (DMSO-ds). For NMR spectrum see S| Figures S37-541.

position 8¢ (ppm) 8u(Jin Hz) 'H-'H COSY HMBC
Acyl 1 167.5
2 120.9 6.45, 1H, d(16.2) 7.70 167.5, 141.4,132.1, 126.9
3 141.4 7.70, 1H, d(16.2) 6.45 167.5, 137.4, 132.1, 126.4,
120.9
4 126.9 n/d
5 0s
6 0s
7 os
8 0s
9 1374 n/d
10 132.7 6.53, 1H, d(11.5) 5.74, 137.4,128.9, 29.8
1 128.9 5.74, 1H, dt(11.5, 7.4) 6.53, 2.06 128.9, 137.4,29.8, 22.2
12 29.8 2.06, 2H, m 1.38
13 22.2 1.38, 2H, m 0.84
14 13.6 0.84, 3H, m 1.38
Ser NH os
a 67.6 4.12, 1H, brs 166.9
B 484 3.16, 1H, brs
Cc=0 166.9
Tyr NMe 28.1 2.78,3H, s
a 60.9 5.03, 1H, m 245,278
B 34.2 2.78, 1H, m 2.45,5.03 173.6, 128.6, 135.8, 134.3,
137.4, 138.6
2.45,1H, m
1 128.6
2,6 os
3,5 0s
4 os
Cc=0 173.6




Leu NH
a 66.9 3.87, 0s 1.03
B 38.8 1.03, 1.24, 2H, m
% 22.2 1.36, H, m 22.2,21.8
e} 22.2, 21.8(os) 0.79(os, 3H),0.77(os, 3H)
Cc=0 1721
‘Phe NH
a 54.1 4.54,1H, m 3.03,2.78
B o0s 3.03, 1H, m 127.5,132.7
2.78,1H, os
1 os
2,6 os
3,5 0s
4 os
C=0 n/d
SThr NH 8.12
a 54.5 4.79, 1H, m
B 66.8 3.88, 1H, m 1.04
Y 0s 1.04, 3H, os 3.88
OH n/d
C=0 n/d

Note: assignments based on HSQC, COSY, and HMBC experiments. os = overlapping signal, n/d = no data, brs = broad signal.



Table S8. Summary of NMR Data for WS9326X (DMSO-ds). For NMR spectrum see Sl Figures S42-546.

position Sc (ppm) 8u(Jin Hz) 'H-'H COSY HMBC
Acyl
1 165.3
2 122.5 6.69, 1H, d(15.2) 165.3, 133.0
3 137.4 7.42, 1H, d(15.2) 165.3
4 133.0 -
5 126.0 7.53, 1H, d(7.1) 137.4,129.6
6 129.6 7.33,1H, m
7 127.3 7.20, 1H, m
8 129.6 7.60, 1H, d(9.5)
9 137.0
10 126.8 6.50, 1H, d(11.1) 5.82 134.1
11 1341 5.82, 1H, m 2.00
12 29.8 2.00, 2H, m 1.36
13 21.9 1.36, 2H, m 0.79
14 13.6 0.79, 3H, 1(7.4) 1.36
Thr NH 8.72, 1H, d(9.5) 165.3, 563.2
a 53.2 5.33, 1H, (9.0) 5.01 169.0
B 73.3 5.01,1H, m 1.15
y 16.5 1.15, 3H, d(6.3)
C=0 169.0
2ATyr NMe 34.2 2.98,3H, s 169.0, 128.4
a 128.4 6.13
B 131.4 6.13, 1H, s 165.6, 128.4, 131.7
1 122.9
2,6 131.7 7.39, 2H, d(8.2) 6.58
3,5 114.7 6.58, 2H, d(8.2) 158.1
4 158.1
C=0 165.6
Leu NH 9.23, 1H, d(2.65) 165.6, 53.8




