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Table S1: Strains and plasmids in this study

Source Description/Genotype Reference
E. coli strains
fhuA2, A(argF-lacZ)U169, phoA, ginV44, ©80, |
E. coliDH5-0.  A(lacZ)MI5, gyrA96, recAl, relAl, endAl, thi-1, New bngland
hsdR17
E coli dam13::Tn9(ChIR), decm-6, hsdM, hsdR, recF143, zjj-
ET12567 201::Tn10, galK2, galT22, aral4, lacY 1, xyl-5, leuB6, :
UZ8002 thi-1, tonA31, rpsL136, hisG4, tsx-78, mtll, glnV44.
(p ) pUZ8002(KanR)
Streptomyces strains
gégollmus 12 Wild type Streptomyces collinus Tii 365 :
AkirM S. collinus T 365 deletion mutant in kirM This study
AkirHVI S. collinus Tu 365 deletion mutant in kirE VI This study
S. collinus gene replacement mutant in which kirOI is
AkirOI replaced by the thiostrepton resistance cassette with the This study
ermE* promoter downstream. ThioR
S. collinus gene replacement mutant in which kirOIl is
AkirOIl replaced by the thiostrepton resistance cassette with the This study
ermE* promoter downstream. ThioR
AkirHIV S. collinus T 365 deletion mutant in kirHIV This study
AkirHV S. collinus Tt 365 deletion mutant in kirHV This study
AkirN S. collinus T 365 deletion mutant in kirN This study
AkirOI- AkirOI complemented with replicative plasmid s g
pGM1190 pGM1190-kirOI. ApraR, ThioR i/
. AkirM complemented with integrative plasmid pRM4- .
Akll"M—pRM4 kirM. ApraR This study
. AkirHVI complemented with integrative plasmid pRM4- .
AkirHVI- -pRM4 kirHVIL ApraR This study
. AkirOIl complemented with integrative plasmid pRM4- .
AkirOll -pRM4 kirOIL. ApraR, ThioR This study
. AkirN complemented with integrative plasmid pRM4- .
AkirN- —pRM4_1 kirHVI. ApraR This study
. AkirN complemented with integrative plasmid pRM4- .
AkirN- -pRM4_2 kirN-+HVI. ApraR This study
Cosmids
1024 pOJ436 cosmid vector with a fragment of the genome of s
kirromycin producer Streptomyces collinus Tt 365
K05 pOJ436 cosmid vector with a fragment of the genome of 3

kirromycin producer Streptomyces collinus Tt 365

Plasmids

pJetl.2/blunt

pDrive

pGUSA21

rep(pMBL1), bla(AmpR), eco47IR, PlacUV5, T7 RNA
polymerase promoter. Part of the CloneJET™ PCR
Cloning Kit used for high efficiency cloning of PCR
products

T7 RNA polymerase promoter, LacZa, SP6 RNA
polymerase promoter, AmpR, KanR, pUC origin, phage
f1 origin of replication. For construction of AkirOI and
AkirOlIl gene inactivation plasmids

Promoter probe vector, pPSETGUS with deleted Kpnl
fragment containing TipA promoter. gusA, Aint, AattB,
MCS from pUC21. Used for gene inactivation

Thermo Fisher
Scientific Inc.

Qiagen




Source

Description/Genotype

Reference

pGM1190

pRM4

pA18mob

pSLEG61
pCRISPR-Cas9

pCRISPR-
Cas9 USER-
AkirM

pCRISPR-
Cas9 USER-
AkirHIV

pCRISPR-
Cas9 USER-
AkirHV

pCRISPR-
Cas9 USER-
AkirN

pHR1

pHR2

pHR3

pHR4

pHRS

pTL-kirOI
pTL-kirOI-thio

pGM190 derivative in which the kanamycin resistance
cassette is exchanged with the apramycin resistance gene
aac3(3)IV. TipA promoter. ApraR, ThioR. Used for
complementation of the AkirOI mutant

pSET152ermEp derivative with an artificial RBS, ®C31
integration vector, ermE* promoter. ApraR. Used for
complementation of the kir mutants

pK18mob derivative in which aphll is replaced with the
apramycin resistance cassette. oriT, lacZa. ApraR. Used
for construction of gene replacement mutants of kirOIl
and kirOll.

pUC19 derivative. lacZa, oril, pSGS5 replicon. AmpR,
ThioR. For amplification of thiostrepton resistance
cassette

Derivative of pGM1190 with Cas9 under the control of
TipA promoter

USER-compatible destination vector, which is a
derivative of pGM1190 with Cas9 under the control of
TipA promoter. Cloned with ermE* promoter between
sgRNA and 1 kb flanking regions right and left of kirM
inserted in the USER cassette. ApraR

USER-compatible destination vector, which is a
derivative of pGM 1190 with Cas9 under the control of
TipA promoter. Cloned with ermE* promoter between
sgRNA and 1 kb flanking regions right and left of kirHIV
inserted in the USER cassette. ApraR

USER-compatible destination vector, which is a
derivative of pGM1190 with Cas9 under the control of
TipA promoter. Cloned with ermE* promoter between
sgRNA and 1 kb flanking regions right and left of kirHV
inserted in the USER cassette. ApraR

