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Abstract: One carbon (C,) substrates have generated increasing attention as abundantly available feedstock for
biotransformation to produce biofuels and valuable chemicals. Especially, these bioproducts are not only promoting the
economic development, but also meet the societal needs for clean energy and environmental protection. Microbial cell
factories (MCF) that efficiently convert raw materials to useful chemicals are highly desirable for C1 based
biomanufacturing. Furthermore, more and more attention is being paid to study how the native and synthetic methylotrophic

MCFs are capable of utilizing C1 compounds including methane, methanol, formic acid and carbon dioxide (CO,) as raw
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materials for biosynthesis. Native methylotrophs have multiple pathways for C, utilization so that they can grow with
methanol or formate as the sole carbon and energy source. Engineering synthetic methylotrophs are based on available
metabolic knowledge and advanced genome engineering tools to modify the platform microorganisms. Hence, it is the
key to explore the C,-based metabolic networks of methylotrophy in depth for constructing highly effective
methylotrophic cell factory to convert C, substrates. In this review, we firstly summarize in detail key natural pathways
for C,-substrate assimilation and bioproducts produced by native methylotrophs. Then we introduce synthetic
methylotrophs and major chemical products derived through engineering Escherichia coli, Corynebacterium
glutamicum and Saccharomyces cerevisiae. In the field of synthetic methylotrophs, many studies focus on utilizing
methanol or CO, as the sole carbon source and energy source to construct the MCFs for bio-transformation. In the end,
we discuss the barriers and challenges for developing robust methylotrophic cell factory to convert C, substrates, and

highlight strategies for commercializing the biotransformation of C, based substrates.
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Fig.1 C, metabolic networks of native methylotrophs

&% (Pathway): —BifRIZEANER4E (ribulose monophosphate, RuMP). —MFZ KEAFEIR4E (xylulose monophosphate, XuMP). /R
f§¥ (Calvin-Benson-Bassham, CBB). i&J5%! ZFk CoA (reductive acetyl-CoA, rACoA). ZIEHN I CoAi%fE (ethylmalonyl-CoA, EMC);

fff (Enzyme): W BN %A (methanol dehydrogenase, Mdh) . kg % 1L (alcohol oxidases, Aox). Ml it & (formaldehyde
dehydrogenase, Fadh). W% (formate dehydrogenase, Fdh). CHEBFEL & H¥ (hexulose phosphate synthase, Hps). W& CLHE 714
(phosphohexulose isomerase, Phi). 6-§FR R HEEEE (6-phosphofructokinase, Pfk). FihE “BEMRA4FREE (fructose bisphosphate aldolase,
Fba). SLH MR/ K FEMAME - —WE R IR S (bifunctional fructose bisphosphate/sedoheptulose bisphosphatase, Glpx) . 3- F& 2 Hii 4 5 #4) I
(ribulose-phosphate 3-epimerase, Rpe). %MWl (transketolase, Tkt). S5-WEFRIZME T M (ribose-5-phosphate isomerase. Rpi). 2 HNHEI&
J% M (dihydroxyacetone synthase, Das). 2N {4 & (dihydroxyacetone kinase, Dhak). 3t K B #i# & ¥ (sedoheptulose synthase,
Sbp) « R BE Z Wi LR A (fructose bisphosphatase, Fbp) . 1, 5- — T B #% B ¥ 3% 10 B§/% L B (ribulose-1, S-bisphosphate carboxylase/
oxygenase, RuBisCO). WERAZ M HE I EE (phosphoribulokinase, Prk). MR H MR IKEE (phosphoglycerate kinase, Pgk). 3-BMR H s Mt
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HRE(1.2%) , SEalEh Br It L-22%(R(11.4 g/L) O F k22 W7 &% (SHMT, M. [46]
extorquens) ; Qi B K I#
FEEC1.2%), BEalish Br 9 e L-2%([K (6.6 g/L) @ F ik § B I A B (Methylobacterium sp.  [47]
MB200) ; @i & K ¥
FFEEC1.2%) , FEfil 3hir 9 e L-2%(#R (9.1 g/ Agnd 6T 1% 7 %1 1% It 0B [48]
FOEFT B MB  HIEE(125 mmol/L), FEREERSE  (R)-3-BBE TR (2.8 /L) D Ahbd 3-Fed T B VAR \Alip (FRF M &1 [49]
126 Ik FE)@ 2 LAEY N 2%
Protomonas FIBE (1%) , FE il Eh 8 52 3 L-# 5 (54.5 g/L) O SRR @ 2 LEEY R B4, 77 %0.183 mol  [50]
extorquens NR-1 24 5 W /mol iz
HEEHEREE  HRE05%) , A G gy L-BAMGS3 gL, L- A  ONTG %78 38 A [[ %8 7% f& , RV3, AL119, (51]
ATCC AR L), abdh s gtk FR(11 g/L), LM &R (5.6 g/L) DHL122;@) 5 LA M= b7 3%
e ]
A )R FEE (500 mmol/L) , i fiR%k  L-Pi%Z(#R (112 mmol) DFIEED 24 : @ 1 LAEY N 28 [52]
Methylotrophus
B R R R, ZE(10 mmol/L), NlAEE & I B DFRIE A B4 1l (Ocimum basilicum) ;@ 7=
7 (20 mmol/L), HZEZ(1 mmol/L), 4.6 mg/g T [53]

