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Abstract: In the context of global carbon emission reduction and carbon neutrality strategies,
microbial carbon-fixing enzymes have emerged as a research frontier in biological carbon fixation
technologies due to their unique advantages, including high efficiency, low energy consumption,
and the ability to produce value-added chemicals. This review systematically summarizes the
classification, structural characteristics, catalytic mechanisms, and regulatory networks of both
natural and engineered carbon-fixing enzymes. It focuses on the roles and kinetic regulation of key
enzymes such as ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO), carbonic anhydrase
(CA), formolase (FLS), and carbon monoxide dehydrogenase/acetyl-CoA synthase (CODH/ACS)
in CO; fixation. From a structural biology perspective, the review discusses how static structures
and dynamic conformational changes determine catalytic efficiency. Furthermore, this paper
reviews the recent advances in protein engineering strategies including rational design, directed
evolution, high-throughput screening, and artificial intelligence (Al)-assisted prediction for carbon-
fixing enzymes, along with the enabling role of specialized databases such as Greenase in enzyme
mining and pathway reconstruction. Representative case studies, including RuBisCO, CA, FLS,
and multi-enzyme cascade systems, are adopted to illustrate engineering pathways from single-
enzyme optimization to integrated systems. Finally, future directions are discussed, including
dynamic catalytic mechanism simulation, in vivo fitness engineering, de novo enzyme design, and
electro-/photo-enzyme coupling systems. This review provides a theoretical reference for the
development of efficient, stable, and industrially adaptable novel biological carbon fixation technologies.
Keywords: carbon-fixing enzyme; carbon dioxide; carbon-fixing enzyme database; Al-assisted
design; directed evolution
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®2 ATERES R HFHE

Table 2 Artificial carbon-fixing enzymes and their characteristics

Carbon Key Substrate Thermodynamic Theoretical Catalytic features

fixation carbon efficiency maximum

pathway fixation carboxylation

enzymes rate

CETCH ECR HCO;~ 5 ATP+6 0.05-0.557" Simultaneously achieves enoyl-CoA reduction and

cycle NADPH carboxylation, NADPH-dependent, engineered variant
showed a 5.5-fold improvement in k.,/K,, compared to
the wild-type®*!

ASAP  FLS Formaldehyde No ATP 0.8-45" TPP-dependent, catalyzes the condensation of 2

pathway consumption formaldehyde molecules to form glycolaldehyde,
saturation mutagenesis at the active site improved its
catalytic activity by 7.6-fold™

SACA  GALS, Formaldehyde 1ATP/2HCHO GALS GALS was obtained through de novo computational

pathway PK 0.01-0.1s7"; design, PK was engineered via computational simulation

PK 1-10s™" and structural analysis to expand its substrate spectrum*

BEPN R E ASR LT ARG A THER (crotonyl-
CoA/ethylmalonyl-CoA/hydroxybutyryl-CoA cycle,
CETCH)H A% o [, ECR AL Sl A
Fe@, A NADPH SRy, [R5 Bk
PEAAE A 0IB I FIR AL, — 20 A U I 1 o ik
R, SR, KK ECR MIKHisseas, BRI T
HAE CETCH fE3hh By I RRALR , 2 N TluE
J5 7B V350G BYHEALRLR ket K B FHRTT,
MIECEF A AR B T 5.5 4522

O 4 5 Tl 2 N T E B A AR i AR
(artificial starch anabolic pathway, ASAP)H ) 4
fiff 2 —, VIR PP R i AR i i, it A
TR BB T . ik R IR FLS Mif
PR PEAG . P Bt 22 % M) 8, Cheng 451
Xf FLS i P AT A SR 4, e T
PErpo el e, R R AR AR TR R R T T
7.6 5.

