Biocatalytic synthesis of alkoxylated phenazine derivatives using methyltransferases

[bookmark: OLE_LINK55][bookmark: OLE_LINK69][bookmark: OLE_LINK58][bookmark: OLE_LINK63][bookmark: OLE_LINK25][bookmark: OLE_LINK31][bookmark: OLE_LINK65][bookmark: OLE_LINK67][bookmark: OLE_LINK70][bookmark: OLE_LINK73][bookmark: OLE_LINK74][bookmark: OLE_LINK71]Chaozhi Wang1, #, Shuo Zhang1,3, #, Sijia Xu1, Chuanzeng Wang1, Zhe Zhang4, Mohd Sadeeq1, Yupeng Wan4, Chen Gao5, Wei Huang2,*, Peng Xiong1,* and Feifei Hou1,*    
	 



[bookmark: OLE_LINK23]1 Shandong University of Technology, School of Life Sciences and Medicine, 255000 Zibo, China.
[bookmark: OLE_LINK37][bookmark: OLE_LINK76]2 Shandong Freda Biotech Co., Ltd, 250101 Jinan, China.
3 Shandong University of Traditional Chinese Medicine, College of Traditional Chinese Medicine, 250355, Jinan, China.
[bookmark: OLE_LINK72][bookmark: OLE_LINK27]4 CAS Key Lab of Biobased Materials, Qingdao Institute of Bioenergy and Bioprocess Technology, Chinese Academy of Sciences, 266101 Qingdao, China.
[bookmark: OLE_LINK35]5 Jinan Central Hospital affiliated to Shandong university, 250013, Jinan, China.
#  These authors contributed equally to this work.
*Corresponding authors: Wei Huang, huangwei2205@163.com; Peng Xiong, xiongp@sdut.edu.cn; Feifei Hou, houff@sdut.edu.cn.















[bookmark: OLE_LINK12]Table of Contents
Table S1. Strains and plasmids in this study.
Table S2. Primers in this study.
Table S3. Sequences of genes in this study.
Table S4. 1H and 13C spectra data for 1-ethoxyphenazine recorded by 400 MHz NMR spectrometer in CDCl3.
Table S5. 1H and 13C spectra data for 1-fluoromethoxyphenazine recorded by 400 MHz NMR spectrometer in CDCl3.
Table S6. HMT1-LaphzM-catalyzed alkylation of phenazine analogs and corresponding product yields.

Figure S1. SDS-PAGE analysis of purified enzymes. 
Figure S2. Schematic diagram of the homologous recombination plasmid used for gene knockout or overexpression.
Figure S3. Structure of 1-ethoxyphenazine with key COSY/HMBC correlations.
Figure S4. ¹H NMR of 1-ethoxyphenazine.
Figure S5. 13C NMR of 1-ethoxyphenazine.
Figure S6. 1H-1H COSY NMR of 1-ethoxyphenazine.
Figure S7. HSQC NMR of 1-ethoxyphenazine.
Figure S8. HMBC NMR of 1-ethoxyphenazine.
Figure S9. In vitro production of 2-ethoxyphenazine from 2-hydroxyphenazine catalyzed by HMT1 and LaphzM.
Figure S10. In vitro production of 2-propoxyphenazine from 2-hydroxyphenazine catalyzed by HMT1 and LaphzM.
Figure S11. HR-MS/MS analysis of 1-ethoxyphenazine N′ 10-oxide.
Figure S12. HPLC chromatograms of 1-ethoxyphenazine-N′10-oxide alkylation.
Figure S13. 1H NMR of 1-ethoxyphenazine N′ 10-oxide.
Figure S14. Structure of 1-fluoromethoxyphenazine with key ¹H-¹H COSY (bold lines) and HMBC (arrows) correlations.
Figure S15. 1H NMR of 1-fluoromethoxyphenazine.
Figure S16. 13C NMR of 1-fluoromethoxyphenazine.
Figure S17. 1H-1H COSY NMR of 1-fluoromethoxyphenazine.
Figure S18. HSQC NMR of 1-fluoromethoxyphenazine.
Figure S19. HMBC NMR of 1-fluoromethoxyphenazine.
Figure S20. HR-MS analysis of 2-fluoromethoxyphenazine.
Figure S21. HPLC chromatograms of 2-fluoromethoxyphenazine.
Figure S22. 1H NMR of 2-fluoromethoxyphenazine.
Figure S23. In vivo alkylation for 1-ethoxyphenazine production.
Figure S24. In vivo alkylation for 2-ethoxyphenazine production.
Figure S25. Titers of 1-methoxyphenazine, 1-ethoxyphenazine, and 2-ethoxyphenazine from in vivo alkylation in P. chlororaphis H18.
Figure S26. Design of whole-cell catalysis for 2-propoxyphenazine.
Figure S27. Effect of NADH regeneration on the production of 1-ethoxyphenazine-N′10-oxide (1b). 
Table S1. Strains and plasmids in this study.
	Resource 
	Description
	Reference or source

