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Fig. S1. Screening of carboxylic acids using resting E. coli whole cells expressing either TpCAR (co-
expressed with Sfp) or SrCAR (co-expressed with Sfp). Reaction contained 5 mM substrate, 20 mM D-
glucose, 10 mM MgCl2, 2% v/v DMSO and fresh resting E. coli cells containing overexpressed SrCAR at 
OD600 nm = 30, all in NaPi (50 mM, pH7.5), incubated at 30 °C, 250 rpm for 18 h. SrCAR = Segniliparus 
rugosus carboxylic acid reductase. TpCAR= Tsukamurella paurometabola carboxylic acid reductase. 
Sfp= Bacillus subtilis phosphopantetheinyl transferase (sfp). Conversion values were determined from 
HPLC/GC-MS analyses. 
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Fig. S2. In vitro one-pot CAR-GDH biotransformation for the conversion of carboxylic acids to alcohol 
via intermediate aldehyde, monitored at 1h, 6h, 18h. In this system GDH was used as a bifunctional 
glucose oxidant (for NADPH recycling) and carbonyl reductase, catalysing reduction of aldehyde to the 
corresponding alcohol. 

DNA sequences of carboxylic acid reductases (CAR)  and Sfp 

>His-SrCAR_gene sequence
ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGCTAG
CATGACTGAGTCGCAGAGCTACGAGACCAGGCAGGCCCGGCCGGCCGGACAGAGCCTCGCCGAGCGCG
TCGCGCGCCTTGTCGCCATCGATCCGCAAGCCGCGGCCGCTGTGCCGGACAAGGCCGTCGCCGAGCGC
GCGACGCAGCAGGGTTTGCGCCTCGCGCAGCGGATCGAAGCCTTCCTCTCCGGCTACGGAGACCGCCC
GGCCCTCGCCCAGCGCGCTTTTGAGATCACAAAAGATCCCATCACCGGACGGGCTGTCGCGACGCTGC
TGCCGAAGTTCGAGACGGTGAGCTACCGCGAGCTGCTGGAGCGCTCGCACGCGATCGCGAGCGAGCTG
GCGAACCACGCCGAGGCCCCGGTCAAGGCCGGGGAGTTCATCGCGACCATCGGGTTCACCAGCACCGA
CTACACCTCTCTCGACATCGCGGGCGTGCTGCTCGGGCTCACCTCGGTGCCGCTGCAGACCGGGGCGA
CGACCGACACCCTCAAGGCCATCGCCGAGGAGACCGCGCCCGCCGTGTTCGGCGCGAGCGTCGAACAC
CTCGACAACGCCGTGACGACCGCGCTCGCGACCCCGTCGGTGCGCCGCCTGCTCGTGTTCGACTACCG
CCAGGGCGTGGACGAGGACCGCGAGGCGGTCGAGGCCGCCCGAAGCCGGCTCGCCGAAGCGGGCAGCG
CCGTCCTGGTGGACACGCTGGACGAGGTGATCGCCCGTGGCCGCGCCCTCCCCCGCGTGGCGCTCCCG
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CCCGCCACCGACGCGGGCGACGACTCCCTGTCCCTGCTCATCTACACCTCCGGGTCCACCGGCACCCC
GAAGGGCGCGATGTACCCCGAGCGCAACGTCGCGCAGTTCTGGGGCGGCATCTGGCACAACGCCTTCG
ACGACGGCGACTCGGCCCCGGACGTTCCCGACATCATGGTCAACTTCATGCCGCTCAGCCACGTCGCC
GGGCGCATCGGCCTGATGGGCACCCTCTCCAGCGGCGGCACCACGTACTTCATCGCCAAGAGCGACCT
CTCCACGTTCTTCGAGGACTACTCGCTCGCCCGGCCCACCAAGCTCTTCTTCGTGCCGCGGATCTGCG
AGATGATCTACCAGCACTACCAGAGCGAGCTGGACCGCATCGGCGCGGCGGACGGCTCGCCCCAGGCC
