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there has been an increasing interest in recent years in effective reduction of CO, emission and utilization of this one-
carbon resource, thereby accelerating the development of carbon capture, utilization, and storage (CCUS) technologies.
Biological conversion plays a major role in CCUS. This approach enables the transformation of CO, into desired
products through either direct biological catalysis or in combination with chemical catalysis (using CO,-derived organic
compounds such as methanol, formic acid, and acetic acid). Thus, biological CO, fixation and conversion represents a
promising solution for both utilization of greenhouse gas or industrial waste gases and sustainable production of bulk
chemicals and fuels. However, the current state of biotransformation technology for CCUS is still in its infancy, leaving
ample room for improvement in the efficiency, yield, and cost-effectiveness. In this review, we briefly summarize
recent advances in biological utilization of CO,, highlight the characteristics and limitations of the existing
technologies, and also propose future research directions. Our aim is to provide a valuable reference to researchers in
this field. Overall, industrial application of CO, bioconversion remains in its nascent phase. Although industrial-scale
ethanol production through syngas (CO,/CO) fermentation by chemoautotrophic bacteria has made significant strides,
there is still a need for further improvement in the conversion efficiency of CO,. In addition, gas fermentation should
consider more value-added products beyond ethanol to enhance the economic viability of this technology. Other CO,
bioutilization technologies, such as the coupling of chemical and biological conversion and in vitro enzymatic catalysis,
have yet to bridge the gap to large-scale applications. Therefore, further optimization of these technical systems and

reduction of production cost are essential to meet the needs of industrial applications.
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F6P—Fructose 6-phosphate; AcP—Acetyl phosphate;
E4P—Erythorse 4-phosphate

H 48K 2 B A P RS T EMP IR 42K 56 Ruhi
IR, MR s S B R . BRI, BT
HWE T — MK EE NOG i@ 42 H Bk 70 il AU R S 7
ARE KBTS, B35 88 T NOG @12 i) I e
LI o ZB AR R IRBEA IR I, A TiTiE
il 240 0 £ Y NOG 3@ 2 K 5 B LAt il A 70 X 7o



1228 BRENE F45E

NOG kit 84 N TR B i B AR T — 285 1) [l e 1k
RS .

Ak, EF AH I P UE B NOG 38 #% 5] A K
J¥ ¥ 1R o] CASE 5 2 Bl Re VR AL 22 S e . i,
ERUF M THE TR T, K EF BT E
(Bifidobacterium adolescentis) ' 4 it T B2 I 15 1
(phosphoketolase) [ fipk FE K 51 N KA, #
7 NOG I, ik | BE I AR A2 B B A0 2K
TSN T S A BT RAERL, 25 T A B
e U A, I EANUEEIL BOR T NOG # 1%
TE A2 7= 3 B4 G FH 400 Joa o o T e AR S I I 7 THD )
AR
122 REERAB

R A8 7% K% (mixotrophic fermentation) J&
fRAE — 28 5 FR BB AE W AE H AR R o i L
By 1 [ B3 A2 5 B A CO, T 81 FH A Rk e A e
X — R W 7 A nT DL SE A A0 R OB S s Rk, b
BRI g, AT S B0 L e 73 2R 100 A W 1) B O I B oy
BT 5

(D PEEFE S WLIB R EC

H R R AR 7E 2 PR SR 1) CO, [ & & 12 77,
Hrr, WLIEEEH ORI RN B/ HieE
THFE B0 I — Bl R AR AR W [ B i 4% o & 4R
03 3RO A e By S NP AN 3 BE A R . AE
FOy SR B, COMES MBI T, JEfF TR
iR, FEEUAM B WA R, D
AR, BAHHIED RN EREETY % L
Pt 4 B Ao FE B JE 2 SRR HT, CO i CO, R
CODH AL T e e ik AE , Bt i B it 5 i g A AN
FOJE 7E — A0 Bk Bl & B/ 2 Tt B A S ORI
(CODH/ACS) FIMEAL T M LBt A 7. WL
BRIFLEMAAETCRE (WRE. BRIKES)
A—Le aNE (e )

W 9038 FE 7K IE R AR B A 5L N TR T B AR 1 oK
TR A o2, SR AR A RIE OB/ — iS5
RN, (1508 B A i 42 7= £ 1 CO, B WL I 42
WA, B> TR R ERA BRI R, RTHT
WeAs 2 . thAh, B IE B — AR 9 IR A
e EIERH (ANP) KRG E =R NS 7, B
VR A WL IS 1R 45 Gt ok, R G & i3k ar &
FETRCH 1 CO, R 7 A TN R R AN k4 s A (2D