	Strains 

	E. coli DH5α
	For cloning work
	Novagen

	E. coli BL21(DE3)
	For protein expression 
	Novagen

	P. chlororaphis H18
	For the production of phenazine derivatives
	Lab stock

	P. chlororaphis H18-1-8
	For the production of phenazine derivatives
	Lab stock

	P. chlororaphis H18-1-8s
	For the production of phenazine derivatives
	In this study

	P. chlororaphis H18s
	For the production of phenazine derivatives
	In this study

	P. chlororaphis H18-1-8n
	For the production of phenazine derivatives
	In this study

	P. chlororaphis H18n
	For the production of phenazine derivatives
	In this study

	plasmids

	pET-28a
	Plasmid with pBR322 replication origin
	Novagen

	pK18mobsacB
	Broad-host-range gene replacement vector, sacB, Kanr
	[bookmark: OLE_LINK28]Lab stock

	pET28a-LaphzM
	LaphzM expressed from plasmid pET-28a
	In this study

	pET28a-HMT1
	HMT1 expressed from plasmid pET-28a
	In this study

	pET28a-HMT2
	HMT2 expressed from plasmid pET-28a
	In this study

	pET28a- NaphzNO1
	NaphzNO1 expressed from plasmid pET-28a
	In this study

	pET28a-GDH
	GDH expressed from plasmid pET-28a
	[bookmark: OLE_LINK97]In this study

	pK18mobsacB-ScOAHS
	pK18mobsacB containing the PrnA flanking region and gene ScOAHS with PPHZ promoter, Kanr   
	In this study



Table S2. Primers in this study.
	Primers
	Sequence 5’-3’
	[bookmark: OLE_LINK5]Restriction enzyme sites
	Purpose 

	LaphzMF
	atgggtcgcggatccgaattcATGACCGAAAATAACCGCGC
	EcoRI
	Used for plasmid (pET28a-LaphzM) construction

	LaphzMR
	ctcgagtgcggccgcaagcttTTAAATCGGACGGGCTTCC
	HindIII
	

	HMT2F
	atgggtcgcggatccgaattcATGAGCGATCCGACCCAGC
	EcoRI
	[bookmark: OLE_LINK9]Used for plasmid (pET28a-HMT2) construction

	HMT2R
	ctcgagtgcggccgcaagcttTTATGCACGACGACGCCAG
	HindIII
	

	HMT1F
	atgggtcgcggatccgaattcATGGCCGAAGAACAGCAGAAT
	EcoRI
	Used for plasmid (pET28a-HMT1) construction

	HMT1R
	ctcgagtgcggccgcaagcttTTAATTAATCTTTTTCCAGCGGC
	HindIII
	

	[bookmark: _Hlk230344936]NaphzNO1F
	atgggtcgcggatccgaattcGTGACCAACGCGAAGAACACC
	EcoRI
	Used for plasmid (pET28a- NaphzNO1) construction

	NaphzNO1R
	ctcgagtgcggccgcaagcttTCAGGCGGTCACCACCGA
	HindIII
	

	GDHF
	cagcaaatgggtcgcggatccATGTATAAAGATCTGGAAGGCAAAGTG
	BamHI
	Used for plasmid (pET28a-GDH) construction

	GDHR
	gtggtggtggtggtgctcgagACCGCGGCCCGCCTGAA
	XhoI
	

	ScOAHSF1
	tatgaccatgattacgaattcCTAGAGGATTTCCCGCGCC
	EcoRI
	Replacement of PrnA with the ScOAHS gene