GAGGCGATCAAGACCGAGCTGCGCGAGAAGCTCCTCGGCGGGCGGGTCCTCACGGCGGGCTCCGGCTC
GGCTCCGATGTCCCCCGAGCTCACCGCTTTCATCGAATCCGTGCTGCAAGTCCACCTGGTGGACGGCT
ACGGGTCGACCGAGGCGGGCCCCGTGTGGCGCGACCGCAAGCTGGTCAAGCCGCCGGTGACCGAGCAC
AAGCTGATCGACGTGCCCGAACTCGGCTACTTCTCCACCGACTCCCCGTATCCCCGAGGCGAGCTGGC
GATCAAAACCCAGACCATCCTCCCCGGCTACTACAAGCGCCCGGAGACCACCGCCGAGGTCTTCGACG
AAGACGGCTTCTACCTCACCGGCGACGTGGTCGCCGAGGTCGCCCCTGAAGAGTTCGTCTACGTGGAC
CGGCGCAAGAACGTCCTGAAGCTCTCGCAGGGCGAGTTCGTCGCGCTCTCGAAGCTGGAGGCGGCGTA
CGGCACGAGCCCGCTGGTGCGGCAGATCTCCGTCTACGGGTCGAGCCAGCGCTCGTACCTGCTCGCCG
TCGTCGTCCCCACCCCGGAAGCCCTCGCGAAATACGGCGACGGCGAGGCGGTCAAGTCGGCGCTCGGC
GACTCGCTGCAGAAGATCGCGCGCGAGGAGGGCCTGCAGTCCTACGAGGTGCCGCGCGACTTCATCAT
CGAGACCGATCCCTTCACCATCGAGAACGGCATCCTCTCCGACGCGGGCAAGACGCTGCGCCCGAAGG
TGAAGGCGCGCTACGGCGAGCGGCTCGAAGCGCTGTACGCGCAGCTCGCCGAGACCCAGGCTGGCGAG
CTGCGCTCGATCCGGGTCGGCGCGGGCGAGCGCCCGGTGATCGAGACCGTCCAGCGGGCCGCCGCCGC
GCTGCTCGGAGCCTCCGCCGCAGAGGTCGACCCCGAGGCCCACTTCTCGGACCTCGGCGGCGACTCGC
TCTCCGCGCTCACCTACTCCAACTTCCTGCACGAGATCTTCCAGGTCGAGGTGCCGGTGAGCGTCATC
GTGAGCGCCGCGAACAACCTGCGCTCGGTTGCGGCGCACATCGAGAAGGAGCGCTCCTCCGGCAGCGA
CCGGCCCACCTTCGCGAGCGTGCACGGCGCGGGCGCGACGACGATCCGCGCGAGCGACCTGAAGCTGG
AGAAGTTCCTCGACGCCCAGACCCTCGCCGCCGCCCCGTCCTTGCCCCGCCCGGCAAGCGAGGTCCGC
ACGGTGCTGCTCACCGGGTCCAACGGCTGGCTCGGGCGCTTCCTCGCCTTGGCCTGGCTGGAACGTCT
GGTGCCGCAGGGCGGCAAGGTCGTCGTGATCGTGCGCGGCAAGGACGACAAGGCCGCCAAAGCCCGGC
TGGACTCGGTCTTCGAGAGCGGCGACCCCGCGCTCCTCGCGCACTACGAGGATCTCGCCGACAAGGGC
CTGGAAGTGCTCGCGGGCGACTTCAGCGACGCCGACCTCGGCCTGCGCAAGGCGGATTGGGACCGGCT
CGCGGACGAAGTCGACCTCATCGTCCACTCCGGCGCGCTGGTGAACCACGTTCTGCCCTACAGCCAGC
TGTTCGGCCCGAACGTGGTGGGCACGGCCGAGGTCGCCAAGCTCGCCCTCACCAAGCGGCTCAAGCCG
GTCACCTACCTCTCCACGGTGGCGGTGGCCGTCGGCGTGGAGCCCTCGGCCTTCGAGGAGGACGGCGA
CATCCGCGATGTGAGCGCGGTGCGCTCCATCGACGAGGGCTACGCGAACGGCTACGGCAACAGCAAGT
GGGCGGGCGAGGTGCTGCTGCGCGAGGCATACGAGCACGCGGGCCTGCCGGTCCGGGTGTTCCGCTCG
GACATGATCCTCGCGCACCGCAAGTACACCGGACAGCTCAACGTCCCGGACCAGTTCACCCGGCTCAT
CCTGAGCCTTTTGGCCACCGGCATCGCCCCGAAGTCCTTCTACCAGCTCGACGCGACGGGCGGGCGCC
AGCGCGCGCACTACGACGGCATCCCGGTGGACTTCACCGCCGAGGCCATCACCACACTCGGCCTCGCC
GGTTCGGACGGCTATCACAGCTTCGACGTGTTCAACCCGCACCATGACGGGGTGGGCTTGGACGAGTT
CGTGGACTGGCTCGTCGAGGCGGGGCACCCGATCTCGCGGGTCGACGACTACGCCGAGTGGCTGTCCC
GGTTCGAGACTTCGCTGCGCGGCCTGCCGGAGGCGCAGCGCCAGCATTCGGTGCTCCCGCTGCTGCAC
GCGTTCGCCCAGCCCGCCCCGGCGATCGACGGCTCCCCGTTCCAGACCAAGAACTTCCAGTCCTCGGT
CCAGGAGGCCAAGGTCGGCGCGGAGCACGACATCCCGCATCTGGACAAGGCGCTCATCGTCAAGTACG
CCGAGGACATCAAGCAGCTCGGCCTGCTCTG 