a 53.8 4.06, 1H, m 1.26 39.0
B 39.0 1.26, 2H, m 4.06
y 23.3 0.88, 1H, m 22.1,22.0
5 22.1 0.75, 3H, d(6.8)
22.0 0.63, 3H, brs
c=0 172.1
“Phe NH 9.15, 1H, d(8.3) 4.33 55.6, 36.2, 172.1
a 55.6 4.33,1H,m NH(9.15), 3.27
B 36.2 3.27,1H, m 433 138.6, 128.9
2.71, 1H, m 4.33
1 138.6
2,6 128.9 7.32, 2H, d(7.6)
3,5 127.9 7.27, 2H, t(14.9) 6.68
4 123.0 6.68, 1H, m
c=0 170.1
SThr NH 7.53, 1H, d(7.41) 4.38 170.1, 68.1, 170
a 57.0 4.38,1H, m NH(7.53)
B 68.1 4.27,1H, m 0.63
y 22.9 0.63, 3H, brs 4.27
c=0 170.0
SAsp NH 8.48, 1H, d(7.2) 170.0, 35.8
a 50.6 4.45 1H,m 2.64 171.0,171.8
B 35.8 2.64, 1H, m 4.45
yC=0 171.8
c=0 171.0
OH 2.53, 1H, (16.7) 56.0, 60.7,168.8
"Ser NH 8.50, 1H, d(9.5) 4.33
a 56.0 4.33,1H,m NH(8.50) 168.8
B 60.7 3.24, 1H, m(5.2) 4.33

3.16, 1H, t(19.3)




OH 4.81, 1H, brs 60.7

C=0 168.8

Note: assignments based on HSQC, COSY, and HMBC experiments. os = overlapping signal, n/d = no data, brs = broad signal.

Table S9. Structural comparisons of known P450 structures with similarity to P450s,s as revealed by a Dali
search.!'?

Rank | PDB Chain | Z- RMSD | Residues | Residues | % | Role” Citation
ID score matched | total ID
1 5Y1l B 437 | 2.3 367 394 38 | Macrolide FD-891 biosynthesis (GfsF) [13]
35 2736 A 42.0 2.7 372 403 39 | MoxA Cyp105 [14]
38 3ABB | A 41.1 2.5 355 383 42 | Filipin biosynthesis CYP105D6 [15]
44 5FOlI B 404 | 2.6 359 388 35 | Mycinamicin VIII C21 hydroxylase (MycC1) [16]
51 S5X7E | A 400 | 2.8 366 404 38 | Vitamin D3 dihydroxylase 1171
108 2WI9 | A 38.5 3.3 360 396 38 | Pikromycin biosynthesis (PikC) (18]
137 1UED | A 38.1 2.8 355 391 32 | OxyC from vancomycin biosynthesis [19]
196 10XA | A 37.5 3.2 358 403 35 | Erythromycin biosynthesis (EryF) [20]
222 3MGX | B 37.2 2.7 354 391 25 | OxyD from balhimycin biosynthesis [21]
288 4PXH E 36.7 3.0 357 407 23 | P4504,-PCP complex [22]
421 1LFK A 353 | 3.2 345 375 31 | OxyB from vancomycin biosynthesis 23]

* Blue text indicates a role in hydroxylation of a macrolide or large non-polar molecule; red text indicates oxidation of a peptidyl-PCP
substrate; green text indicates B-hydroxylation of an aminoacyl-PCP substrate.



Table S10. Summary of putative peptide intermediate species captured in S. asterosporus strains.

S. Wild type [ Asas16::pSET152-sas16/°] Asas16'®!
asterosporus
strain
Probe 1 2 3 1 2 3 1 2 3
utilised/

(Tyr) (Gly)  (B-Ala)  (Tyr) (Gly)  (B-Ala)  (Tyr)  (Gly) (B-Ala)

intermediates

offloaded
from:
m/z 649*** m/z m/z m/z m/z m/z m/z
(4) 529** (6) 543%%* 649** (4) n.d. 543** (7) 649** (4) n.d. 543** (7)
M1 and 647** (7) and
(5) 647* (5)
m/z m/z m/z m/z
704%* (8) 720** (18) 704%(8) 720%* (18) n.d. n.d.
M2 and and
718%*(9) 718** (9)
M3 m/z m/z m/z n.d. n.d. m/z n.d. n.d. n.d.
923* (10)  817* (11)  831* (12) 831*%(12)
M4 m/z 1072* m/z m/z
(19) 1072*(19) 1072*(19)
and 1070* and
(13) 1070*(13)
M5 m/z m/z m/z n.d. n.d. m/z n.d. n.d. m/z
1171* (14) 1065* 1081* (20) 1081*(20) 1081*(20)
(15) and
1079%*(16)

leBlgrown in liquid culture and on plates, 2mM probe concentration; ®! grown on plates, 2mM probe concentration; *** high
abundance, clearly detectable species; ** detectable species; * species present in traces; n.d. = not detectable; m/z putative
intermediate [M+H]* masses given, with those in red featuring dehydrotyrosine (Dht). For proposed species structures and
HR-MS"analysis see Sl Figures $27-30.