USER-compatible destination vector, which is a
derivative of pGM 1190 with Cas9 under the control of
TipA promoter. Cloned with ermE* promoter between
sgRNA and 1 kb flanking regions right and left of kirNV
inserted in the USER cassette. ApraR

pGUSAZ21 deletion plasmid of kirM cloned with ermE*
promoter between 1 kb flanking regions of the gene. 2.1
kb construct cloned from pCRISPR-Cas9 USER-kirM.
ApraR

pGUSAZ21 deletion plasmid of kirHVI cloned with ermE*
promoter between 1 kb flanking regions of the gene.
ApraR

pGUSAZ21 deletion plasmid of kirHIV cloned with ermE*
promoter between 1 kb flanking regions of the gene. 2.1
kb construct cloned from pCRISPR-Cas9 USER-kirHIV.
ApraR

pGUSAZ21 deletion plasmid of kirHV cloned with ermE*
promoter between 1 kb flanking regions of the gene. 2.1
kb construct cloned from pCRISPR-Cas9 USER-kirHV.
ApraR

pGUSAZ21 deletion plasmid of kirN cloned with ermE*
promoter between 1 kb flanking regions of the gene. 2.1
kb construct cloned from pCRISPR-Cas9 USER-kirN.
ApraR

1.2 kb flanking regions left and right of kirOI cloned in
pA18mob. ApraR

pTL-kirOlI cloned with thiostrepton resistance cassette

G. Muth (personal
communication)

7.8

78

7.8

78

This study

This study

This study

This study

This study

This study

This study




Source Description/Genotype Reference
inserted in Xbal site. ApraR, ThioR
. 2 kb flanking regions left and right of kirOII cloned in .

pDW-leOI[ pA18mob. ApraR This study
pDW-kirOll- pDW-kirOII cloned with thiostrepton resistance cassette s g
thio inserted in the Xbal site. ApraR, ThioR Y
pletl.2-kirM pJetl.2/blunt with kirM cloned in the MCS. AmpR This study
pletl.2-kirHVI  pletl.2/blunt with kirHVI cloned in the MCS. AmpR This study
pletl.2-kirOI pJetl.2/blunt with kirOI cloned in the MCS. AmpR This study
pletl.2-kirOIl  pletl.2/blunt with kirOII cloned in the MCS. AmpR This study
pletl.2-kirN pJetl.2/blunt with kirN cloned in the MCS. AmpR This study
pletl.2- o . .
kirN+HVI pJetl.2/blunt with kirN+HVI cloned in the MCS. AmpR This study
p .GMI 190- pGM1190 with kirOlI cloned in HindIII + EcoRI site This study
kirOl
pRM4-kirM pRM4 with kirM cloned in Ndel + HindIII site This study
pRM4-kirHVI pRM4 with kirHVI cloned in Ndel + HindIII site This study
pRM4-kirOIl pRM4 with kirOIl cloned in Nhel + HindIII site This study
pRM4-kirN pRM4 with of kirN cloned in Ndel + HindIII site This study
pRM4- 1. . . . . ;
kirN-+HVI pRM4 with kirN+kirHVI cloned in Ndel + HindIII site This study




Table S2: Primers used in this study

ID Primer name Sequence (5' - 3") PCR program
kirM, kirN, kirHIV, and kirHV inactivation mutants
. CTGCAGACGCGTCGACGTCAAGC | | ogec. 030 min
KP1 kirM_pGUS_left FW GACGAGGAGCTGGCG 2 08°C. 0:10 min
3.73°C, 0:30 min
4.72°C, 1:00 min
. ATTACCCTGTTATCCCTAGTTAGT 5.72°C, 5:00 min
KP2 kirM_pGUS_left RV ACGCGGGCCCCAGG (Steps 2-4 x 34)
GGAGCTCGAATTCGAAGCTTCTG
KP3 kirN_pGUS _left FW CAGACGCGTCGACGTCATATGCG L9€Cﬁ30mm
ACCCCGACCAGGA o ko
. » 0:30 min
GCGGGAAGCAGTGATAAGCATT | 3720 ‘oo™
KP4 | kirN_pGUS right RV ACCCTGTTATCCCTAGTTCTAGA (Steps 2-4 x 34)
ATCTCCGACGACGCGT
: GCAGACGCGTCGACGTCACTGCT | | ogec 030 mi
KPS | kirHIV_pGUS_left FW | o\ s GTACTTCGACTCGAC 2,98°C. 0110 min
3.70°C, 0:30 min
4.72°C, 1:00 min
. . ATTACCCTGTTATCCCTAGTTTGA 5.72°C, 5:00 min
KP6 kirHIV_pGUS _right RV CCAGCGCCAGTTGTG (Steps 2-4 x 34)
: CTGCAGACGCGTCGACGTCAGCT | | ogec 030 mi
KP7 kirHV_pGUS left FW CAGCTTCGCCGC 29@Cﬁ10$$
3.73°C, 0:30 min
4.72°C, 1:00 min
. . ATTACCCTGTTATCCCTAGTTGA 5.72°C, 5:00 min
KP8 | kirHV_pGUS_right RV | ;A tGTCGGGATCCTCCC (Steps 2-4>34)
kirHVI inactivation mutant
. GACGCGTCGACGTCACCGGAGTC | | ogec. 030 min
KP9 kirHVI pGUS_left FW GTGCTG 2 08°C. 0:10 min
3.72°C, 0:30 min
4.72°C, 0:30 min
. TCAAGATCGA: TTGTTT 5.72°C, 5:00 min
KP10 kirHVI_pGUS_left RV ST%ECé;G(X3 CCGCTTGTTTCC (Steps 2-4 x 34)
: CTACAGGGAAGGGAAACAAGCG | | ogec 030 mi
KP11 kirHVI pGUS_ermE_FW GTCGATCTTGACG 3 08°C. 0110 xg
3.74°C, 0:10 min
4.72°C, 1:00 min
. A T TCGAT 5.72°C, 5:00 min
KP12 kirHVI pGUS_ermE_RV g,? ASSSSCGGC CGCCGTCGATC (Steps 2-4 x 34)
. . 1.98°C, 0:30 mi
KP13 kirHVI pGUS_right FW ggg?g g ATCGACGGCGAGCCGL 2.98°C, 0:10 m
3.75°C, 0:30 min
4.72°C, 0:30 min
ATTACCCTGTTATCCCTAGTTGG | g hopy it
KP14 kirHVI pGUS right RV (Steps 2-4 x 34)