Maripaludis
CO,/H,
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1.1 —ERUESYIRNSMER

111 ¥ Ak

R It S8 Ak TR R A AE ) R ot S A6 B (methane
monooxygenase, MMO) W DL % 48 B {5 g H i,
FEAWFIER: WA MMO (particulate MMO,
pMMO) FH[ERI MMO (soluble MMO, sMMO) %,
& ZAAET R EFRE S, & MESS
B, AH 1% S NI 5 B4 B R TS M e
DAFAE TR 2 BB H e B4 i, 7 2 NADH
VEONH A T 5 g I 7[RI BA A MMO (1
B b, HMMO )21k 32 2 M A 4 B 1 B2 Y
SO, AR IR R, B ERIA pMMO, T
WAL, EBRILsMMO . 5t % W17 40 i
F ik pMMO 1 sMMO J&, pMMO X H 2 (1) A A6 2%
R E, AHAEKEET sMMO B,
1.1.2 YVEwak

PP e S A D P R S P 2R P R P i) R s 0 3R
B SAT FUER B, R AR B P L8 IR B B AR s FR e
WeAR NS, FEAG AN EEA A E: NAD Kt
f) FFE i &% (methanol dehydrogenase, MDH) .
nE i IR B (pyrroloquinoline quinone, PQQ) &
JUK MDH. N, N- " 1 3 -4 37 il 5 258 iz - S A0 38 TR
M (N, N-dimethyl-4-nitrosoaniline oxidoreductase,
MNO) J B %A {1k (alcohol oxidase, AOX) ',
AT 3 FAFAE TN, AOX & BEAF/E T H I % )
2. PQQ KA 1) MDH 32 Z2 4775 T 45 2= [RGB P 18
W (W1 Methylophilus methylotrophus), &R PQQ
(PQQH2) T Jufe#s 2 /> = PR BE B 40 i &
2 CL, A&tk CLAGH 2 T B4
HLF 24k, BIAALREGE B, b % mg #4246 O, K
KAR P BER ] AOX R B Ay I, 7E I
WA, O, A NEI il A, A #Er R
WA B AL EE (catalase, CTA) J fift Al 7K FT1 O,
A5 B /2 AOX A CTA ¥ 5 7 7 i A AL Y il 1
R S AL AR Rk AR AE T R A Bl A BT
P S A I -MINO 775 T8 0 2 22 [QBH P F RS
C U1 Amycolatopsis~  Mycobacterium) ", 5
NADPH 45 & K% ™, 45k 5 11 2 2 % it 0 2K
L5, NAD K6 (1) MDH & 223K [ T 45 24 [CBH 14

FIOJE & 2 %W (U0 Bacillus) , ¥4k i F2 &0 7= 4B
NADH, {7 4i i v FH - H A AR i vs 3 B
BEAl, 220 i P R I A R T R I 4 R TR R AIOK
SERF, NAD-MDH 3 P£ 5 4, 5% B ) 450 AL e
B B, Rk, AH 6 T PQQ-MDH il AOX,
NAD-MDH 7£ A A T 5 5% A T 35 B A A0 1
H R RLHLHI 22 5, B A 50 e R0 RE &= 7 A AR
30, ORI N T A RO RS R R R A AR
R AL 1A 2

BT, KA T B. methanolicus t) NAD-MDH '
CHE I T E. coli AR IR AL IR 2 1 %
BRI AT YR 05 B2 (an endogenous activator,
ACT), ‘EA[{i&ilt MDH X} H BE B R A, {H g A< £
T EE SRR AR, Tk BRI SE AN )
DAL T BT A4 2 1) A B R A R Bk . A T —
PR R R AR, A I AT SR A T A I R
A8, TRMGSE, AT 3] & 20 NAD-MDH.
James C. Liao £ 56 = 12016 FE R i 7 K JFE T
Cupriavidus necator N-1 [\] NAD & #t (1] B i i i
(Mdh2), ZBFRIE T8 2 R, o /=4
NADH, *fHELRISEM 7005 5T B. methanolicus,
HARSFRIEBeE &, fFeRrEEsR; MiE, 1F
il 25 54 PCR M Mdh2 8450 SC 5, 454
e IE Rk 7 30, 15 B H Mdh2 CT4-1 % F B )
MR E 6, K /K, [L/(mol-s)] 1A%
9.3 (FFAERIN1.6), H A T U I 4b 3 1t A i 4k
B . Whitaker 25 © 2017 S 4€ E. coli F1 3 5 5] A
K H #22 [KPH M 14 B. stearothermophilus 1¥] BsMdh
M B. methanolicus ') BmMdh2, & ¥lBsMdh B G 5E
SR [ F R AL A0 RE 7, 38 I R P9 SI2 56 3% B BsMdh (1)
i K48 16 mU/mg, 1 BmMdh2 f 35 P A A
8 mU/mg. M4k, David R. Liu S5 = "7 Fi| F W B
4l B 1) AR 3% 2R A0 1 U7 20 % BmMdh2 88 4
B 445 ) ) BmMdh2 Q5L-A164P-A363L 5845 /4 ik
PP T 356, K /K, [L/(mol-s)] ik % 1.08
(B9 0.23), {HZKT CnMdh2 CT4 (4.77);
) S (i b 25 i BU R AN IR A TS T S Rl i 2
FEAZBEIAE R, 205 C hRic 1 I HE N A0k
AR R EE 1) & T B Ak (BmMdh wt. CnMdh2
CT4-D 2152, Ui B IR 5344 3% K T Mdh2
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CT4-1, {HZARN 0 H R H R0 B8 &
1.1.3 Ve adk

