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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.! PPK belongs to PA0141
family. Genomes of this family generally encode 2 or 3 PPK paralogs, which
frequently contain a single PPK2 domain.? PPK used in this study could not utilize P;
as a phosphate donor but is capable of regenerating 3 M ATP from 1 M Ps. 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.
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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 KCI, 2 mM ADP, 10 mM L-
Asp, 150 mM NH4HCOs3, 20 mM polyP, 40 mM MgCl,, 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 Z-CAA remained above 8 mM.
When the pH was greater than 9.0, the precipitation of Mg?" 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 CoCl,, 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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Figure S3. The standard Gibbs energy changes (AG’°) 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/.
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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 KCI, 150 mM
NH4HCOs3, 2 mM ADP, 20 mM polyP, 40 mM MgCl,, 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-HC1
buffer, respectively. The results showed that the buffer just had little effect on 2-CAA

production. All measurements were carried out in triplicates.
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Figure SS. (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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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 NH4HCO;, 2 mM ADP, 20 mM polyP, 40 mM MgCl,, 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 Z-CAA solution (pH 6.0) by adding 0.1 mM CoCl,, 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
NaHCOj3, 10 mM glutamine, 2 mM ADP, 20 mM polyP, 40 mM MgCl,, 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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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 CoCl,, 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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Table S1. The DNA sequences of all enzymes used in this study.

