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Supplemental Figure S1

Figure S1. SDS-PAGE analysis of the enzymes used in this study. The codon-

optimized genes of all enzymes were synthesized and overexpressed in E. coli Rosetta 

(DE3). Enzymes were purified based on the binding of the His-tag onto nickelcharged 

resin. 1: protein maker (high); 2: CPS; 3: protein maker (low); 4: EcATCase; 5: 

AaATCase; 6: DHOase; 7: DHOD; 8: PPK. CPS from E. coli is a heterodimer with a 

41 kDa small subunit carA catalyze the hydrolysis of glutamine and a 118 kDa large 

subunit carB catalyze the synthesis of carbamoyl phosphate.1 PPK belongs to PA0141 

family. Genomes of this family generally encode 2 or 3 PPK paralogs, which 

frequently contain a single PPK2 domain.2 PPK used in this study could not utilize P3 

as a phosphate donor but is capable of regenerating 3 M ATP from 1 M P6. DHOase 

from A. aeolicus completely lacked catalytic activity unless forms a 1:1 stoichiometric 

complex with ATCase from the same organism.3 Thus we overexpressed and purified 

the AaATCase. It should be noted that, AaATCase was only used to “wake up” 

DHOase, not for the first stage of producing L-CAA, which was realized by 

EcATCase.



3

Supplemental Figure S2

Figure S2. Effect of pH on the reaction. (a) The effect of pH on L-CAA synthesis 

was performed in a 1.5 mL EP tube containing 100 mM KCl, 2 mM ADP, 10 mM L-

Asp, 150 mM NH4HCO3, 20 mM polyP, 40 mM MgCl2, 3.0 U/mL CPS, 1.0 U/mL 

ATCase, and 0.5 U/mL PPK. The total volume of the reaction system was 1.0 mL and 

was performed at 45 °C (in a metal bath) for 30 min. The results showed that when 

the pH was in the range of 6.5 to 8.7, the generation of L-CAA remained above 8 mM. 

When the pH was greater than 9.0, the precipitation of Mg2+ might affect the reaction. 

The highest L-CAA titers were obtained at pH 8.0. (b) The effect of pH on OA 

synthesis was performed in a 1.5 mL EP tube containing 5 mM L-CAA (prepared 

from the first stage), 10 mM fumarate, 0.1 mM CoCl2, 0.1 mM FMN, 1.0 U/mL 

DHOase (molar ratio 1:1 bound to AaATCase), and 2.0 U/mL DHOD. The total 

volume of the reaction system was 1.0 mL and was performed at 65 °C (in a metal 

bath) for 30 min. The highest OA titers were obtained at pH 6.0. Therefore, the first 

stage was performed at pH 8.0, and the second stage was conducted at pH 6.0. All 

measurements were carried out in triplicates.
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Supplemental Figure S3

Figure S3. The standard Gibbs energy changes (ΔG’°) of reactions. The first stage 

was calculated at pH 8.0 while the second stage was calculated at pH 6.0. Data from 

http://equilibrator.weizmann.ac.il/.

http://equilibrator.weizmann.ac.il/
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Supplemental Figure S4

Figure S4. Effects of different buffers on L-CAA synthesis in the first stage. The 

reaction was performed in a 1.5 mL EP tube containing 100 mM KCl, 150 mM 

NH4HCO3, 2 mM ADP, 20 mM polyP, 40 mM MgCl2, 10 mM L-Asp, 3.0 U/mL CPS, 

1.0 U/mL ATCase, and 0.5 U/mL PPK in 50 mM PB buffer or 100 mM Tris-HCl 

buffer, respectively. The results showed that the buffer just had little effect on L-CAA 

production. All measurements were carried out in triplicates.
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Supplemental Figure S5

Figure S5. (a) The HPLC profile of the OA, ATP, and ADP standard mixture. 

OA exhibited a retention time of approximately 4.3 min while ATP was near 5.7 min 

and ADP was near 7.2 min. (b) The HPLC analysis of the second stage reaction. 