=
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3 Acetyl-CoA
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Fig. 2 Schematic diagram of the coupling of glycolysis
pathway and Wood-Ljungdahl pathway

(Dashed arrows indicate multi-step reactions)

R IR e Jk PR AR 1 2 B A 2 o LA
fitf A, WSR2 4> F CO, LK 8 NHLF, X240 T
(1) CO, A 8 ™ L 1 -3 /& WL 3 4% 11 ] Bk 75 3K
M P2 AR BANM 15> F TR A 1T Diner 5 7
FE 7K I SRR B oK EMP i 12 P e WL i 42 55 F 2
IR (MVA) @EHREE, (R ARG %S (H,.
CO, I CO) fENIKY, SO 2 IR A 5 1 — 4
(1A il o

(2) WEREMR &% 5 Rubisco Fl Ik

IR SCAE A 2 6 A 1 T A s B — B4y
1M Rubisco A& 15 ZR SCAE FR rf w5 Bk [ 44 38 56 1) o gt
fitf . JEiL Rubisco ML, 143F CO, M %4514
FLBHE > F 1, 5- BE A% IR B (RuBP) L, M
UL R B, WA EH GRS IESS
Rubisco FEMHIC (3D, M8 b 7 38 1 B 3t 2%
PR R N, FELISE ™ b, i
T — RS P b S U ——Rubisco A% R % B B
Wl (PrkA) I RKMAT B T2, A SEIl 118
B A FE i CO, MBI, AT TR B HY T 9 b B AR
Jiik, BRI EIEERE 1 (TktA) sk g
& BB zwf Bk R (3 3l 44 8 IB/pTA FTMZB), LA
i — 0 1 5 JOHE B £ 2 2 T Rubisco 13 12 [ ik
W, 15 CO, =% (#E 1 mol % & i ) CO, /= &)
FHESCE (77 A B AL BE IR 2T BT A1 B 1) CO, HE i
) R T 81% F140% ™. Ak, IR
I8 ) Rubisco il PrkA [ RARAAR, W 5034 R I H H
A TR CO, 1A 3 B AT T (1) SR A R 1 B %0



$4% www.synbioj.com 1229

Glucose RusP

NAD® ~i ATP
) PrkA
NADH +, Co, ADP

v
}MAﬁ——Z—— RuBP

Rubisco
ADP
ATP

Pyruvate

Rubisco-based
pathway
B3 BEEE ISR Rubisco 7 &
OREF R FR L R
3-PGA—3-BEIR H VIR PEP—MEMRIGEY AR RuSP—5-EMR
WEARE: RuBP—1,5- —BEFRAZENE: PricA—RERI M B Wt
Fig.3 Schematic diagram of the coupling of

Glycolysis

glycolysis pathway and Rubisco

(Dashed arrows indicate multi-step reactions)
3-PGA—3-Phosphoglycerate;PEP—Phosphoenolpyruvate;
RuSP—Ribulose-5-phosphate;RuBP—Ribulose-1,5-bisphosphate;
PrkA—phosphoribulokinase
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A

NE TR e AT AR R e T & dn. A
YRR AN R AR 7 ) e At Ok O T R A A T
] RE BRI E S A AL —.
He, ZIRDREERE (Ogataea polymorpha) & H
BTN BT Z i — M R R e R, HOA R
HA K A R AR TR 1 ] A AR e
Zhou & " AE Z 8 DU I BE R, 38 Il B S B
2R A5 AR AR R oo AH 25 S 1 7 U3 = g
P FE I PR 52 B8 70, I SEIL T R AR AL
RE BRI R o A 9T A BAE 7E 22 T8 I adh % B v
Foy st 3k SR A ) Il R SR PR A8 0 T s B S R
1, SEPLT FEE AR A = s R T T

AIRUEHEZKS FTERRC ZNHTE®
i W2 A YRR REWMYI AT
b B T R TR o AR P R TR AR R LR
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CEFRZMPRIRE . R 13t — 0 AR B R
A, T AR T T UG O R A M A A
MLIZ - Dai %5 " 5 M BRI 8% &F (Saccharomyces
cerevisiae) , I 51 NI ik I B B IR B BE 1) H
BEAC W B R SC Bl 7 A R . kA
Zhu 55 "R B RORR & A% 5] N HL G R BE AT B
(Methylobacterium extorquens AM1) 1, @it —
I SOE AR AL, B U TR B R e 8 DA R I A
—BRUR R A T R IR R,  AE bR R AR X
TR ER T Bk $) 2.22 g/L.