2. S| Figures

Figure S1. UV/Vis spectra of P450s.; and binding responses for possible soluble substrates. (A) P450sss UV/Vis
spectrum showing the resting state heme Soret absorption (blue) and the reduced, CO-complexed form (red). (B) Possible
soluble substrates for P450ss, including intermediates at the amino acid, peptide, and cyclic peptide state. (C) Final spectra
after titration of the potential soluble substrates.
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Figure S2. Conserved sequence regions of 20 P450 enzymes implicated in the B-hydroxylation of PCP-bound
amino acid residues and a comparison to P450s.s. Sequence residues indicated (based on numbering of OxyDeal) are
responsible for maintaining the arrangement of secondary structure elements and active site of these P450s to allow them
to bind and hydroxylate their PCP-bound amino acid substrates; comparison to Sas16 shows a very high level of mismatches
with this consensus sequence (17) as opposed to P450s involved in the B-hydroxylation of aminoacyl-PCPs (0-6, average <1
per sequence). This does not support the presence of the conserved active site geometry of B-hydroxylating P450s and
implies the substrate of Sas16 is not an aminoacyl-PCP.

P450 B-B,loop | B-B;loop F-helix G-helix I-helix B-1 sheet Mis-
matc
N-term. C-term. hes
3 N|la 3 3 8 3 3|5 B 8 5|8 8 8 3§ § K § |8 8 3
OxyD bal G | S G G M \ S H A F G A H T E \ N C G A M H 0
OxyD van G | S G G M \ S H A F G A H T E \ N C G A M H 0
OxYD cep G | S G G M Y S H A F G A H T E \Y N C G A M H 0
OXyD pek G | S G G M \ S H A F G A H T E \ N C G A M H 0
OxyD veg G | S G G M \ S H A F G A H T E \ N C G A M H 0
NikQ G L A A G M / T F A W S A H T E L N C G \Y M H 2
SanQ G L A A G M / T F A W S A H T E L N C G \Y M H 2
Pyrl G L A G G M ! T T A L D A Q S D N N C G A L H 5
RubC2 G L A S G M Vv T H A W S A K S E L N C G S L H 0
Novl G L A S G M Vv T H A W S A K N E L N C G S L H 0
Coul G L A S G M \ T H A w S A K N E L N C G S L H 0
Clol G L A S G M Vv T H A W S A K N E L N C G S L H 0
Siml G L A S R M L T H A L S A K N E L N C G S L H 2
CinD G L G G G M \ T A A L S A R N E L N C G S M H 0
SalD G L G A G M \ T T A L S A R N E L N C G S M H 0
Sky32 G L A A G M Vv T S A L S A R N E L N C G A M H 0
Tiol G L A G G M Vv T N A L S A R N Q L N C G A M H 1
Ecm12 G L A G G M Vv T L A L S A R N E G N C G A M H 0
TrsB G L A G G M \Y S E A L S A R N E L N ¢ G G M H 1
ZmbVilc G L A G G M Vv T A A v A A H H E S H C G A A H 6
wrese |8 818 8 5 8 8 8|3 8 2 /8 3 8 5 s/3 8 &§|% g 8|°
Vv w
| | S F L L
Suggested
Consensus® G L (1) (1) G M L T H A L (1) A (2) (3) E \Y N C G (1) M H
Sasl6 T | D A K L T M ! M v G A N E E K M T A v E / 17

@ Percentage of residues matching to the consensus rule, based upon identity.

bdentity residues are emboldened and underlined; 1-3 similar residues indicated in normal font. Exceptions are: () Small residue (S, G, A),
() positively Charged Residue (K, H, R), 3 Hydrophilic Residue (N, T, S).



