afX £

Synthetic Biology Journal 2023,4(4).7s6-778 2023 5 % 4 % % 4 33 | waw.synbioj.com

S N B DOI: 10.12211/2096-8280.2023-032
R TR IR

7,

A R SO B A 0 R PR T 5 0t

BEEY, WE", SR, axH, BREx"
CTIHAY¥, 2ERFEHRAEBRELLRE, T L4 214122, * ITHA¥, 28X+ ERAFEHRALRE,
TIH#H E4 214122

WE: MEDFBRREFSMINETR, ELWRSRDKFBRSFREm I ARNERRIEC—, A, EH
YRR BRIEFEEFRANBMERE. MREREEREE. BB r-gfraEaf. AT RR ARG
|, AXNRERFNBRMEY . KSRRERETIERB=1"15E, RE2EDHT 7S TI2S0EMEYRI R H
B RERE. ERRANBHMEYSE, R T XARBRFBHMEDNRES SRR MRS TRL0E
Bee; ERRABAHRESE, WIE T XANRERFBER. ENSHANPERTBEERS ATHRET B
RHXBLER. 2R HERESE S, EPRINBRE IERRASE, EATRSPRECIERSHNERR
FBMEMHEBERNXES X, &5, NFERABIOHEY . AREERSREIRERIE=110, BET7HE
M BRBRNARSE, ARREMEFNARESE 7 EM.

XHgiE: PR, MEw; RERE, EEBRYE; e

PESES: Q81  NEktRERE: A

Progress in metabolic engineering of microorganisms for the

utilization of formate
CHENG Zhenzhen'>, ZHANG Jian'*>, GAO Cong"*, LIU Liming'*>, CHEN Xiulai'"*

('State Key Laboratory of Food Science and Technology, Jiangnan University, Wuxi214122, Jiangsu, China; ‘International
Joint Laboratory on Food Safety, Jiangnan University, Wuxi 214122, Jiangsu, China)

Abstract: One carbon resources are expected to become the next generation raw materials for the production of high
value-added chemicals to achieve the recycling and utilization of carbon resources and promote the development of
green industries. To achieve this aim, microbial utilization of formate produced from various one carbon resources, is
one of the important strategies to build a green and sustainable platform for one-carbon biomanufacturing. However,
there are many problems in the process of microbial utilization of formate, such as the low efficiency of formate

utilization, the slow growth rate of formate-utilizing microorganisms, and the low yield of target metabolites and so on.
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To solve these problems, in this paper we systematically summarize and analyze the research progress in metabolic
engineering of microorganisms for the utilization of formate from following three aspects: formate-utilizing
microorganisms, metabolic pathways and metabolic engineering strategies. For formate-utilizing microorganisms, we
summarize the metabolic characteristics and applicative advantages of natural formate-utilizing microorganisms, as
well as the potential and advantages of model microorganisms for the application of metabolic engineering. For
formate-utilizing metabolic pathways, we review the key steps, energy/reducing power consumption and characteristics
of natural formate-utilizing pathways, reconstruction and optimization of formate-utilizing pathways and artificial
formate-utilizing pathways, and then discuss the potential of metabolic engineering modification of these pathways. For
formate-utilizing metabolic engineering strategies, we describe the useful strategies to improve the metabolic efficiency
of formate assimilation pathways, such as optimizing the expression level of pathway genes, engineering key pathway
enzymes, blocking the competitive pathways, reconstructing cofactor regeneration system, and modular pathway
engineering, and then summarize the key approaches to improve the cell growth of formate-utilizing microorganisms,
such as adaptive laboratory evolution, enhancing the cell growth of formatotrophs and improving the ability of
microorganisms to synergistically utilize formate. Finally, we prospect the developmental direction of microbial
utilization of formate from three aspects of formate-utilizing microorganisms, metabolic pathways and metabolic

engineering strategies, which would lay the foundation for the development of formate bio-economy.
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— R BT IR R AR A R R B T AR AR R R
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DIE AL S B2, W AR RR IR 7 AR R
AR G O S AT HHE B0 Bk B U IR T R S A0 BR
FH. CO,. CO5CHAENARIRY, WAL
JREHA B R R, AR A ) 4
MAKS =& PRSP RIENBSRD,
IRUF b85S T 1K SE PR S6 4 0 AR A —FhR
SR, TR E B EAS, HEXE Y
BRVE R PR, R AE S AR ) 85 97 AR b 1 2 A 1
R T R Y R, R TR B D R
PLH T BRI RE MY, I R T W R A A T

HR A2 ) 22 5 1 R e S B AE T W IR B 97 B A
RSN BHEl, WRE MR
Ry 77 sCE A MR O RIR H R A H A=
Yy, eE HERARUEE 7. B, FE B H 0T
(Cupriavidus necator) ', K FIKBEFER 7 IF L JR
PEH R A U = REFE I AR R R SRR, A3 A%
S T AR RRARING 77 1. BARRIRH A H
WA EA — € W RRACE AL, Aefg kAT A T
TR, H 2 R IR H IR F A A= 10 ) 7y 1 183 4% 2 1
PE TR ST AN, ITTEAR KRR B2 B PR 1
Houg 5 M2 E . @@ N THRFHMEY,
N TP AE Y ARSI RE . Bl @ 7E
KMF B (Escherichia coli) 5] Ni& JE M H = R
WAL S RERE AR, 45 TR WAk A 0 R T YR
N E— BRI R BE R HEAT A A AR G P el i,
L EER B B2 BE (Saccharomyces cerevisiae) i AL
T JE A H E Rk AR, SR AR B Ak AT BLIR] A F)
HHR®RS Co,™ . MT RKAFRAHMAEY,
Rl AR P e A R o e B2/ BN Ya [
FL & 00T I FF R AR A 0 AN 2 5 AR K T 28 e 1K 55
@, PR, 7R A I i A R SR AT