	[bookmark: OLE_LINK96]ScOAHSR1
	agttgggatgggattcgtaGCGGGCTGCTGATCAACC
	without restriction site
	

	ScOAHSF2
	cTACGAATCCCATCCCAACTGC
	without restriction site
	

	ScOAHSR2
	acctgttcatcgCGGTTTCTGGCCCGCAA
	without restriction site
	

	ScOAHSF3
	agaaaccgCGATGAACAGGTCCGCCTC
	without restriction site
	

	ScOAHSR3
	acgacggccagtgccaagcttGCGCGGCTGGACCCGATC
	HindIII
	




Table S3. Sequences of genes in this study.
	LaphzM

	[bookmark: OLE_LINK10][bookmark: _Hlk230361132]ATGACCGAAAATAACCGCGCCGGTGCCGTGCCGCTGAGCAGCATTTTATTACAAATGATTACCGGCTACTGGGTGACCCAGAGCCTGTACGTGGCCGCCAAACTGGGTATTGCCGATCTGGTGGCCGATGCCCCGAAACCGATTGAAGAACTGGCCGCCAAAACCGGCGCCAAAGCCCCGTTGCTGAAACGCGTGTTAAGAACCATCGCCAGCATTGGTGTGTTTACCGAAACCGAACCGGGCATCTTCGGCATCACCCCGCTGGCCGCCCTGCTGCGCAGTGGTACCCCAGACAGCATGCGCCCACAAGCCATTATGCATGGCGAAGAACAATACCGCGCCTGGGCCGATGTGCTGCATAATGTGCAAACCGGCGAAACCGCCTTTGAAAAGGAGTTCGGCACCAGCTACTTCGGCTACCTGGCCAAACATCCGGAAGCCGACCGCGTGTTTAACGAAGCCCAGGCCGGTTACACCAAACAGGTGGCCCATGCCGTGGTGGACGCCTATGATTTTAGCCCGTTCAAGACCGTGATCGACATCGGCGCCGGTTATGGTCCGCTGTTGAGCGCCATTCTGCGCAGCCAACCGGAAGCCCGTGGCATTCTGTTTGATCAACCGCATGTGGCCCAAGCCGCCGGTAAACGCCTGGCCGAAGCAGGTGTGGGTGATCGCTGTGGTACCGTGGGTGGTGATTTCTTTGTGGAAGTGCCGGCCGATGGCGACGTGTATATTCTGAGCCTGCTGCTGCACGACTGGGACGACCAACGCAGTATTGAAATCCTGCGCAACTGCCGCCGCGCCATGCCAGCCCATGGTAAACTGTTGATTGTGGAACTGGTGCTGCCGGAAGGCGAAGAACCGTTTTTCGGCAAATGGCTGGACCTGCACATGCTGGTGCTGCTGGGTGCCCAAGAACGCACCGCCGATGAATTTAAAACCCTGTTCGCCGCCAGCGGCTTTGCCCTGGAACGCGTGTTACCAACCGCCAGTGGTCTGAGCAT TGTGGAAGCCCGTCCGATTTAA

	HMT2

	[bookmark: OLE_LINK145]ATGAGCGATCCGACCCAGCCGGCCGTTCCGGATTTTGAAACCCGCGATCCGAACAGCCCGGCATTTTGGGATGAACGTTTTGAACGTCGCTTTACCCCGTGGGATCAGGCAGGCGTTCCGGCAGCATTTCAGAGCTTTGCAGCACGTCATTCTGGTGCAGCAGTTCTGATTCCGGGTTGTGGTAGCGCGTATGAAGCCGTGTGGCTGGCCGGCCAGGGTAATCCGGTTCGTGCAATTGATTTTAGCCCTGCAGCGGTTGCAGCAGCACATGAACAGCTGGGTGCCCAGCATGCACAGCTGGTTGAACAGGCAGATTTTTTTACATACGAACCACCGTTTACCCCGGCATGGATTTATGAACGTGCATTTCTGTGTGCACTGCCGCTGGCACGTCGTGCGGATTATGCACATCGTATGGCCGATCTGCTGCCGGGTGGCGCACTGCTGGCAGGTTTTTTTTTTCTGGGTGCAACCCCGAAAGGTCCGCCTTTTGGTATTGAACGTGCAGAACTGGATGCACTGCTGACCCCTTATTTTGATCTGATTGAAGATGAAGCAGTTCATGATAGTATTGCTGTTTTTGCGGGTCGTGAACGTTGGCTGACCTGGCGTCGTCGTGCATAA