Enzymes

Plasmid

Sequence

CPS

pET28a-carAB

ttgattaagtcagcgctattggtictggaagacggaacccagtttcacggtcgggccat
aggggcaacaggttcggcggttgggoaagtcgttttcaatacttcaatgaccggttat
caagaaatcctcactgatccttcctattctcgtcaaatcgttactcttacttatccccatatt
ggcaatgtcggcaccaatgacgcecgatgaagaatcttctcaggtacatgcacaaggt
ctggtgattcgcgacctgecgetgattgeccageaacttccgtaataccgaagacctct
cttcttacctgaaacgccataacatcgtggegattgeccgatatcgatacccgtaagetg
acgcgtttactgcgcgagaaaggegcacagaatggctgceattatcgegggegataa
ccecggatgeggegetggegttagaaaaageccgegegttcccaggtetgaatggea
tggatctggcaaaagaagtgaccaccgcagaagectatagetggacacaagggag
ctggacgttgaccggtggcctgeccagaagecgaaaaaagaagacgagetgecgttc
cacgtcgtggcttatgattttggtgccaagecgcaacatcctgecggatgetggtggata
gaggctgtcgectgaccatcgttccggegcaaacttctgeggaagatgtgctgaaaa
tgaatccagacggcatcttcctctccaacggtectggegacceggeccecgtgegatt
acgccattaccgccatccagaaattcctcgaaaccgatattccggtattcggceatctgt
ctcggtcatcagetgetggegetggegageggtgcgaagactgtcaaaatgaaattt
ggtcaccacggeggcaaccatccggttaaagatgtggagaaaaacgtggtaatgat
caccgcccagaaccacggttitgcggtggacgaagcaacattacctgecaaacctge
gtgtcacgcataaatccctgttcgacggtacgttacagggcattcatcgcaccgataa
accggcattcagcttccaggggcaccctgaageccagecctggtccacacgacgec
gecgecgttgttcgaccactttatcgagttaattgagcagtaccgtaaaaccgctaagta
atcaggagtaaaagagccatgccaaaacgtacagatataaaaagtatcctgattctgg
gtgcgggceccgattgttatcggtcaggegtgtgagtttgactactctggegegeaage
gtgtaaagcectgegtgaagagggttaccgegteattctggtgaactccaacccgge
gaccatcatgaccgacccggaaatggctgatgcaacctacatcgagecgattcactg
ggaagttgtacgcaagattattgaaaaagagcgeccggacgeggtgctgccaacga
tgggcggtcagacggegcetgaactgegegetggagetggaacgtcagggegtgtt
ggaagagttcggtgtcaccatgattggtgccactgeccgatgegattgataaagcaga
agaccgccgtegtttcgacgtagecgatgaagaaaattggtctggaaaccgegegttc
cggtatcgcacacacgatggaagaagecgetggeggttgccgetgacgtgggcttce
cgtgcattattcgcccatcctttaccatgggeggtageggeggeggtatcgettataac
cgtgaagagtttgaagaaatttgcgcccgeggtetggatctctctccgaccaaagagt
tgctgattgatgagtcgctgatcggctggaaagagtacgagatggaagtggtecgte
ataaaaacgacaactgcatcatcgtctgctctatcgaaaacttcgatgcgatgggcatc
cacaccggtgactccatcactgtcgcgecageccaaacgetgaccgacaaagaata
tcaaatcatgcgtaacgcectcgatggeggtgctgegtgaaatcggegttgaaacegg
tggttccaacgttcagtttgcggtgaacccgaaaaacggtegtctgattgttatcgaaat
gaacccacgcgtgtcecgttcttcggegetggegtcgaaagegaccggtttccegat
tgctaaagtggcggcgaaactggeggtgggttacaccctcgacgaactgatgaacg
acatcactggcggacgtactccggcectccttcgagecgtccatcgactatgtggttact
aaaattcctcgcttcaacttcgaaaaattcgecggtgctaacgaccgtctgaccactca
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gatgaaatcggttggcgaagtgatggegattggtcgcacgcageaggaatecctge
aaaaagcgcetgegeggectggaagtcggtgcgactggattcgacccgaaagtgag
cctggatgaccecggaagegttaaccaaaatccgtegegaactgaaagacgeagge
gcagatcgtatctggtacatcgecgatgegttcegtgegggcectgtctgtggacgge
gtcttcaacctgaccaacattgaccgetggttcctggtacagattgaagagetggtgc
gtctggaagagaaagtggcggaagtgggcatcactggectgaacgcetgactteetg
cgccagctgaaacgcaaaggetttgccgatgegegettggeaaaactggegggegt
acgcgaagcggaaatcegtaagetgegtgaccagtatgacctgecacceggtttataa
gegegtggatacctgtgeggeagagttcgecaccgacaccgcttacatgtactccac
ttatgaagaagagtgcgaagcgaatcegtctaccgaccgtgaaaaaatcatggtgctt
ggecggeggeccgaaccgtatcggtcagggtatcgaattcgactactgttgegtacac
geetcgetggegetgegegaagacggttacgaaaccattatggttaactgtaacceg
gaaaccgtctccaccgactacgacacttccgaccgcectetacttcgagecggtaactce
tggaagatgtgctggaaatcgtgegtatcgagaagecgaaaggegttatcgtccagt
acggcggtcagacccegetgaaactggegegegegetggaagetgetggegtace
ggttatcggcaccagececggatgcetatcgacegtgcagaagaccgtgaacgcttee
agcatgcggttgagcgtctgaaactgaaacaaccggegaacgecaccgttacegcet
attgaaatggcggtagagaaggcgaaagagattggctaccegetggtggtacgtee
gtettacgttetcggeggtegggegatggaaategtctatgacgaagetgacctgegt
cgctacttccagacggeggtcagegtgtctaacgatgegecagtgttgctggaccac
ttcctcgatgacgeggtagaagttgacgtggatgecatctgegacggegaaatggtg
ctgattggcggcatcatggagcatattgagcaggegggcegtgcactceggtgactee
gcatgttctetgecagectacaccttaagtcaggaaattcaggatgtgatgegecage
aggtgcagaaactggcecttcgaattgcaggtgcgeggcectgatgaacgtgcagtttg
cggtgaaaaacaacgaagtctacctgattgaagttaacccgegtgeggegegtace
gttcegttegtctccaaagecaccggegtacegetggeaaaagtggeggegegegt
gatggctggcaaatcgetggetgagecagggcgtaaccaaagaagttatcccgecgt
actactcggtgaaagaagtggtgctgccgttcaataaattcecegggegttgacceget
gttagggccagaaatgegcetctaccggggaagtcatgggegtgggccgeacctteg
ctgaagcgtttgccaaagegeagetgggcageaactccaccatgaagaaacacggt
cgtgegctgcetttccgtgecgegaaggegataaagaacgegtggtggacctggegge
aaaactgctgaaacagggcttcgagetggatgegacccacggeacggegattgtgc
tgggcgaagcaggtatcaaccegegtctggtaaacaaggtgcatgaaggeegtecg
cacattcaggaccgtatcaagaatggcgaatatacctacatcatcaacaccacctcag
geegtegtgegattgaagactceegegtgattegtcgeagtgegetgcaatataaagt
gcattacgacaccaccctgaacggeggcetttgccaccgegatggegetgaatgecg
atgcgactgaaaaagtaatttcggtgcaggaaatgcacgcacagatcaaataa