>His-TpCAR_gene sequence
ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGCTAG
CATGTCGATTGAGACGGTGCAGAACGGCGTCCCCGCAGAGGGCTCGGTGCCCCCCGCCGACCAGCAGA
CCGAGCGACTGCCGCAGGTGATCGCCAGGATCTTCGCCCAGTTCGCGGATCGTCCGGCCTTCGCGACC
CGCGAGGCGGGGCCGGGGACCCCTACGCCACCGTCTCCTATCGGGAGATCTGGCGGCGCGTCACCGCG
CTGGTGGCCTCCTGGCAGAGCGAAGTGGCTCCGGGAGACTTCGTCGCCATCCTCGGCTTCACCAGCTC
GGACTTCGTGACCGTCGACCTCGCGACCACACTGCTCGGCGCCCCGAACGTGCCGCTCCAGGCCGGGG
CCCCCGCCGCTCGCATCGCGACCATCCTCGATGAGACCCGGCCGAAGATCCTCGCCGTGAGTGCCGAT
CAGGTCGACCTCGCCCAGGAGGCTCTGGCCGAGTCCGCGGCTACCCCGCGGGTGGTCGTCTTCGACGG
CGAACGCGACGGCTACGAGGGCATCGAGGCGGACATCCTTTCCGGCTCCGCCCTGCCGGCACCGGAGT
TCTTCGCGCCCGAGCCCGGCACCGATCCTCTCGTCACGCTCATCTACACATCCGGCAGCACCGGTACC
CCGAAGGGGGCCATGTACACCGAGCAGTTGGTTCGCGATGCCTGGCTCAAGGTGGACAGCATCGTCGA
CATCGACATGCCGGCCGAGTCGCTCCTGCACTTCCTGCCTATGAGCCATATGTACGGGCGCAACTGGC
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TGATCGCCGGCCTGGCATCGGGCGGGACCGGGTACTTCGCCGGCGCCTCCGATATGTCCACCCTGTTC
GACGACCTCGCCGCCGCCCGGCCCACCGCCATCGGCCTGGTGCCCCGCGTGTGCGAGCTGATACACCA
GCGCTATCTGGCCGTCGAGGCGGACACTGATGCGGAGACCGCGCGCGTCGAACTGCGTGACCGGGTAC
TCGGCGGTCGGCTGCAGGCCGCGATGTGCGGTAGCGCCGCCCTCTCGTCGGAGCTGCAGACCTTCATG
GAGTGGTTGCTCGGAATCGATATCCAGATCGGCTACGGATCCACCGAGGCCGGTGGTGTCATCCGCGA
CGGAGTGGTCGTTCGGCCGCCGGTCACGGAGTACAAGCTGATCGATGTCCCCGAACTGGGCTACTTCG
TCACCGACTCCCCGCATCCACGCGGCGAACTCCTGGTCAAGTCGACGCAGTTGATTCCCGGGTACTAC
AACTCCGACAAGCGGATCCGCGACGACGAAGGCTTCTACCGCACCGGCGATGTGATGGCCGAGCTGGG
ACCCGACCGGCTCGAGTACGTCGACCGGCGGAGCAACGTGATCAAGTTGGCACAGGGAGAGTTCGTGC
CGATCGCCCAACTCGAGGCCATCTACGCCGCCGGTCCCGATGTGCACCAGATCTTCCTGTACGGAACC
AGCGAACGCTCCTACCTGATCGGCGTCGTCGTGCCCGCGCCGGGACCCGACGGCGAGACCGATGCGCA
GACCCGCACCCGCGTACTCGATGGCCTGGCCGCGATCGCCCGTGAGAACGATCTCGCTGCCTACGAGG
TGCCGCGCGATGTGCTCATCGAACGTGATCCCTTCTCTCAGGAGAACGGGCTGCGGTCGGGGATCGGC
AAGCTGGTGCGCCCGGCCCTCATCGCCCGCTACGGTGACCGGTTGCACGACCTCTACGCCCAGGCCGA
CACCCGTCAACGCGAGGGCTTGCGCGCTCTCGACGCCTCGGGCCCGATCATCGACACCGTGCTCGGGG
CGGCTGCGTTGACGCTCGGCGCGGATATCGCGGACTTCGACGCCGACACTCGATTCGGCGACCTCGGT
GGCGACTCGTTGTCGGCGCTCTCGCTCGCGACGACGCTCGAAGGCCTCTACGACGTGCCCGTCCCCGT
GCAGACGATCGTCGGACCGACCGCCACACTCGGCGGCGTCGCCCGGCACATCGAGAAGGCTCGATCGG
GTGGCGTCGCGGCACCGACCGCCGACTCGGTGCACGGCGTGGGTGCGAGCGTCGCCCGGGCCACCGAC
CTGACGCTGGAGAAGTTCATCGACCCCGAGCTCCTCGCGCTCGCGCCGACGCTTCCCGCGGCGACCGG
TGAGCCGAACACCGTGCTGCTCACCGGATCCACCGGCTACCTCGGCCGCTTCCTGCTGCTGGACTGGT
TGCGACGGGTCGCTCCGCACGGCGGCACCGTGATCGCGCTGGTGCGCGGCGCCGACGCCGACGATGCG
CGACGCCGCGTCACGGCCGCGATCGGTGACTCGGATCCTGACCTGACACAAGAGTTCACGTCACTCGC
GGAGCATCACCTCCACGTGATCGCCGGTGACTTCGGCAGCCCCGCACTCGGACTCGACGATGCCACCT
GGAGCGATCTCGCCGGGCGAGTCGATCACGTGGTGCACTGCGGCGCGCTCGTCAACCACGTGCTGCCC
TACGACCAACTGTTCGGTCCCAATGTGGTGGCCACCGGCGAAGTGGTGCGACTCGCACTCACCACGCG
CCGCAAGTCCGTGGATTACGTCTCCACGGTGGCTGTGGTTCCGCAGGATGACGGCCGCGTCCTGGTCG
AGGACGACGATGTTCGCGAGCTCGGCGCCGAACGGCGCATCGGGGCCGATGCCTACGCGAACGGCTAC
GCCGTGAGCAAATGGGCGGGCGAAGTGCTGTTGCATGAGGCAGCCGACCTGGCGGACCTGCCGGTGCG
GGTGTTCCGCTCCGATATGATCTTGGCGCACAGTCGATTCCACGGACAGTTCAACGAGGTCGACCAGT
TCACCCGCCTGCTCCTGAGTATCGCCGAGACCGGACTGGCGCCGGCGTCGTTCTACACGCCGGATCCG
AGTGGACACCGCCCGCACTACGACGGGCTGCCGGTGGACTTCACCGCCGAAGCGATCACCACGCTCAG
CGCCGCGGGGCGTTCGGGGTACCGGACCTTCCACGTGCTCAACGCCAACGATGACGGCGTGAGCCTGG
ACAGCTTCGTCGACTGGATCGCCGCCTCGGGCCGGAGCATCGAACGGATCGACGACTACGACACCTGG
TTCGCCCGGTTCGAGCAGGCGCTCCAGCAGCTCCCCGATGAGGCGCGCCAGCGGTCGGTGCTGCCCCT
GCTGCACGCGGTGTGCGAGCCGGCTCCGGCCGCCGGGACCTCCGCGCTGTCGGTGGACCGGTTCCGTG
GTGCGGTGCGTGAGACCGGAGTAGGACCGGGGGACATCCCGGTGCTCGATCGCGCCCTGATCGAGAAG
TACCTGCGCGACTTCGAGACCGCGGGCTGGCTCGCGCCCGGTGCGCGCGACTGA 