MR s S AL, 5 vt R AR 28

A Zx R B St AR W 1R A A PP R I R v 1 5
B, OH R B A i AR A A
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frokig SO seng, JFRE T HREM LTt —
R 5 N R 5 1
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HRR £ 22 B I R A R HEh — ik AR s
K TV AL E R, DU B R A2 W 22 0 1) i AR
55 2 JT R H RE N8 v ORI ) R IO CE . R T
E 52 5 2 0 1) B R R 203 5 T T IR A AE AR 22
PR, qne KRR IR B AR W 1 R R A AL )
W90 AN 58 3 - AR TR 5 A R R i 2
VEM AR S PRI, 75 AR MR AT i A 4 P R A L
i Atk b, &5 S A S0E SR E — 2B SR
Yo BRI 524 S e B AR ) R R M FH 280

1.1 RARRIAMED

RINTRA AN Z AT S MG T,
Rt iE I 2 MU s 1S,  DLR IR ik U BX Re I
TR (B, RD. TR, BEEFRED
SURIRIERE, RAFRAMAHBEMRERE T
IR R A 1) 5 ORI A B, AN AT DLk
AT AR 253 2 v W R P F Ak 5 H A A P AR
ey, T HE A S BT A B R SR R R F R A%
P AR A Y A TR s 2 1A
L1l &

2R (acetogen) A& M IRE A, W]
DL FH 6 I 1 20 Bt 4 B A i 23047 CO, [l e, 758
F 2% i HL T RS2 AT RE AR I R INF, K5 CO, ety
LIRS A P T 1) 1. FRE NIE % 2 W4
AP EEREIZ —, T OBRwE
AKERWREAFEZEZ L, T2 CRE
F A6 F A, A KOS R AT B (Acetobacterium
woodii) FKIE/RRW (Clostridium ljungdahlii) Fl
ISR IKHE  (Moorella thermoacetica) %5 2" 77,
AR, MEFRE FHNMAEDMK ARSI,
7= R TR AT R AR A F R IR aX — R AE 5] A TR A
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Fig. 1 Natural formate-utilizing microorganisms

CBB cycle—Calvin-Benson-Bassham cycle; THF—tetrahydrofolate; THMPT—tetrahydromethanopterin
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1 RARPRA LY
Table 1 Natural formate-utilizing microorganisms
e T > S s R g Hx
WAL TR (SR NEL VS e ISR R ] it
] THRE  MIREERATE  @EMEAm s RARM A PR CO, BN O LW E &1 [20-22]
AT A AT 9 AL RS AR AR T Tk S < AEIE T A e
AR e TR D
7GR LTYIRE  EEFRMEEE EMEClE R B RIRFIH RN CO, & R B, AR T I AR VL S THR [23-26]
S Se N il AR AR RE
B AR REGEAT T, ART Tl R 5 BT T v A 58 3%
AR T E D
MR EHRIEIR R TRRE FaEReE ol P B AR S RS EEE R e 8 R AR IR 7 AL TR [27-29]
G AR BRIy TR R AR
FH R T AR AR T AR s AR TE A 78 3 , AR
g LA
HEFF B PRI HIBHEATE AERRIE SR RARA TR .CO, 5 W & — BRI T A I AR G [30-32]
etk R4 AM1 R PRI BE 58 5 B50E AR X 7823, BT — 7€ 1) B0 8 g
S JTEAT R PR A QT R AR ) B AR SR A LS, AN T b S
CBB ¥k i PR H16 R e EE . B R N S, BE A P R AR D9 — R VSR RE VR B [33-36]
WA JRHEDRIA  BRRRRIT T S OGN 0, A 8 ST v g

95 %5« TR O S AL (L BE A RE S VR B, DXL B ARl A 0 e 0 2 A 2
55 T A7 RE ) i K

W CBBEH il J5 11 0 R A6 24 10 3R

M52 4k, I A AR SR RE B ok kAT 4 i A K
LK 1(c)]. #57 SRBA] LAFI R AR A Ut 5 Al 1
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(Desulfarculus baarsii) " %5 . 7F SRB 7] F| FH 1 A%
ZIEYT, WHRE NN RS AW & ERY 2
— B PLD. vulgaris £ SRB S B bk, 50 10E
T UL HR R 3R B S AT AT A T, R
1 SRB fEA Wi A7 1 A B A B B AR KK JE
(A
1.14 FEHHA

LM HE (Methylobacterium) 40 N IF4H B
FHAMEDRAE R E TR, e e PR, HEE .
F I Bl 55— kb & Bt AT AR, tEe R =
e =BRANDUBRSE Z R S T AEK B [ 1D 1.
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AMD) AT B E M, Be AR AR
ME— B IR A RE IR« AAE R T M. extorquens AMI 1)
WHot, ZHED TR YR A RERET R .
BHRAKE A RS, LHER, EERRAN
IR EIAR IR L B Sk, M. extorquens AM1 A

T I 22 SRR A AR R R IR MR AR Lk TR SN
G EAL B RERE XS M. extorquens AM1[15,10-
GBI v EZN R A k) WS L A K R I
HIORIE T B8 e T At B b, @t
R EFIA, 15 7 M. extorquens AMI1 [f]H
DA - = AN LS RS oo R S | W X N
1 M. extorquens AM1 AR F FH R i) L%, v—
Al & W0 e Ak v B DB AL 7 S ER i T — P ) s
AT AR
115 HRRAMAEYD