Fumarate exhibited a retention time of approximately 3.5 min.
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Supplemental Figure S6

Figure S6. The proof-of-concept biosynthesis of L-CAA and OA. (a) In the first 

stage, L-CAA production was performed in 50 mM PB buffer (pH 8.0) containing 100 

mM KCl, 50 mM NH4HCO3, 2 mM ADP, 20 mM polyP, 40 mM MgCl2, 10 mM Asp, 

3.0 U/mL CPS, 1.0 U/mL ATCase, and 0.5 U/mL PPK. In the second stage, OA was 

produced in L-CAA solution (pH 6.0) by adding 0.1 mM CoCl2, 0.1 mM FMN, 10 

mM fumarate, 1.0 U/mL DHOase (1:1 stoichiometric complex with AaATCase) and 

1.0 U/mL DHOD. Both reactions were performed at 45 °C. (b) L-CAA production 

was performed in 50 mM PB buffer (pH 8.0) containing 100 mM KCl, 10 mM 

NaHCO3, 10 mM glutamine, 2 mM ADP, 20 mM polyP, 40 mM MgCl2, 10 mM Asp, 

3.0 U/mL CPS, 1.0 U/mL ATCase, and 0.5 U/mL PPK. The reaction was performed 

at 45 °C. All measurements were carried out in triplicates.
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Supplemental Figure S7

Figure S7. Verifying that DHOase completely lacked catalytic activity. The reaction 

was performed in a 1.5 mL EP tube containing 5 mM L-CAA, 0.1 mM CoCl2, and 1.0 

U/mL DHOase. The total volume of the reaction system was 1.0 mL and was 

performed at 65 °C (in a metal bath). Samples were taken at different point-in-time to 

monitor the remaining L-CAA. After forming a 1:1 stoichiometric complex with 

EcATCase, DHOase still completely lacked catalytic activity. All measurements were 

carried out in triplicates.
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Supplemental Table S1
Table S1. The DNA sequences of all enzymes used in this study.
Enzymes Plasmid Sequence