>Bacillus subtilis sfp
ATGGGCAAGATTTACGGAATTTATATGGACCGCCCGCTTTCACAGGAAGAAAATGAACGGTTCATGAC
TTTCATATCACCTGAAAAACGGGAGAAATGCCGGAGATTTTATCATAAAGAAGATGCTCACCGCACCC
TGCTGGGAGATGTGCTCGTTCGCTCAGTCATAAGCAGGCAGTATCAGTTGGACAAATCCGATATCCGC
TTTAGCACGCAGGAATACGGGAAGCCGTGCATCCCTGATCTTCCCGACGCTCATTTCAACATTTCTCA
CTCCGGCCGCTGGGTCATTGGTGCGTTTGATTCACAGCCGATCGGCATAGATATCGAAAAAACGAAAC
CGATCAGCCTTGAGATCGCCAAGCGCTTCTTTTCAAAAACAGAGTACAGCGACCTTTTAGCAAAAGAC
AAGGACGAGCAGACAGACTATTTTTATCATCTATGGTCAATGAAAGAAAGCTTTATCAAACAGGAAGG
CAAAGGCTTATCGCTTCCGCTTGATTCCTTTTCAGTGCGCCTGCATCAGGACGGACAAGTATCCATTG
AGCTTCCGGACAGCCATTCCCCATGCTATATCAAAACGTATGAGGTCGATCCCGGCTACAAAATGGCT
GTATGCGCCGCACACCCTGATTTCCCCGAGGATATCACAATGGTCTCGTACGAAGAGCTTTTA
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Fig. S3. In vitro one-pot CAR_GDH cascade for reduction of benzofuran-2-carboxylic acid to 