	HMT1

	[bookmark: OLE_LINK144]ATGGGCAGTAGTCATCATCATCATCACCATAGTAGTGGTCTGGTGCCGCGCGGCAGTCATATGGCCGAAGAACAGCAGAATAGTGATCAGAGTAATGGCGGTAATGTGATTCCGACCCCGGAAGAAGTTGCAACCTTTCTGCATAAAACCGTTGAAGAAGGCGGTTGGGAAAAATGCTGGGAAGAAGAAATTACCCCGTGGGATCAGGGTCGTGCAACCCCGCTGATTGTGCATCTGGTGGATACCAGCAGCCTGCCGCTGGGTCGCGCCTTAGTGCCGGGTTGCGGTGGTGGTCATGATGTGGTTGCCATGGCCAGTCCGGAACGCTTTGTTGTTGGTCTGGATATTAGTGAAAGCGCCCTGGCAAAAGCCAATGAAACCTATGGTAGCAGTCCGAAAGCAGAATATTTTAGCTTTGTTAAAGAGGATGTGTTCACCTGGCGTCCGACCGAACTGTTTGATCTGATTTTTGATTATGTGTTCTTCTGTGCAATCGAACCGGAAATGCGCCCGGCATGGGCAAAAAGTATGTATGAACTGCTGAAACCGGATGGCGAACTGATTACCCTGATGTATCCGATTACCGATCATGTTGGTGGCCCGCCGTATAAAGTTGATGTTAGCACCTTTGAAGAAGTGCTGGTGCCGATTGGCTTTAAAGCCGTGAGCGTGGAAGAAAATCCGCATGCCATTCCGACCCGTAAAGGTAAAGAAAAACTGGGCCGCTGGAAAAAGATTAATTAA

	NaphzNO1

	[bookmark: _Hlk206755221]GTGACCAACGCGAAGAACACCGATCTCGACGCGATCGTCGTCGGTGCCGGGTTCGCCGGCATCTACGCGCTGCACAAGCTCCGCAACGAACTGGGTCTGTCCGTCCGGGCCTTCGACAAGGCGGGCGGGGTCGGGGGCACCTGGTACTGGAACCGCTACCCCGGCGCCATGTCCGACAGCGAGGGCTTCATCTACCAGTACTCCTTCGACCGCGACCTGCTGCGGGAGTGGACCTGGAAGAAGCGCTACCTGTCCCAGGCGGAGATCCTGGGCTACCTGGAGGCGGTCGTGGAGCGGCACGACCTCGCCAGGGACATCCAGCTCAACACCGGCGTCGAGACGCTGGTCTACGACGAGGCCGCCGCCCTGTGGACCGCGACCACCAGTGACGGCCAGACCCTCACCGCCCGCTACGTGGTGACCGCCCTCGGACCGCTGTCCACCTCCCACTTCCCCGACTTCAAGGGCCGCGACAGCTTCCGGGGCCGCCTGGTCCACACCGGCTCCTGGCCCGACGACCTCGACATCGAGGGCAAGAGGGTCGGCGTCATCGGCACCGGCTCCACCGGAACCCAGTTCATCTGCGCGGCCTCGAAGGTGGCCGGGCAGCTCACCGTGTTCCAGCGGACCCCCCAGTACAACGTGCCCTCGGGCAACGCCGAGGTGGACGAGGCCTACTTCACCGACCTGCGCGGCCGCTACGACCAGGTCTGGGAGCAGGCCAAGAAGTCCCGCGTGGCGTGCGGCTTCGAGGAGAGCGAGATCGCCGCGATGAGCGTCTCCGAGGAGGAGCGCCGACGCGTCTTCCAGGAGAACTGGGACCGGGGCAACGGCTTCCGCTTCATGTTCGGCACCTTCTCCGACATCATCTTCGACCCCGAGGCCAACGAGGCGGCGGCCGACTTCATCCGGTCCAAGATCCGGGAGATCGTCAAGGACCCGGAGACCGCCCGCAAGCTCCAGCCGACCGACTACTACGCCAAGCGCCCGGTCTGCAACGAGGACTACTACGAGTCCTACAACCGGGACAACGTCAGCCTGGTGAGCCTCAAGGAGACCCCGATCCGGGAGTTCACGCCCACGGGGATCGTGACCGAGGACGGGGTGGAGCACGAGCTGGACATCGTCGTCTTCGCGACCGGTTTCGAGGCCGTCGAGGGCAGCTACCGGCAGATGGAGATCCGCGGCCGGGGCGGCGTGACCATCGAGGAGCACTGGGGGGACACGCCCGCCAGCTACCTCGGGGTCAACGTCTCGGGCTTCCCCAACATGTTCATGGTCTACGGCCCCAACAGCGTCTTCAGCAACCTGCCCACGGCCATCGAGACCCAGGTCGAGTGGATCACCGACCTGGTCCGGATGATGGAGGAGCGCGACCTGACCTCCATCGAGCCGACCCCGGAGGCGGAGGAGGGCTGGACCGAGCTGTGCACGCAGATCGCCGACCACTCCCTGTTCCCCAAGGTCAACTCCTGGATCTTCGGGGCGAACATCCCGGGCAAGAAGAAGCGGGTCCTGTTCTACTTCGCGGGGCTCGGCAACTACCGCCAGAAGCTCGGTGACGTGGCCGCGGCCGACTACGAGGGCTTCATGCTCAAGGGCAACCCCTCGGTGGTGACCGCCTGA

