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Supplementary Fig. 1: Simulated active site of AnFDC with bound ccMA. The negative hydrogen network and hydrophobic interaction are shown as dashed lines. AnFDC, ferulic acid decarboxylase derived from Aspergillus niger; ccMA, cis,cis-muconate.
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Supplementary Fig. 2: Simulated active site of AnFDC mutants with bound ccMA. Designs a A18 (T395H), b A19 (T395Q), and c A20 (T395N). The negative hydrogen network and hydrophobic interaction are shown as dashed lines. AnFDC, ferulic acid decarboxylase derived from Aspergillus niger; ccMA, cis,cis-muconate.
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Supplementary Fig. 3: Active site of a AnFDC and b ScFDC. The negative hydrogen network and hydrophobic interaction are shown as dashed lines. AnFDC, ferulic acid decarboxylase derived from Aspergillus niger; ScFDC, ferulic acid decarboxylase derived from Saccharomyces cerevisiae.





[image: /Users/yutaro_mori/Desktop/スクリーンショット 2020-04-28 7.22.07.png]
Supplementary Fig. 4: Comparison of decarboxylation activity between A1905 and S1905. The graph shows the amount of 1,3-butadiene produced by A1905 (blue) and S1905 (red) at different ccMA concentrations after 24 h of cultivation. Data are presented as the mean ± SD of three independent experiments (n = 3). ccMA, cis,cis-muconic acid; SD, standard deviation.
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Supplementary Fig. 5: Culture profiles of the ccMA-producing CFB22 strain. Time courses of a bacterial cell growth (open blue circles) and glucose consumption (green open circles) and b amount of ccMA produced (solid red circles). Data are presented as the mean ± SD of three independent experiments (n = 3). ccMA, cis,cis-muconic acid; SD, standard deviation.
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Supplementary Fig. 6: Culture profiles of 1,3-butadiene-producing CFB212 strains under microaerobic conditions. a Time courses of cell growth (solid circles, solid lines) and glucose consumption (open circles, dashed lines). The medium-to-air-phase ratios were 1:5 (blue), 1:10 (green), and 1:20 (red). b Time courses of pH and c 1,3-butadiene yield with (red) or without (blue) pH adjusting to 6.5. Data are presented as the mean ± SD of three independent experiments (n = 3). SD, standard deviation.
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Supplementary Fig. 7: 1,3-butadiene analysis profiles. a Chromatogram and b mass spectrum by HS/GC–MS. c Calibration curve for 1,3-butadiene. HS/GC–MS, headspace/gas chromatography–mass spectrometry.
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	Relative area of peaks each main peak is defined as 100 %

	m/z
	[M+0]
	[M+1]
	[M+2]
	[M+3]
	[M+4]

	54
	100.0
	66.8
	11.6
	25.5
	29.0

	55
	0.0
	100.0
	66.8
	11.6
	25.5

	56
	0.0
	0.0
	100.0
	66.8
	11.6

	57
	0.0
	0.0
	0.0
	100.0
	66.8

	58
	0.0
	0.0
	0.0
	0.0
	100.0




a, b, c, d, e = the relative ratio of each isotopes; m/z = 54, 55, 56, 57, 58
A, B, C, D, E = each experimental peak area of m/z = 54, 55, 56, 57, 58



Supplementary Fig. 8: Mass spectrum of 1,3-butadiene produced in CFB222 cultivation using [U-13C6] glucose. The percentage of butadiene isotopes was calculated using the quintic equation. Each peak area distribution was created on the basis of its 1,3-butadiene standard.
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Supplementary Fig. 9: 1,3-butadiene isotope profiles of CFB222 cultivation in different mediums using [U-13C6] glucose. Ratio of butadiene isotopes produced using [U-13C6] glucose in the M9T medium with different concentrations of yeast extract.
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Supplementary Fig. 10: Batch culture of CFB222 in a 1-L jar fermenter under three different DO conditions at pH 7.0. a, d, g Time courses of bacterial cell growth (open yellow circles) and glucose concentration (open blue circles). b, e, h Time courses of the ccMA (solid red squares) and PA (solid green triangles) yields. c, f, i Time courses of the estimated 1,3-butadiene yield (solid blue circles). Data are presented as the mean ± SD of three independent experiments (n = 3). ccMA, cis,cis-muconic acid; PA, pentadienoic acid; SD, standard deviation.
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Supplementary Fig. 11: Tolerance of E. coli to ccMA and PA. Cell growth of C41 (DE3) harboring the pET22b(+) empty vector with 0–10 g L−1 a ccMA and b PA after 6 h of cultivation are shown. Cell growth without ccMA and PA was defined as 100%. Data are presented as the mean ± SD of three independent experiments (n = 3). ccMA, cis,cis-muconic acid; PA, pentadienoic acid; SD, standard deviation.