benzofuran-2-methanol: HPLC traces from top to bottom: benzofuran-2-carboxylic acid standard, 

benzofuran-2-methanol standard, biotransformation samples taken at 6h using purified SrCAR+GDH. 

Retention times: starting material, benzofuran-2-carboxylic acid (3.70 min), benzofuran-2-methanol 

(4.02min).
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 Fig. S4. In vitro one-pot CAR-GDH cascade for reduction of cinnamic acid to cinnamyl alcohol: HPLC 

traces of biotransformation reaction, samples taken at different time points (top to bottom: cinnamic 

acid standard, cinnamyl alcohol standard, biotransformation samples taken at 2 h, 4 h and 18 h). 

Retention times: starting material, cinnamic acid (3.80 min), cinnamaldehyde (4.91 min), cinnamyl 

alcohol (4.30min).
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Fig. S5. Biotransformation for conversion of benzofuran-3-carboxylic acid to the corresponding 

alcohol: GC traces of biotransformation reactions, showing: Row 1 = control reaction performed E.coli 

whole cells lacking the CARsfp system. Row 2= whole-cell biotransformation reaction catalysed by 

recombinant E. coli whole cells expressing SrCAR. Row 3 = in vitro In vitro one-pot CAR-GDH 

biotansformation.  
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Fig. S6. Biotransformation for conversion of benzothiophene-3-carboxylic acid to corresponding 

alcohol: GC traces of biotransformation reactions, showing: Row 1 = control reaction performed using 

E.coli whole cells lacking the CARsfp system. Row 2= whole-cell biotransformation reaction catalysed 

by recombinant E. coli whole cells expressing SrCAR. Row 3 = in vitro In vitro one-pot CAR-GDH 

biotansformation.  
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 Fig. S7. Biotransformation for conversion of benzothiophe-2-carboxylic acid to corresponding alcohol: 

GC traces of biotransformation reactions, showing: Row 1 = control reaction performed using E.coli 

whole-cells lacking the CARsfp system. Row 2= whole-cell biotransformation reaction catalysed by 

recombinant E. coli whole cells expressing SrCAR. Row 3 = in vitro In vitro one-pot CAR-GDH 

biotansformation.  
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Fig. S8. Biotransformation for conversion of 2-naphthoic acid to the corresponding alcohol: GC traces 

of biotransformation reactions, showing: Row1 = control reaction performed using E.coli whole cells 

lacking the CARsfp system. Row2= whole-cell biotransformation reaction catalysed by recombinant E. 