LT 4 [ (glycolaldehyde synthase, GALS)
% R 1l 1552 /4 (phosphoketolase, PK)J& A T. Z ik
i B A & A (synthetic acetyl-CoA pathway,
SACA)RAE P A% O i, Hob, CBEmES
it 2 B 9 N B0 A i D FEY IR 38 £ Bt > 3k — D At
BRI K B, TR AR & ARl
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PAURT Y& V5 B 5 (cryo-electron microscopy, Cryo-
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CO M CODH % ACS % 1 £ /K S M Bk,
HW, R R AR SRS G FE B, T
1% 366 TO A (RHE 10 24 T HIE 1) 2 S5 B o 004 Ak 7 o
PR, PFOR/OGOR FKIGAEH N, 25 WA
T [FeaSaEUTREE AR LM A, TR %
TN ) LT AR X 4528 M s SRR
A 22 [ T S B AL PR A B ZEHLA], ACC
Fl PEPC 103 1 &1 65k il 1) 5 — Fh &5 4y s ——
“UEEA RSN, ACC 1) BC F CT 2 &5k de
FeE 23 (0] B ARST ST, P — B2 M B KA
HEAHT IR IL I A ) 2 e PR 5 M 32 () g <422

7 M2 T, PEPC W& Bh[a] 5 pu B2 {4k 17
) MAERUE TR O S, FEIE W I I
P75 LA R 2 TR A (TS 7)) AN R 44 E R
Al R E SR, X — R 545 & B
TRZ\$ 7 T [ il e 12 K E AL TR i 2540 2
FEPE S T REE N . Joi8 e K K 1 B i /K i
T SR YIRS HEAR 38 . 1) 21 R 8 ) 3 =
B TR N, I8 S E B 2R M S M S B Y
2SR B BRSO, H AR AR X AS ] ) 4
FEHMERE AR I IR, T AL TSRO [RH 4%
HARR a5 i T % o
22 HEEEKEK

SEME B 5 3 T2 oY R OCHK [ ke
(R RE) G2 AR Ak Bl 0 27 B2 ) IS ) 8 i O P DA
KO IR BE PR . IR Y B T A Bl ) A
SR e B, RuBisCO B9 “TF -4 4
GAME R LRI IO, JIEY) RuBP [N45 &
WD NI R A R S5,

R"3 ZFERBLERREE. RRERERIERR
Table 3  Three core structural strategies, representative carbon-fixing enzymes, and their engineering
implications
Strategy Representative Key structural features Engineering implications

example
Directed CODH/ACS Single-particle cryo-EM revealed the fine Design artificial channel proteins to
transfer of arrangement of the Ni-Fe cluster active directionally transport intermediates in tandem
substrates and centers, and identified a hydrophobic gas enzyme reactions, improving catalytic cascade
intermediates channel connecting CODH and ACS for efficiency

directed CO transport
Spatial PFOR/OGOR  Multiple [Fe4S,] clusters are linearly Rationally design oxidoreductase complexes in
organization of distributed along specific pathways within artificial carbon fixation pathways, optimize
electron each subunit, constituting an efficient electron  cofactor spatial arrangement, and enhance
transfer systems transfer network electron transfer rates
Conformational ACC The BC and CT domains are connected by a Utilize allosteric sites to construct metabolite-
dynamics- flexible linker peptide; the biotin arm carrying responsive biosensors, or engineer allosteric
driven catalytic the carboxyl group undergoes large-scale effector specificity via directed evolution to
regulation “swinging” between the two domains to achieve orthogonal metabolic regulatory
complete carboxyl transfer circuits
PEPC The cleft between subunits of the

homotetramer stabilizes the active site
conformation and forms allosteric regulatory
sites that respond to signals such as acetyl-
CoA (activation) and aspartate (inhibition)
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(14918 X B 728 T 3k [ e B AR A 52 6 2 AR Y
fi] Tl A = 2 ) Y B R
6.2 CABBITIEZRH