Br 7 EIR KRR EBRA M AE 24, EFK
B FE N RIE AP 40 B 5 55w T 2208 (1) R A8 H R A
HR A, anRets @it 22 2 R 16 3 [F) 40 F R &
AN M 2R E Y 3 AR I BR B MAS (Paracoccus
communis MAS) "V, IXTE— B FREE L% T H R
FIHBAEY N AR Ao, BT R B
Wil ABAE . 2 Z RGN UL LGE R H A R st
ZAHb, Ay R AR R A F AR i mT DLE I J5
PEBE TR B AR R, W1 C. necator H16 7
i 18 FAEARIE T (Sinorhizobium meliloti) " Vi
Bz A TE  (Nitrolancetus hollandicus) B W —.
AR LRV R IR CB1190 (Pseudonocardia
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dioxanivorans CB1190) ™ Fl g fii 18 % 128 Jig
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Jit S, RE 8 E H R Ak D CO, 1 [RI IR 77 AR 38 T
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B YE T TR BOE 5 Tolk e A

5 AR T2 o AR A b, KO8 R FIH
WA IRAEAE— B AL, 0. X IREE %A
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Table 2 Metabolically engineered microorganisms

TREED) I N AL 2 F BN el 22 IR
K& R RSB AR A 5 TRE U I A) 4 T 0 vy 25K 1 PR R ) FH B A7 [17-18,
2R 22 SRR A T A T S I8 IS0 08 w W N MR SR IR AR 56-67]
o LRGN ; R TREHGE TEMEFE Hma A5 SR T B o B R 1 i 52 1
rTHF-rgev 45 & K HERE H
&R SRR A A%
R e 1 rTHF-rgev i 1% WAL TS B J8 5 AR & 3 — P 32 5 rTHF -rgev 1% [19]
) R B AR R ST AR E CASEARRAR SR A0 B ER R R, IF 5k DL R ik —
FAT PR TR B R 6F YRR R e ORI R VR ) TR R AR
TR
BRI RE AHRIE NP, ARG FH R AR g o — VR R RR IR E BRI UG PR m A R R [68-69]
1 54 ITHREK I P20
FEAP B 25 PR DR A P27 T E BT BRI A W 2%, Bt R se
HEXE e 2K R R R B A%
LR R rTHF-rgev i 1% FE 08 4 B 22 b R 98 VP T ot S 5 TER S R oy T A AR LR i — [70]

HA7 R ACH B, BE B IRPTAAL 20 5838 BRI H R A Clt Il 2%

NN 2 A A B AL S 1)

7E: rTHF-rgev &5 N HE 41 THF 1630 [0 H R R Z4HE 1812 (reconstructed THF cycle-reverse glycine cleavage pathway) .

TH R 5 A i B R R AR T AR AR R R 5R I E.
coli, FEJFHETHIRE TR E. coli X W R 1 [F]
R 5 52 1 AR A -
122 BREBEH

ML T E. coli, S. cerevisiae VF N EZI A
vy, BARAEKRE K, HR I AU R
P NAD R Y R 0l DR b o FE R )i 52 128
HE. AN, A FTERMS. cerevisiae 17 1E IR
SRV H S R4 P 7 B, RO AR BT )
HATHEMARIEZ G, BRI SCILS. cerevisiae [FI4LF]
HH®RY co, [K20M]1, 3 HAE1~500 mmol/L
HRR G B AR KR R I Re R FRfE 2 1, IR IS
cerevisiae B A B = AR H R 1E £ 1O 77 -
1.23 HibfAd

IR E R MM A IE K5 N R AE — A
Rl TR TERERR. BT E coli 58
cerevisiae Z A, 18 I 50 iE AR S AR M AT
FRARU, AR T I K 5 i A RS TR A
M T . ELHrfEEESREERE (Pichia pastoris) fE
RN B8 R e R, AE — B AR W R R 7 T
A AU TR SUE O R A .
E RS, 0 Uil K& P pastoris 1) B 5 AL
(alcohol oxidase 1, AOX1) Ji &) T P, T i % 1
RFEARE. AT, HTHEREA—EMEE.

Gy R AR YEE, MR T P pastoris 7£ 6 i 55
AR 255 PN RIS H . 5 A L, H
TR BN N R R P, Y FIH R
1E R T, 1T LA SR P pastoris A FEME B 11 2R 1k
(B2 ], BRIl T ZRAGERBEEARES 2R
PE 5 TH B8 3 B Ak, e e A R SR B Y B
(Pseudomonas putida) 5| N 55 18 J5VE H 2 R
wit [E2(d], FHgamiduh TR R RN
it 5 S O BV A S 2 TSR R, RS T AR
A A R ) T2 bk ), ATIHIERA T P, putida
FE F R D7 T )T e

2 WA A e

R A B A 2 P IR 7R B B R R R
5L At AR B R AR BR AR SR UR S R T
N3EK: RRMHERA A B8 AR B S50 R H
T2 ) FH B A DA S N T i R P A2 . AR
T, AR B F R R i A A7 AE B I B ] R BR
P, N BT R IR A A DU T A A
WRCRAREE ) 8 . Kok, BB B F R AR % 12
WA FE 00 R AR T RAAH R A B 42 I E M 5
itk .



%£4% www.synbioj.com 763

21 RAPRFAER

MR A R ) 07 20, AT R AR H R
FIHEERE S N2 (K3 OF RS TIHRAEES
53|90 AR b, TR AE AL A CO R = A ik
JE 77, AT s A 0 1) A T AR 42 it e &
WL SR PEBEIR IR 2R . @ R 4 TAE AR IR
B E B RACHEN B A AR 2, H 2
oy IR 7 0 T RE B AL Tk, 2 &R
PEIE I8 JFEE £ B B A R 4R R E R H A R
#A.