ACGCGACCAGGCCGC




ID Primer name Sequence (5' - 3") PCR program
kirOI and kirOII inactivation mutants
KP15 11dOxy5 iégTGCAGTCAACATCACCTACG
KP16 11dOxy3 éATCTAGACTCGTCGTAGCCGGT
1. 94°C, 2:00 min
KP17 | 1rdOxys AATCTAGAGTCGGCCAGCAACTG | 5 g4o¢ 1115 min
G 3. 60°C, 1:30 min
AATT AA A T AT T 4.72°C, 1:30 min
KP18 1rdOxy3 ééG COAACACGTCGATGTG 5.72°C, 5:00 min
Steps 2-4 x 30
P19 | ACTCTAGATCACTGACGAATCGA | P )
10-up GGTCGAGGA
. AATCTAGAGGCGAATACTTCATA
KP20 thio-low TGCGGGGAT
KP21 leftOlleco5 GAATTCGTGCCAGGAGGTGATCC
1. 94°C, 2:00 min
KP22 | lefiOllxba3 TCTAGACTCGACGTCCGTCCAAT | 5 g4ec 115 min
C 3.60°C, 1:30 min
4.72°C, 2:00 mi
KP23 rightOlIxbas };(CZ}TAGAGGCCCGCGCTTCCTGAA < T5eC. 500 xg
(Steps 2-4 x 30)
KP4 rightOlThind3 AAGCTTCAGCGCGAACTGCGTCG
Complementation plasmids
. AAACATATGCAAGACATCATCGA
KP27 | kirN_Ndel FW CGCCG
. . AAAAAGCTTTCATTTGTTTCCCTT
KP28 kirN_HindIIl RV CCCTGTAGG
. AAACATATGAGCCAACCCGATGT
KP29 kirM_Ndel FW GATGACC
KP30 KitM_HindIIl RV ééiéAGCTTTCAGACTCGGACGG
1. 98°C, 0:30 min
. AAACATATGACCGACGAAGACC | 5 ogec 0:10 min
KP31 kirHVI_Ndel FW TCGTCACG 3. 60°C, 0:30 min
4.72°C, *
KP32 kirHVI_HindIIl RV éééAAGCTTTCAACCGGCGCGCT 5.72°C, 5:00 min
Steps 2-4 x 34
Kp33 | KIOL AAAAAGCTTGTGTCCGAGACCGT | P )
HindIll pGM1190 FW TCGTCCCG
KP34 kirOI AAAGAATTCTCACCATGTCACCG
EcoRI pGM1190 RV GCAGCTCG
. AAAGCTAGCGTGACCGGAACATT
KP35 | kirOIl Nhel FW COATTGGACG
. . AAAAAGCTTTCACACGAGCTGGA
KP36 kirOIl_HindIIl RV CGGGCAG
Control PCRs and sequencing
KirLEFT_ 1.95°C, 3:00 min
KP37 | [GUS seq FW GCTCGAATTCGAAGCTTCTGCAG | 1937 3:00 min
3. 61°C, 0:30 min
4.72°C, 2:15 min
KP38 kirRIGHT _ GATAAGCATTACCCTGTTATCCC 5.72°C, 5:00 min
pGUS seq RV TAG (Steps 2-4 x 40)
1. 94°C, 2:00 min
KP39 apra-up AGCTTCTCAACCTTGG 2.94°C, 1:00 min
3.50°C, 1:00 min
4.72°C, 1:00 min
KP40 apra-low TCCGCCAAGGCAAAGC 5.72°C, 5:00 min

(Steps 2-4 x 30)