	ScOAHS

	ATGGGCAGCAGCCATCATCATCATCATCATAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGCCGAGCCATTTTGATACCGTGCAGCTGCATGCGGGCCAGGAAAACCCGGGCGATAACGCGCATCGCAGCCGCGCGGTGCCGATTTATGCGACCACCAGCTATGTGTTTGAAAACAGCAAACATGGCAGCCAGCTGTTTGGCCTGGAAGTGCCGGGCTATGTGTATAGCCGCTTTCAGAACCCGACCAGCAACGTGCTGGAAGAACGCATTGCGGCGCTGGAAGGCGGCGCGGCGGCGCTGGCGGTGAGCAGCGGCCAGGCGGCGCAGACCCTGGCGATTCAGGGCCTGGCGCATACCGGCGATAACATTGTGAGCACCAGCTATCTGTATGGCGGCACCTATAACCAGTTTAAAATTAGCTTTAAACGCTTTGGCATTGAAGCGCGCTTTGTGGAAGGCGATAACCCGGAAGAATTTGAAAAAGTGTTTGATGAACGCACCAAAGCGGTGTATCTGGAAACCATTGGCAACCCGAAATATAACGTGCCGGATTTTGAAAAAATTGTGGCGATTGCGCATAAACATGGCATTCCGGTGGTGGTGGATAACACCTTTGGCGCGGGCGGCTATTTTTGCCAGCCGATTAAATATGGCGCGGATATTGTGACCCATAGCGCGACCAAATGGATTGGCGGCCATGGCACCACCATTGGCGGCATTATTGTGGATAGCGGCAAATTTCCGTGGAAAGATTATCCGGAAAAATTTCCGCAGTTTAGCCAGCCGGCGGAAGGCTATCATGGCACCATTTATAACGAAGCGTATGGCAACCTGGCGTATATTGTGCATGTGCGCACCGAACTGCTGCGCGATCTGGGCCCGCTGATGAACCCGTTTGCGAGCTTTCTGCTGCTGCAGGGCGTGGAAACCCTGAGCCTGCGCGCGGAACGCCATGGCGAAAACGCGCTGAAACTGGCGAAATGGCTGGAACAGAGCCCGTATGTGAGCTGGGTGAGCTATCCGGGCCTGGCGAGCCATAGCCATCATGAAAACGCGAAAAAATATCTGAGCAACGGCTTTGGCGGCGTGCTGAGCTTTGGCGTGAAAGATCTGCCGAACGCGGATAAAGAAACCGATCCGTTTAAACTGAGCGGCGCGCAGGTGGTGGATAACCTGAAACTGGCGAGCAACCTGGCGAACGTGGGCGATGCGAAAACCCTGGTGATTGCGCCGTATTTTACCACCCATAAACAGCTGAACGATAAAGAAAAACTGGCGAGCGGCGTGACCAAAGATCTGATTCGCGTGAGCGTGGGCATTGAATTTATTGATGATATTATTGCGGATTTTCAGCAGAGCTTTGAAACCGTGTTTGCGGGCCAGAAACCG