Figure S3. Sequence alignment of the aminoacyl-PCP B-hydroxylating P450 OxyDya with P450s,;. Highlighted
sequence residues as indicated in Sl Figure S2 that are responsible for maintaining the arrangement of secondary structure
elements and active site of OxyDval (as found in the structure of this P450, PDB code: 3MGX); colours are the same as in
Figure 2A.

OoxyD ——-———- MOTTNAVDLGNPDLYTTLERHARWRELAAEDAMVWSDPGSSPSGEWSVFSHRA 53
Sasl6 MTDAETKMAKCPVAPHGWPNPLL----- PEYDQLPEGRPL TQVTMPSGSKAWLVAQHDH 54
o R . *oxox kK
OxyD CAAVLAPSAPL-TSEYEMMEGFDR----- DHPDNEBEREMVEBEHEQHRKLRKLVGPLLS 107
Sasl6 IQRLLADNRFSVEPHPTFPIRFPAPQELLDMIARDAKNLLVTMDPPRHTRVRQMALPDET 114
HA .o x * S T A A
OxyD RAAARKLAERVRIEVGDVLGRVL-——-—- DGEVCDAATAIGPRIPAAVVCEILGVPAEDED 162
Sasl6 IKAAEKLRP----RMQDLIDYYLDKMEAEGAPADLVQALALPFPAQVICELAGIPENDRE 170
R LR, S
OxyD MLIDLTNHAFGGEDELFDGMTPRQAHTEILVYFDELITARRKEPGDDLVSTLVTDDD--~ 219
Sasl6 IFTRNAAIMVG- TRHSYTMEQKLAANEELMKYFAALVTEKQSNPTDDMLGNFIARAGKTD 229
. . * . . * . * .. * % * * LI * koo e
OxyD -LTIDDVLLE@DNVLI§GNETTRHAITGAVHALATVPGLLTALRDGSA-DVDTVVEEVLR 277
Sasl6 EFDHHGLTLMTKMLLLAGYEFIVNRIALGIQALVENPEQLAALRADLPGLMPKTVDEVLR 289
* . . * .. * K . * . L .k * * * * kK . . . * * Kk Kk Kk
OxyD WTSPA-MEVLRVTTADVTINGRDLPSGT PVVAWLPAANRDPAEFDDPDTFLPGRKPNRHI 336
Sasl6 YYSLVDEIIARVALEDVEIDGVTIKAGEGILVLKGLGDRDPSKYPNPDVFDIHRDSRDHL 349
* . R O LIFERER L ok k oL %

OxyD TFGHGMHHCLGSALARIELSVVLRVLAERVSRVDLEREPAWLRAIVVQGY ---RELPVRE 393
Sasl6 AFGYGVHQCLGQHVARLMLEMCLTSLVERFPGLHLVEGDEPIEL——IDGLPPVHKLTIGW 407
*k*k *k *k *k*k*k *k*k *k.: * *k *k*k :.* . s, ::*k ::*k

OxyD TGR 396

Saslb6 -—--= 407



Figure S4. Structural comparisons of P450s,; with P450 homologues involved in the modification of peptidyl
carrier protein-bound substrates. Structures include OxyB (A, pale pink; PDB code: 1LFK, chain A) and OxyC (B, pale blue;
PDB code: 1UED, chain A) from the GPA cyclisation pathway of vancomycin (upper), together with OxyD (C, pale orange; PDB
code: 3MGX, chain A) and P450sky (D, pale yellow PDB code: 4LOE, chain A) shown to be responsible for the -hydroxylation
of aminoacyl-PCP substrates in balhimycin and skyllamycin respectively(lower). P450sas (chain A) is coloured using the scheme
found in Figure 2.