CPS pET28a-carAB

ttgattaagtcagcgctattggttctggaagacggaacccagtttcacggtcgggccat
aggggcaacaggttcggcggttggggaagtcgttttcaatacttcaatgaccggttat
caagaaatcctcactgatccttcctattctcgtcaaatcgttactcttacttatccccatatt
ggcaatgtcggcaccaatgacgccgatgaagaatcttctcaggtacatgcacaaggt
ctggtgattcgcgacctgccgctgattgccagcaacttccgtaataccgaagacctct
cttcttacctgaaacgccataacatcgtggcgattgccgatatcgatacccgtaagctg
acgcgtttactgcgcgagaaaggcgcacagaatggctgcattatcgcgggcgataa
cccggatgcggcgctggcgttagaaaaagcccgcgcgttcccaggtctgaatggca
tggatctggcaaaagaagtgaccaccgcagaagcctatagctggacacaagggag
ctggacgttgaccggtggcctgccagaagcgaaaaaagaagacgagctgccgttc
cacgtcgtggcttatgattttggtgccaagcgcaacatcctgcggatgctggtggata
gaggctgtcgcctgaccatcgttccggcgcaaacttctgcggaagatgtgctgaaaa
tgaatccagacggcatcttcctctccaacggtcctggcgacccggccccgtgcgatt
acgccattaccgccatccagaaattcctcgaaaccgatattccggtattcggcatctgt
ctcggtcatcagctgctggcgctggcgagcggtgcgaagactgtcaaaatgaaattt
ggtcaccacggcggcaaccatccggttaaagatgtggagaaaaacgtggtaatgat
caccgcccagaaccacggttttgcggtggacgaagcaacattacctgcaaacctgc
gtgtcacgcataaatccctgttcgacggtacgttacagggcattcatcgcaccgataa
accggcattcagcttccaggggcaccctgaagccagccctggtccacacgacgcc
gcgccgttgttcgaccactttatcgagttaattgagcagtaccgtaaaaccgctaagta
atcaggagtaaaagagccatgccaaaacgtacagatataaaaagtatcctgattctgg
gtgcgggcccgattgttatcggtcaggcgtgtgagtttgactactctggcgcgcaagc
gtgtaaagccctgcgtgaagagggttaccgcgtcattctggtgaactccaacccggc
gaccatcatgaccgacccggaaatggctgatgcaacctacatcgagccgattcactg
ggaagttgtacgcaagattattgaaaaagagcgcccggacgcggtgctgccaacga
tgggcggtcagacggcgctgaactgcgcgctggagctggaacgtcagggcgtgtt
ggaagagttcggtgtcaccatgattggtgccactgccgatgcgattgataaagcaga
agaccgccgtcgtttcgacgtagcgatgaagaaaattggtctggaaaccgcgcgttc
cggtatcgcacacacgatggaagaagcgctggcggttgccgctgacgtgggcttcc
cgtgcattattcgcccatcctttaccatgggcggtagcggcggcggtatcgcttataac
cgtgaagagtttgaagaaatttgcgcccgcggtctggatctctctccgaccaaagagt
tgctgattgatgagtcgctgatcggctggaaagagtacgagatggaagtggtgcgtg
ataaaaacgacaactgcatcatcgtctgctctatcgaaaacttcgatgcgatgggcatc
cacaccggtgactccatcactgtcgcgccagcccaaacgctgaccgacaaagaata
tcaaatcatgcgtaacgcctcgatggcggtgctgcgtgaaatcggcgttgaaaccgg
tggttccaacgttcagtttgcggtgaacccgaaaaacggtcgtctgattgttatcgaaat
gaacccacgcgtgtcccgttcttcggcgctggcgtcgaaagcgaccggtttcccgat
tgctaaagtggcggcgaaactggcggtgggttacaccctcgacgaactgatgaacg
acatcactggcggacgtactccggcctccttcgagccgtccatcgactatgtggttact
aaaattcctcgcttcaacttcgaaaaattcgccggtgctaacgaccgtctgaccactca



10

gatgaaatcggttggcgaagtgatggcgattggtcgcacgcagcaggaatccctgc
aaaaagcgctgcgcggcctggaagtcggtgcgactggattcgacccgaaagtgag
cctggatgacccggaagcgttaaccaaaatccgtcgcgaactgaaagacgcaggc
gcagatcgtatctggtacatcgccgatgcgttccgtgcgggcctgtctgtggacggc
gtcttcaacctgaccaacattgaccgctggttcctggtacagattgaagagctggtgc
gtctggaagagaaagtggcggaagtgggcatcactggcctgaacgctgacttcctg
cgccagctgaaacgcaaaggctttgccgatgcgcgcttggcaaaactggcgggcgt
acgcgaagcggaaatccgtaagctgcgtgaccagtatgacctgcacccggtttataa
gcgcgtggatacctgtgcggcagagttcgccaccgacaccgcttacatgtactccac
ttatgaagaagagtgcgaagcgaatccgtctaccgaccgtgaaaaaatcatggtgctt
ggcggcggcccgaaccgtatcggtcagggtatcgaattcgactactgttgcgtacac
gcctcgctggcgctgcgcgaagacggttacgaaaccattatggttaactgtaacccg
gaaaccgtctccaccgactacgacacttccgaccgcctctacttcgagccggtaactc
tggaagatgtgctggaaatcgtgcgtatcgagaagccgaaaggcgttatcgtccagt
acggcggtcagaccccgctgaaactggcgcgcgcgctggaagctgctggcgtacc
ggttatcggcaccagcccggatgctatcgaccgtgcagaagaccgtgaacgcttcc
agcatgcggttgagcgtctgaaactgaaacaaccggcgaacgccaccgttaccgct
attgaaatggcggtagagaaggcgaaagagattggctacccgctggtggtacgtcc
gtcttacgttctcggcggtcgggcgatggaaatcgtctatgacgaagctgacctgcgt
cgctacttccagacggcggtcagcgtgtctaacgatgcgccagtgttgctggaccac
ttcctcgatgacgcggtagaagttgacgtggatgccatctgcgacggcgaaatggtg
ctgattggcggcatcatggagcatattgagcaggcgggcgtgcactccggtgactcc
gcatgttctctgccagcctacaccttaagtcaggaaattcaggatgtgatgcgccagc
aggtgcagaaactggccttcgaattgcaggtgcgcggcctgatgaacgtgcagtttg
cggtgaaaaacaacgaagtctacctgattgaagttaacccgcgtgcggcgcgtacc
gttccgttcgtctccaaagccaccggcgtaccgctggcaaaagtggcggcgcgcgt
gatggctggcaaatcgctggctgagcagggcgtaaccaaagaagttatcccgccgt
actactcggtgaaagaagtggtgctgccgttcaataaattcccgggcgttgacccgct
gttagggccagaaatgcgctctaccggggaagtcatgggcgtgggccgcaccttcg
ctgaagcgtttgccaaagcgcagctgggcagcaactccaccatgaagaaacacggt
cgtgcgctgctttccgtgcgcgaaggcgataaagaacgcgtggtggacctggcggc
aaaactgctgaaacagggcttcgagctggatgcgacccacggcacggcgattgtgc
tgggcgaagcaggtatcaacccgcgtctggtaaacaaggtgcatgaaggccgtccg
cacattcaggaccgtatcaagaatggcgaatatacctacatcatcaacaccacctcag
gccgtcgtgcgattgaagactcccgcgtgattcgtcgcagtgcgctgcaatataaagt
gcattacgacaccaccctgaacggcggctttgccaccgcgatggcgctgaatgccg
atgcgactgaaaaagtaatttcggtgcaggaaatgcacgcacagatcaaataa