[image: /Users/yutaro_mori/Desktop/スクリーンショット 2020-04-28 10.58.12.png]
[image: /Users/yutaro_mori/Desktop/スクリーンショット 2020-04-28 8.18.17.png]
Supplementary Fig. 12: a Active site of S1905 with bound PA. The negative hydrogen network and hydrophobic interaction are shown as dashed lines. b Decarboxylation activity of the combination of WT ScFDC and S1905. Data are presented as the mean ± SD of three independent experiments (n = 3). PA, pentadienoic acid; WT, wild type; ScFDC, ferulic acid decarboxylase derived from Saccharomyces cerevisiae; SD, standard deviation.
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Supplementary Fig. 13: Culture profiles of 1,3-butadiene-producing strains CFB210–CFB222 under aerobic (for 24 h) and packed cultivation (for another 24 h) conditions. Time courses of a bacterial cell growth and b glucose consumption. CFB210, open blue circles, dashed lines; CFB211, open green triangles, dashed lines; CFB212, open red squares, dashed lines; CFB220, solid blue circles, solid lines; CFB221, solid green triangles, solid lines; CFB222, solid red squares, solid lines. Data are presented as the mean ± SD of three independent experiments (n = 3). SD, standard deviation.
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Supplementary Fig. 14: PA analysis profiles. a Chromatogram and b mass spectrum by GC-MS. c Calibration curve for PA. PA, pentadienoic acid; GC–MS, gas chromatography–mass spectrometry.


 
Supplementary Table 1 Sequences of computationally predicted single mutants and enzymatic activity. The activity of WT AnFDC was defined as 1.

	Enzyme
	Sequence
	Relative activity
	Enzyme
	Sequence
	Relative activity

	Wild type
	
	1.0
	A13
	Y394H
	6.3

	A1
	I187N
	2.1
	A14
	Y394Q
	2

	A2
	I187H
	6.4
	A15
	Y394N
	3.3

	A3
	T323K
	0
	A16
	T395R
	4.3

	A4
	I327R
	0
	A17
	T395K
	13.3

	A5
	I327K
	0
	A18
	T395H
	66.4

	A6
	I327Q
	0
	A19
	T395Q
	109.1

	A7
	I327N
	0
	A20
	T395N
	49.0

	A8
	A331R
	0
	A21
	F437R
	0

	A9
	A331T
	5.5
	A22
	F437K
	0

	A10
	A331Q
	1.2
	A23
	F437H
	0.1

	A11
	Y394R
	3.6
	A24
	F437Q
	0.1

	A12
	Y394K
	0.2
	A25
	F437N
	0.7


WT, wild type; AnFDC, ferulic acid decarboxylase derived from Aspergillus niger.


Supplementary Table 2 Sequences of the combinatorial library of multiple mutants

	Enzyme
	Sequence
	Enzyme
	Sequence

	Wild type
	I187
	A331
	Y394
	AXX15
	I187N
	331T
	Y394N

	AXX01
	I187N
	A331
	Y394
	AXX16
	I187N
	331T
	Y394Q

	AXX02
	I187H
	A331
	Y394
	AXX17
	I187H
	331T
	Y394

	AXX03
	I187
	A331T
	Y394
	AXX18
	I187H
	A331T
	Y394R

	AXX04
	I187
	A331
	Y394R
	AXX19
	I187H
	A331T
	Y394H

	AXX05
	I187
	A331
	Y394H
	AXX20
	I187H
	A331T
	Y394N

	AXX06
	I187
	A331
	Y394N
	AXX21
	I187H
	A331T
	Y394Q

	AXX07
	I187
	A331
	Y394Q
	AXX22
	I187H
	331T
	Y394R

	AXX08
	I187N
	A331T
	Y394
	AXX23
	I187H
	331T
	Y394H

	AXX09
	I187N
	A331
	Y394R
	AXX24
	I187H
	331T
	Y394N

	AXX10
	I187N
	A331
	Y394H
	AXX25
	I187H
	331T
	Y394Q

	AXX11
	I187N
	A331
	Y394N
	AXX26
	I187
	331T
	Y394R

	AXX12
	I187N
	A331
	Y394Q
	AXX27
	I187
	331T
	Y394H

	AXX13
	I187N
	A331T
	Y394R
	AXX28
	I187
	331T
	Y394N

	AXX14
	I187N
	A331T
	Y394H
	AXX29
	I187
	331T
	Y394Q


AXX: A18 (T295H), A19 (T395Q), or A20 (T395N) was used as a template.