Br 7 B LR T Ak, BT B 4 i T
| B P A Y Re IR AR KL . el
Ma & "7 I AE LN R AT A T e TR AR
Y& g, FRIEIE AW o M B T AT R
PR % ST T AU S ) R ) 20 R, T R Rt
X—@ARem TR T ER M ®. Chen%§ " T
LilERA DB RN NP Y P v = R
T A TR 3 A2 ) Pl S L 3- R -6- T IR
fif (3-hexulose-6-phosphate synthase, Hps) #il 6-fi
2 -3- C\ ¥E 5+ M ¥ (6-phospho-3-hexuloisomerase
Phi), MJEE 1 BEAEACKE SR A I 2k A s 77 2k |
A KT ARG 2R K o A R R R, TR R AR R T R
LE0.17 b B AR — P OE DLSEIL A R &
B A IE T BE, AT E 05N 4.6 g/LF2.0 gL,
HEMFRRELBSERE R, ABEMIET BT
B9y I 43% 1 71% K H H

2.2 HBREYFIA

IR 9 W] AR D A L Bk R A R R IR R T R
FH Bl Ik HAAE S AL AR RS 12 . IR =
it FE R 4t R A (formate dehydrogenase,
FDH) AL &AL A CO,, M N FI £ KA
R ALE 5 7, (HiX— I EB RGN — s
B 2R T R 1) [ A B A ) A B A AR
B OFR T S5 DY & R ik R 26 DY &
MR o 12 N R R - DY S IR W 2R (formate
tetrahydrofolate ligase, FTL) /5, 2V #E ATP.
FH I i DY 20 B2 B 5 43t 30 D AR s I P 6 DU &0 R
G BN 2 Z R G¥A « Wood-Ljungdahl 842 DA ) 18
FRHRR&RE ™ (H4). QF RS LB AL

FSC PN P

H A S AT R SR R R A P ) R R T 2
FAR S e 70 AS B3 AR Do) — sk R R 441 1R R
SREA AW RN 2, HIFARA BFH A
fig 1, PRk, BF AL SR T N TAREHE 1R DL
WEEYAE M 1) SEEL R BRI A AR py ot e,
L, KRR AT IE HE I 3 R B AEY . B,
Kim %5 "7 il g il 8 R 08 2 5 THF 753 22 2 12 7
R AR 2R, M 1 Re a8 R Y IR TR B A ) o
PN 7F NSRS S R G VA M =St AR T
P 1w PR AE O S N ORI R [ fE Vo Yishai
S U I AR K W AT TR R R LB R R AT B 1
R DU & RO B2 . 5, 1031 H 56 - PO & R - B4
WK fERE. 5,10-T0 F 5:-THF AR, DAKOE RIE
HEAREBRZP4MELDR (HEH. TEHEBH.
PHEREAMLER) SCHL T B & H 2 R 2
AW B, WA I 51N R M Sk A Ak 48
LN R i T ke, DL R e T 55 % AR
o 2SR AT B A2 B LR R R A CO, iR AT 2R
Ko Lee % " 7E KM AT B H 51N CO, AR [R] 3
12, FIEWA BRI B EED, o AR = IR
120 L B 25 bo3 FH bd-1 12 BEEA BRI Rk K, AE
PR RBE % 72 CO, A F R AR I 26 T AR

BEAR, R A S A Al g v A s
TSZB R A . Flin, Hong £ U N T LI
JRH AR IER GP) DRI CO, M F R, i H
RV W IRER W (Gottschalkia acidurici) ) H &
TR A Bl o 05 L DX 51 N IR#R B (Clostridium
pasteurianum) 1, T2 LI 5 B R 0 [F) 4k
Rit. HE— LMo HrdREKH, SRR
0 B AR R I P2 6 A AR R, — AN R
FIRILAE 2-5 T IR EL (2-0B) 1 4 B2 FAR B IO AR
R AR, Ho b 5 4 B SR & U IR ik ik

SAEME, MHET TR, RS AR
MWt F R P, A 2218, V2 Balm
FRANARWIHLEE A AP ER T, AT RE % 9 B A R
TUH R g IR AR i T SR i fE S 2%,

2.3 ZEREYRA

CO, AMUAT LIS AL 7 B AR e AL N I . R
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Formate