2.1.1 i JREBRER K ARV IR

i J5PE B R G BE U8 3 (reductive pentose-
phosphate cycle) , % F% & Calvin-Benson-Bassham
(CBB) fE¥r, & ME— TN s % R H FH R i2E 1T 1
YA FAEKK R A A ERE T CBBEH
AR =AERE [(F3@]: gheRIEM, £
% B It A% AR -1, 5- B TR R A Wi/ 4L g 1) 4
T, 1 FCO, 51,5 R ZEFE (ribulose-1,
5-bisphosphate, RuBP) 7 F#E4T & M., A i—A>
AR RINTRE Y, B2 5 iR 25 1 3-BER
M HUGEIRIEAER, 2401 3-BEIR H MR St %
WHR25 7 1,3- IR H R, B2 A2 707 3-
WEER H s ; &5 /2 RuBP AL, E4d— K75
Z R R A A S, 5 501 3-TE R H i
B SR N 1 2 F S-TE IR A% RS, B A3 31 1
7> ¥ RuBP. Zi EFTid, &4 CBBIEM [ E 1 701
CO,, —HIHIFJE A1 471 3-W R H o i, 3Lt
TH#E6 - NAD(P)H 5 9 43 F ATP. CBB i &k
AR A A ) AT LUORE BRI A Dy M — B YR /e U HE AT
M E . JRT, CBBEM &AL RAFAE — € I
AR, WEAEI & ATP FI) 202 K 8] Bk i 12
z—" 5HBEBERMMHEL, FERKALELRE
FEEREIRY, F AR INHRER I AMNIE
JE AR S R R EW ARSI R E . B,
CBB 1 P54 4 2 fk A= ) 1) 200 o A KO 20 5 AR 72 0
R AR AN =, 5 S b i Tl Ak A8 72 A1) SR 47 A2
ZEh o
2,12 ZRBRVER

22 RIS (serine cycle) & % Ff 35 72 7Y
WAEY (U M. extorquens AM1 P ) [E 4L F FH H iR

AR . ZTEREE T k. =ik &AL
G A B (B3 ] 15 & DU & R
(tetrahydrofolic acid, &%k THF) 7§35, RIFER 7
FAE R VU A BRI 2 . Ok 2 DU & R 26 7K
fifE g A AR YA M R AR FER T, A&
J85, 10-00 H 2 DU IR, FifiJe 55 10-3E FH 24 DY S
PRI R 78 B i S H &R b, AR =k
WEM AT HIR, 2ZZARKKELRNZRERN
BRI . Hm R . 2-B IR H VR 5 1ol I 0 o =X T T TR
(phosphoenolpyruvate, PEP), [fiJ5 PEP & & L AF
I € 17> 1 CO, A s MU B Ak & W) Ho e L1 s AR
G, FEE SRR O R R S R WA A
G, SE R A RN iAW ST
AL OB, Hh OBREY HIREWANH
AR T HeFr 2 RGN . 28 LIk, B2 %R
TR RERE [FAL 1 701 IR IF [l € 1707 CO,, WAL
B 75 IR A, JETHERE3 7 T NAD(PH 5
3701 ATP. H5HREAALREAHLL, 2 FRIGIF ]
DL AL FE G 9 [ 5 CO,, ANUEESR B 2k, 1 H.
REE —E R FIRDREERIR O . I AEE. colith
I VR B R IR 22 ARG FS,  [R)IN &5 & Sk % 0
LVEE A RS, BRAF T Re g R R R & & &
B i) TRERE Ak 7, TSI T 22 & B 16 A 7E A5 5K
AP EA R H H BRI AT . AR, Rk
RGPl B (B A S N He B %, B ATP
FIH AT AR BE RIS, DRk, R 12906 26 [F) 46
R RIAEYD, BARREYK - E&mIK, HireA
EA T AR,
2.1.3 F R BB A R

&R VE BT A & 42 (reductive acetyl-CoA
pathway) , %% Wood-Ljungdahl (WL) & 4%,
R—MTZAET ORI PR E SRR
I JiR R A DA AR g AR . AN RIZE AL
REAEY BT B 1) WL & 15 25 # A UEF BT 2
Al W= SR 5 W R w WL ISR AFEE — Bk
Bk, WS ®RAMSEFIMNER ™., U= Om
B WL g & AE [E 3], WLIEEHF 5
XERIE IR AR . RS, H
TR 2 5, 10-37. H 35 DY SRR ()38 7 5 22 S IR A — 3,
B85 5,10~ FH AR DY S PR AE Ay 5-H B DU S IR
FSC UL R AR S B 2k 28 B (corrinoid ironsulfur
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Ribulose Rubisco Glycerate Glycerate
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ATP ~ e 15shkphosphite | Hydroxypyruvate Malate
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(@) & 5 PR R R R BT (b) L2 F R
\ (a) Reductive pentose-phosphate cycle AN (b) Serine cycle p,
' i T
Formate co,
ATP~|  THF — RG route
ADp+] Fts — GP route
10-formyl-THF
chh 10-formyl-THF NAD(PY .\J;-'\l){!’]il
Pyruvate = proR Acetyl-CoA
5,10-methenyl-THF Fch 4 4
o NH co, »AMP
NAD(P)H "lMtd coay AD®H J Sdap” Acs
NAD(P)" + “NAD(P) 5,10-methenyl-THF AP
5,10-methylene-THF o NAD(P)H ~, Serine Acetate
r 'y
NAD(P)H—| | Mtd
NADP) <] N;‘I;_” "[;.l . GyAl | Ackl»ATP
_ i ,10-methylene- —
5 mcﬂ)yid;I;IF Acetyl-CoA ~ADP
} _— NH, THF Cco, NH
N 3
. GCS : GR ’
5-methyl-CoFeSP *L co - /: % » G — > Acetylphosphate
Acs NAD(PYH NAD(PY NAINP)" NAD(P)H
(c) IR Z BN AR (d) iL R HE g
N (c) Reductive acetyl-CoA pathway Py (d) Reductive glycine pathway Y.