	GDH

	ATGTATAAAGATCTGGAAGGCAAAGTGGTGGTGATTACCGGCAGCAGCACCGGCTTAGGCAAAAGCATGGCGATTCGCTTTGCGACCGAAAAAGCGAAAGTGGTGGTGAACTATCGCAGCAAAGAAGATGAAGCGAACAGCGTGCTGGAAGAAATTAAAAAGGTGGGCGGCGAAGCGATTGCGGTGAAAGGCGATGTGACCGTGGAAAGCGATGTGATTAACCTGGTGCAGAGCGCGATTAAAGAATTTGGCAAACTGGATGTGATGATCAACAACGCGGGCCTGGAAAACCCGGTGAGCAGCCATGAAATGAGCCTGAGCGATTGGAACAAAGTGATTGATACCAACCTGACCGGCGCGTTTCTGGGCAGCCGTGAAGCAATTAAATATTTTGTGGAAAACGACATCAAGGGCACCGTGATTAACATGAGCAGCGTGCATGAAAAGATTCCGTGGCCGCTGTTTGTGCATTATGCGGCGAGCAAAGGCGGCATGAAACTGATGACCGAAACCCTGGCGCTGGAATATGCGCCGAAAGGCATTCGCGTGAACAACATTGGCCCGGGCGCGATTAACACCCCGATTAACGCGGAAAAATTTGCGGACCCGGAACAGCGTGCGGATGTGGAATCAATGATTCCGATGGGCTATATTGGCGAACCGGAAGAAATTGCGGCGGTGGCGGCGTGGTTAGCGTCAAGCGAAGCGAGCTATGTGACCGGCATTACCCTGTTTGCGGATGGCGGCATGACCCAGTATCCGAGCTTTCAGGCGGGCCGCGGT


[image: ]
[bookmark: OLE_LINK2]Figure S1. SDS-PAGE analysis of purified enzymes. (A) SDS-PAGE analysis of HMT2, HMT1, LaphzM and NaphzNO1. M1, protein marker1; lane 1, purified HMT2 (about 23 kDa); lane 2, purified HMT1 (about 30 kDa); lane 3, purified LaphzM (about 38 kDa). (B) SDS-PAGE analysis of NaphzNO1 (about 61 kDa). M2, protein marker2; [image: ]lane 4, purified NaphzNO1.
Figure S2. Schematic diagram of the homologous recombination plasmid used for gene knockout or overexpression.
[image: ] 
[bookmark: _Hlk190803118]Figure S3. The structure of 1-ethoxyphenazine with key ¹H-¹H COSY (bold lines) and HMBC (arrows) correlations. 
[image: ] Figure S4. 1H NMR of 1-ethoxyphenazine.

[image: ] Figure S5. 13C NMR of 1-ethoxyphenazine.
[image: ] Figure S6. 1H-1H COSY NMR of 1-ethoxyphenazine.
[image: ] Figure S7. HSQC NMR of 1-ethoxyphenazine.
[image: ] Figure S8. HMBC NMR of 1-ethoxyphenazine.

Table S4. 1H and 13C spectra data for 1-ethoxyphenazine recorded by 400 MHz NMR spectrometer in CDCl3.
	Position
	δH (ppm, J in Hz)
	δC (ppm)
	COSY
	HMBC

	1
	
	154.4
	
	

	2
	7.07 (dd, 7.5, 1.2)
	107.3
	H-3
	C-1, 4, 10a

	3
	7.74 (dd, 8.9, 7.5)
	130.7
	H-2, 4
	C-1, 4a

	4
	7.77-7.89 (m)
	121.1
	H-3
	C-2, 10a

	4a
	
	144.2
	
	

	5a
	
	142.2
	
	

	6
	8.23 (dd, 8.4, 1.8)
	129.2
	H-7
	C-8

	7
	7.77-7.89 (m)
	130.8
	H-6, 8
	C-5a, 6, 9

	8
	7.77-7.89 (m)
	130.0
	H-7, 9
	C-6, 9a

	9
	8.40 (dd, 8.4, 1.8)
	130.4
	H-8
	C-5a, 9a

	9a
	
	143.3
	
	

	10a
	
	137.1
	
	