EcATCase pET28a-pyrBI

atggctaatccgctatatcagaaacatatcatttccataaacgaccttagtcgcgatgac
cttaatctggtgctggcgacagcggcgaaactgaaagcaaacccgcaaccagagct
gttgaagcacaaagtcattgccagctgtttcttcgaagcctctacccgtacccgcctct
ctttcgaaacatctatgcaccgcctgggggccagcgtggtgggcttctccgacagcg
ccaatacatcactgggtaaaaagggcgaaacgctggccgataccatttcggttatca
gcacttacgtcgatgcgatagtgatgcgtcatccgcaggaaggtgcggcgcgcctg
gccaccgagttttccggcaatgtaccggtactgaatgccggtgatggctccaaccaa
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catccgacgcaaaccttgctggacttattcactattcaggaaacccaggggcgtctgg
acaatctccacgtcgcaatggttggtgacctgaaatatggccgcaccgttcactccct
gactcaggcgttagcgaagttcgacggcaaccgtttttacttcatcgcgccggacgc
gctggcaatgccgcaatacattctggatatgctcgatgaaaaagggatcgcatggag
tctgcacagctctattgaagaagtgatggcggaagtagacatcctgtacatgacccgc
gtgcaaaaagagcgtctggacccgtccgagtacgccaacgtgaaagcgcagtttgtt
cttcgcgccagcgatctccacaacgccaaagccaatatgaaagtgctgcatccgctg
ccgcgtgttgatgagattgcgacggatgttgataaaacgccacacgcctggtacttcc
agcaggcaggcaacgggattttcgctcgccaggcgttactggcactggttctgaatc
gcgatctggtactgtaaggggaaatagagatgacacacgataataaattgcaggttg
aagctattaaacgcggcacggtaattgaccatatccccgcccagatcggttttaagct
gttgagtctgttcaagctgaccgaaacggatcagcgcatcaccattggtctgaacctg
ccttctggcgagatgggccgcaaagatctgatcaaaatcgaaaatacctttttgagtga
agatcaagtagatcaactggcattgtatgcgccgcaagccacggttaaccgtatcga
caactatgaagtggtgggtaaatcgcgcccaagtctgccggagcgcatcgacaatgt
gctggtctgcccgaacagcaactgtatcagccatgccgaaccggtttcatccagcttt
gccgtgcgaaaacgcgccaatgatatcgcgctcaaatgcaaatactgtgaaaaaga
gttttcccataatgtggtgctggccaattaa