THF, FTL
ATP Pyruvate
. A
ADP, Pi L NH

10-Formyl-THF f

ADP.Pi ypp i
Glycolysis P Serine
Co, PEP ;il)cc:'utc NAD(P)* H,0 T, 'HI
8 E /_/
) { /
/ \\ NAD(P)H 5,10-Methenyl-THF //
Oxaloacetate Serine NAD(P)H /Gl \g‘u
NAD(P)H~, NAD(P)
) v =R / . ™, THF, NAD(P)
NAD(P)" « NH, | . T
| —— 5,10- Methylene-THF | GCs | _
| \ \..x___ CO,, NH,
Malate \ NAD(P)H - AN i N \;)l'|"||i
\ Glycine T '
CoA, ATP — \ i NAD(P)
ARREES e o _ 7 5-Methyl-THI ACS/CODH
: \H“_H‘___;a(_ﬂ_\'ux_\_-']utc CoA Fd |
< Crea
b P Cco
Acetyl-CoA

va Cco '/,
J [HI Fd

Acetyl-CoA

B4 FRRFELET
PEP—ARRIGEE AR : GCS—H A MRAM RS
: Wi R R Wood-Ljungdahl i 1% S (0 Rt JE M H 2 iR &
Fig.4 Formate-assimilating pathways

(B ORIR L ARIBR o LT RRIN L D)

PEP—Phosphoenolpyruvate; GCS—Glycine cleavage system
(Orange represents serine pathway; Blue indicates the Wood-Ljungdahl pathway; Green represents reducing glycine pathway.
Dashed arrows indicate multi-step reactions)

WA DB AN RS —k AR, BT ORERER S EIRRL LR
AR 5 B AE ATP, R DA 2R ER A 9 i — Bk U
W2 TUMAEMEARM CRIGES, U1 KRB P RED) R S8 BAR, T2 50
WER AT B Y BRI (Corynebacterium 210 HARF=WDM BE U FRLL, ESZBRS AT, 2
glutamicum) " G SAR RN E (Pseudomonas T 3 15 A A G5 A7 WL BRI 0 40 40 1E A 4R
putida) " BRERERE 0 BERWERE (Cryptococcus W LASRAFHE £ INAE RN . BhAL, BIFE& (2
curvatus FHLLEERE (Rhodotorula glutinis) "™ REAL I %2 B AR W8 SR 32 7 2 W Eh (o R T 22, {9 e
R RS RCREEE T OROR &4 Y T AELIRY gy E AR . pH R A ANEL IR BE . W B
WAEESRMEER, BUt T AR 2R s HERETHRAEL, ZRMESEEER
LR ORI CIREAF IR - LR, Bt SR Trma ). g e i i B 09,

EAA PRI
A=x7/P

) [125]

RECEMET — RIVED AN T FIH 28

A REFACE H AR dh, BIAILRRWSER 24 ZEEEYFIE

BR UL BRIAER TV LMERR UYL IREER T

AR FREER T 3- R ARy R T e O R R CEETEMY T, By PAE. i Tk, &
FR U, A HLRE S o R e e 2,3 T 0 MR PR SUSERAT IZ I  ad T Y N
U, DL WSS I SR R A R T R I 1 e e EBERAE N REIR Tk AR, BT MAM K

FEPR I R e i e T Y A, B BESRIS RO LW F AT 4R 0 A ] R R
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FE Az —, e ] LR ER S VR R Rk &
BV AE RIRE R EL . R R R, L
AN ARk E— 20 R At e B DIAE = s

KW #F B B A T e 1 4 B A8
(aldehyde/alcohol dehydrogenase, AdhE), 7[R
AR N AL BRI G A JBR JE R O, PG
J7 oA 20 P, BAR AdhE {40 0 P 2D S B #R A ]
W, (BT adhE R EA 2 Y, KB # o
ERIH AR e — Wi IR A e dR AT AR K. R
Tk EIR A E, BT T O L IR 3RS T AdhE 3R
RAFR ADEYT", 1% FEAGARAE DL £ R e — T
AR VR B A A AR KR IR e Y. BT
I, AR FTRE AR A B K AT A T ORA A &
A5 A% H bR 77 b o Liang 55 U R H >R B oK i g
K (Dickeya zeae) W LWENZAM (HH ada 4itd)
Ak B BRI BRI S BE AR CH adh2 9ats) 1E
Kt w7 CBEF &% (EUP), 5%
FREET IR EE DL K 2 TR 7 IR IR B & & A2 AR UL
Be, S TR B MR AE A A1 T DL S M — ik
BT A, IREAN R D B IERR ) A T 2L
AR T REE LA & 2 R 7 g . Lu s
WEFE T PP QB FE IR AR N 3-FR BN R A Bl BA J.
TCA G Bl S A i 1% A LB i 2 ey, T 5
3-BRIENIR G BUSHEAT T H04L, AEEMME
AR R 3- R BN R P2 'k #) 13.17 g/L.
BEAh, Wang 55 17K XUy e AL AL IR B AdhE (#1758
AR ADREXT R G| XK R, M T CRER]
Higte, EHUCBARYETAEEK, RE
¥ OEFHZERS R NEAY G BOREREE, If
I E 27 FEE I NADPH {3 5 1) S, K 2
W 1oy R A e TR