i 1 T P T 85 A DO 000 3% 1 RN AR
PER T, DIRER SRR EN, ®Iitihm
AR dGCATA XY IMEABCRIE T T 746 1%,
[i] Fsf S 7 T 55 DA 67.8 °C I 35 3 i35 & 96.1 °C,
HLAE 50% #1H:A HLIE 7510 A A7 BE AR 15 v A 1R T
PEPCL Sl R E LA, A4S T AR AR ik
2 mol/L NaCl Z&1F A ORGP o-CA =48
7, & T K T BSR4 . 1t
4h, ¥ CA 5 RuBisCO 8 R 1A 4P 5555 1 HEAT
flveFeik, W REE B IKPRZ (R A R EEHA
B H B ] P A1) CA RS HESS 2 3] RuBisCO
SITRE % 452 LN B N v o e 1 S RS T VAR 112
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KHAE R T Rl COL MR, f#i15 RuBisCO R
PERCRIETE T 3-5 557, JRIR T M EEN T AR M
AEMLHI E R T FEREEE AR T IH, ¥ CA
il 72 7F SBA-15 A-fLor i I, #£ 40°CF 6d
JE AR RE 96% MW LG 6 M 5 0K CA B AE
ZIF-8 W, fffF 10 d Ji5 [ fL R B 40% T4,
Ui 25 WAL 9%P6%, CA ) T FE Ak E e e 1
o S R TR 2R B R A TS By TR . S A
AU SRR A = A — 1K . AR BIWFSE E A
N — 2 IR T ANfAE MR IT L CA H7K AR
T Vi R A T AR OR, IEEE SR 2
ST P AR AN Sh A, DI A SR AL |
IRREFE M T AW [ e F AL U S (9 JT 14 it
6.3 FLS EgTiZRH

EE X FLS AL PERGEETE, BRSO E RELT
TR B I 12+ 02 ) AL B0E TR AR . 5
45 I BENL 28 75 0 BE AN TA], Cheng 52311 S 8
FETIEME T R B 8 A YUY 25 AN FR A7
R, UGy F sl g A AR 5 A8 30 2R 47 99
V. A AR AR Y K SR IR SR B 4 AR
K, FFEIEE L BUK RS B A, TR ]
IR XT TPP B PR - vp (R ARR S 1 Y
RN FETFRIIEE R, BRI e e £ T R
Bl TR BEH8 A0 35 O R R E K P R AR A
WATSLEG B E , Gl XF 29 5 000 A~ 28 AR A 1) i
BE, KB S236F FA A 5 AR i R SL P A A TR
PESRTE T 7.6 155 T sh J12E it — oK
AN BR 5 ABGIN T 15 M A0 1 Jey s K 2
i TPP-C2 Hr[AIATE 5 T2 15 — o0 T H A9 %
By, MR SE C3 = iIe i, (HARER Y
S, ARG R BB g AR A A T P
HLL AR X, AL G ) Ak 2 B 22
) R S PR P 67, R T TR B SR W A R
10 oy 30 B AV A )y T P AR L . AR R AR
1, FLS 5NN . BAEE. MiRis 2
il 9% S5 1 AR, A3 T M iR (CO, 18 5™
YN EIGER M E RN Tigte . il P fbak 15 vh il
(R FLBIAN S B 252, ASAP AR e S B T

22.0 nmol/(min-mg) Y CO, RN TEMFEAL K, %5
FoAHTER A R R L 8.5 f5,

FLS 1Y TRk 22 6 S T [ e il 1) - 2 4
T HEER R 5, PRI LI KB
B2 A D REA B, SR R SR Bl e Y IR 5
Hk, ot T %A 8dE
AR, JCHSE TR A AL
Ja, BRGNS iR AR AR WURE DR IR A R ELAE
SEILN COL B EE = = R A o 3 — D<Al
B Pl PR AR B SR R A, ARER T
Tkl TAREALAY A T 1] o
6.4 ZEGIAZRRPELRA)