AaATCase pET28a-pyrB

atgcgtagcctgatcagcagcctggacctgacccgtgaagaagttgaagaaatcctg
aaatacgcgaaagaattcaaagaaggcaaagaagaaaccatcaaagcgtctgcggt
tctgttcttcagcgaaccgagcacccgtacccgcctgagcttcgaaaaagcggcgcg
cgaactgggtatcgaaacctacctggttagcggctctgaatctagcaccgttaaaggc
gaatctttcttcgataccctgaaaaccttcgaaggcctgggcttcgattacgttgttttcc
gtgtgccgttcgttttcttcccgtacaaagaaatcgtgaaaagcctgaacctgcgtctg
gttaacgcgggcgacggcacccaccagcacccgagccagggcctgatcgacttctt
caccatcaaagaacacttcggtgaagttaaagatctgcgtgttctgtacgttggtgatat
caaacacagccgtgtgttccgctccggtgcgccgctgctgaacatgttcggcgcgaa
aatcggtgtgtgcggtccgaaaaccctgatcccgcgtgatgttgaagttttcaaagttg
atgttttcgatgatgttgataaaggtatcgattgggcggatgttgttatctggctgcgtct
gcagaaagaacgtcagaaagaaaactacatcccgtctgaaagcagctacttcaaac
agttcggcctgaccaaagaacgtttcgaaaaagttaaactgtacatgcatccgggtcc
ggttaaccgtaacgttgacatcgatcacgaactggtttacaccgaaaaatctctgatcc
aggaacaggttaaaaacggcatcccggttcgtaaagcgatctacaaattcctgtgga
cc

DHOase pET28a-pyrc

atgctgaaactgatcgttaaaaacggttacgttattgatccgtcccagaacctggaagg
tgaattcgatatcctggttgaaaacggtaaaatcaagaaaatcgataaaaacatcctgg
ttccggaagcggaaatcatcgacgcgaaaggcctgatcgtttgtccgggtttcatcga
tatccacgttcatctgcgtgatccgggtcagacctacaaagaagatatcgaatccggc
agccgctgcgcggtagcgggcggcttcaccaccatcgtttgcatgccgaacaccaa
cccgccgatcgacaacaccaccgtggttaactacatcctgcagaaaagcaaaagcg
tgggtctgtgccgcgttctgccaaccggtaccatcaccaaaggtcgcaaaggtaaag
aaatcgccgacttctacagcctgaaagaagcgggttgcgttgcgttcaccgatgatg
gctctccggttatggattccagcgttatgcgcaaagcgctggaactggctagccagct
gggcgttccgattatggatcactgcgaagatgataaactggcgtacggtgttatcaac
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gaaggcgaagtttctgcacgtctgggcctgtcttctcgcgctccggaagcagaagaa
atccagatcgcgcgtgacggcattctggcgcagcgtaccggtggccacgtgcacat
ccagcacgtttccaccaaactgagcctggaaatcatcgaattctttaaagaaaaaggt
gttaaaatcacctgcgaagttaacccgaaccacctgctgttcaccgaacgcgaagttc
tgaactctggcgcaaacgctcgtgtgaacccgccgctgcgtaaaaaagaagaccgt
ctggcgctgatcgaaggcgttaaacgtggtatcatcgattgcttcgcgactgatcacg
caccgcaccagaccttcgaaaaagaactggttgaattcgcgatgccgggtatcattg
gtctgcagaccgctctgccgtctgctctggaactgtaccgtaaaggtattatctccctg
aaaaaactgatcgaaatgtttaccattaacccggcgcgtattattggtgttgatctgggc
accctgaaactgggtagcccggcggatatcaccatcttcgatccgaacaaagaatgg
attctgaacgaagaaaccaacctgtctaaatctcgtaacaccccgctgtggggtaaag
tgctgaaaggcaaagtgatctacaccatcaaagacggtaaaatggtttataaagat