ID Primer name Sequence (5' - 3") PCR program
KP41 oxyl GCAAAGGAGAGCGTTGTGTC
KP42 oxy?2 TGGTCTCCGTTCACCATGTC 1.94°C, 2:00 min
2.94°C, 1:00 min
. 3.60°C, 1:00 min
KP43 kirOII_check FW GCGATTGGGGATCTTGGTGA 4.72°C, 1:10 min
5.72°C, 5:00 min
KP44 | kirOII check RV ATGGAAACGGTGGTCACACG (Steps 2-4 x 30)
KP45 kirM_int-500bp FW CCACCCTGTCCGGTCGCGG
KP46 kirM_int-500bp RV GCATCGTCCGCAGCCGCTG
KP47 kirN_int-500bp FW GTGTTCGCGTGGAACCCCGG
KP48 kirN_int-500bp RV GGGATCCTCCCCACCCGTG
KP49 kirHIV_int-500bp FW CCTGGTGGAGGCCGACAACG
KP50 kirHIV_int-500bp RV CGCCTCGGCGAGTTCGGCG
1.95°C, 3:00 min
KP51 kirHV_int-500bp FW GCATGAACTCCGTGCCCCAGG 2.95°C, 0:30 min
- - 3. 64°C, 0:30 min
. . 4.72°C, 2:30 min
KP52 kirHV_int-500bp RV GCCGCCCGGTCAGTGCACG 5.72°C, 5:00 min
(Steps 2-4 x 40)
KP53 kirHVI_int-500bp FW TGGAGGAGTTCCTGGACCCCG
KP54 kirHVI int-500bp RV CGCCGTGATACAGACCGCCG
KP55 kirOI_int-500bp_FW CGAGGAAGGCGGACCCACCG
KP56 kirOI_int-500bp RV GCGTCTCCCTCGGTGAAGTGGTG
KP57 kirOII_int-500bp FW GACGGACCTCGTCGCCGGG
KP58 kirOIl_int-500bp RV GAGCTGGATCTGGCCGTCCTTG
KP59 plet_check FW gGACTCACTATAGGGAGAGCGG
KP60 plet_check RV éAGAACATCGATTTTCCATGGCA
1.95°C, 3:00 min
KP61 pGM1190 seq FW CACGCGGAACGTCCGGG 2.95°C, 0:30 min
3. 60°C, 0:30 min
CCGCTGAAACTGTTGAAAGTTGT 4.72°C, **
KP62 pGM1190 seq RV TTAGC 5.72°C, 5:00 min
(Steps 2-4 x 40)
KP63 PRM4 seq FW géGTCACGACGTTGTAAAACGAC
KP64 pRM4 seq RV GGCACCGCGATGCTGTTGTG

* 0:15 min for kirHV. 0:30 min for kirM/kirHIV/kirHVI. 0:45 min for kirN/kirOl/kirOILl.
** 1:00 min for kirM/kirHV1. 1:30 min for kirN/kirOl/kirOIl.




Table S3: HPLC-ESI-HRMS data for kirromycin and derivatives

Compound RT my/z for Am Chemical t};/z[lzﬁgrslt x:@grslt
(min) | [M-HT] (ppm) Formula (m/z M) | (me [MEHT)
K“r‘(’f)‘zcm 122 | 7954110 | -2.6 | CasHeoN2Op2 | 499.2451 | 501.2578
20-O-demethyl-kirromycin | 1 5 | 7813953 | 0 | CooHsN:O | 4852202 | 487.2292
(2, AkirM)
30-deoxy-kirromycin
(3, AkirHVI) 12.3 | 779.4177 2.3 Ca3HeoN2011 499.2457 501.2586
5,6-dihydro-kirromycin
(4, AkirOI) 13.6 | 797.4286 1.6 Ca3H2N2012 501.2634 503.2768
30-hydroxy-5,6-dehydro-1-/N-
demethyl-16-deoxy- 13.5 | 763.4213 -2.7 | C43HeoN2010 | 467.2548 469.2698

kirrothricin (5, AkirOII)

*AkirN(kirHVI-complemented), AkirHIV, and AkirHV had similar chromatograms and MS profiles to

those of the wild type kirromycin (1), albeit production was lowered in AkirN(kirHVI-complemented).




Table S4: '"H NMR spectra and assignments

"H nuclear magnetic resonance (NMR) (A) and '*C NMR data (B) for 30-deoxy-
kirromycin (3, kirromycin-AkirHVI), 5,6-dihydro-kirromycin (4, kirromycin-AkirOI),
and 30-hydroxy-5,6-dehydro-1-N-demethyl-16-deoxy-kirrothricin (5, kirromycin-
AkirOIl) in CD30D at resonance frequency 600 resp. 150.8 MHz or 2700 resp.
176.1 MHz. The chemical shifts, obtained from NMR spectroscopy analysis, are
represented by A ppm
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30-deoxy-kirromycin
(3, from AkirHVI)

5,6-dihydro-kirromycin
(4, from AkirOI)

30-hydroxy-5,6-dehydro-1-N-demethyl-16-
deoxy-kirrothricin (5, from AkirOIl)