FH T 2 P I A R G2 A R C IR A adE N AR Y
HEAT AW E O TR ARE Y, e B R R s 4
GH MR A K, DL v R R AR & 45 mT DU 32 4
Mox HEER G R . REMBRAEEE SH
it 5 4L (formaldehyde dehydrogenase, FADH) ,
AN BT R PR, B2 W H R A IY
CO,, SERHEEAU, (AR YA R s
WA BT (B R T, FADH Al 4 N4 2. D%
NAD 1E N B A, 451X BLNAD 15 2 4 8 1
(f] FADH "', NAD-GSH X ## Al ¥ FADH " 7,
NAD-i B #iE FADH ™ QAT B4 A 7, ]
B R, G 4gH i 4 % i B 1) FADH (4
PQQ-FADH) , @%FADHL%TEEF'@%%ET
By, JREHEEIRE, WEEEE T @A R
(tetetrahydrofolate, THF) . PU 5 H 2 5 W% (tetrahy-
dromethanopterin, HAMPT) {ENHBIH ¥, %i&EE
S WL BRI, IR T 2 M A
EIRW . iR, DL THF BCHAMPT 1 04 4
7 1 A, R 22 0 5L -THF (HAMPT) -
Wt & % [ methylene-THF (H4MPT) dehydrogenase ,

Mtd]. ¥ % -THF (HAMPT) - 34 £, i [ methenyl-
H4MPT cyclohydrolase, Mch 1, 43 %l il & THF
HMIHAMPT ) HBE A0 &5 A 220 B E-THF

4 B (formyl-THF synthase, Fhs) 7% % I ;
Ja 22 1 W B -HAMPT # 52 K fif 2 45 14 [ formyl-
THF (H4MPT) transferase/hydrolase-complex, Fhc ]
R ™. Bz, T R R IR
AR, FAK N B a2 R ARSI R
X NCRMMEA R 7 E 2 AT
HME
1.1.4 W69 AL

H R It &\ B§ (formate dehydrogenase, FDH)
JTRAAET 2 MY, TEARR N CO, 2
IR e — 2, 02 C RV R 1
Ja % BT AL R i 2 B AT A Y THE .
NAD. NADP "'\ Zifg (o 3 EAE B H 7, P
A (Y NADH B NADPH ] FH -4 ffd Fo At 14 42 i i
2 : LLTHF fE N4 B 7 00 B IR & 77 1

rACoA 12 BV AT S AE Yo oR) FH FE R 3EAT A2 K o

1.2 RAREEFEUNEMIONEER

1.2.1  RuMP #= XuMP i& 2

RuMP. XuMP SR T AN R SRR )
FERAEY T, ABARRT bAoAl HR S % 4
G BB AT B R AR, — Bk T4 R AR
AL 58 AR IR 1) ARk I A, T T ol F AR AR
UEE B FF g 5 Y [ o RS- W R A% TR RE
(ribulose 5-phosphate, RuSP) {ENJEKY), HEEZ
O W % BR & A ¥ (hexulose phosphate synthase,
HPS) #7274 6-1 1R LK% (hexulose 6-phosphate,
H6P) &, FdEid iR O 5 #4  (phosphohexulose
isomerase, PHD % 7% 4 6- 1 IR R B#  (fructose-6-
phosphate, F6P) Ht N HXGRAUT o Ji5 & FI A 5-%%
2 A Bl B (xylulose 5-phophate, Xu5P) 1E A i
Y, ZFRNEA RS (dihydroxyacetone synthase,
DAS) ] K¢ H R R XuSP %% A8 Oy 3- T R H b
(glyceraldehyde-3-phosphate, G3P) Al — & 4 i
(dihydroxyacetone, DHA), DHA A] F|H — ¥ 5 i
W% (dihydroxyacetone kinase, DHAK) f— 2 #%
L DHAP, AT iE A A