Supplementary Table 3 Relative activity of the combinatorial library of multiple mutants. The activity of WT AnFDC was defined as 1.
	
	Enzyme
	Relative activity
	Enzyme
	Relative activity
	Enzyme
	Relative activity

	Wild type
	1
	
	
	
	

	A18
	66.4
	A19
	109
	A20
	49

	A1801
	363.6
	A1901
	142
	A2001
	57.2

	A1802
	131
	A1902
	250
	A2002
	92.4

	A1803
	39.8
	A1903
	120
	A2003
	39.2

	A1804
	6.7
	A1904
	87
	A2004
	4.1

	A1805
	156.2
	A1905
	1002
	A2005
	132

	A1806
	78.1
	A1906
	394
	A2006
	52.8

	A1807
	29.5
	A1907
	207
	A2007
	39.2

	A1808
	338.64
	A1908
	130.8
	A2008
	58.8

	A1809
	6.64
	A1909
	21.8
	A2009
	4.9

	A1810
	478.08
	A1910
	962
	A2010
	166.6

	A1811
	332
	A1911
	348.8
	A2011
	63.7

	A1812
	79.68
	A1912
	239.8
	A2012
	58.8

	A1813
	13.28
	A1913
	10.9
	A2013
	9.8

	A1814
	471.44
	A1914
	817.5
	A2014
	147

	A1815
	139.44
	A1915
	370.6
	A2015
	68.6

	A1816
	0
	A1916
	163.5
	A2016
	98

	A1817
	73.04
	A1917
	348.8
	A2017
	142.1

	A1818
	6.64
	A1918
	21.8
	A2018
	4.9

	A1819
	139.44
	A1919
	990
	A2019
	58.8

	A1820
	119.52
	A1920
	457.8
	A2020
	53.9

	A1821
	6.64
	A1921
	196.2
	A2021
	68.6

	A1822
	13.28
	A1922
	21.8
	A2022
	4.9

	A1823
	79.68
	A1923
	842
	A2023
	98

	A1824
	73.04
	A1924
	10.9
	A2024
	112.7

	A1825
	0
	A1925
	130.8
	A2025
	98

	A1826
	6.64
	A1926
	10.9
	A2026
	4.9

	A1827
	119.52
	A1927
	970
	A2027
	102.9

	A1828
	53.12
	A1928
	152.6
	A2028
	34.3

	A1829
	0
	A1929
	130.8
	A2029
	73.5


WT, wild type; AnFDC, ferulic acid decarboxylase derived from Aspergillus niger.


Supplementary Table 4 Sequences and relative activity of the combinatorial library of multiple mutants. The activity of WT ScFDC was defined as 1.

	Enzyme
	Sequence
	
	
	
	Relative activity

	wild type
	I189
	A333
	F397
	I398
	1

	S18
	I189
	A333
	F397
	I398H
	26.4

	S1801
	I189N
	A333
	F397
	I398H
	155

	S1805
	I189
	A333
	F397H
	I398H
	67.2

	S1808
	I189N
	A333T
	F397
	I398H
	143.5

	S1810
	I189N
	A333
	F397H
	I398H
	250.1

	S1811
	I189N
	A333
	F397Q
	I398H
	121.4

	S1814
	I189N
	A333T
	F397H
	I398H
	187.2

	S19
	I189
	A333
	F397
	I398Q
	48.1

	S1905
	I189
	A333
	F397H
	I398Q
	442

	S1910
	I189N
	A333
	F397H
	I398Q
	410.1

	S1914
	I189N
	A333T
	F397H
	I398Q
	310.4

	S1919
	I189H
	A333
	F397H
	I398Q
	416

	S1923
	I189H
	A333T
	F397H
	I398Q
	366.4

	S1927
	I189N
	A333T
	F397H
	I398Q
	398.1

	S20
	I189N
	A333
	F397
	I398N
	18.5

	S2002
	I189H
	A333
	F397
	I398N
	47.6

	S2005
	I189N
	A333
	F397H
	I398N
	55.2

	S2010
	I189N
	A333
	F397H
	I398N
	70.3

	S2014
	I189N
	A333
	F397H
	I398N
	60.8

	S2017
	I189H
	A333T
	F397
	I398N
	61.1


WT, wild type; ScFDC, ferulic acid decarboxylase derived from Saccharomyces cerevisiae.