. ou [ppm] (Integral, Type, Jin | dc ou [ppm] (Integral, Type, oc . 2
Position Hz)) [ppm] | J in Hz)" [ppm] ou [ppm] (Integral, Type, J in Hz) oc [ppm]
1 - - - - -
2 164.5 - n.d. - 164.5
00 112.72
3 - 112.5 - 79.5 = 112.64
4 - 169.4 | - 169.8 | - 169.18, 169.01
5 6.11, 1H, s, br 102.1 2.54, 1H, dd, J= 7.0 (br) (3b7r)3# 6.12, 1H,d, J="7.4 102.0
6 7.39, 1H, br 137.8 | 3.42, 1H, m, J= 7.0 (br) 37.9 7.40,1H,d,J="7.4 137.8
7 - 198.9 | - n.d. - 198.55, 198.63
8 - 1414 |- 138.8% | - 142.9
9 6.94, 1H, br 142.5 6.20, m 134.3% | 6.97, 1H, ddd, J=11.4,5.3,1.2 143.3
10 6.69, 1H,b,dd, J=12.5,12.5 1294 | 6.56, m” 129.3 | 6.73,1H,dd, J=11.4, 14.7 129.5
11 6.07, 1H, dd, J=15.1,7.2 137.0 | 6.56, m"” 137.2% | 6.67, 1H, d, J=14.7, 10.7 142.3
12 6.45, 1H, dd, J=15.0, 11.0 133.6 | 6.40,1H,J=11.5,15.0 1(3b3r')9 6.61, 1H, dd, /= 14.7, 10.7 142.5
. 135.1 | 6.46,1H,dd, J=10.5,5.9 138.7
13 6.52, 1H, m (with 24) 136.1 5.99, m (br) 6.44. 1H, dd. J= 10.6, 5.7 134.0
14 431, 1H,m 81.6 4.25,1H,dd, J=12.5 81.8 6.37,0.6 H, dd, /= 14.7, 10.5 132.1
5.90,0.4 H, dt, J=14.9, 7.4; gggg
15 432, 1H,m 75.0 4.28,1H,dd, J=12.5 75.0 6.26, 0.6H dd, /= 14.8, 10.4 (131.1 '132 5
(also 6.21,dd, J=11.3, 11.3, 5.67, m,; 6.78, m) 1'33 5) "
2.25, m 40.0, 40.7,
16 4.19,1H,dd, J=4.4 74.0 4.17,1H,dd, J=4.4 74.0 2.40, m 34.8
243, m

11




30-deoxy-kirromycin
(3, from AkirHVI)

5,6-dihydro-kirromycin
(4, from AkirOI)

30-hydroxy-5,6-dehydro-1-N-demethyl-16-
deoxy-kirrothricin (5, from AkirOIl)

Position ?{HZ)[ZI)me] (Integral, Type, J in ([S;pm] ?':nhg;l)rll)] (Integral, Type, [p?)in] du [ppm] (Integral, Type, J in Hz)? oc [ppm]
17 3.71, 1H, dd, 7.3, 4.1 85.0 3.68, 1H, dd, /=4.0, 7.5 84.9 4.06, 1H, m 70.9
18 - - - - - -
19 2.20, 1H, m 36.8 2.16, 1H, ddq, J= 2.0, 7.0 36.8 1.69, 1H, m 40.8
20 3.34,1H,d,9.2 91.9 3.32,s 91.9 3.46, 1H,d, J=10.1 90.0
21 - 136.1 - 136.0 | - 136.7
22 5.69, 1H, dd, /= 15.0, 6.0 130.8 | 5.96, 1H, d (br), J=10 1309 |5.99,1H,d,J=10.5 130.4
23 6.56, 1H,dd, /=15.2, 11.0 128.0 ?643’ IH, m, /=110, 128.3 | 6.51,1H,dd, J=15.2,11.0 128.3
24 6.53,1H,dd, /=152, 11.0 128.2 | 5.67,1H, m, J=6.0, 16.0 131.0 | 5.66, 1H, m (with 35) 130.6
25a 3.90, 1H, dd, /= 15.8, 5.8 42.0 3.86, 1H, dd, /= 6.5, 15.0 4.0 3.89,1H,dd, J=15.8, 5.5 421
25b 3.95,1H,dd, /= 15.8,5.9 3.93, 1H, dd, /= 6.5, 15.0 3.95,1H,dd, J=15.8, 6.7

26-N | - - - - - -
27 - 176.9 | - 1779 | - 177.9
28 2.39,1H,dd, J=11.1,4.2 58.3 2.82,1H,dd, /J=4.0,11.0 52.5 2.84,1H,dd, J=11.0, 4.5 52.5
29 - 99.5 - 101.0 |- 101.0
30 }Zg: }E: gg: jz gg: 41‘265 38.3 3.65,1H,d,J=4.0 71.4 3.68,1H,d, J=3.6 71.4
31 3.74,1H,d, J=12.5,4.6 72.6 3.57,1H,d,J=4.0 74.0 3.60, 1H,d, J=3.6 74.0
32 - 40.3 - 40.0 - 39.9
33 4.17,1H,d,J=6.0 77.7 4.21,1H,d,J=6.0 77.3 424, 1H,t,J=5.8 77.3

34-0 | - - - -

35 5.64, 1H, m (with 24) 130.3 | 5.62,1H,dd,J=6.0,15.0  130.5 | 5.66, 1H, m (with 24) 130.6
36 6.55, 1H, m (with 24) 127.9 | 6.54, m 127.7 | 6.58, 1H,dd, J=14.8,11.8 127.7
37 6.01, 1H, ddd, J=10.8, 10.8, 130.4 | 5.99,m 130.6 | 6.01, 1H, ddd, J=10.8, 10.8, 1.5 130.5
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30-deoxy-kirromycin
(3, from AkirHVI)