RuMP {21, 3 mol F AR 1 mol RIS ,
ff B G3P. XuSP 1 4- ff 1% 7 &% §%  Cerythrose-4-
phosphate, E4P) WIJEf: Ih4h, A FMRIE,
B. methanolicus "™ F1 P. pastoris ™ v Y5 77 1€ 5 F
Big, 1, 7- R IR 5t K PEFERE  (sedoheptulose 1, 7-
bisphosphatase, SBP) Fl % [ [iff (transaldolase,
TAL), HiI& AR 1, 7- XU R 55 R PSR AL 7-BE IR
SR Pt (sedoheptulose-7-phosphate, S7P), J&#&
¥ F6P 1 E4P %745 9 STP Fl G3P; S7P #1 G3P 4 Hy
WG (transketolase, TKL) E Hi#% 48 4 XuSP Al
S-BEFRIZBE (ribose 5-phosphate, R5P), MM 5€ ik

TLwBE RO AR A . B, R B R IR BE & 12
(pentose phosphate pathway, PPP) 5 RuMP &

XuMP MHZES, I Fmom I BA, 2 CJRY)
TR 2 (4 FH 5508, 40 Bennett 25 7 3@ ik £k 2 A4
PPP R4 (B = N RuSP (& &, HWERE 2.
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R2 HGRFREEFRMARIT) =Y
Tab.2 Chemicals produced by synthetic methylotrophs

T C,
B JEY)

HeHi R
JEW)

7 i
(= hD)

F

o g

2%
SCHiR

RuMP FF

RuMP FA

(15 g/L)

RuMP FP

K
T

RuMP A

RuMP FH i

(6.4 g/L)

MSC R

(200 mmol/L)

HR

(20 mmol/L);

(¢(0)

2

RuMP s

KB (20/100 mmol/D ;
%5 % (50 mmol/L)

A4 g/l

AHE (4 g/L)

GETE NS NS

(60 mmol/L) IREM(1 g/L) ;s T EHR

A1 g/l

A % B (30~100 g/L)
FERESRIA (1 /L) 5

AHEC30 mmol/L)

4 (30 g/L) , B2 R)
(10 g/L)

F (15 g/L)

L-B A
(230 mg/L)

LAV 5( R
(90 mg/L)

1 Be % (3.5 mg/L)

BRHAFR (68.75 g/L)

Z. % (36 mmol/L)

T B (45.0 mmol/L (D Fh 5 g 3L [7) 4% = H
+ 8.7 mmol/L)

B FEHEANIER D % 35 RuMP H 5%
SRR I fitf ; @ dald ( £, B it &
fi§ ) , Afadh ( F B i
Jig) s (D3 14 i 2 I Jii 72
fitt CE. coli)

@ % i& RuMP #§ %
:@AA4dhE CFE i &
it ) dald C 2, % it &,
i)\ ArpiB K% BE WE R 7
TR 5 B2 A A
il AT 57 A g s (D3
# X PPPi&1E .ED &%
WEES

OFBAAREERIAT O £ 5 RuMP A 5%
VLT 42 m A 3 K s @ 1 s @44dhE (S B A
FREANER I N 3.83:1; B Aald(ZBEW A ;
G A 40 i PC TR AR O IK A B W LA
JEILF] 63% T W% S5 44 1« @ ArpiB
CRZ A B 1% 53 A D

@ % i& RuMP #i %
g ; @AfirmA CH RS i S
i) ; @RI A E Mk CoA
VEVE R 2 KR O

OREKREIMANHESR O £ & RuMP #H X
BRI R 7 R 0.98 glgx ;5 LAY RN 2%
0.11 g/g H i ; @ H B A Ak
JE % NADH & B T 3% 51
FE T

O F & 2 B RRUR
F R (1 ) FH 2208 3
7.04: 1; @ 3k AL T & H
fiif 52 W B H 15 g/L

B IRIRIE E. coli F) i F
T & R v TR 2 ikt

Oy ez T 28R ORELEARBEAM
16 0 4 A B R E IR G QRIENEAR-2
B ) FF BN T LS I R I G (Agt) V2
LWL B 62%, HIE TR W AU (Sdh) 3 5L
FlFH % 9 0.7 mmol/(L-h) B ¥l (Mtk) - 3¢ 5 FE
(BLODg, o1, AR WE 5 HIEE CoA ¢ fift il (McD) 4 ;
HFERE N 1107 OF Fray 3N

(Pdup) « Z, & it &
(AdhB) ; @ AaceB AglcB
AgevP Agel AfrdB AldhA

DApgi (6~ R A 2l B
S BE ) AfirmA CF i
i) ; @2 IA RuMP i
T A il B3R 15 IR
K% 0 53 M T (rpe) %
Jif (tkt) s DFRIE B IR
JEWE IS 45 15 (fba) L 5 K
B W O T Tl (glpXO
TR LW B (pflO