Figure S5. Modelling and molecular dynamics simulations to probe conformations of P450s.; N-terminal and C-
terminal loops. (A) Comparison of the C-terminal loops of chain A of the crystal structure of P450sas (blue), the final frame
of a 1 us MD simulation initiated from chain A of P450sas (orange), a physics-based model of P450s.s generated using the
AlphaFold v2.0* Google Colab notebook (magenta), and the crystal structure of P450sy (4PWV, green). Significant crystal
packing interactions are observed between the C-terminal loop and the neighbouring chain in the asymmetric unit (grey
surface) in the P450sas crystal structure. The alpha-carbons of Leu397 (Leu397cq) are shown as spheres, heme is shown as
yellow sticks, and the C11 disulfide bond is shown as ball-and-sticks. (B) Plots showing the distance between Leu397cq« and
the heme iron during two independent molecular dynamics simulations initiated from chain A of the P450sas crystal structure.
(C) Alternate view highlighting the distinct conformations of the N-terminal region in the crystal structure of P450sas, final
frame of the 1 pus MD simulation (replicate 1), AlphaFold2 model, and P450sk, (PDB 4PWV). While the C-terminal loop’s apex
lies between the heme and the N-terminal region in P450sky, and the AlphaFold2 model of P450sas, it does not protrude as far
into the active site in the crystal structure of P450sas, possibly due to being blocked by the conformation of the N-terminal
region that is induced by the presence of the C11 disulfide bond.
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Figure S6. P450s,, active site mutants constructed for in vivo analysis. (A) Partial alignment of P450s.s sequence with
OxyBpal including the I-helix that contains the active site residues critical for oxygen activation in the majority of P450 enzymes
(typically an acid/ alcohol pair, highlighted in green), showing the three positions explored through mutation of the Sas16
gene in vivo (A246, Y248, F250, shown in yellow); mutations converted the equivalent positions into the residues found in
OxyBbyal and included all single mutants (A246G, Y248N, F250T), the three possible double mutants (AY to GN, YF to NT, AF to
GT) and the triple mutant (AFY to GNT). (B) Analysis of strains containing the comparable mutations in the sas16 gene. HPLC-
MS chromatograms monitoring for the mass of WS9326A ([M-H] 1035, negative mode) were obtained from the culture of
S. asterosporus Asasl6::pSET152-sas16-F250T (black, (1)), S. asterosporus Asasl6::pSET152-sas16-A246G (red, (2)), S.
asterosporus Asas16::pSET152-sas16-Y248N (green, (3)), S. asterosporus Asas16::pSET152-sas16-AY246-248GN (blue, (4)), S.
asterosporus Asasl6::pSET152-sas16-YF248-250NT (purple, (5)), S. asterosporus Asasl6::pSET152-sas16-AF246-250GT
(maroon, (6)), S. asterosporus Asas16::pSET152-sas16-AYF-246-248-250GNT (pale green (7)), S. asterosporus Asas16 (pale
blue, (8)), S. asterosporus Asas16::pSET152-sas16 (orange, (9)) and the wildtype strain (magenta, (10)).
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Figure S7. Comparison of reduced CO difference spectra of P450s,s together with protein expression (wild type
and F250T mutant). (A) P450s.s UV/Vis spectrum showing the resting state heme soret (wild type — red; F250T mutant —
green) and difference spectra of the reduced, CO-complexed form (wild type — black; F250T mutant - blue) showing that both
enzymes are apparently correctly folded. (B) SDS-PAGE gel of purified P450sas proteins showing identical behaviour.
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Figure S8. Analysis of the in vitro activity of the Sas17 module 2 Trx-A-NMt-PCP construct. (A) Loading of Tyr by
the A-domain following by cleavage with methylamine, confirming PCP-loading by detection of the methylamide by LCMS.
(B) Activity of the NMt domain confirmed by loading Tyr-CoA using Sfp followed by incubation with SAM, methylamine
cleavage and subsequent LC MS analysis.
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Figure S9. Generating the point-mutations (D2014Q, D2014A) of the NMt domain in Sas17. (A) Scheme of the
workflow to generate in vivo point mutations of the BAC plasmid pBAC1F16 using ccdB counterselection recombineering.
Step 1: plasmid pBAC1F16 was transformed into strain DH10 B/pSC101-ccdA to yield DH10 B/pSC101-ccdA/1F16, then the
cassette amp-ccdB was integrated into plasmid pBAC1F16 through homologous recombination to yield DH10 B/pSC101-