EcATCase

pET28a-pyrBI

atggctaatccgctatatcagaaacatatcatttccataaacgaccttagtcgegatgac
cttaatctggtgctggcgacageggcgaaactgaaagcaaacccgcaaccagagcet
gttgaagcacaaagtcattgccagcetgtttcttcgaagectctacccgtaccecgectct
ctttcgaaacatctatgcaccgectgggggccagegtggtgggcttctccgacageg
ccaatacatcactgggtaaaaagggcgaaacgctggeccgataccatttcggttatca
gcacttacgtcgatgcgatagtgatgegtcatccgecaggaaggtgeggegegectg
gccaccgagttttccggcaatgtaccggtactgaatgeecggtgatggectccaaccaa
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catccgacgcaaaccttgetggacttattcactattcaggaaacccaggggegtetgg
acaatctccacgtcgcaatggttggtgacctgaaatatggecgeaccgttcactcect
gactcaggcegttagcgaagttcgacggcaaccgtttttacttcatcgecgecggacge
gctggcaatgecgeaatacattetggatatgetcgatgaaaaagggatcgeatggag
tctgcacagcetctattgaagaagtgatggcggaagtagacatectgtacatgacecge
gtgcaaaaagagcegtctggacccgtecgagtacgecaacgtgaaagegeagtttgtt
cttcgcgecagegatctccacaacgccaaagecaatatgaaagtgetgeatecgetg
ccgegtgttgatgagattgcgacggatgttgataaaacgecacacgectggtacttec
agcaggcaggcaacgggattttcgctcgecaggcegttactggcactggttetgaate
gegatctggtactgtaaggggaaatagagatgacacacgataataaattgcaggttg
aagctattaaacgcggcacggtaattgaccatatcccegeccagateggttttaaget
gttgagtctgttcaagetgaccgaaacggatcagegeatcaccattggtetgaacctg
ccttetggegagatgggccgeaaagatctgatcaaaatcgaaaatacctttttgagtga
agatcaagtagatcaactggcattgtatgcgccgcaagecacggttaaccgtatcga
caactatgaagtggtgggtaaatcgcgeccaagtetgecggagegeatcgacaatgt
getggtetgeccgaacageaactgtatcagecatgecgaaccggtttcatccagettt
gcegtgegaaaacgegecaatgatatcgegetcaaatgcaaatactgtgaaaaaga
gttttcccataatgtggtgctggccaattaa

AaATCase

pET28a-pyrB

atgcgtagcctgatcagcagectggacctgaccegtgaagaagttgaagaaatectg
aaatacgcgaaagaattcaaagaaggcaaagaagaaaccatcaaagegtctgcggt
tetgttcttcagegaaccgageaccegtaccecgectgagettcgaaaaageggegeg
cgaactgggtatcgaaacctacctggttagcggctctgaatctagcaccgttaaagge
gaatctttcttcgataccctgaaaaccttcgaaggcectgggcttcgattacgttgttttce
gtgtgecegttegttttcttcccgtacaaagaaatcgtgaaaagectgaacctgegtetg
gttaacgcgggcgacggeacccaccageacccgagecagggcectgatcgacttett
caccatcaaagaacacttcggtgaagttaaagatctgcgtgttctgtacgttggtgatat
caaacacagccgtgtgttccgetececggtgcgecgetgetgaacatgttcggegegaa
aatcggtgtgtgcggtccgaaaaccctgatcccgegtgatgttgaagttttcaaagttg
atgttttcgatgatgttgataaaggtatcgattgggcggatgttgttatctggctgegtct
gcagaaagaacgtcagaaagaaaactacatcccgtctgaaagcagcetacttcaaac
agttcggcctgaccaaagaacgtttcgaaaaagttaaactgtacatgcatccgggtce
ggttaaccgtaacgttgacatcgatcacgaactggtttacaccgaaaaatctctgatce
aggaacaggttaaaaacggcatcccggttcgtaaagecgatctacaaattcctgtgga
cc

DHOase

pET28a-pyrc

atgctgaaactgatcgttaaaaacggttacgttattgatccgtcccagaacctggaagg
tgaattcgatatcctggttgaaaacggtaaaatcaagaaaatcgataaaaacatcctgg
ttccggaageggaaatcatcgacgegaaaggectgategtttgtccgggtttcatcga
tatccacgttcatctgegtgatccgggtcagacctacaaagaagatatcgaatccgge
agcecgcetgegeggtagegggcggcettcaccaccategtttgecatgeccgaacaccaa
ccegecgatcgacaacaccaccgtggttaactacatcctgcagaaaagcaaaageg
tgggtctgtgccgegttctgeccaaccggtaccatcaccaaaggtcgcaaaggtaaag
aaatcgccgacttctacagectgaaagaagegggttgcgttgegttcaccgatgatg

gctcteceggttatggattccagegttatgegecaaagegetggaactggctagecaget
gggcgttccgattatggatcactgcgaagatgataaactggegtacggtgttatcaac
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gaaggcgaagtttctgcacgtetgggcectgtettctcgegetccggaageagaagaa
atccagatcgcgegtgacggcattctggegeagegtaccggtggecacgtgeacat
ccagcacgtttccaccaaactgagectggaaatcatcgaattctttaaagaaaaaggt