Supplementary Table 5 Summary of the amount of glucose consumed and ccMA yield in CFB01, CFB11, and CFB21 cultures  

	
	Strains
	
	

	
	CFB01
	CFB11
	CFB21

	Consumed glucose (g·L−1) 
	17.3
	23.1
	23.8

	Produced ccMA (g·L−1)
	0.54
	2.17
	2.52

	ccMA yield (mol·mol-1)
	0.040
	0.119
	0.134


ccMA, cis,cis-muconate.
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Supplementary Table 6 Strains, plasmids, and transformants used in this study
	Strains or plasmids
	Genotype
	Source or reference

	Strains
	　
	　

	NovaBlue
	endA1 hsdR17(rK12-mK12+) supE44 thi-I gyrA96 relA1 lac recA1/F’
	Novagen

	
	[proAB+ lacIq ZΔM15::Tn10(Tetr)]; used for gene cloning
	

	C41(DE3)
	F – ompT hsdSB (rB- mB-) gal dcm (DE3) 
	Lucigen

	CFB1
	C41(DE3) ptsHI::PA1lacO-1-Glk-GalP
	This study

	CFB2
	CFB1phetyrA
	This study

	CFB01
	C41(DE3) harboring pSAK-aroFfbr-tktA and pSAK-ZYC
	This study

	CFB02
	C41(DE3) harboring pSAK-aroFfbr-tktA and pSAK-ZYC-UbiX
	This study

	CFB11
	CFB1 harboring pSAK-aroFfbr-tktA and pSAK-ZYC
	This study

	CFB12
	CFB1 harboring pSAK-aroFfbr-tktA and pSAK-ZYC-UbiX
	This study

	CFB21
	CFB2 harboring pSAK-aroFfbr-tktA and pSAK-ZYC
	This study

	CFB22
	CFB2 harboring pSAK-aroFfbr-tktA and pSAK-ZYC-UbiX
	This study

	CFB210
	CFB21 harboring pET22b(+)
	This study

	CFB211
	CFB21 harboring pET-T7-ScFDC
	This study

	CFB212
	CFB21 harboring pET-T7-S1905
	This study

	CFB220
	CFB21 harboring pET22b(+)
	This study

	CFB221
	CFB22 harboring pET-T7-ScFDC
	This study

	CFB222
	CFB22 harboring pET-T7-S1905
	This study

	
	
	

	Plasmids
	
	

	pET22b(+)
	ColE1, PT7Ф10pelB, Apr C-His6-„Tag“ lacIq
	Novagen

	pTrcHis B
	Ptrc, pBR322 ori, Ampr
	Life Technologies

	pZE12MCS
	PLlacO-1, colE1 ori, Amr
	Expressys

	pSAK
	PAlacO-1, SC101 ori, Cmr
	Ref1

	pCOLADuet-1
	tandem T7 promoters, colA ori, Kmr
	Novagen

	pTargetF
	sgRNA sequence, pMB1 ori, Spr
	Addgene

	pZS4Int-laci
	lacIq, SC101 ori, Specr
	Expressys

	pS01
	pSAK containing aroGfbr with PAlacO1 promoter
	Ref3

	pZA23-ZYC
	pZA23MCS tandemly containing aroZ from Bacillus thuringiensis, aroY from Klebsiella pneumoniae, and catA from Pseudomonas putida DOT-T1E
	Ref2

	pCFTdeltain-GG
	pCFTdeltain containing E. coli glk and galP downstream of PA1lacO-1
	Ref1

	pCas
	lambda Red recombinase, cas9 from Streptococcus pyogenes MGAS5005, Kmr
	Addgene

	pET-T7-AnFDC
	pET22b(+) containing anfdc without pelB
	This study

	pCOLA-T7-UbiX
	pCOLADuet-1 containing ubiX
	This study

	pET-T7-AnFDC-UbiX
	pET-T7-AnFDC containing ubiX in the downstream of anfdc
	This study