	11
	4.43 (q, 7.0)
	64.9
	H-12
	C-12

	12
	1.69 (t, 7.0)
	14.5
	H-11
	C-11


[image: ]

[bookmark: OLE_LINK16][bookmark: OLE_LINK112][image: ]Figure S9. In vitro production of 2-ethoxyphenazine from 2-hydroxyphenazine catalyzed by HMT1 and LaphzM. (A) Schematic of the HMT1-LaphzM reaction using 2-hydroxyphenazine as the substrate; (B) HR-MS analysis of the resulting 2-ethoxyphenazine.
Figure S10. In vitro production of 2-propoxyphenazine from 2-hydroxyphenazine catalyzed by HMT1 and LaphzM. (A) Schematic of the HMT1-LaphzM reaction using 2-hydroxyphenazine as the substrate; (B) HR-MS analysis of 2-propoxyphenazine.

[image: ]
Figure S11. HR-MS/MS analysis of 1-ethoxyphenazine N′ 10-oxide. (A) HR-ESI-MS analysis of 1-ethoxyphenazine N′ 10-oxide. (B) HR-ESI-MS/MS analysis of 1-ethoxyphenazine N′ 10-oxide.
[bookmark: OLE_LINK94][image: ]
[bookmark: OLE_LINK8][bookmark: OLE_LINK7]Figure S12. HPLC chromatograms of the reactions catalyzed by HMT1 and LaphzM with 1-hydroxyphenazine N′10-oxide as the substrate: (i) Reaction mixture containing HMT1, LaphzM and 1-hydroxyphenazine N′10-oxide; (ii) Boiled HMT1 and LaphzM with 1-hydroxyphenazine N′10-oxide. The additional peak observed at 8.3 min is a reaction byproduct derived from the alkylation step, as confirmed by co-injection with the authentic substrate. 
[image: 图表, 直方图

描述已自动生成]
Figure S13. 1H NMR of 1-ethoxyphenazine N′ 10-oxide.
[image: ]
[bookmark: _Hlk190805184]Figure S14. The structure of 1-fluoromethoxyphenazine with key ¹H-¹H COSY (bold lines) and HMBC (arrows) correlations.
[image: 图表, 直方图

描述已自动生成]
[bookmark: OLE_LINK30]Figure S15. 1H NMR of 1-fluoromethoxyphenazine.
[image: 图表, 直方图

描述已自动生成]Figure S16. 13C NMR of 1-fluoromethoxyphenazine.

[image: ]
Figure S17. 1H-1H COSY NMR of 1-fluoromethoxyphenazine.
[image: ] Figure S18. HSQC NMR of 1-fluoromethoxyphenazine.
[image: ] Figure S19. HMBC NMR of 1-fluoromethoxyphenazine.


Table S5. 1H and 13C spectra data for 1-fluoromethoxyphenazine recorded by 400 MHz NMR spectrometer in CDCl3.
	[bookmark: _Hlk172208841]Position
	δH (ppm, J in Hz)
	δC (ppm, J in Hz)
	COSY
	HMBC

	1
	
	151.9(d, 3.2)
	
	

	2
	7.49(d, 7.5)
	112.3(d, 2.2)
	H-3
	C-1, 4, 10a

	3
	7.79(dd, 8.8, 7.6)
	130.1
	H-2, 4
	C-1, 4a

	4
	8.03(d, 8.8)
	124.6
	H-3
	C-2, 10a

	4a
	
	143.9
	
	

	5a
	
	143.5
	
	

	6
	8.22-8.31(m)
	130.1
	H-7
	C-8, 9a

	7
	7.84-7.93(m)
	131.2
	H-6, 8
	C-5a, 9

	8
	7.84-7.93(m)
	130.8
	H-7, 9
	C-6, 9a

	9
	8.34-8.44(m)
	129.4
	H-8
	C-5a, 7

	9a
	
	142.6
	
	

	10a
	
	136.5(d, 1.5)
	
	

	11
	6.13(d, 53.7)
	100.9(d, 221.4)
	
	C-1




[bookmark: OLE_LINK154]Table S6. HMT1-LaphzM-catalyzed alkylation of phenazine analogs and corresponding product yields.
	[bookmark: OLE_LINK1]Entry
	Substrates
	Enzymes 
	Products
	[bookmark: OLE_LINK6]Yield (%)
	Yield (mg/L)
	SD (mg/L)