5,6-dihydro-kirromycin
(4, from AkirOI)

30-hydroxy-5,6-dehydro-1-N-demethyl-16-
deoxy-kirrothricin (5, from AkirOIl)

. ou [ppm] (Integral, Type, Jin | dc ou [ppm] (Integral, Type, oc . 2

Position Hz)) [ppm] | J in Hz)" [ppm] on [ppm] (Integral, Type, J in Hz) oc [ppm]

1.0

38 549, 1H,dq, J=11.0, 6.9 126.5 | 5.44,1H,dq,J=7.0,11.0 126.4 | 5.49,1H,dq,/=11.0,7.0 126.4
39 1.77,3H,dd, J="7.1, 1.5 13.7 1.73,3H, dd, /= 2.0, 7.0 13.7 1.77,3H, dm, J="7.0 13.7
40 | 201,3H, 117 | 1.95,s (br) 14.4 (br) | 2.00, 2.04, 3H, d, /= 0.9 1111662
41 0.84,3H,d,/=16.8 13.9 0.81,1H,d,J/=7.0 13.9 0.69,3H,d,/=17.0 994;97’
42 3.18,3H, s 56.2 3.15, 3H, s (sh) 56.2 3.17,3H, s 56.32
43 1.69, 3H, s 11.2 1.66, 3H, s (sh) 11.2 1.63,3H, s 11.0 (sh)
44 1.73,2H, m 21.6 1.70, m 21.1 1.73,2H, m 21.1
45 0.95,3H,t,J="7.3 12.4 0.92,3H,t,J=17.5 12.3 0.95,3H,t,J=7.4 12.3
46 0.77,3H, s 12.4 0.89, 3H, s* 15.9 0.92, 3H, s 15.9
47 0.94, 3H, s 23.0 0.89, 3H, s* 24.6 0.92,3H, s 24.6

*: 13C shift determined by HSQC or HMBC. #: assigned due to HSQC correlations. °: not unambiguously assigned due to tautomerization,

missing 2D correlations, or overlaying signals. n.d.: not detected. n.a.: not assigned.
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Figure S1-1 — S1-11: UV-VIS profiles of AkirHIV and AkirHV mutants

The AkirHIV and AkirHV mutants were grown in parallel with Streptomyces collinus
Tii 365 (wild type) in kirromycin production medium and extracted with ethyl acetate.
The extracts were dried, dissolved in methanol, and analysed using HPLC-ESI-
HRMS. The recorded UV profiles of AkirHIV (I) and AkirHV (II) (black
chromatograms) were similar to those of the wild type (red chromatograms). These
results indicate that the two genes kirHIV and kirHV are not directly involved in the
biosynthesis of kirromycin. In the case of AkirHV (II), we suspect that the lower
intensity of the peak at 12.3 min (compared to the wild type) could be explained from

almost complete conversion of the pathway intermediate into kirromycin.
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Figure S2-1 — S2-V: MS/MS spectra of kirromycin and derivatives

MS/MS spectra for (I) kirromycin (1), (II) 20-O-demethyl-kirromycin (2), (IIT) 30-
deoxy-kirromycin (3), (IV) 5,6-dihydro-kirromycin (4), and (V) 30-hydroxy-5,6-
dehydro-1-N-demethyl-16-deoxy-kirrothricin (5). Recorded in negative mode (ESI-)
with higher-energy collisional dissociation (HCD) of 25 eV.
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Figure S3-1 — S3-VI: HPLC-ESI-UV-Vis profiles of the wild type

(WT), Akir mutants, and complemented mutants

UV-Vis profiles of Streptomyces collinus Tii 365 (WT) compared to mutants (I)
AkirM, (1) AkirHVI, (II1) AkirOI, and, (IV) AkirOll, along with their respective
complementations. The AkirN mutant and its single (kirHVI) and double (kirN+HVT)

complementations are shown in (V) and (VI), respectively.
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Figure S4-1 — S4-111: "H NMR and *C NMR data and assignment for
30-deoxy-kirromycin (3), 5,6-dihydro-kirromycin (4), and 30-
hydroxy-5,6-dehydro-1-NV-demethyl-16-deoxy-kirrothricin (5)

(A) 'TH NMR and (B) '*C NMR of (I) 30-deoxy-kirromycin (3), (II) 5,6-dihydro-
kirromycin (4), and (III) 30-hydroxy-5,6-dehydro-1-N-demethyl-16-deoxy-
kirrothricin (5) (CD3;0D, 298 K). Resonance frequency !V 600 resp. 150.8 MHz, 2 700
resp. 176.1 MHz.
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(IIB) *C NMR spectrum of 4

Grond, GS TAKIKID59_5¢, CD30D, 298K
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(IIIB) 3C NMR spectrum of 5
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Figure S5-1 — S5-111: 2D-NMR of 30-deoxy-kirromycin (3), 5,6-
dihydro-kirromycin (4), and 30-hydroxy-5,6-dehydro-1-N-demethyl-
16-deoxy-kirrothricin (5)

(I) 30-deoxy-kirromycin (3)