	pET-T7-ScFDC
	pET22b(+) containing scfdc1 without pelB
	This study

	pET-T7-ScFDC-S1905
	pET-T7-ScFDC containing ubiX in the downstream of scfdc
	This study

	pZE12-Ptrc
	Ptrc, colE1 ori, Ampr
	This study

	pZC12Am-Ptrc
	Ptrc, colA ori, Ampr
	This study

	pZC12Sp-Ptrc
	Ptrc, ColA ori, Spr
	This study

	pSAK-aroFfbr
	pSAK containing aroFfbr
	This study

	pSAK-aroFfbr-tktA
	pSAK tandemly containing aroFfbr and tktA
	This study

	pZC12Sp-Ptrc-aroFfbr-tktA
	pZC12Sp-Ptrc tandemly containing aroFfbr and tktA
	This study

	pSAK-ZYC
	pSAK tandemly containing aroZ from B. thuringiensis, aroY from K. pneumoniae, and catA from P. putida DOT-T1E
	This study

	pSAK-ZYC-UbiX
	pSAK-ZYC containing ubiX from E. coli in the downstream of catA
	This study

	pSAK-Ptrc
	Ptrc, SC101 ori, Ampr
	This study

	pSAK-Ptrc-ScFDC1
	pZE12-Ptrc containing scfdc1 from Saccharomyces cerevisiae
	This study

	pTF-ptsHI::PA1lacO-1_glk_galP
	pTargetF containing sgRNA with donor editing template DNA to replace ptsH and ptsI to PA1lacO-1_glk_galP cassette
	This study

	pTF-N20ptsHI::PA1lacO-1_glk_galP
	pTF-ptsHI::PA1lacO-1_glk_galP with a universal N20 sequence
	This study

	pTF-pheAtyrA
	pTargetF containing sgRNA with donor editing template DNA to inactivate pheA and tyrA 
	This study

	pTF-N20pheAtyrA
	pTF-pheAtyrA with a universal N20 sequence
	This study





Supplementary Table 7 Oligonucleotide primers used in this study
	Oligonucleotide primers
	Sequence

	trc_fw
	5′- CCCTTTCGTCTTCACCCGACATCATAACGGTTCTG -3′

	trc_rv
	5′- CCGCAGCCGAACGCCTCACCGACAAACAACAGATA -3′

	inv_12_prom _fw
	5′- GGCGTTCGGCTGCGGCGAGCGGTAT -3′

	inv_12_prom _rv
	5′- GTGAAGACGAAAGGGCCTCGTGATA -3′

	cola_fw
	5′- CAAATCCGCCGCCCTTAGGCATGCTAGCGCAGAAA -3′

	cola_rv
	5′- CAAGCACTAGTCATGCTGAAATCTAGAGTGATGGT -3′

	inv_12_ori_fw
	5′- CATGACTAGTGCTTGGATTC -3′

	inv_12_ori_rv
	5'- AGGGCGGCGGATTTGTCCTA -3'

	sp_fw
	5′- GGCGTATCACGAGGCCCTTTCGTCT -3′

	sp_rv
	5′- GAACGCTCGGTTGCCGCCGG -3′

	inv_12_res_fw
	5′- GGCGTATCACGAGGCCCTTTCGTCT -3′

	inv_12_res_rv
	5′- GAACGCTCGGTTGCCGCCGG -3′

	tkta_psti_fw
	5'- TTAGATATCGAATTCAAAGAGGAGAAAAAGCTTATGTCCTCACGTAAAGAGCT -3'

	tkta_psti_rv
	5'- ATGGGATCCCCCGGGCTGCAGTTACAGCAGTTCTTTTGCTTTCG -3'

	fa_trc_fw
	5′- AAGGAGGAATAAACCATGCAAAAAGACGCGCTGAA-3′

	fa_trc_rv
	5′- TCTCGAGCTCGGATCTTACAGCAGTTCTTTTGCTT-3′

	inv_12_trc_fw
	5′- GATCCGAGCTCGAGATCTGC -3′

	inv_12_trc_rv
	5′- GGTTTATTCCTCCTTATTTA -3′

	zyc_fw
	5′- GAGGAGAAAGGTACCATGAAATATAGCCTGTGCAC -3′

	zyc_rv
	5′- GGGCTGCAGGAATTCCTATTAACCTTCTTGCAGTG -3′

	inv_laca_fw
	5′- GAATTCCTGCAGCCCGGGG -3′

	inv_laca_rv
	5′- GGTACCTTTCTCCTCTTTA -3′

	ubix_smai_fw
	5′- GAATTCCTGCAGCCCAAAGAGGAGAAAGGTATGAAACGACTCATTGTAGG -3′

	ubix_smai_rv
	5′- ACCATGGGATCCCCCTTATGCGCCCTGCCAGCGGG -3′

	trc_ps_fw
	5'- CCCTTTCGTCTTCACTGTTGACAATTAATCATCCG -3'