B R % @E. coli FI H
FR 45 5 1A B

[75]

[76]

[77]

[66]

[78]

[79]

[74]
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gk
o IE C, PiS P i s f%@ 5%
w7 A 7] (P2 &) M SCER
RuMP H i E B (8~9 gL, B 13-T4 O xEPF PR OFR K PN AR, [80]
(32gL), FRFEEHELEEW0.46 /L) (5083 mg/L + AR & B 1,3-TH B 5 @ AfirmA RS LB
Gl 9.1 mg/L) QR & &, I Mt m ORIE R T W 47
(0.15 g/L) 1,3-79 R R T B Jt P2 Bl L 1,3- T R
SR 5
HACL s ZRERR (1.2 g/L) O KRk IE HACL & RIEHZWE Coa # iRy [81]
&, DU AL B R RS ;. (RUHACLG390N,  Rho-
QY WA BB & L1 dospirillales bacterium)
FRFI R A TR P CoA A SR LmACR,
Listeria monocytogenes)
RuMP i HERA0 gL, B FEI(58 mmol/L)  DEFRTHEHAE  Ddapgi(6-Wfe 7w 2 f [82]
(250 mmol/L) #REHI(2 g/L) AL s QMR T K A \ dedd (% %
I PR PR SR 7 B R I U ArpidA B
A% W W R 5% W D
AfrmA P it &)
@715 RuMP HH i
RuMP  HIEE(50~ HEHE(S0 mmol/L) 18 L-Fa 2 HEEAMLFTE I NADH DA RuMP 6. [64]
100 mmol/L) RHEII(1 g/L) 0.1 g/L) A7 N NADPH Fi T 8% AfimA CH S Bt & B8
B A 7= @ % ik Nudix 7K fift B
NADH % (POSS,
Saccharomyces  cerevisiae)
QR IEH A G gtz
AH 21 (lysC, dapA, dapB)
RuMP B AN AR LT (4.6 g/L); O FRKBAL AR  OFiERuMP MR [83]

1-THEC2 g/

T Wk s @ BE 5 A WE R @44dhE CH s i 205D
FH1 Aald C £, B T S CB D <
ArpidB (N Bl W R 5 44
it s OFRILNF IR

XuMP & 12 2 F B I BE 11 32 22 F AR 11 8 4%
Hor i K ) AOX. CTA 2 DAS ) 58 i 48 i A AL il
dr, DAS P 1T b &R, w AT
S, BT HERREY, FEARR B R A
EALYIEEAR T, X A AR T R R R R
R ERELEYTE, WFEMOTER™. 490,
P. pastoris C i T Z Rk &R E AR ED &
(R D, iERMmyT =, @R T & LT
DU BE I RFE 5028/ W R Db % B AR 77 7 55
7 T, KEARY R E T SO Y TR R
TR DU R R g i T, BE R RUR R
HFEJRE MK, FHRH LTI EYE
R
1.2.2 Serine i#% 242 GLRP i £2

T2 BIRE R EEAIEIANE S B 1
SRVUCHEY (Fli. AP &6, &

o2 R E A B, TE R B -THF  (CH,-THF)
I E =Y. BB 28 R UUH AR (C) #2ah, 4
414> CH,-THF, B« %R (C), Clba&Y)
g — RANEANE, B RCEE R M B =N R R
(phosphoenolpyruvate, PEP), [fiJ5#& L5 N 1%
T CO,, Bk C, L&Y HEEE LR (oxaloacetate,
OAA), OAA Zid 3¢ J R it & iy % A2 3 R IR
(C,) (malate, MAL)., &3 LW 5, Tk
M CALEMRIRIE . 5380 F & RN H
A . MALZEERRBIEEE (malate thiokinase,
MTK) BHMERT, TERCE R IR B -CoA. Bl 53¢
SR FLIBE-CoA B 73 fif v C 4k & W) L WE TR A 2 Tk
CoA, LA 2 HAK- LR AFEL®
(serine glyoxylate aminotransferase, SGA) J& il H
IR, MR TS B 1 22 SRR 28

A, LB CoAZS5ZMAMmiIEsl, ME
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B 2 FRAE B ) 1T LR £ CoA T OAA fE
NIEY), 2R A E (citrate synthase, CS) .
Ji 5 Sk BRI Caconitase, AT) 534745 FR 24 ik I
(isocitrate lyase, ICL), F2E Bl B8 H1BR Al £ 1 1R o
B, oW EFRE (WM. extorquens) T =
FATR IR, MR AR R L H N
Bt CoA & 1% (ethylmalonyl-CoA, EMC) 5E %1,
ZIR A WA AR N GLRP ™ %7, EMC & 42 NMYAFEAE
TRAWEEFRE Y, HoEPEERFEHNE
TR, WA HE (Rhodobacter) H1HE 7 T
(Streptomyces) o 1%EALKRLIH 10 0 B, H[E] =
W & Cn Cov CALEYD, BFEZ FIBR: 1) H G A
Ha Ak, ATHTF 2 M Tk &A= ™, g
BELEEREE (polyhydroxyalkanoate, PHA). 3-#%
# TR (3-hydroxybutyrate, 3-HB) ", 3-32 14
2 (3-hydroxypropionic acid, 3-HP) "%, W% 1.
1.2.3 rACoAPi& 42