ccdA/1F16-Nmet-amp-ccdB. For mutant verification, a 1.8 kb PCR fragment was amplified using primers: Vnmet-ccdB-F and
amp-ccdB-R, see the resulting fragment in (B); Step 2: the ssDNA oligonucleotides containing target mutation, through Red-
ET homologous recombination, the D2104 site was replaced into Q, yielding the mutant DH10 B/pSC101-ccdA/1F16-
NmetD2104Q-amp-ccdB, which was verified by colony PCR using Vnmet-ccdB-F and VNmetQ2104-R (C); the mutation was
further verified by sequencing (E). Using the same strategy, the D2014A mutant (DH10 B/pSC101-ccdA/1F16-NmetD2104A-
amp-ccdB) was constructed, with the corresponding colony PCR and sequencing result was shown in panels (D) and (F).
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Figure S10. HRMS analysis of the secondary metabolites from S. lividans 1F16 together with those bearing
mutations in the Sas17 NMt domain (S. lividans 1F16 NmetD2104Q, S. lividans 1F16 NmetD2104A); the cell
cultures of the mutants were also supplemented with N-methyltyrosine and N-methyltyrosine SNAC. WS9326
production was abolished for both NMt mutants, with recovery of WS9326A production generated by supplementation of
these mutant strains with NMe-Tyr SNAc. Upper trace — wild type production of WS9326A; traces #2-3 —D2014Q and D2014A
mutants showing a loss of WS9326A production; traces #4-5 mutants supplemented with N-methyltyrosine SNAc showing
production of WS9326A; traces #4-5 mutants supplemented with N-methyltyrosine showing no recovery of WS9326A
production.
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Figure S11. In vitro P450s,s binding and turnover assays using dipeptidyl substrates. (A) LCMS trace of the products
of turnover of the cinnamoyl-Val-NMe-Tyr-loaded Sas17 module A-NMt-PCP protein following incubation with P450sas and
after methylamine cleavage; only starting material was detected (red), with no evidence of elimination (green) or
hydroxylation (purple) of the Tyr residue. (B) CMS trace of the products of turnover of the cinnamoyl-Thr-NMe-Tyr-loaded
Sas17 module A-NMt-PCP protein following incubation with P450sas and after methylamine cleavage; only starting material
was detected, with no evidence of elimination or hydroxylation of the Tyr residue. (C) Effect of cinnamoyl-Val-NMe-Tyr-
loaded Sas17 module A-NMt-PCP protein on the UV/Vis absorption spectrum of P450sas, showing only a decrease of the soret
band and no activation (Type I) shift. (D) Effect of cinnamoyl-Thr-NMe-Tyr-loaded Sas17 module A-NMt-PCP protein on the
UV/Vis absorption spectrum of P450sass, showing only a decrease of the soret band and no activation (Type 1) shift. Results
using both Bz-Thr-NMe-Tyr and cinnamoyl-Thr-Tyr loaded Sas17 module A-NMt-PCP protein were the same as for the two
substrates in this figure.
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Figure S12. MS? fragmentation analysis of WS9326K.
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Figure S13. MS? fragmentation analysis of WS9326L.
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Figure S14. MS? fragmentation analysis of WS9326N.
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Figure S15. MS? fragmentation analysis of WS9326M.
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Figure $16. MS? fragmentation analysis of WS93260.
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Figure S17. LCMS analysis of Tyr-CoA.
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Figure S18. LCMS analysis of NMe-Tyr-CoA.
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Figure $19. LCMS analysis of Cinnamoyl-Thr-Tyr-CoA.
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Figure $20. LCMS analysis of Cinnamoyl-Thr-NMe-Tyr-CoA.
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Figure S21. LCMS analysis of Cinnamoyl-Val-NMe-Tyr-CoA.
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Figure S22. LCMS analysis of Benzyl-Thr-NMe-Tyr-CoA.
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Figure $23. HRMS and MS? analysis of Cinnamoyl-Thr-NMe-Tyr-NMe.
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Figure S24. HRMS and MS? analysis of Cinnamoyl-Val-NMe-Tyr-NMe.
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Figure $25. HRMS and MS? analysis of Cinnamoyl-Thr-Tyr-NMe.
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Figure $26. HRMS and MS? analysis of Benzyl-Thr-NMe-Tyr-NMe.
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Figure S27. Putative peptide intermediate species captured in the biosynthesis of WS9326A by a tyrosine-based