3 s L CO,

TR A1 B A AL AR B E Y i A iR 12
70 4 i 0 55 v R P B B AL 5 il R A K TR
AN B b &R AE R s BRI 5
PESR . BRI 7 AR R NG R, AR
] i AR L BRI 7, LR ORAE CO, [ E
AW TP AN o A B AL SR B A L
FREEENE LR RVE . DO 2 5D

R B, I H RN SRR AT, XA AT
TR P (R B R AR AE TE — L sk SR )
PBRAE, 90l 5 0 iE [l se PR DA R A vy o AR AR
CL AT 1 A= P [ s 4 e 22828, BT T CO, #R 41
B AL 1R 2R ) AR B T AR K2R OFAIE R
filg, FIFRBER. CO,ILEM. COMEAN. &=
IALE GG ZLAREG, 5 G Bk I I Il R0 R Il U
T AR CO, AL A2V I I ) BD IR M &, —fen]
KR SMEHEACIR R BRI 2 R St

3.1 CO.BYF5MEpEsEE(t

3.1.1 VB A B

HR i S i — R B B LI i . CO, i
T FF R bt e A il IR NADH FOAE AR ml gt i 1k
NHER . BT AL, B AN R
NADH i B [ FH 2 Il S Bk 4% 4k CO,,  FF R HiAk
AMEALEREREAT THRTE . N T B R i L i 1)
M CRERREA R M), Jiang 55 UKok F 1A
TR 2B RE (Candida boidinii) (1) FF & it & il 3 2%
1E T KPR -TE e CELFERERS . PR Eh-RE R
PRI AT -2 HEBR ) B3 T N . T #
PRt TA R T 4R R O S 4RSI OA S,
AP 3 2t ] S A 1) R ot Sl 7 AR AMIE Ak C O, 38 i i
KU SRR E M. BAEZE &P, NADH
S A DR A AT T R SR B A

B T4 R 7 AR 5y, PRI R AE CO, B {2
AT [E I S AR 7 PR A o Yadav 55 VY MR T
—MANTHEER RS, HTMCO,FEz AT
SR (2 h 77 110.55 pmol R ), B AR
% & 4 h I NADH ] F A4, (0 P AR 2 &R AR
(<25%) . Bl JG, %50 BIBA ARGE T —Fidk T
SRR S LA R (CCG-BODIPY), #%
TR Rt — 54w 7 NADH AR (54.02%), [A
B R = i m £ 46 2 h 144.2 umol M, T 4E
K, B2 W IEBUI T8RS AR
AR T e DU AR AR AP B (R AL e Ak CO, I liAs s BRAR
AR, B ARK— B EE.
3.1.2 — A LA B

— A T A R E B Sy, B L
T A I SV AR S M AR 2 . CODHL 7E HY
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TR W NADH. NADPH. MV* %08, Al
CO, ¥t CO "o MRAELE™ ZIRIA 7 e 1 Al
J6E R S 2 M EY R R IA TS OL,  CO i &L
AWM ER, RIAE [MoSCul &AL MRS
TR BE AN &5 A [Fe,SNil M GURRE . 774K
BT aEREAW (Oligotropha carboxidovorans) %%
i AR, CORMERMAT (Z08100s™, H
HT Cu il JEA 2, B EEAAN B &1L CO,
RN COMRE 1 Ja & R T AW K IKE
(Moorella thermoacetica) « = & — & 1k B W& #4
(Carboxydothermus hydrogenoformans) F1E K F 45
J\Z BRI (Methanosarcina barkerii) 5% 1 R 4
W, WpFRA [NiFe] CODH, BERI4fkCO,
A[IE R CO, Mo,