gttaaaatcacctgcgaagttaacccgaaccacctgetgttcaccgaacgegaagtte
tgaactctggegeaaacgcetegtgtgaaccecgecgetgegtaaaaaagaagacegt
ctggcgctgatcgaaggegttaaacgtggtatcatcgattgettcgegactgatcacg
caccgcaccagaccttcgaaaaagaactggttgaattcgegatgecgggtatcattg

gtctgeagaccegetetgeegtetgetetggaactgtaccgtaaaggtattatctecetg

aaaaaactgatcgaaatgtttaccattaacccggcgcgtattattggtgttgatctggge
accctgaaactgggtagcceggeggatatcaccatcttcgatccgaacaaagaatgg
attctgaacgaagaaaccaacctgtctaaatctcgtaacaccecegetgtggggtaaag
tgctgaaaggcaaagtgatctacaccatcaaagacggtaaaatggtttataaagat

DHOD

pET28a-pyrd

atgacctgtctgaaactgaacctgctggatcacgttttcgctaacccgttcatgaacge
ggcgggtottctgtgcagcaccgaagaagatctgegtigeatgacecgcettctageag
cggegegcetggttagcaaatcttgecaccagegegecgegtgatggcaaccecggaa
ccgegttacatggeggttccgetgggcageatcaacageatgggectgecgaacct
gggcttcgacttctacctgaaatacgegtccgatctgcacgattacagcaaaaaaccg
ctgttcgttagcatctctggtctgagegttgaagaaaacgttgecgatggticgecgtetg
gegecggttgecgcaggaaaaaggtgttectgetggaactgaacctgagetgeccgaa
cgttccgggcaaaccgceaggttgcgtacgacttcgaagegatgegtacctacetgea
gcaggttagcctggegtacggcectgeegttcggegttaaaatgecgecgtactttgat
atcgcgcacttcgatacggeggcetgeggttctgaacgaattccegetggttaaattegt
tacctgcgttaactccgttggcaacggtetggttatcgatgetgaaagcgaaagegttg
tgatcaaaccgaaacagggtttcggtggcctgggcggcaaatacatcetgecgacce
gegetggcegaacgttaacgegttttatcgtegttgeccecggataaactggttttcggtigt
ggcggcegtttatagcggtgaagacgcatttctgcacattctggegggtgctageatgg
ttcaggttggtaccgcgctgcaggaagaaggtccgggcatcettcegtegtctggaag
atgaactgctggaaatcatggctcgtaaaggttataaaaccctggaagaattccgtgg
ccgtgttaaaaccattgaa

PPK

pET28a-ppk

ggatccatggecggtccgagegeagagaccgtgaaaccggaagacgacaagattg
ttccggtgacceccgacagaagttaacggcagcaagecgaaaggegagagegeca
acaaaaccgcagcagcaaaagcacgcaccgeageageaccgcgeaagaaaagt
gacgaggagccgaaaccgagcaaagaatttgtgcgegaggceattcgagaacggce
gtttatccgtataagaagaaaatgggcecgecgegagtacgaggcagaaaaagecaa
actgcaggccgagcetgcetgaaagtgcagetgtgggcccaagaaaccggecagaag
ttcgtgetgetgticgagggtcgegatgecageaggtaaaggeggceaccatcaageg
ctttatggagcacctgaatcctcgecaccgeccgegttgttgccctgaataaaccgacce
gatgaggaacgcecggccagtggttttttcagegctacatcacccacctgecgaccage
ggcgaaatggtgttctatgatcgecagetggtacaatcgegecggtgtggagegegtg
atgggtttttgcaaaccgaccgagtatctggagtttatgcgecgagacaccggagetgg
aacgtatgctggttcgcageggceatccgtctgtacaagtactggttcagegtgacacg
cgatgagcagctgegtegttttaaaagccgecgaaacagaccctctgaageagtgga
aactgagccctatcgataaggccagectggataaatgggacgactataccgaagea
aaagaggccatgttcttttataccgacaccgecgacgecccgtggacaattattaaaa
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gtaatgataaaaaacgtgcacgcattaattgcatgaaacattttctggcaagtctggac
tacccggacaa

13




Table S2. The prices of the main substrates and products in the system.

Substance Price (RMB/ton)*
polyP 6000

NH4HCO; 1300

L-Asp 15000

Orotate 295000
NaHCO;* 1800

Glutamine™ 60000

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

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

NH4HCOj; in our system.
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