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materials for the next generation of biomanufacturing. However, naturally occurring carbon
fixation pathways generally suffer from limitations such as slow carboxylation rates, harsh reaction
conditions, and difficulties in heterologous reconstruction. In recent years, scientists have designed
and constructed several synthetic carbon fixation pathways, establishing a foundation for
developing efficient biological carbon fixation systems. This article systematically reviews the
naturally discovered carbon fixation pathways and summarizes the key advances in the
modification of natural pathways and the design of synthetic carbon fixation pathways empowered
by synthetic biology. Furthermore, it summarizes recent progress in energy supply strategies for
microbial carbon fixation. Finally, we discuss the bottlenecks and optimization strategies, providing
scientific insights and perspectives for the development of efficient carbon fixation systems for
practical applications.
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3-HP BUAF 3F F L AF7E T/ (0 2% Jm Be 1A
(Chloroflexus aurantiacus) <5 3G -A 25 (4 A i 40 &

Table 1 Comparison of natural CO, fixation pathways
Pathways Oxygen Reaction Products CO,-fixing enzymes Substrates ATP/CO,  NAD(P)H/CO,
sensitivity numbers (mol/mol)  (mol/mol)

CBB Aerobic 11 3-PGA RuBisCO CO, 3.0 2.0

rTCA Anaerobic 9 Acetyl-CoA AKGS; IDH CO, 1.0 2.0

3-HP Aerobic 19 Pyruvate ACC; PCC HCO;~ 1.7 1.7

3-HP/4-HB  Aerobic 16 Acetyl-CoA  ACC; PCC HCO;~ 2.0 2.0

DC/4-HB Anaerobic 14 Acetyl-CoA PEPC/PFOR CO/HCO;3~ 1.5 2.0

WL Anaerobic Acetyl-CoA CODH/ACS CO, 0.5 2.0

rGlyP Aerobic 6 Pyruvate rGCS CO, 2.0 3.0
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oxidoreductase, KOR)F1 ATP i i) #7245 1 24 it
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J1o SEERESE, T A KOR X— i, Hpn]
SCREAH R CO, dEHEEE R AL Ar i . LAk,
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7, BAA®RRE, BISEREAEHE . Tao %%
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G i rTCA 342 5 LMt NADH, S ZUHI A
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Zeng “FVFIFHN T g vlc s o S MR /K A T 44
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WUIRE . (HASEREMZE, K — LCIA A AL

RBERFRFDCAMR, RUIWEIRENE CCM
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SR T ERPENE , N CO, m R M LR BEHT Y
T 56 o AR S A R VRN R, N T ik ad

x2 ATEBEERLE

Fenoroh 2 28 (DM KRR AR rp it [ e i 1
TR R B9 N TS BRI A 5 (2)47 fi HoAth 151 B 7l
N TR, Hir, FEbsEEiiE £
FNTHEfRER, #2512 BT XEERN
FERF AHIRERTR

231 FRAXARERFEREELE AN LEK
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KRpEE R Z LR E 2%, Hig D>
B PEPC H A 4544 ) 50 HLIG M = SF 0 s, F
5% 35 ] ) 3 [ itk ik R 1 Tk [ i AR
D)3 v [ B 5% (K] 2). Bar-Even %5 B458 1o 24
HEBIXT 5000 AR TS, wIHH
Tk A B A- R R £ 2 - £ T TR (malonyl-CoA-
oxaloacetate-glyoxylate, MOG) & 15 . % & 12 L)
PEPC N#Z.l», HIRYEwR G IEN IR, %
B AL o 72 A FL 4% T4 #E NADPH Hil ATP, H.
John A B M, AR AR T IR RuBisCO /Y4
5. W RE, ZBRBENEL ™Y 2
CTEWR, WAL R IR AR — DR AL R T
[ -3-1§ ik (glyceraldehyde-3-phosphate, GAP), 4%
PRI BRSCR L CBB i 2-3 fif. #RT, MOG
AR H AT ARSI e 8 . B MOG #&1245h,
2018 AFEHIE YN — BESH T A-H MR (malyl-CoA-
glycerate, MCG) 42 [A] B L PEPC My 4% 0> ™),
ZiEte S CBB flEH U FRIVER], RDRE 1 231 PEP

Table 2 Comparison of synthetic carbon fixation pathways

Pathways In vitrolin vivo Reaction  Substrates Products CO,-fixing ATP/CO, NAD(P)H/
numbers enzymes (mol/mol)  CO,
(mol/mol)
CETCH In vitro 12 CO, Glyoxylate Cer 0.5 2.0
THETA In vitro & in vivo (modules) 17 CO,/HCO;~  Acetyl-CoA  PEPC; Ccr 2.0 2.5
MCG In vivo 8 CO,/PEP Acetyl-CoA  PEPC 3.0 3.0
rGPS-MCG  In vitro 18 CO,/HCO;~  Acetyl-CoA  PEPC; Cer 2.5 2.5
POAP In vitro 4 CO, Oxalic acid PFOR; PYC 1.0 0.5
HOPAC In vitro 10 CO,/HCO;~  Glyoxylate Cer 1.0 1.5
CORE In vitro 6 CO, Formate BKACE 1.0 1.0
SACA In vitro 3 HCHO Acetyl-CoA  GALS 0.0 0.0
ASAP In vitro 11 CO, Starch Chemocatalysis 0.5 2.0
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Figure 2 Synthetic carbon fixation pathways with carbon-fixing enzymes in natural pathways. A: MCG cycle;

B: rGPS-MCG cycle; C: THETA cycle; D: POAP cycle.
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Figure 3  Synthetic carbon fixation pathways with novel carbon-fixing enzymes. A: CETCH cycle; B: HOPAC
cycle; C: CORE cycle; D: ASAP pathway; E: SACA pathway.
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Figure 4 Exogenous energy-driven microbial carbon fixation. A: Reconstructing light reaction system in E. coli

for converting CO, to pyruvate!'™; B: Converting CO, to single-cell protein via an integrated electro-biocatalytic
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