AR N BEAR S B S K, BT E AR T AR
AMBEAE S N Z2 Gt AR i3E COL 3 J5 N CO. Shin 55 17
HSEIL T A B AR R KB R VR [NiFe]
CODH 7£ /& 4h L4k CO, I8 7 Dy CO,  HLi% e v i
LTkl A 2d A7, GEB] [NiFe] CODH
EwIEE T HENER CO,. HAEZRNERF,
ity 7 1t 23 52 pH S5 DR 3% 1) 52 e 1 BRI, 28 CO, 4%
R TR N T RX— 3@, Armstrong
S U R T — AN H AL S5 CODH # & 1) s Ak &
HF#4k.CO,, BIK [NiFe] CODH [l 5& 76 #fif £
B E, HE CO, M CO 2 )M 154 4 () 2R o
BEJa, AT SOR G MEAL S g S lE ok, M
T—=MANIEAEIEH RS, ST CO,mat N
FH g L7
3.1.3 B R

Fr 7 Al LA E 2K CO, o CO 1Y [NiFel
CODH 4k, [ 98 Ft ot A7 78 oA 28 R 1) 28 AL 38 J5
B AT DA IR — 3B SRR BL. i, B FE T ORI
— ok B AR E A (Azotobacter vinelandii) 1]
W 2, e T BLEEAL CO,IE Iy CO, AT 4 J
TIERME R RV o b oA [ U I TR AL N i
JERE U T IX—IhRE, BFAE R % 2
BILREW AL COE JH N e . RS SEie 45 45
THREMZER", (HHEBME, YU E %
W REIT FeMo 5 B8 35 PR A7 3 1 T LA G B R R Bk
BATRA G, BT3RS B AR R R AT AL, CO, T 1k
He U7l ik — oD s, 1% R ) AR A

EERBEMN CO,5 LW B CLE BN . |k
R FE AR5 e T AX S UG ) S T
3.1.4  BRER BT B Fo LR B

PR T B¥ (carbonic anhydrase, CA) & —Ff
PRAENE 2L G . BIF 78 35 78 1933 4F 2L 40 i T &
T A BREREFEG ", S R T R
AP T ROR LT ZME. e NIk, BRIR B OB
RN AEAE T FLANY . M. R,
HF AN 57 CO, MBRIR Z R 2 A I AH B34k, DAYk
R AR Al 2H 23 B B P (CO,+H,O—H'+
HCO)) "o MRIGEG IR L H G &, RIREF
BEAFAE o By vy~ O G ORI EEJLM RS, Efilz
6] ) g5 A LR AR, (HE R A EE M sE T
B G 4 B T I PR AL s T

T B 2 I I () B 22 R v, eI N A T
CO, 3R . B A7 UL AR A i 2 A BoR B3
JG. GRS, MRS B AR S Y fEAE
TR R I5T Bl 47 3K CO, B, A Z00TE A i FE B VA 577 (43
WP W BRI B R = Ol AR R
BT Yo 1% N FR I S A A G R GRUE
N50~125°C. mRERIAHLIESS), &% 380N
A, PRACEEE MR AR E . BRI, WA U OF
KT — P T B R A 9 AR <l COL B L
21, FFBCE 8 F B IR I I LA N g CO, MR i fE I
R, AT R R RS E M, Bk TR I e A [ e
TETCFLRER YRR T b, [ b 16 B R I B 7 2
160 d ) MR JE , HKIA DR 4 1 4 e AL S
P, T U 5 PR 0k T T T ) A A 2 ) 3 o o

it % 16 £ B P R AR A JER P 3R AT R AL SR
AT 2 15 L PN B340 0 1 235 K DL B AIR X 5%
REVEAEDH 5y Cinga s . B E RS KoE A
73t I i R A AT DU 4K CO, R 1L
I 1% I A7 A ) [ B AT R AS B O, IR BN
FRAAE F S BAR AMEEAL CO, 84 R - AR 41 Faber
S RiE, HarE e gtk 17 MERE R
RN, FE: OEYRFEN, W1 Ensign & ™
EH A B (Xanthobacter Py2) 1141 i £ B4 f#
WA N BT S CO,BEAT R A SN A B £ Tk LR AN B-
BT, BT LEANS5 kN IR,
2R AR MY L TR SME L R G @05 R
ek, W Aresta %5 U R FWAABE JC IRTE  (Thauera



1234

GHENZ $F4%5

aromatica) 4 BV B J3 41 Ak 1 25 1 R e
1 CO, MKy R AL, B R FRIER R @47
IR, 0 Omura %5 " RISk B B AL 5 fOAF B
(Bacillus megaterium) [ W% -2- 32 R Mt 742 i 1 1L
g 5 Co, A, AR ROt -2- 3R FR IR (—Fh i
FERILOBRELF]D ;. @NE TR HeAL, 41 Miyazaki
S U TR FE SR TR R %) TR O I A T S B
LS CO, R N -