Homonuclear Correlation Spectroscopy (COSY) underlined the partial structure for
the 30-deoxygenated pyran ring in 30-deoxy-kirromycin (3) (IA and ID), which was
isolated from the AkirHVI mutant. It lacked the C-30-hydroxy group as had been
found previously for the heneicomycin analogue’. The signal for H-30, (8 1.48)
showed strong cross correlation with the H-30, (8 1.95), and both exhibited further
correlations with H-31 (6 3.74). (IB) The Heteronuclear Single Quantum Correlation
(HSQC) gave evidence to the CH,-connectivity for both H-30, and H-30, connection
attached to one carbon atom (C-30, (dc =38.3). (IC) The Heteronuclear Multiple
Bond Correlation (HMBC) spectrum showed correlations between H-30, (6 1.48), H-
305 (6 1.95) and C-29 (8 99.5) and corroborated the 30-deoxy ring in 3.

{ , COSY-correlations 30-deoxy-kirromycin (3)

b HMBC-correlations

Formula S5-I Selected COSY (double dashed arrowed), TOCSY (dashed line), and HMBC (single arrowed)

correlations for 30-deoxy-kirromycin (3).
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(IA) H-H-correlation (COSY) spectrum of 30-deoxy-kirromycin (3)

o

1-GSH6HF11.ser
Grond, GSHEHF, MeOD, 298 K

0 o . OM
‘ o e lw (]
| 0 e"a“":’, 0" ¢ 0
O o0 @
o 0 W@l )
% *

e

Oy w : o 0 o
. @@’3 b
9

[}

76 74 72 70 68 66 64 62 60 58 56 54 52 50 48 46 44 42 Qq.(n ?.s 36 34 32 30 28 26 24 22 20 18 16 14 12 10 08 0.6 04
(ppm

(IB) CH-correlation (HSQC) spectrum of 30-deoxy-kirromycin (3)
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(IC) Multiple bond CH-correlation (HMBC) spec. of 30-deoxy-kirromycin (3)
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(IT) 5,6-dihydro-kirromycin (4)

(ITA) In addition to the one-dimensional 'H NMR spectra, the COSY spectrum gave
evidence for the two additional methylene groups 5-H; (6 2.54, t, broad) and 6-H, (8
3.42, t, broad) with strong correlation signals (IIA and IID) for the 5,6-dihydro-
kirromycin (4), isolated from the AkirOIl mutant. (IIB) The HSQC gave evidence for
the C-H connectivity. (IIC) The HMBC spectrum showed significant correlations of
the intact kirromycin triene conjugated double bonds, e.g. 22-H (6 5.96) with C-19
(0c 91.9) and C-43 (6¢ 11.2) and C-23 (oc 128.3) and, in addition, the correlation of
33-H (6 4.21) with C-36 (dc 127.7).

4\ 4 COSY-correlations 5,6-dihydro-kirromycin (4)

v HMBC-correlations

0.89 0.89 0.92 3.15
246 1594

Formula S5-I Full assignment of 'H and '*C NMR data as example and selected COSY (double dashed arrowed)
and HMBC (single arrowed) correlations for 5,6-dihydro-kirromycin (4).
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(ITA) H-H-correlation (COSY) spectrum of 5,6-dihydro-kirromycin (4)

e Ll UL

?
?

—r—
_—
—_——

Grond, GS TAKIKID59_6gcosy, CD30D, 298K

R ) & - 0
[ o
09
@ o o'
[ (4]
o ]
®
a@ o °
o & .
e o
o° O pid @
® o 0
™ , @ 8 3
Wo O ® 8 00
L L
wt B o
6‘.5 E.‘U 5?5 Stﬂ 4‘.5 4.‘0 £2 (opm) 3t5 3.0 25 ZtU 1.5 1.0 UTS
(IIB) CH-correlation (HSQC) spectrum of 5,6-dihydro-kirromycin (4)
Grond, GS TAKIKID59_6hsqc, CD30D, 298K
A
7.0 6.5 6.0 5.5 5‘,0 4.‘5 4,‘0 2 (opm) 35 3.0 25 2‘,0 15 1.0 0.5

=

29

r100

110

120

130

f1 (ppm)

fL (ppm)



(IIC) Multiple bond CH-correlation (HMBC) spec. of 5,6-dihydro-kirromycin (4)
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(IIT) 30-hydroxy-5,6-dehydro-1-N-demethyl-16-deoxy-kirrothricin (5)

COSY and Total Correlated Spectroscopy (TOCSY) spectra established the partial
structure for the disrupted furan part (ITIIA) in the 30-hydroxy-5,6-dehydro-1-N-
demethyl-16-deoxy-kirrothricin (5) derivative isolated from the AkirOIl mutant. H-17
(0 4.06) exhibited correlations with both H-19 (6 1.69) and H-16 (6 2.40, 2.43, &
2.25). H-16 exhibited further correlations to an olefinic proton H-15 (& 5.90, 6.26),
which confirmed the location of the extra double bond. (IT) The HSQC gave evidence
to the C-H connectivity. (II) The HMBC spectrum showed correlations between H-
17 (0 4.06), CHs-41, C-16 (0 40.0) and C-20 (0 90.0), and corroborated the final
structure of 5. The new kirrothricin-like tetraene fragment was readily assigned from
the HMBC-correlations of the CH-groups of C-9 to C-15 (see Formula SS-III). The
red shifted UV-Vis spectrum for 5 could be explained by the elongation of the double

bond chain.