	trc_ps_rv
	5'- AACCCGTACCCTAGGAAGGCCCAGTCTTTCGACTG -3'

	cmr_fw
	5'- GAGCTCGATATCAAATTACG -3'

	cmr_rv
	5'- GTGAAGACGAAAGGGCCTCG -3'

	sc101_fw
	5′-CCTAGGGTACGGGTTTTGCT-3′

	sc101_rv
	5′-TTTGATATCGAGCTCCGCTTGGACTCCTGTTGATA-3′

	scfdc_trc_fw
	5'- AAGGAGGAATAAACCATGCGTAAACTGAATCCGGC -3'

	scfdc_trc_rv
	5'- TCTCGAGCTCGGATCTTATTTATAGCCGTAGCGTT -3'

	ptshi_l300_fw
	5'- GAGTCGACCTGCAGAATGTTCCAGCAAGAAGTTAC -3'

	ptshi_l300_rv
	5'- CCCTACCTTACTTGTGACTG -3'

	ptshi_r300_fw
	5'- ACAAGTAAGGTAGGGAATTGTGAGCGGATAACAAT -3'

	ptshi_r300_rv
	5'- TTTGCGCAGTGCACGCCTAGGTCTAGGGCGGCGGA -3'

	lac_gk_gp_fw
	5'- ACAAGTAAGGTAGGGAATTGTGAGCGGATAACAAT -3'

	lac_gk_gp_rv
	5'- TTTGCGCAGTGCACGCCTAGGTCTAGGGCGGCGGA -3'

	inv_ptf_fw
	5'- GATCTATTACCCTGTTATCC -3'

	inv_ptf_rv
	5'- TGCAGGTCGACTCTAGAGAA -3'

	inv_n20_ptshi_fw
	5'- TGTTAGCGCATACTTCTACCGTTTTAGAGCTAGAAATAGC -3'

	inv_n20_ptshi_rv
	5'- AAGTATGCGCTAACATAGTATTATACCTAGGACTG -3'

	phea_l300_fw
	5'- GAGTCGACCTGCAGAATGACATCGGAAAACCCGTT -3'

	phea_l300_rv
	5'- CCGTCACTGCGTCCGATTAATTTTATTGAGATGTT -3'

	tyra_r300_fw
	5'- CGGACGCAGTGACGGACAAA -3'

	tyra_r300_rw
	5'- AGGGTAATAGATCTAATGGTTGCTGAATTGACCGC -3'

	inv_n20_phea_tyra_fw
	5'- GACCATTGTTTGTTGGTCTCGTTTTAGAGCTAGAAATAGC -3'

	inv_n20_phea_tyra_rv
	5'- CAACAAACAATGGTCTAGTATTATACCTAGGACTG -3'

	anfdc_T7_fw
	5'- AGATATACATATGAGCGCACAGCCTGCACATCTGTGTTTTCG -3'

	anfdc_T7_rw
	5'- CGATATCCATTTAATGATGGTGATGATGATGGCTACCACC -3'

	Inv_pet_T7_anfdc_fw
	5'- CCATCATTAAATGGATATCGGAATTAATTCGGATCCG -3'

	Inv_pet_T7_anfdc_rv
	5'- GTGCGCTCATATGTATATCTCCTTCTTAAAGTTAAACAA -3'

	ubix_pcola_fw
	5'- AGATATACATATGAAACGACTCATTGTAGGCATCAGCGGTG -3'

	ubix_pcola_rv
	5'- GAGATCTGCCATTTATGCGCCCTGCCAGCGGGCAAAGAG -3'

	Inv_pcola_ubix_fw
	5'- GGGCGCATAAATGGCAGATCTCAATTGGATATCGGCCGGCC -3'