	1
	[bookmark: OLE_LINK53][bookmark: OLE_LINK34]1-hydroxyphenazine (1) and EtI
	LaphzM and HMT1
	1-ethoxyphenazine (1a)
	96
	215.3
	± 10.4

	2
	[bookmark: OLE_LINK51][bookmark: OLE_LINK3]2-hydroxyphenazine (2) and EtI
	LaphzM and HMT1
	2-ethoxyphenazine (2a1)
	21
	47.1
	± 2.8

	3
	[bookmark: OLE_LINK19]2-hydroxyphenazine (2) and PrI
	LaphzM and HMT1
	2-propoxyphenazine (2a2)
	12
	26.7
	± 3.9

	4
	1-hydroxyphenazine (1) and EtI
	NaphzNO1, LaphzM and HMT1
	1-ethoxyphenazine-N′10-oxide (1b)
	72
	170.6
	± 12.1

	5
	1-hydroxyphenazine (1) and FMeI
	[bookmark: OLE_LINK4]LaphzM and HMT2
	1-fluoromethoxyphenazine
(1c)
	98
	221.5
	± 6.4

	6
	2-hydroxyphenazine (2) and FMeI
	LaphzM and HMT2
	[bookmark: OLE_LINK26]2-fluoromethoxyphenazine (2b)
	46
	103.4
	± 7.3



[image: ]
[bookmark: OLE_LINK98][bookmark: OLE_LINK13]Figure S20. HR-MS analysis of 2-fluoromethoxyphenazine. (A) HR-ESI-MS analysis of 2-fluoromethoxyphenazine. (B) HR-ESI-MS/MS analysis of 2-[image: ]fluoromethoxyphenazine.
Figure S21. HPLC chromatograms of the reactions catalyzed by HMT2 and LaphzM with 2-hydroxyphenazine as the substrate: (i) Reaction mixture containing HMT2, LaphzM, 2-hydroxyphenazine and FMeI; (ii) Boiled HMT2 and LaphzM with 2-hydroxyphenazine and FMeI.
[image: 图表, 直方图

描述已自动生成]
Figure S22. 1H NMR of 2-fluoromethoxyphenazine.
[image: ]
Figure S23. In vivo alkylation in P. chlororaphis H18 for the production of 1‑ethoxyphenazine. (A) LC-MS extracted ion chromatograms at m/z 225.1022 ([M+H]+ of 1-ethoxyphenazine) for the engineered strain P. chlororaphis H18-1-8n and the negative control strain P. chlororaphis H18-1-8. A trace peak corresponding to 1-ethoxyphenazine is observed only in the engineered strain. (B) HR-ESI-MS analysis of the putative 1-ethoxyphenazine from the engineered strain. (C) HR-ESI-MS/MS spectrum of the m/z 225.1020 ion, confirming the structure. 
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[bookmark: OLE_LINK146][image: ]Figure S24. In vivo alkylation in P. chlororaphis H18 for the production of 2‑ethoxyphenazine. (A) LC-MS extracted ion chromatograms at m/z 225.1022 ([M+H]+ of 2-ethoxyphenazine) for the engineered strain P. chlororaphis H18n and the negative control strain P. chlororaphis H18. A trace peak corresponding to 2-ethoxyphenazine is observed only in the engineered strain. (B) HR-ESI-MS analysis of the putative 2-ethoxyphenazine from the engineered strain.  
[bookmark: OLE_LINK148]Figure S25. Titers of 1-methoxyphenazine, 1-ethoxyphenazine, and 2-ethoxyphenazine from in vivo alkylation in P. chlororaphis H18. All values represent mean ± SD from three independent replicates.
[image: ]

[image: ]Figure S26. Design of whole-cell catalysis for 2-propoxyphenazine production (E. coli strain 1 expressing LaphzM and strain 2 expressing HMT1 for the biocatalysis of 2-propoxyphenazine by one-step method). 

Figure S27. Effect of NADH regeneration on the production of 1-ethoxyphenazine-N′10-oxide (1b). The reaction was performed with or without the GDH-coupled NADH recycling system (0.6% w/v glucose) in the presence of NaphzNO1. Yields of 1b are presented as mean ± SD from three independent experiments.
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