3.2 ETFHIIZHRFR CO %K
Z WIS SLAE A AR N T2 A7 A, ORI

F ,DH

ald

Formaldehyde

LRAEMALER

(c) CO, to optically pure N-carbamoyl-

L-aspartate and orotate

Formate

TS i 2 Mg AL R B H bR 7= . 7R 20 i
FIH CO, & Hbr=# U2 mMHinE =) il
W AN BRI, BT, R R
R T Z MRS 2B R G CO, M N &R
ST
321 CO%4LH VA7

I Z B R GUK CO, B0 HF EE N 2
e LB AT s g2 2 — [ 5(a)]. Yoneyama
S5 UL R RIE T DA PR R S R P I S A f
AT LA 7 it v v Wb i Ay % R -1~ SR K CO, 38 5 o HH
o tbAh, IR SR $R B4 T 1SRN CO, ik
R A AR K e, A 3 4l R 0] DL 5 2

(d) CO, to starch

E5 {hHbZEEH LML CO A RS F =4
UREFRFRZ D RBD
F _DH—H g i & f; F  DH—H B2 6 ; MDH— B i 208 ; ADH— Z W7l 200 ; PyDC— 14 i R Jli J2 e ;  LDH— 3L IR i &0 ;

ate’ ald

CPS—& WL NG & E; PPK—Z MR : CP—E TMERENG: ATCase— RAEMRE TME BN : L-CAA—N-Z I PR -L- R LA
DHOase— — A FLiE LA ; DHOA— A FLiEMR; DHOD— A FLIEMRM AN OA—FLiEME; GAP—3-BEIR H Il GoP—o6-BilR % f

Fig. 5 Conversion of CO, to various products by multi-enzyme cascade catalysis in vitro

(Dashed arrows indicate multi-step reactions)
F,DH—Formate dehydrogenase; F, ,DH—Formaldehyde dehydrogenase; MDH-—Methanol dehydrogenase; ADH-—Alcohol dehydrogenase;
PyDC—Pyruvate decarboxylase; LDH—Lactate dehydrogenase; CPS—Carbamoyl phosphate synthase; PPK—Polyphosphate kinase; CP—Carbamoyl
phosphate; ATCase—Aspartate carbamoyl-transferase; L-CAA—N-Carbamoyl-L-aspartate; DHOase—Dihydroorotase; DHOA—Dihydroorotate;
DHOD—Dihydroorotate dehydrogenase; OA—Orotate; GAP—Glyceraldehyde 3-phosphate; GOP—Glucose 6-phosphate
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oI R M 2 U s, Dave &5 DU Rl T —
Bl DLF R Mt UG . RPN AU BB (formaldehyde
dehydrogenase, F,DH) LA Z B S HGIX = Fh i
Mg AT, NADH Jy%fi Bl 7 HAR S S BAR &R
WK CO IR HEE . Ib Ak, 20l S S8 3 5
A1 5T ) pH AR i BERRURS, A LA pH B A S 1
5 RE DA KB e BRI B R R AT, HRRE Y S
W FEORRME AR VERE " HL, BRRE K
FH T A A Jo 6 05 32 R i v g AR e 1 . 9 s
Dave 5§ MR bR = SR Sk 3 AR AR 2 AL
J -8 B A= ot b T HEAL CO R N BT, 5
AR EG, ] E A Bl S I A 2R 00 FR I 7 R 0 7 R 3
wE .

N T RE R B RS E i AL CO, 4 A Bl A AL 14
#, Jiang 5 U TR T AN IR [ E Ak v
AR R AT M 9 O S . B, R R &L
Bl FP I S AN O S e R AR - — UL
HEAMEOE, S5iFsrgmtt, BrEvE.
FFRAE M DL S n] A A PR S 25 4R, A7 60 d
HE S AL 10 K5 1) F 8 ™ 475 AT R #7 AR
76% LA E Y0 SR, K =P [E A — N R
AR AE — SR IR, 5 G AN 5] g 2 18] R A B A
FH AT f 2 5 i HL s M DL [ 5 il i o 5 il )
MEAAT A LA U e, B ST KX =
R I 5 790 SR T — R A Bk, SEILCO, 1 H
W 1) e R L e B B A T