DHOD pET28a-pyrd

atgacctgtctgaaactgaacctgctggatcacgttttcgctaacccgttcatgaacgc
ggcgggtgttctgtgcagcaccgaagaagatctgcgttgcatgaccgcttctagcag
cggcgcgctggttagcaaatcttgcaccagcgcgccgcgtgatggcaacccggaa
ccgcgttacatggcggttccgctgggcagcatcaacagcatgggcctgccgaacct
gggcttcgacttctacctgaaatacgcgtccgatctgcacgattacagcaaaaaaccg
ctgttcgttagcatctctggtctgagcgttgaagaaaacgttgcgatggttcgccgtctg
gcgccggttgcgcaggaaaaaggtgttctgctggaactgaacctgagctgcccgaa
cgttccgggcaaaccgcaggttgcgtacgacttcgaagcgatgcgtacctacctgca
gcaggttagcctggcgtacggcctgccgttcggcgttaaaatgccgccgtactttgat
atcgcgcacttcgatacggcggctgcggttctgaacgaattcccgctggttaaattcgt
tacctgcgttaactccgttggcaacggtctggttatcgatgctgaaagcgaaagcgttg
tgatcaaaccgaaacagggtttcggtggcctgggcggcaaatacatcctgccgacc
gcgctggcgaacgttaacgcgttttatcgtcgttgcccggataaactggttttcggttgt
ggcggcgtttatagcggtgaagacgcatttctgcacattctggcgggtgctagcatgg
ttcaggttggtaccgcgctgcaggaagaaggtccgggcatcttccgtcgtctggaag
atgaactgctggaaatcatggctcgtaaaggttataaaaccctggaagaattccgtgg
ccgtgttaaaaccattgaa

PPK pET28a-ppk

ggatccatggccggtccgagcgcagagaccgtgaaaccggaagacgacaagattg
ttccggtgaccccgacagaagttaacggcagcaagccgaaaggcgagagcgcca
acaaaaccgcagcagcaaaagcacgcaccgcagcagcaccgcgcaagaaaagt
gacgaggagccgaaaccgagcaaagaatttgtgcgcgaggcattcgagaacggc
gtttatccgtataagaagaaaatgggccgccgcgagtacgaggcagaaaaagccaa
actgcaggccgagctgctgaaagtgcagctgtgggcccaagaaaccggccagaag
ttcgtgctgctgttcgagggtcgcgatgcagcaggtaaaggcggcaccatcaagcg
ctttatggagcacctgaatcctcgcaccgcccgcgttgttgccctgaataaaccgacc
gatgaggaacgcggccagtggttttttcagcgctacatcacccacctgccgaccagc
ggcgaaatggtgttctatgatcgcagctggtacaatcgcgccggtgtggagcgcgtg
atgggtttttgcaaaccgaccgagtatctggagtttatgcgcgagacaccggagctgg
aacgtatgctggttcgcagcggcatccgtctgtacaagtactggttcagcgtgacacg
cgatgagcagctgcgtcgttttaaaagccgcgaaacagaccctctgaagcagtgga
aactgagccctatcgataaggccagcctggataaatgggacgactataccgaagca
aaagaggccatgttcttttataccgacaccgccgacgccccgtggacaattattaaaa
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gtaatgataaaaaacgtgcacgcattaattgcatgaaacattttctggcaagtctggac
tacccggacaa
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Table S2. The prices of the main substrates and products in the system.

Substance Price (RMB/ton)*

polyP 6000

NH4HCO3 1300

L-Asp 15000

Orotate 295000

NaHCO3
** 1800

Glutamine** 60000

* Data from http://china.chemnet.com/.

** NaHCO3 and Glutamine were the old substrates, which had been replaced with 

NH4HCO3 in our system.

http://china.chemnet.com/
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