B3 RIRHERA M B4

(BORORL AR, B ORERIL SN

Ack— ZIRWAE: Acs— LG A& ilE; COdh—CO AN : CoFeSP—ENEkIR A 1; Eno—MilF LA : Foh— ik F 3 DU it TR PR /K fff i
Fdh—HR M 2 Fi—HRIUAM BREHRS; Frs—PEPYZ0H RS M Gapdh—3-BFRR H MM ENE; GCS—HRMAM AL Gk—H
RN GlyA—2ZRZE BN, GR—HEMICRNEE &1k Hpr— 3L L 5 ; Madh—3F RN Mcl—3F R HiE A R
fRERE; Metr— ARG, Mtd—I0 HY 2R DU S0 R I 208 Mtk—3 RERRAFRE; Mur— 7 2 DY S0 BRIE )5 i PFOR—TA AR Bk AUk &=
Ppc—PEP 2L HE: Prk—MWE R NN MAE: Rubisco— = MHE-1,5- — BER AR LM/ ARG Sda—2

UM R : Pak— TR il

TR EN: Sgt— 4R LA N THF— SR
Fig.3 Natural formate-utilizing pathways

(compounds with a green background are pathway substrates; compounds with a pink background are pathway products)

Ack—Acetate kinase; Acs—acetyl-CoA synthase; COdh—CO dehydrogenase; CoFeSP—corrinoid ironsulfur protein; Eno—enolase; Fch—methenyl-
tetrahydrofolate cyclohydrolase; Fdh—formate dehydrogenase; Ftl—formate-tetrahydrofolate ligase; Fts—formyl-tetrahydrofolate synthetase;
Gapdh—glyceraldehyde-3-phosphate dehydrogenase; GCS—glycine cleavage system; Gk—glycerate kinase; GlyA—serine hydroxymethyltransferase;
GR—Glycine reductase complex; Hpr—hydroxypyruvate reductase; Madh—malate dehydrogenase; Mcl—malyl-CoA lyase; Metr—methyltransferase;
Mtd—methylene-tetrahydrofolate dehydrogenase; Mtk—malate thiokinase; Mtr—methylene-tetrahydrofolate reductase; PFOR—Pyruvate ferredoxin
oxidoreductase; Pgk—Phosphoglycerate kinase; Ppc—phosphoenolpyruvate carboxylase; Prk—phosphoribulo kinase; Rubisco—Ribulose-1,5-

bisphosphate carboxylase/oxygenase; Sda—serine deaminase; Sgt—serine-glyoxylate transaminase; THF—tetrahydrofolate




%£4% www.synbioj.com 765

protein, CoFeSP) [H] [z, Ak 5- FF 5L 2k it
BHH; fERESTH, COME—H kB A B/
M N#HAL N COs fa, WEES SR W) 5- F R
BRE R IR AL B, kAR O SO PP CO R it ik
B, WEERLEROEHIEA. % EPA, WL
rREFRN L THERS 1707 CO, mAERI1
T OB A, LTHHAE3 7> T NAD(PH 5 1
5y ATP. 522G RRIEHAHLL, WLISRA R 1 5
T LA A SUOUEAE T 12> T ATP,  HiZig e A
FAAEBRT K, /& ATP ) FH 2% % f e 1) R AR IR [
R . SR, WLEAKEARASE 555k,
HAEXE AT SRR, Kb, 2@t
AN e % 7E P24 IR A1) 264 T g AT, HARE Bud
MEFE LA R 7, sE Mk S R AT SR A TE B R -
2.1.4 & RMHHREBREEZ

W R H AR IE1E (reductive glycine pathway,
WA N tGly 818D, FEAFAE T WK HIEEE
D. desulfuricans) " F7= LB CAIRR 2 FRAT B4
Clostridium drakei) " o Zi& 1% F BEAHE = /M
BLE3]: B, dBHRRE]S, 10-07 F %P1
R4k HIR, 5,100 B DY &M IR 7E H &
TRZfR 7458 (glycine cleavage system, GCS) i
R, BEE 1T COEMHAR: wE, HEAR
AL P A R A O N R R, — MO IR R R
R (reductive glycine, RG) #§£k, RI5,10-MFH 3
VOSBRI PR R A% B H 2 R EAE 2 R, Bl
JE e F R AR AR R, 5 — Moy H & R IE
J5ilE (glycine reductase, GR) 2k, Bl H &R
DAL CIREIR . TR C WA A, Bl )5 [ E
155+ CO, A NEIR . 2% Rk, KT RG %
210 rGly B2 REE [F AL 2 » 7 IR M 1 43T CO,,
R 7 TR, HIHEAE3 7> 7 NAD(P)H
524y ATP; KT GR B £k 1 rGly I& 12 B % [F]
177 HERH 2 571 CO,, s 1 431 TN I
iz, L FE2> TNAD(P)H 5 14T ATP. 1Gly
WAL e — P REE m R EL R AR s A, B
VFZ . rGly 42X ATP I F) F 24K T WL
B Gly B NEEEA, PR T AU s
MR, H 2 B e 2 A WIENE R oGly @12 7Y
rGly & 125 O ARHHE A M EE RN, K R
N ECHOE A IR rGly 3458 0 A JE A I 2% 1 T 4R