	Inv_pcola_ubix_rv
	5'- GTCGTTTCATATGTATATCTCCTTCTTATACTTAACTA -3'

	ubix_duet_fw
	5'- CCACCACTGATAATACGACTCACTATAGGGGAATTG -3'

	Ubix_duet_rv
	5'- CAGCCGGATCTTATGCGCCCTGCCAGCGGGCAAAGAGATCTT -3'

	Inv_pet_duet_anfdc_fw
	5'- GGGCGCATAAGATCCGGCTGCTAACAAAGCCCGAAAGGAAG -3'

	Inv_pet_duet_anfdc_rv
	5'- AGTCGTATTATCAGTGGTGGTGGTGGTGGTGCTCGAGTGCGG -3'

	scfdc_T7_fw
	5'- AGATATACATATGCGTAAACTGAATCCGGCACTGGAATTTC -3'

	scfdc_T7_rv
	5'- CGATATCCATTTATTTATAGCCGTAGCGTTTCCAGTTTTC -3'

	Inv_pet_T7_scfdc_fw
	5'- CTATAAATAAATGGATATCGGAATTAATTCGGATCCGAATTCG -3'

	Inv_pet_T7_scfdc_rv
	5'- GTTTACGCATATGTATATCTCCTTCTTAAAGTTAAAC-3'

	s1905_duet_fw
	5'- TCCCGCGAAATAATACGACTCACTATAGGGGAATTG -3'

	s1905_duet_rv
	5'- TTTCTAGAGGTTATTGCTCAGCGGTGGCAGCAGCCAAC -3'

	Inv_pet_duet_s1905_fw
	5'- TGAGCAATAACCTCTAGAAATAATTTTGTTTAACTT -3'

	Inv_pet_duet_s1905_rv
	5'- AGTCGTATTATTTCGCGGGATCGAGATCTCGATCCTCTACGCCGG -3'





Sequence of AnFDC: 

ATGAGCGCACAGCCTGCACATCTGTGTTTTCGTAGCTTTGTTGAAGCACTGAAAGTGGATAATGATCTGGTGGAAATTAACACCCCGATTGATCCGAATCTGGAAGCAGCAGCAATTACCCGTCGTGTTTGTGAAACCAATGATAAAGCACCGCTGTTTAATAACCTGATCGGTATGAAAAATGGCCTGTTTCGTATTCTGGGTGCACCGGGTAGCCTGCGTAAAAGCAGCGCAGATCGTTATGGTCGTCTGGCACGTCATCTGGCACTGCCTCCGACCGCAAGCATGCGTGAAATTCTGGATAAAATGCTGAGCGCAAGCGATATGCCTCCGATTCCGCCTACCATTGTTCCGACCGGTCCGTGTAAAGAAAATAGCCTGGATGATAGCGAATTTGATCTGACCGAACTGCCGGTTCCGCTGATTCATAAAAGTGATGGTGGCAAATATATCCAGACCTATGGTATGCATATTGTGCAGAGTCCGGATGGCACCTGGACCAATTGGAGCATTGCACGTGCCATGGTTCATGATAAAAATCATCTGACCGGTCTGGTTATTCCGCCTCAGCATATTTGGCAGATTCATCAGATGTGGAAAAAAGAAGGTCGTAGCGACGTTCCGTGGGCACTGGCATTTGGTGTTCCTCCGGCAGCCATTATGGCAAGCAGCATGCCGATTCCGGATGGTGTTACCGAAGCAGGTTATGTTGGTGCAATGACCGGTAGCAGCCTGGAACTGGTTAAATGCGATACCAATGATCTGTATGTTCCGGCAACCAGCGAAATTGTTCTGGAAGGCACCCTGAGCATTAGCGAAACCGGTCCGGAAGGTCCGTTTGGTGAAATGCATGGTTATATCTTTCCGGGTGATACCCATCTGGGTGCCAAATACAAAGTTAATCGTATTACCTATCGCAACAACGCCATTATGCCGATGAGCAGCTGCGGTCGTCTGACCGATGAAACCCATACCATGATTGGTAGCCTGGCAGCAGCCGAAATTCGTAAACTGTGTCAGCAGAATGATCTGCCGATTACCGATGCATTTGCACCGTTTGAAAGCCAGGTTACCTGGGTTGCACTGCGTGTTGATACCGAAAAACTGCGTGCAATGAAAACCACCAGTGAAGGTTTTCGTAAACGCGTTGGTGATGTGGTGTTTAATCATAAAGCCGGTTATACCATTCATCGTCTGGTTCTGGTGGGTGATGATATTGATGTTTATGAAGGTAAAGATGTGCTGTGGGCATTTAGCACCCGTTGTCGTCCGGGTATGGATGAAACACTGTTTGAAGATGTTCGTGGTTTTCCTCTGATTCCGTATATGGGTCATGGTAATGGTCCGGCACATCGTGGTGGTAAAGTTGTTAGTGATGCACTGATGCCGACCGAATATACCACCGGTCGTAATTGGGAAGCAGCCGATTTTAATCAGAGCTATCCGGAAGATCTGAAACAGAAAGTGCTGGATAATTGGACCAAAATGGGTTTTAGCAATTAA