chain termination probe.
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From top left, clockwise: TIC, HR-MS? detection and fragments of m/z 1070 pentapeptide from extract analysis.
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From top left, clockwise: TIC, EIC and HR-MS? fragments of m/z 1170 hexapeptide from extract analysis.

Methylation of tyrosine-based chain termination probe
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Left: TIC (top) and EICs (bottom) for probe 1 ([M+H]*) and its methylated form (17, ([M+H]*), found in the organic
extracts of S. asterosporus strains supplemented with 1 over 5 days. Right: HR- MS analysis of 1 (top) and 17 (bottom).



Figure S28. Putative peptide intermediate species captured in the biosynthesis of WS9326A by a pB-alanine
based chain termination probe.
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From top left, clockwise: TIC, EIC, HR-MS? detection and fragments of m/z 543 dipeptide from extract analysis.
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From top left, clockwise: TIC, EIC and HR-MS? fragments of m/z 718 tripeptide from extract analysis.
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From top left, clockwise: TIC, EIC and HR-MS? fragments of m/z 831 tetrapeptide from extract analysis.
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From top left, clockwise: TIC, EIC and HR-MS? fragments of m/z 1079 pentapeptide from extract analysis.



Figure S29. Putative peptide intermediate species captured in the biosynthesis of WS9326A by a glycine-based
chain termination probe.
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From top left, clockwise: TIC, HR-MS? detection and fragments of m/z 529 dipeptide from extract analysis.
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From top left, clockwise: TIC, EIC and HR-MS? fragments of m/z 704 tripeptide from extract analysis.
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From top left, clockwise: TIC, EIC and HR-MS? fragments of m/z 817 tetrapeptide from extract analysis.
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From top left, clockwise: TIC, EIC and HR-MS? fragments of m/z 1065 hexapeptide from extract analysis.




Figure S30. Putative peptide intermediate species captured in the biosynthesis of WS9326A by a chain
termination probe in which the Tyr-residue has not been dehydrated. These include m/z 720, 1072 and 1081 (species
for which tyrosine has not been dehydrated, intermediates in the formation of WS9326B) partial spectra and putative
structures are shown.
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Figure S31. The genome region comparison of P450s.s to homologous P450 enzymes. Comparison of selected genes
from the biosynthetic clusters that encode P450sas homologues (UniProt ID left-hand side) including the P450 (yellow), NRPS
(red, Sas17 homologue in dark red), transporter (blue) and enzymes responsible for the biosynthesis of the Z-
pentenylcinnamoyl moiety (green), showing the similarity of the biosynthetic clusters containing P450sas homologues. An
analysis of the Sas17 NRPS homologues is shown on the right-hand side of the figure, showing two modules (Thr, N-Me-Tyr)
with conserved C-A-PCP-C-A-NMt-PCP architecture. Such high levels of biosynthetic similarity support the hypothesis that all
Sas16 homologues here will generate a Dht residue in the same acylated dipeptide biosynthetic intermediate.
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Figure $32. 'H NMR spectrum of WS9326M in DMSO-ds.
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Figure $33. 3C NMR spectrum of WS9326M in DMSO-ds.
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Figure S34. 'H-'H COSY spectrum of WS9326M in DMSO-ds.
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Figure S35. HSQC spectrum of WS9326M in DMSO-ds.
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Figure $S36. HMBC spectrum of WS9326M in DMSO-ds.
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Figure $38. 3C NMR spectrum of WS9326N in DMSO-ds.
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Figure $39. 'H-'H COSY spectrum of WS9326N in DMSO-ds.
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Figure S40. HSQC spectrum of WS9326N in DMSO-ds.
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Figure S41. HMBC spectrum of WS9326N in DMSO-ds.
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Figure $42. 'H NMR spectrum of WS9326X in DMSO-ds.
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Figure $43. 3C NMR spectrum of WS9326X in DMSO-ds.
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Figure S44. 'H-'H COSY spectrum of WS9326X in DMSO-ds.
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Figure S45. HSQC spectrum of WS9326X in DMSO-ds.
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Figure S46. HMBC spectrum of WS9326X in DMSO-ds.
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Figure S47. HPLC chromatogram of FDAA derivative of WS9326X and the corresponding standard amino acids.
The eluent for each chromatogram was monitored by extracted ion chromatogram mode.
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Figure S48. HPLC-MS/MS fragmentation analysis of WS9326X.
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Figure S49. The HR LCMS chromatogra
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