VF 2 RAR O IR AN bt 9% 1 h 3 AR 3T
2 Bk CoA 4%, Bl Wood-Ljungdahl pathway, 1%
R B AR AT LLR] ) H IR A Dy i — i 5 R A DR AT AR
K. Zigmd, DATHFERMBIA 7, LR
9 CH,-THF J&, w0 PLiE— 20 %40 5- 1 JE-THF.
BiJG, & CO Ml CoA HLHETE L L1 CoA, LT
CoA TE N BHER & (pyruvate synthase, PC) [P{E
T, RG4S 107 CO,, mEA&HMANER ™,
FESE I AR, ACAT DU R, RIS AT BLSE & 2
437 CO, (COMRIET CO,), FA 7K — A
HEE. BeETTH, HRZIEREE 1P (HREWL
AR BE-THF) R ZIHFE 1 71 ATP, {H2RE 50l =
4 NADPH Hl TR &:ae N . HAT, CATRTTil
T8 FZ & AR AT B B R A R
1.2.4 CBBi#&#&4=rPPC &2

FELE R — M SLH CBBAEHN, X FR AL 5 A%
2 7% ¥k 1% 38 (reductive pentose phosphate cycle,
PPC), RHREFRW (Cupriavidus necator) ™ Fl
DR E TR Y 1 — R E R . R AL
e CO, 5, 456 1,5- iM% MR (ribulose-1,
5-bisphosphate, RuBP) 7 1,5- 5 [ 1% Bl 4% 2 11/
Jn4A % (ribulose-1 , 5-bisphosphate carboxylase/oxygenase ,
RuBisCo) HIMER R, #7328 G3P it N Lo fRiTiE
o AR, R EH AT 2 MIL 5 /) 1 ATP,

BEAZGE, WA THAAK ™, & Aok
i, 1E P pastoris 1 5| N\ RuBisCO F 1 B2 A% Bl A
i (phosphoribulokinase, PRK), B IXSZIL R H
it e B FH CO, 1 M — Bl BV AT A B

2 AL E IR Y A P 2%

RARM R EFUMAY BAGFE 1 C AR
EAAuhE A, Hit b, WM ETNENEDS
RO, BT seCE AR C R JyME— 1
BRI A RE S AE KR m T itk &9, HE,
HH T R A8 1 R R 5% 28 A A 0 A AE B8R R B U R
B BTG N gwE T A= 5 W i
FACT AR, A C RN T Tolk A=
EX—HWZ25 AL . Bk, 46 RKRAFREE
FERBAED P R C Rl &4, WRuMP. 2%
FRaft, TR AT C Ak & W v 2R
Re 77, MKH & Y B RS TR AR, JF sl
Btk &0 &=, W AR i s . b4,
I VER A s, @ ENL R A e,
8 NiE C RBHEAE, I8 BON = R A C R 1)
N—H Bk AT, KREHHFIIEE. coli
FrRE, A /DEMFLLC. glutamicum F1S. cerevisiae
TERBRFENT S, BRI EANFAFEHR: OLLC,
JE WA R ME — Bk 5 R e U5 SCHE AR P s AR A
PRI C RN EE.. HIRAICO,; @maFHH
BEFICO, (HIRHBD #EATHEM G . B, A
MRS T RIR 3 RS AR T S G, BRI
NTEGTFRNE, FrabAT A8 R 2% 1 @AY
A AR

2.1 XBEHFE

HHET, E. coli W Fd IR N B R AL AEY)
ZFCIRY (HEE. HiR. CO) MAEMFIMHCE
TEE. coli gk . Hrp, S&T HREMIAT 7 R
WNEE, WERBEBRENIZHE . RN
wEA . KRR EMERALED
LA, JFHEH B FIRIE E. coli nT LLF H H
P A Sy M — B R AN BE IR IE AR K P, ST R
CO, M FL R R AR X 8 b, BF 50 2 -F H R 5% CO,
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e A ORI AR 1 s SO IR AR 12
8D, BEiC LK E. coli v LAF) H H R Y B
CO, " MENME— IR AE K, (HRAEKIE T,
Bipdk—2E.
2.1.1 WV