SR, L3R CO, A A 2 Bl e AL A4 22 15 B2V AE
7, ARORH I 1 A R R A . R, IX
WAL 78 R A T S X — i A2 b Rl R
AR . Wang 55 ™ K ONAR R PR (R
i W AR I S A R i S D
HINADH [ & fEAN A 288 Z AR BkL b, IR A&
TR 7E 75 % R I & B (glutamate dehydrogenase,
GDH) 1~ A2 s R 8 — 1 R X5l NADH A i
Ao XM E A 2 i SN A 2R 2 52T T NADH 1Y
MAZE, HEARTENSMRNAR, JT# b
A R R R A A, TR, A,
NT 2R RS ENE, Galarnea s M LA
T H M BB (glycerol dehydrogenase, GlyDH) .
V% % 26 i S (phosphite dehydrogenase, PTDH)
AL E RGIX =FAE [ NADH A R4, K

Y B IR 2R I ST & 40 B NADH F AR 35036 5 =
o J5, ABATTKE B AR (F, DHD . H % i & B
(F,,DH) . Z B i E B (ADH) F13V f 2 £6 it &
g (PTDH) L fu 7 i g - = A fb ik 48 oK Ik 3%
(phospholipid-silica nanocapsules, NPS) H1, ¥
SE A 2 Tl A R PR THIE 1EE H2 ve A  E EAA RR ) 55 0%
322 CO#ACH b Kagsk =

AH EE T A0 2 25 1) AH T ] B8 1) R S5 7 4, d
AR A 22 B A R AL CO, A R B B e O B =Bk
J UL B KRB & & B2 PR PE B TAR .
2011 4%, Wang 55 "7 B iF 7 —FfopE X ] B 1) 2 g
AR CO, M RN L- LR, ORIt A5 an &l 5
() fn: OFENADAEIE T, LB AR
FA R ST QTR it F2 B 16 A CO, AN 2T 55 ik
I HARR ; @7E NADH AF/EIIEOL T, FLIR WA i
(lactate dehydrogenase, LDH) K P4 il B2 ib Ji2 4 L-
FLER . 2016 4F, 4 [ 1) 5 v -3 BA ve fifi b 4= )
Wt 7 Jt Tobias J. Erb BIBA " 43 7 — M AE R IR
Mg AL [E B B i& 2 (CETCH G ), Bk H 3
Vi, MY AR 17 Fhilg, JfE g X CETCH 7§
I ER AL B AP 1 v [ B %, SRR CO, 1k
SNERCEREREL . S, &I B i IS RS
& CETCH 1 ¥ 1 B -5 & K & & & 1§ 3
(BHAC) S B4 41 i {4k CO, A i 22 il I A1 5
K& U A, @I e R BN AR & R EI N
Pl #MEEER Canaplerotic modules) K4k 78 CETCH
A6 24 o I FE AU (R4, i A Bk SEBE T R H
CO MR EGRE R EY 6-IMALENEEB (6-
deoxyerythronolide B) "™, ikt 7L TAEER T
CETCH 1 ¥ 7£ CO, & {8 46 1 A w1 52 FH 3% 77
2020 4F, Li%s U RE T — MR 2 R R,
HT¥ CO, A e 22 i ) N-2 5 H B 2 -L- R &
RARMATER . AR HZE TR S8 (CPS).
RADRE TN (ATCase) . A JLIG BRI
(DHOase) A FLiEMR N EM (DHOD) iX 4 ff
I R — BT R A Dy e T AR B 2 1
s (PPK) H T ATPFi4E [ES5(o)]. fEmiE
S FEAF AR EE R, 3 h N 1% AR 5 ] AR Bl
19.2 mmol/L N-285 FI L -L- R A &R, T4 1k
1 15.5 mmol/L FLIE MR 1M1 7E V8 Y L- R & 2 MR HY
Fenit b, N-UHE R 2 L R AU RN LI R 1
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RO WL F) 96.0% A193.3%. X I TAF 5 H 1 A
PR AW )3 S 2B 7 e 2 A N- U LR
KRN FLIE R IR, R AT AR JRORE R
e BB RS AL 2 SRR T — T E AR . 2021 4F,
i [ B} 2 e R Tl AR 0 B BF 9T R
BA 220 SCHRGE T — R CO, A H, & BE #1422
MiZa g iigs (Fsd]. ZReas
LAMZO N IR, 55 34 KRBT TR A
THRISUE . 75 H I IRBN T, 1%k AM G RN AR R 1)
CO, ¥ AL e By 13 %35 3 22 nmol/min, Lk £ K
FIVE Ry & O 2w ) 8.5 1% . 1 AIF A TR T AL
FE Yo IR A A 0 B, S B AR A o ARG I B
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