EEBUN: B 2ZRMEHAM WLIRIRAHEL, 1Gly &1t
HAEmAA W) R s, weldt— P hNE
FifL S dh . 2T EIRIL %, rGly @12 o H Al &
HOR R I PR AR kA, SIFEr, it
KB GCS IR ABEF ™, HE# — B
rGly @48, SR, Xt T BAT RAR rGly @42 1) ik
Wt FEIR B 2D, IR AS RE I 2 DR BER IR A 4
TF IR EK

2.2 BEWSHCREFIRER

HAr, *TRAHBRMHBEKNE, &7
TEE V2 ok i IR AT, Bk, AT HR&EHR
FIH R SRS NG, AN RIEE. coli 5
A AR R E A SR T R R R Bk AR
AT RV H RS (K4, ot
TR R BRAT IR RS AT AT I
22,1 EMEFRLPER

AL E. coli P E M RIRSCPEIS, EHIRSZHL T
SRV R B FRME AT 8 I R b
TR e s A P R 8 TR0 SRS R VA R S0 Bl R i A v 1)
EINE-6-BE IR I AU, JF R LR RE-1, 5- IR
AU 1 TR AL BB TR B TR IS I R R R &
B, ST AEE. coli M EMRIREHR [E 4@ ].
MR /R CHEIA (reconstructed Calvin cycle) T
PLIE 58 CO, & APy, A 48 AL B R S L e
FESEFER b, KA 5 S0 3 0 N A A 4
&, TRE T HIRBE. coli, XFHIET HIRMLAE
(00 28 4 [ o A5 XA PR R 2B ) 28 0F e A0 R R Tk
A= 3 T B RO s Y. e, BEE I
TRk AL IR R CO, AR 72 HIR B R AN AL
ZH IR RG TR A A R T B RO R T
FEH) CO,FHE A EA RS i .

222 HRWLABIGER

IR EH M. extorquens AMI 1] KR 22 G B MG
W, BIATEE. coli T AT RIEE R £ % RIGH
R TRtk e FI H Wl . FHERFI CO, & i &
Mg A DY, R 2 R (modifed serine
cycle) [A] 46 FH R ) i 72 £ 243 A LR LA P 3R
L4 ]: Ee, WAL IR DU & - IR i 42 il A
5,10- 37 FF 5E DU & TR & B AR T B AL A
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(" Erythrose Pentose \( | . .~
| !
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Formate | py | Formaldehyde /Phosphoenolpyruvate Oxaloacetate
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NAaDH+/| Fdb | NADH+4 4" | AMP | - Mad [ VAPH
HCO+CA €0, |_ NS | AT yar
Rubisco Formate Pyruvate Malate
NADH | ATP™Fhfl NH, - ATP
Fructose ./ Glycerate ADP+, THE Sda NH: ik “SADP
6-phosphate 3-phosphate 10-formyl-THF AL Nl e
_____ AZwE — — T T TN NADPH=~| Serine iy Malyl-CoA
Flucose-ﬁ-phosphatc—)(—r Oxidative PPP | iy Mithfs . Glutamate 2-oxoglutarate
| ilyA \\:::_:::,/ Mel
| Fructose-6-phosphate 5,10-methylene-THF THF Gpi, i
| AP ¥ | Pyruvate @ Alanine Acetyl-CoA
s
[ Glycolysis ,l Glycine 1—"@{— Glyoxylate
(a) F AR ARSCHEER (b) B4 K P 22 F FR S 2R
. (a) Reconstructed Calvin cycle \_ (b) Modified serine cycle
LY -
Formate
¥ RS e ma o N Formaldehyde ATP~|THF
| N\ 4-hydroxy-2- : AFt
- ].l;_ b : Pym\:fatc Hal oxobutanoate -'\”l",F[
. T " NH, | Amino acid 10-formyl-THF
| AMP] I Sda Hat Pyruvate
: | *Oxoacid ; 4
INADH-| | Fch . L NH,
- | Acdh Serine Homoserine Sda :
| NAD" | 4 - 5,10-methenyl-THF
Formaldehyde ! T Gt NADPYH Serine
| . skl AD(P)H ~, %
______ b / Sal l\.. ADP 1N‘td 1
Formaldehyde ' ] NAD(Py +} GIvA
Glycine O-phospho-homoserine 5,10-methylene-THF — YAl STHF
Ts NH, THF CO,
' \ 2 GO .
NADH NAD % il '\_' = Glycine
& A . 2 E
Acetyl-CoA ‘—;;a-i']—]AcetaJdehyde'—i Threonine NAD(P)H NAD(P)
(c) B L B MBI (d) EHTHFHEH- ) H & R s
(c) Homoserine cycle ) \(d) Reconstructed THF cycle-reverse glycine cleavage pathway