TREEOE E. coli, TE R R H IS 5% 1 1)
B 50 SR B o] LA N Rl 51N R AR IR F o %
AT & A8 1 R AR AR . /T — M E 2R E
FINECIE RRAFAE I HEE R i 12 (1 RuMP.
XuMP), 254G AR AR B4 B o, AR o ,
JERPFN R W S5 AR A, B AR P2 W& B A I AL
5, WASLILE. coli REMEAE & H WL M5 T b AR
KGR EW Y J5—F 3R E G B LA
Byt A B i TR, R DL Ae % 52 T A U A
77 H O AR & R g, DT 4T 3 4 )
REAR IR AT, RAN KRR BT AL, LS
S v RO EE R R, B FE W ORE 4 A s B
MCC) . H % B
& 1% (formolase, FLS). & A Z Bt CoA & 12
(synthetic acetyl-CoA, SACA). R4 A G
&1 (2-hydroxyacyl-CoA lyase, HACL). 1&1fi%z
ZIRPEIA (modified serine cycle, MSC) (&2).

RANHBER SRR C L/ IEHA N4,
PR HH7, KEWHREETEAS RuUMP T
E. colitf, VVHASZILE. coli B F I BEAE o ME — B it
FREVR SCHE A E K 2015 FF [ Fi @ i £ E.
coli TG 22 P A [R] K U5 1) RuMP H (1) SC B B [R]
KK IR T B. methanolicus W ¥k ¥] MDH2. HPS.
PHI B8 58 4 #th B FH B 5 2018 4F I WF 9 R 1,
I8 ok 5 5RO FE PR AR TCA AR, k>
NADH f) 7> 477 DL 2E FRE A A 5 Bl s, @i
fE E. coli AN W RE KR Je 4, F# 1K NADH )7
A, FEI0SR RuSP B A, i — D4 H R R
FI P75 2020468 A, Liao HIBA © R FRAE Cell 11y
SCE, HRSEIL T AR A ME—BRIE SRR E. coli e
K, JFHAESS hth ODE AT H| 2. Eik 0 5 A
“F7 RGN T E. coli B FEEAE Jy ME— i L
ERMAEDAEKMEE ). A, CA RS AIRE
E. coli P F WS ] 2 4 B % BF i BV A D 4 B
B HATHEYE R R A S 2 DL RuMP & 42
RFEEG, MR R, 8. W BEHAR. B

(methanol condensation cycle,

R, WK2, (H2¥K S BEAE A e — Bk
o (HASRIERAZ, 2018 4F Nature Communications 1
RARIE 15T MSC # g & i S R A L &
B, BERETK 2 BUE S F H RuMP & e, RIS E
FE R IR F R FH s A% 10 B2 ol 7

5 51 G S R oK H Liao 3256 = ) MCC i
17, H¥AEAE AL BEEE AR (nonoxidative glycolysis,
NOG) B RuMP &2 454, HIH 44 5 6 40
ARSI EERF A . Za@fed, FePEi X5P Al il
o= N E A R O RR, B S AN ST
CoA, AN IE G PR A 2 It 2 T 1 R Y B 2, [ B
/> ATP VH 6 (H 2 245 %A I R IE ZiE e
FEAR AR A3 . BE S, 3% E David Baker 5240
BRI AN LG R T L B %0 [ FLS 4%
(VG i 15 v 2 ] N o N 3 <V I R 07
(dihydroxyacetone phosphate, DHAP) ¥4t (H
¥E 147 T ATP), 1fi RuMP i& 1% v )\ B % ]| DHAP
AL N, PRITTZ R SR G685 T C R EAN
O AR AP IR [E I, AR ] DL BRAE N
Yy, &k Bk CoA & il (acetyl-CoA synthase,
ACS) FlZEEMEEE (acetaldehyde dehydrogenase,
ACDH) #A W s, L fErh i Z #6170 T
NADH " 2019 48 T P sk & g 12, — 2%k
B R Tl A Y45 AR W 58 i VL 2 U [T BA 7 4R T 11
SACA i 1%, I th 5 ¥ il B £ 07 18 £ 1l i
(glycolaldehyde synthase, GALS). Z. 8t i fg & i&
i (acetyl-phosphate synthase, ACPS) W] DL i# it
=0 IR PRI AL N T CoA, AR ETHAE
ATP. Jolpdii s, mIHE A& S0 & iR E AR A1 5256
BE T i@ VER, TAEE. coli A Wl B/ H
BERFH R 5 — 2%k & 48K H 2% [H Ramon 5256 %
B % iH 1 HACL & 12, 1% 52 5% =5 0 3% PR Fh 5
RuHACL FHBE S4B AL 5 (acyl-CoA reductase,
ACR), HIRSHLC LA HEEZ C L&Y CRERR
(glycolate) IR, 1Zi& & [FIFE VT H HER NIEY)
25 B H I CoA 575 4 g Y,
212 VA=At

HHT, E. coli % 8@ i if Ji A H 2 iR ik 42
(reductive glycine pathway, rGlyP) F| ] F g A1
CO,, XA/ &0 5AE B CBB 3 s B — B P i 11
A, TS, rGlyP w] LA A FER A1 CO, 9 Fh C ik
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Fig.2 C, metabolic networks of synthetic methylotrophs