Sequence of ScFDC: 
ATGCGTAAACTGAATCCGGCACTGGAATTTCGTGATTTTATTCAGGTTCTGAAAGATGAGGATGACCTGATTGAAATCACCGAAGAAATTGATCCGAATCTGGAAGTTGGTGCCATTATGCGTAAAGCATATGAAAGCCATCTGCCTGCACCGCTGTTTAAAAACCTGAAAGGTGCAAGCAAAGACCTGTTTAGCATTCTGGGTTGTCCGGCAGGTCTGCGTAGCAAAGAAAAAGGTGATCATGGTCGTATTGCCCATCATCTGGGTTTAGATCCGAAAACCACCATCAAAGAGATCATCGATTATCTGCTGGAATGCAAAGAGAAAGAACCGCTGCCTCCGATTACCGTTCCGGTTAGCAGCGCACCGTGTAAAACCCATATTCTGAGCGAAGAAAAAATCCATCTGCAGAGCCTGCCGACACCGTATCTGCATGTTTCAGATGGTGGTAAATATCTGCAGACCTATGGTATGTGGATTCTGCAGACACCGGACAAAAAATGGACCAATTGGAGCATTGCACGTGGTATGGTTGTTGATGATAAACATATTACCGGTCTGGTGATTAAACCGCAGCATATTCGTCAGATTGCAGATAGCTGGGCAGCAATTGGTAAAGCCAATGAAATTCCGTTTGCACTGTGTTTTGGTGTTCCGCCTGCAGCAATTCTGGTGAGCAGCATGCCGATTCCGGAAGGTGTTAGCGAAAGCGATTATGTTGGTGCGATTCTGGGTGAAAGCGTTCCGGTGGTTAAATGTGAAACCAATGATCTGATGGTTCCGGCAACCAGCGAAATGGTTTTTGAAGGCACCCTGAGCCTGACCGATACACATCTGGAAGGTCCGTTTGGTGAAATGCATGGTTATGTGTTTAAAAGCCAGGGTCATCCGTGTCCGCTGTATACCGTTAAAGCAATGAGCTATCGTGATAATGCAATTCTGCCGGTGAGCAATCCGGGTCTGTGTACCGATGAAACCCATACACTGATTGGTAGCCTGGTTGCCACCGAAGCAAAAGAACTGGCAATTGAAAGCGGTCTGCCGATTCTGGATGCATTTATGCCGTATGAAGCACAGGCACTGTGGCTGATTCTGAAAGTTGATCTGAAAGGACTGCAGGCACTGAAAACCACACCGGAAGAATTTTGTAAAAAAGTGGGCGATATCTACTTCCGTACCAAAGTTGGTTTTATCGTGCATGAAATTATTCTGGTGGCCGATGATATCGACATCTTCAACTTTAAAGAAGTGATTTGGGCATACGTGACCCGTCATACACCGGTTGCAGATCAGATGGCATTTGATGATGTTACCAGCTTTCCGCTGGCACCGTTTGTTAGCCAGAGCAGCCGTAGCAAAACAATGAAAGGTGGCAAATGTGTGACCAACTGTATTTTTCGTCAGCAGTATGAACGCAGCTTCGATTATATCACCTGTAACTTTGAAAAGGGCTATCCGAAAGGTCTGGTGGATAAAGTTAATGAAAACTGGAAACGCTACGGCTATAAATAA

Underline: Initiation and termination codons 


Ref1. Metabolic design of a platform Escherichia coli strain producing various chorismate derivatives
Ref2. Muconic acid production using gene-level fusion proteins in Escherichia coli
Ref3. Engineering a synthetic pathway for maleate in Escherichia coli
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