B4 EMAL TR A B4
(BSOS YRR Y, B RO e R
Acdh— IR Acs— LU A G Agt—NEAM- LM ENE:; CA—BRARNTNE: Faldh— ' RE M : Foh— U H 26 D0 20 R
MK :; Fdh— W R SEE; Fthfl— R I A IRE g FU—WIR A M IRIER M GCS—HAMAM R4E: Gldh— &M it & ;
GlyA— 22 Z R ¥ P I/ Gpt— B & MR- AR % & E; Hal—HOB ME4il; Hat—HOB & ME; Hsk—m 2 A MRIMME: Lta—7 & MR
ARl Madh—3 SRR B Mcl—3¢ SRt AR A 4G Medh— IR IR S0 Mied— 2 P2 D0 S0 IR Mt U s Mithfs—5 , 10-1F Y 22 U 4
WL G BB . Mtk— Y RER IR . Oxidative PPP— %Ak W B R ik 4% ;. POk— R AW G ; Ppc—PEP ¥ 1LY : Pps—PEP & Jit i ;
Prk— T ER AL B BE 5 : Rubisco—A%FRHE-1, S-TBERRFRILEY: Sal—ZZBREEAN: Sda—2ZZFBMMEAM: THF —IAMR: Ts—HaRE
B s Zwf—6-T0% I 4 ) W 1 S
Fig.4 Reconstruction and optimization of formate-utilizing pathways
(compounds with a green background are pathway substrates; compounds with a pink background are pathway products)

Acdh—acetaldehyde dehydrogenase; Acs—acetyl-CoA synthase; Agt—alanine-glyoxylate transaminase; CA—carbonic anhydrase; Faldh—formaldehyde
dehydrogenase; Fch—methenyl-tetrahydrofolate cyclohydrolase; Fdh—formate dehydrogenase; Fthfl—formate-tetrahydrofolate ligase; Ftl—formate-
tetrahydrofolate ligase; GCS—glycine cleavage system; Gldh—glutamate dehydrogenase; GlyA—serine hydroxymethyltransferase; Gpt—glutamate-
pyruvate transaminase; Hal—4-hydroxy-2-oxobutanoate aldolase; Hat—4-hydroxy-2-oxobutanoate aminotransferase; Hsk—homoserine kinase;
Lta—threonine aldolase; Madh—malate dehydrogenase; Mcl—malyl-CoA lyase; Medh—methanol dehydrogenase; Mtd—methylene-
tetrahydrofolate dehydrogenase; Mthfs—5,10-methylene-tetrahydrofolate synthase; Mtk—malate thiokinase; Oxidative PPP—Oxidative pentose-
phosphate pathway; Pfk—phosphofructokinase; Ppc—phosphoenolpyruvate carboxylase; Pps—phosphoenolpyruvate synthase; Prk—phosphoribulo
kinase; Rubisco—ribulose-1, 5-bisphosphate carboxylase; Sal—serine aldolase; Sda—serine deaminase; THF—tetrahydrofolate; Ts—threonine

synthase; Zwf—glucose-6-phosphate dehydrogenase
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5,10-M R DY S MR, B 5 7R 22 S IR F2 T R e B
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HaEmR b, ERe2AmR: ik, 25 RELAR
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FRAE £ T 5 G A A R AN 21 B S8 IR T %
oy, WEEN—MEEEtee?, 5T
BeEAHE N R G B R, TE 2 R R 46
BEMER TS, WS H RN AR 2ZEAR, M
Z g BMATE NI K5, 5H—a 1T
5 9 R AE 4- 5 3 2- AU T R (4-hydroxy-2-
oxobutanoate, HOB) MEZaMIM/EH T, A mIER
AV HOB; Bl )5, &AWL S FIHOB LA
YL ER, @MeERERLERMEE D RE
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A, RO A R B E . 25 |k

Frik, RS2 AREAREEL 2 50 TR, &
LA 5T OB A, FEUHIEAE 1 2 7 NADH
53501 ATP. & 22 ARG R AE o R 22 2 IR A
AR B, R AR 22 S BRAG ¥R AT 1) BE IR = AR
o, BAUERLS: DLH AR CO,# AR
17, BGE T RRA RN P id B BROEAE R, s> T
IR SIWAEH, AR TXHFESRNAEYE &
PG ERAT T S BN E. coli YN IERE, {RIE
TEG AL TE s AH L T 2 RGN, X AE PR P
WE MR RN, BE5H0REERMNES
WA SR, WS S LR E. coli # A
H—EMEEEH. Wik, RARAE. coliff)EME
MUER S AR EE AL ), X Tk — AR b v 22 R A
WEAAEEE L.
2.2.4 &0 THF JA3R- Rk H 2R L i 12
AR, AROT RG B 20K rGly 342 S H
T 2R AE Y AR s . FEIX SRS, rGly
AT W A [E4(dD ] EH THF
F&  (reconstructed THF cycle, rTHF) it 5 % |a)
H &R MM (reverse glycine cleavage, rgev) fi
Peo B A rTHE B S rgev B, 30F T R
[FALAE E. coli AT AT YE. BEJS, rTHF-rgev 12
DL Rl 13— 20 M E. coli ¥h JE B Z P A=)
o, JE I A R R B AT S S AR Y N TR B
Z A ERCYE, SEEL T fTHF-rgev ISR 7 2 Pl AR
Y N R (23D, MIMER] 1 iz 42 By B 1)
PLas 5 Tl N fe -

2.3 ATLigitRBRFREE

bEE THE LA B AR Bk Y Sl LR P 4
BORB R IE, BFFEN GAETT AR B W R A1 ) B8 A2
(5 BARRRT HRACH KB, X
ANA F T a4 R Bg A, T HLIE B8 96 4 e
F R S 7 B A ) 1) 500 = 1)

2.3.1 VB &R

PL2¢ 6 R ML B8 (Pseudomonas fluorescens)
(0 2% HY I 2 Mg Dy ik, Bt IR ERAS T —Fb
Bl : HEEEE (formolase) ¥, fEULIEME F, =
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(formolase pathway), %42 H VU250 B i [ B2 2H A%
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F3  rTHF-rgev & 12 1 B A2 B R U5