coli whole cells expressing SrCAR. Row = in vitro In vitro one-pot CAR-GDH biotansformation.  
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Fig. S9. Biotransformation for conversion of indole-2-carboxylic acid to the corresponding 

aldehyde/alcohol: GC traces of biotransformation reactions, showing: Row 1 = control reaction 

performed using E.coli whole cells lacking the CARsfp system. Row 2= whole-cell biotransformation 

reaction catalysed by recombinant E. coli whole cells expressing SrCAR. Row 3 = in vitro In vitro one-

pot CAR-GDH biotansformation.  
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Fig. S10. Biotransformation for conversion of ferulic acid to the corresponding aldehyde/alcohol: GC 

traces of biotransformation reactions, showing: Row 1 = control reaction performed using E.coli whole 

cells lacking the CARsfp system. Row 2= whole-cell biotransformation reaction catalysed by 

recombinant E. coli whole cells expressing SrCAR. Row 3 = in vitro In vitro one-pot CAR-GDH 

biotansformation.  NB: E. coli whole cell lacking CARsfp system fully converted the acid to the 

decarboxylated product.
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Fig. S11. Biotransformation for conversion of para-coumaric acid to the corresponding 

aldehyde/alcohol: GC traces of biotransformation reactions, showing: Row 1 = control reaction 

performed using E.coli whole cells lacking the CARsfp system. Row 2= whole-cell biotransformation 

reaction catalysed by recombinant E. coli whole cells expressing SrCAR. Row 3 = in vitro In vitro one-

pot CAR-GDH biotansformation.  NB: E. coli whole cell lacking CARsfp system fully converted the acid 

to the decarboxylated product.
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Fig. S12. Biotransformation for conversion of beta-methylcinnamic acid to the corresponding alcohol: 

GC traces of biotransformation reactions, showing: Row 1 = control reaction performed using E.coli 

whole cells lacking the CARsfp system. Row 2= whole-cell biotransformation reaction catalysed by 

recombinant E. coli whole cells expressing SrCAR. Row 3 = in vitro In vitro one-pot CAR-GDH 

biotansformation.  
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Fig. S13. Biotransformation for conversion of alpha-fluorocinnamic acid to the corresponding alcohol: 

GC traces of biotransformation reactions, showing: Row 1 = control reaction performed using E.coli 

whole cells lacking the CARsfp system. Row 2= whole-cell biotransformation reaction catalysed by 

recombinant E. coli whole cells expressing SrCAR. Row 3 = in vitro In vitro one-pot CAR-GDH 

biotansformation. 
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Fig. S14. Biotransformation for conversion of alpha-methylcinnamic acid to the corresponding alcohol: 

GC traces of biotransformation reactions, showing: Row 1 = control reaction performed using E.coli 

whole cells lacking the CARsfp system. Row 2= whole-cell biotransformation reaction catalysed by 

recombinant E. coli whole cells expressing SrCAR. Row 3 = in vitro In vitro one-pot CAR-GDH 

biotansformation. 
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Fig. S15. Biotransformation for conversion of p-methylcinnamic acid to the corresponding alcohol: GC 

traces of biotransformation reactions, showing: Row 1 = control reaction performed using E.coli whole 

cells lacking the CARsfp system. Row 2= whole-cell biotransformation reaction catalysed by 

recombinant E. coli whole cells expressing SrCAR. Row 3 = in vitro In vitro one-pot CAR-GDH 

biotansformation. 

OH

O

Me

OH

Me
OH

O

Me

OH

O

Me

OH

Me

O

Me

OH

O

Me



19

Fig. S16. Biotransformation for conversion of 4-methylcinnamic acid to the corresponding alcohol: GC-MS trace 

of biotransformation reactions, showing. Row 1= whole-cell biotransformation reaction catalysed by 

recombinant E. coli whole cells expressing SrCAR. Rows 2-4 = mass spectra extracted from biotransformation 

trace, showing products and intermediates.
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