‘
“.___.A COSY-correlations 30-hydroxy-5,6-dehydro-1-N-demethyl-16-deoxy-kirrothricin (5)

Formula S5-II1 Selected COSY (double dashed arrowed), TOCSY (dashed line), and HMBC (single arrowed)
correlations for 30-hydroxy-5,6-dehydro-1-N-demethyl-16-deoxy-kirrothricin (5).
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(IITA) H-H-correlation (COSY) spectrum of 30-hydroxy-5,6-dehydro-1-/V-
demethyl-16-deoxy-kirrothricin (5)
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(IIIB) CH-correlation (HSQC) spectrum of 30-hydroxy-5,6-dehydro-1-/V-
demethyl-16-deoxy-kirrothricin (5)
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(IIIC) Multiple bond CH-correlation (HMBC) spec. of kirromycin 30-hydroxy-

5,6-dehydro-1-N-demethyl-16-deoxy-kirrothricin (5)
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(ITID) Key correlations highlighted for 30-hydroxy-5,6-dehydro-1-N-demethyl-
16-deoxy-kirrothricin (5)

HMBC-NMR experiment (CD;OD, 700 MHz) showing key correlation of the new
16-CH,-group (6 = 2.40, 2.43 ppm) with C-13, C-16, C-17 within the kirrothricin-
type carbon chain of 30-hydroxy-5,6-dehydro-1-N-demethyl-16-deoxy-kirrothricin
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Figure S6-1 — S6-11: Verification of Akir mutants by control PCRs

Control PCRs on genomic DNA (gDNA) of AkirM, AkirHVI, AkirOI, AkirOIl,
AkirHIV, AkirHV, and AkirN were carried out to confirm successful double crossover
(IT). The use of primers (KP43 — KP56) targeting an internal 500 bp region of each
gene in question (I) allowed for verification of correct mutants by the absence of
bands (gene replaced by ermE* promoter or thiostrepton resistance cassette).
Streptomyces collinus Ti 365 (positive) (1) and water (negative) (2) controls were
included for each primer pair. GeneRuler™ 1 kb DNA ladder (Fisher Scientific) (L)

was used as marker.
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Figure S7-1 — S7-II1: Putative enzymatic reactions catalysed by
tailoring enzymes KirHVI, KirOlI, and KirOII

Genetic inactivation studies and NMR analysis enabled the prediction of the putative
enzymatic reactions catalysed by the phytanoyl-CoA dioxygenase KirHVI (encoded
by kirHVI) (I) and the two P450-dependent hydroxylases KirOI and KirOII (encoded
by kirOI (I1) and kirOII (I11)).

)

Based on its similarity to the hydroxylase Fum3p involved in fumonisin B
biosynthesis'’, KirHVI is postulated to induce o-ketoglutarate (0-KG)/Fe(Il)-

dependent hydroxylation at the C-30 position in the sugar-like moiety in kirromycin.

a-KG  succinate

an
The cytochrome P450-dependent hydroxylase KirOlI catalyses hydroxylation of either

C-5 or C-6 in the d-lactam ring of the kirromycin biosynthetic intermediate (i). The
hydroxylated product from the AkirOIl mutant was not be detected in either the culture
broth or the solvent extract. The intermediate can then undergo dehydration, which
might be facilitated by a yet uncharacterised enzyme or an in franms-acting
dehydrogenase (DH), to form the double bond between C-5 and C-6 (ii). The product
ii bears the stable pyridone ring with tautomeric equilibrium and aromatic character,

presumably responsible for the stability of this dehydrated product.
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10

Our data suggests KirOII to be involved in formation of the tetrahydrofuran (THF)
ring in the centre of the kirromycin molecule.

In case of kirromycin biosynthesis, the PKS-derived precursor molecule of
kirromycin could undergo dual CH,-hydroxylation at C-14 and C-16, possibly
catalysed by the cytochrome P450 monooxygenase KirOIl. The hypothesis is
strengthened from the sequence comparison of KirOII to AurH (31 % identity and 49
% similarity). The cytochrome P450 monooxygenase AurH has been found to be
involved in formation of the THF ring in the antifungal compound aureothin produced

12 through the introduction of two C-O bonds. In a

by Streptomyces thioluteus
similar fashion, KirOIIl might catalyse the following step, including a classical ring-
closing dehydration reaction under formation of the THF ring moiety in kirromycin.
This conversion is favoured in kirromycin because of increased nucleophilicity of the
C-17-hydroxyl group as a result of the hydrogen bonding in a cyclic 6-membered ring
including the C-20 carbonyl group. From the AkirOIl mutant, the tetraene product,
named 30-hydroxy-5,6-dehydro-1-N-demethyl-16-deoxy-kirrothricin (5), is isolated
from the culture broth due to chemically favoured dehydration to the stable extended
conjugated double bond system between C-6 and C-15.

While this is a plausible enzymatic reaction, the scheme currently lacks an additional

enzyme responsible for catalysing the reduction of C=0 to C-OH at the C-20 position

in kirromycin. Such an enzyme remains to be identified and characterized.
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