Table 3 Source of pathway enzymes of the rTHF-rgcv pathway

LS FE AT RIS ZE R
Escherichia coli Ftl.Fch Mtd i H Clostridium ljungdahalii) [61]
GCS.GlyA .Sda( A Y5 fiff)
Escherichia coli Ftl.Fch .Mtd i E Methylobacterium extorquens AM1) [62]
GCS.GlyA (A J5 )
Escherichia coli Ftl.Fch Mtd(J& FH Methylobacterium extorquens CM4) [63]
GCS.GlyA.Sda( N Y5 )
Fdh(J§ E Candida boidinii)
Escherichia coli FCE E Clostridium kluyveri) [64]
FolD(Fch/ Mtd) .GCS.GlyA (4 i)
Escherichia coli Ftl.Fch Mtd(J§ E Methylobacterium extorquens AM1) [17]
GCS.GlyA .Sda( A Y5 fiff)
Fdh(Ji H Pseudomonas sp.)
Escherichia coli Ftl.Fch MtdGJit H Methylobacterium extorquens CM4) [18]
(Bang 55 I 5 (¥ — 2540 ) GCS.GlyASda( P 5 )
Fdh(Ji H Candida boidiniiArabidopsis thaliana)
Escherichia coli FUCHE E Clostridium kluyveri) [65]
(Déring J5 W 52 14 1E— D 40 ) FolD(Fch/ Mtd) .GCS-GlyA (A Y i)
Escherichia coli Ftl.Fch Mtd(J& H Methylobacterium extorquens AM1) [66]
(Kim S TR BE— A4 J) GCS.GlyASdaC A )
Fdh(J5 H Pseudomonas sp. )
Saccharomyces cerevisiae MIS1(Ftl/ Fch/ Mtd) \GCS (N 5 i) [19]
Fdh( IS
Cupriavidus necator Ftl.Fch Mtd (i B Methylobacterium extorquens AM1) [16]
GCS.GlyA .Sda( 5 EE)
Fdh( )
Clostridium pasteurianum GCSUJR H Gottschalkia acidurici) [89]
Ftl.Fch.Mtd.GlyA .Sda( P J5 )
Pseudomonas putida Ftl.Fch .Mtd(J& H Methylobacterium extorquens AM1) [70]
GCS.GlyA .Sda( /A Y5 fiff)
Fdh( IR

7: FolD Jy Feh/ Mtd W My BERfE: MIS1 A Ftl/ Feh/ Mtd =Yg

[Es@]: Bk, HRECHEEGAAGKES 4
W o B 1R R AR B IR, 7R R
MRAERT, 30 THEBAAER] 5T R
R s f e, R AR 7 R 5 TN R S A
R AL AR AE Y B R O AR P B R R T I
g bRTIR, ZEARRRE RS o T HIERAE R T
WEER — N, HiHVEFE3 7 FNADH 54 7p 1
ATP. FIBEEG# A2 N2 PR I B B 42, AN 75 4 Fh il B
A58 RS AR HEA, SRR, FR I I AR R R
PRI, AT PR ) T 9% B 4 1 B e . I
TR S W T FE I G 0k A5 11 FR I Il S 2 T Sl
1T 808, BB A 0B i % AR R B R
R el

232 AR UBLHEEA &7

E e M 34k P putida W28 TG R IR 8
RIS T LEERE A R (glycolaldehyde synthase) 7
EUCEEAL B, M3 T —FA OB AR
(synthetic acetyl-CoA pathway), ZIEEINA 3 D1
R [EIS(b) ] B, £ CmEmE G Rl 1E H
T, WANHES TAEERNRL T Ol IR,
TR & B AL T, SRl T LR &
W R I Ak e, T TR A0 B TR % £ T g
FIMEAL N AR OB Ao 28 AT, 1ZEREReN
FAG2 7 F B 70 1 ORI A, HANVIFRAE
ATP 5iEJ5 I FE. & B B4 A BT R N
BN SR AT, AT 3 MR ED AT O BBk AR AL . SR
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N\
Formaldehyde
ATP }.\II’ NADH ‘}'.\l) ATP -}I)I‘
Formate —*\-Lf—* Formyl-CoA —;—d]—* Formaldehyde Tls Dihydroxyacetone —D‘]—’TP Dihydroxyacetone-phosphate
Acs Acdh s hak
Formaldehyde
(a) FREEFIRE
(a) The formolase pathway J
Formaldehyde
F Idehyd; # _—
ormaldehyde Gals Glycolaldehyde e Acetyl phosphate Pa Acetyl-CoA
(b) L ZBEAERAIE AR

(b) The synthetic acetyl-CoA pathway

Bs ALk A A2
Acdh—Z A Acs— LBEAIAY A G U Acps— LBEWERR & Hilil: Dhak— 32K DY R A ;
Fls—HEEE; Gals— ZRFBE & %M : Pta—HEIRY: L1k
(BEOJRORLE YRR Y, B RO a1
Fig. 5 Artificial formate-utilizing pathways
Acdh—acetaldehyde dehydrogenase; Acs—acetyl-CoA synthase; Acps—acetyl phosphate synthase;
Dhak—dihydroxyacetone kinase; Fls—formolase; Gals—glycolaldehyde synthase; Pta—phosphate acetyltransferase

(compounds with a green background are pathway substrates, compounds with a pink background are pathway products)
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3.1 B4R E A KRR
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APFARUIN L5, T s F R [ ALk . BRItk 7R
BN B AR HE R R R AT S E A [El6(a) ],
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