IR RGPS R HCER T 2400 TREAAKE,
N TEMRERER R T/ EZ —, HFRAR
Wi B R A R AN 1 (CemK . L, M, N)LJ
KB E) RuBisCO il CA 254170 S A KIm s
IR AE S0 v, s il A 230 % T Dige
PR N TR AR T X . XL X e T 8h s
4 HCO;™, JRid b CA ¥ HFE Ak o v Wk B2 1Y
CO,, HERFZE PRI RuBisCO, MM &4l 1
Al N I = T 5 95 R RuBisCO 1) [ 6% 52
62 xy 2604 FDH. FADH 1 ADH 3 [# &
e IR £ - — A bk e, sl e nT
ik 98.1%, fififF 60 d JGWCRATI AT IA 76.2%, B
— 25 1) SR R T A B A B 5 7 ) B
[N Z WERi G A FRALTE ACC. T B R It & it
(pyruvate dehydrogenase, PDH)|#E1T3 &, # &
“BrAl-Fe b — Rk iE, HIERBREER CO, T
6] H AR S AL S B A . Gleizer P38 13 X
KW A ICA HEAT R G0 Al TR A S0 06 ==
b, Mo S TARRE A FRAE K X TR
FRE T AT K HREHLHAY Form 11 RuBisCO
1Bk R A% TR 4 5 it (phosphoribulokinase, PRK),
FEER T IR A RO A AR DG EE R, Rl B
S UEEIE Y, B9 T NADPH RYFAERE S, &
AR R AEAS AL LL CO, AME—BR I AER . 25
Mo, TERTEZERIFF R TS CA Stz R
4t, {HHEEFER pH MR T =S 30F H CO, 7R
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W rp, it 58 RuBisCO K H 3% B Rea,
R T8 EAE B SOE IR MO0 A Ak &L
SRIHOS] S B () 55 G T, e X e it
AT B TR LGS IF 5 HoAg A M 2% 1T
B R A RERS Q38 Pk RE A A SR 10 A W [
N

7T RES5REE

AR P ) AR X 265 3N T8 F 9 T
IR AEAL R Ge, [ aREE R IE LT —
Nk Bl & IS5 i b 1) < 3 sl kot S A 1§
RERE . 8 Bh Cryo-EM 25 5 0 HEas My AT B R |
LU N AR TRET-B U SGE A B ALK
SR AW, X [ A A A AL ) A B A 3]
THTARBERE . NTWERA RER.
CETCH T3 LA S TR AL F 972 K 5 IG5 5L
TR AR T — A g T [k il T ARk AE B
Ay HBRAL 2 BAG ER R BT

SR, LN K 6 S 56 28 0 1 98 1 B AE
AR L 2 ) A B b R A 7= T, TR B O AOF 5
T % 2 HkR . R, %A A AR LU
LA Z 4 30 R R 2 o

RS SR A EOR S AL BRI
4k, ] AlphaFold %5 AT #5 R 7E I 45 1 i
AL BT T AR, E [ R ) A
A3 B R T 2 A= A 5 B0 1 AR A (U 2 IS
Vs E I . R RE NS . 2R SR
6] A A B ) . RO BT TR Bl 24 T BT K RE
i ff LI JE 47 - Tl o 0 75 A B P %) e S B 1
S 12 A S T R0y F 1R R AR, N7
G| -ERAS LR 0] <P B A R R EE-B A TIBE” 1 AL
TIP3 s R = R
AR

S A A v A e ) < AR N ARG i Y R
GeBRiT . METTES A TR [F B S £ i g%
BRI AR AE R A B A 5 I A %, (H7E
A NS BEAN I K 5 A [T L 6 3 sl e B
RGBT S 4 . %l (4 NADPH/
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ATP)JA , Hp B R4 (an P )RR B8 45 [n]
TSR REVR . A () T A A0 0 k= P i
F L JRRR, SR AN R 2 . R
Z A 2R s 5l A AT, N T L ik i
e il RV B0 9 4 B AR AR e, S A i
AL 55 1 T R AR 45 114 56 SE RN o

T Sk i 115 4 AR S8R [ a Ak 2 1 T
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FEH IR TS Greenase 55 &ML EX 8 4 19 AN W
P5e, BEFEA G AT DRI AR e AT B R
B, R BRI 2= M 2= T RA A
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W2 FREEEIACE., Kok, BafetEn
ARk R g5 0 rL AR A R L R R A
PRIERG, M- E R G (IR
G O 6), A — SRR AR Z B
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27 i B RS 1l 1 2 T
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2 AE BB TREN 2% ATy . b
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