&% (Pathway): 441G (methanol condensation cycle, MCC). S-BEFR AR FR L MEE (xylulose-5-phosphate phosphoketolase
XPK). 6-BEfR BB FEMRE (fructose-6-phosphate phosphoketolase, FPK). 24l A 24/#/F (2-hydroxyacyl-coenzyme A lyase, HACL).
G RS A (synthetic acetyl-CoA, SACA). HERF (formolase, FLS). AT HZEMR (reductive glycine, rGly);

fff (Enzyme): CHHBEIRA KEE (hexulose phosphate synthase, Hps). W Ut A4 HF (phosphohexulose isomerase, Phi). 3-TfFRAZ i ff 5:
#JMF (ribulose-phosphate 3-epimerase, Rpe). %M (transketolase, Tkt) . 5-%f M2 1% ¥ 57 # ¥ (ribose-5-phosphate isomerase. Rpi) . % i il
(transaldolase, Tal). WEIREEIEFHEWE (phosphate acetyltransferase, Pta). FJZ-THF 4% (formate-THF ligase, Ftfl). 3 H JE-THF & ik
(methylene-THF synthase, Mthfs) . #2Z k-5 HF 3L F W (serine hydroxymethyltransferase, Shmt). #2Z BRI /K (serine dehydratase, Sdh) .
PEP 1L (phosphoenolpyruvate carboxylase, Ppc). PEP % &M (phosphoenolpyruvate synthase, Pps). 3£ RERii & (malate dehydrogenase.
Madh) . LB EE (malate thiokinase, Mtk) « 32 Rt CoA R AN (malyl-CoA lyase, McD . N & -2 B % Z M (alanine-glyoxylate
transaminase, Agt). A RR-AIREZ N (glutamate-pyruvate transaminase. Gpt) AR (glutamate dehydrogenase, Gdh). BEFE4HTE A
EJ5EEE (acyl-CoA reductase, Acr). LM%M (aldehyde dehydrogenase, Adh). ZE#EE 4l (glycolaldehyde synthase, Gals). ZFEBERE &K,
i (acetyl-phosphate synthase, Acps) . . ¥% T4 il # B (dihydroxyacetone kinase, Dhak) . P B 3% -THF ¥ /K fi# fi§ (5, 10-methenyl-THF
cyclohydrolase, Fch). IV B #%-THF it & (5, 10-methylene-THF dehydrogenase, MdtA) . H &R V) #| &4 THP (glycine cleavage system-THP
protein, Gev). i HifEiEEE (lipoamide dehydrogenase, Lpd). SHMT=GlyA, “ZZFRINZA (serine deaminase, SdaA);

R ¥ (Metabolites) :  6- 1 2 .l #% (hexulose 6-phosphate, H6P) . 6- 1 i t ## (fructose-6-phosphate, F6P) . 5- T R A i H¥
(xylulose 5-phosphate, XuSP). 5-7f F& #Z i ¥% (ribulose-5-phosphate, RuSP). 5-T & 1% #¥ (ribose-5-phosphate, RSP) . 3-f g H i %
(glyceraldehyde-3-phosphate, G3P/GAP) . 4-W§ R /7 #E## (erythrose-4-phosphate, E4P). 7-WiM2 5t K Bl #% (sedoheptulose-7-phosphate,
S7P). LW (acetyl-phosphate, AcP). /% EZ A MR (phosphoenolpyruvate, PEP). Hfit Z 8 (oxaloacetate, OAA). —JZ T
(dihydroxyacetone, DHA). B¢ 2 (dihydroxyacetone phosphate, DHAP)
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li (phosphoketolase, PKT) fifi ¥ (PFL-PKT cycle,
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Fig.3 Synthetic metabolic networks for formate utilization

&1 (Pathway): #2%FR-75% B (serine-threonine, ST). NERAER-H RAIERF& /2B (pyruvate formate lyase & threonine, PT). B
T]RHFERAEMER (ketobutyrate formate-lyase, KBFL). HEIER-F IR fEBE& IR FLFAEE (pyruvate formate lyase & phosphoketolase, PP);

i (Enzyme): WR-THFi%E#:A (formate-THF ligase, Ftfl). VI ZE-THF & Bl (methylene-THF synthase, Mthfs). #2%(F%-F% F1 2
¥Rl (serine hydroxymethyltransferase, Shmt). PEP &1L (phosphoenolpyruvate carboxylase, Ppc). PEP & /i (phosphoenolpyruvate
synthase, Pps). Z %% & (serine deaminase, SdaA). NEHFEL-F LR f#EEE (pyruvate formate-lyase, PfD). AEAERR1LEF (pyruvate
carboxylase, Pc). FIEERIREAIIEFEE (methylmalate oxidoreductase, Mor) I FESE R -CoA 24 fi#E (methylmalyl-CoA lyase, Mmcl)
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