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Enzyme-bacteria synergistic conversion of methanol to 1,3-
propanediol

GUO Zhiru", LI Jiao", WANG Yuyao', WANG Yu'?, CHEN Peng'?, SUN Yuanxia'?’, YANG Jiangang"*’

1 Tianjin Institute of Industrial Biotechnology, Chinese Academy of Sciences, Tianjin, China

2 State Key Laboratory of Engineering Biology for Low-Carbon Manufacturing, Tianjin, China

Abstract: [Objective] 1,3-propanediol (PDO) is an important chemical monomer. Its biosynthetic
routes mainly rely on carbon sources such as glycerol or glucose, which suffer from low carbon
efficiency or reliance on food-based resources. Methanol, as a non-food renewable carbon source,
offers advantages of a high reduction degree and low costs. However, the existing bioconversion of
methanol to PDO is limited by low methanol utilization efficiency and cytotoxicity. [Methods] In
this study, a novel route combining enzymatic and whole-cell catalysis for the conversion of
methanol to PDO was designed. First, an in vitro multi-enzyme cascade system was used to convert
methanol to glycerol, comprising alcohol oxidase (AOX), catalase (CAT), formaldehyde lyase
(FLS), glycerol dehydrogenase (GldA), and formate dehydrogenase (FDH). After 4 h of reaction,
the glycerol concentration reached 63.3 mmol/L, with a carbon conversion efficiency of 95.0%
from methanol to glycerol. Second, the glycerol transporter GlpF, glycerol dehydratase DhaB123
and its activator GdrAB, and the NADPH-dependent aldehyde reductase YqghD were introduced
into Corynebacterium glutamicum to construct a recombinant strain, enabling the whole-cell
conversion of glycerol to PDO. Under optimized conditions, the carbon conversion efficiency from
glycerol to PDO reached 96.0%. [Results] To convert methanol to PDO, we coupled the two
processes, which achieved a final PDO titer of 30.4 mmol/L and the overall carbon conversion
efficiency of 90.2% from methanol to PDO.[Conclusion] This study achieves efficient conversion
of methanol to PDO and provides a new strategy for the green biomanufacturing of methanol-based
high-value chemicals.

Keywords: 1,3-propanediol; methanol; Corynebacterium glutamicum; bioconversion

HHi, PDO YA & L32[ 58 2 Rl R
JETF. S—2RUAH I IRy, FH RN Bk [0
fiti % 5o F5 1A EQ B (Klebsiella pneumoniae) . ] FRIR
B (Clostridium butyricum) %5 1 H 18 AL A€ 5 15
&, dEad HI B KBS FT PDO S84k 38 Ji il %) 2 15¢
AL IFL AR, SR, ZR BRI . &
B2, 2,3- T RS m e i, B kb

1,3-TH % (1,3-propanediol, PDO)/f: ky— Ff
HLEMAC TR, 7ERA Y FOFb L i 1 5 5
HA Tz ar s, B B2 LR RE R
A R X R W R T B iR (polytrimethylene
terephthalate, PTT)HJ 54, 2R G L A4
R M RHLAR P BB T £ 2 56 1R, kA, PDO
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PDO AEALI T fildn, #EIRA FIFF A& 1 T2
Bk Bk 135 g/L, {H 3 4 B 0 IR AT
PDO, [ i ik A5 75 Al 5 @) 7 ) A sk 480k LA
YR TP, B b 3R A7 B [ A BRI
DA T 0136 2 0 Ay IS ) ) SR R RE B 0 A
RE L 2R SRR BT R ARAS 142
X BRI R AR, HLUR R R I L
SRR S 5%

AR Sy — AR AT AR AR, R
(TR YA B 13k As) .
FEARBRE , B — A A W i 3 B 2 AR B
VRS20 5 (L Gy LA U AR L, TR T
(30 Ji B (R S 1 38 S5 Y =5 6), i b
S A A R R,
AR R ] 55 2 A 2 A 0 2 W ) it 400411
WFFE G, AR, LW B IE Y A 7= PDO
BB 2 BT, F 2RI TE R R A
KB (Escherichia coli)5 S W T ENT. &
R RS SR E AR . BN Wang Z5PH5E T 3T H
P 5 DR R R 47 7 A A 2- R e -4- 2 3 T iR (2-keto-
4-hydroxybutyrate, KHB) & 15, SEHL 1 HIEE 2]
PDO 4L, (HP= 5V 32.7 mg/L, HF#%0
VE R IR HL LR . Meng P T HIE
5 ¢ B%H A E R 3R ENE G
hydroxypropionaldehyde, 3-HPA) ¥ %2k, FRISHK
FEAL AT IR 100%, H PR A st At St R 36 S A% A
-5-WE R W AR W G PR AN /2, P R 79.8 mg/L.
IRBFEUESE T RS AL A B PDO Y AT ATE
B IA A 225 A7 7E YRR AR AR DGR il
feATE P 2E . W B M R R bR AR S
Az MR RE AR DB, BEES Tk Ak i A A BROR
P =3 Sl

AWV T — - T B3 [ 2 Ak TP B 5 i
PDO R %L, RIVAG AR SR AL A 22
B v 8 A o T, g — 2Pl R R R A
B K Al T R SR Y A TR AR, BT A
FEARE A U HM L A6 PDO. 1R W B 45 Tilg
AL R A ) aAg AR AL, SEBLE AL
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AL WA K PDO,  [R] R w5 1 1) R A Ak
ARTEVERY H O, ATREAR C1RE PR XS 41 1Y 52
Wi, Ay P P A O e A AR FRAR BB A AT S S

1 MRE5rZE

1.1 ##
1.1.1  EERFRRL

KW % IR DHSa H FA @ E 4l 85 1 3=
KR K ORI 1, E. coli BL21(DE3)H T E 41
235, E. coli DH5a., E. coli BL21(DE3),
HH A A BREFT 1 (Corynebacterium glutamicum)
ATCC 13032 D K #{& pET21a, pEC-XK99E Hi
pXMI19 S A SR 2 R AT
1.1.2 ExE

LB AR =3 (g/L): REE A 10.0, Rk
FEEY) 5.0, NaCl 10.0. BHI AR 725 (g/L):
BHI .03 85 37.0, CGXII minimal 1555 55(g/L):
TR EE 20.0, JRE 5.0, iz A48 1.0, BER
A 1.0, 3-(V-FE bR EE ) A il 7R [3-(V-morpholino)
propanesulfonic acid, MOPS] 42.0, — /K & 1L 5
0.1, E/KBEAREE 0.25, L/KBRMREAR 0.1, —K
TSR 0.1, LI/KBRIREE 0.001, BRI 0.000 2,
KA AR 0.000 02, ZEHIZE 0.000 2,

1.2 B

BEXHARSM AL B B H A &R, A NCBI
BAE 2 (https://www.ncbi.nlm.nih.gov/) 18 Z K I
T BAR A0 T (Pseudomonas putida) ) H % 4
& W (formaldehyde lyase, FLS)POFIE, 4= /345 i iR
IINFT B (Mycolicibacterium vaccae) W) W iR i &
(formate dehydrogenase, FDH) (UniProtKB %3¢
1 QI3GVT, A H AT A A T A A R
B, PEFRIREAR pET21a, RIS E L KRR
& pET21a-FLS il pET21a-FDH; %¥ JF b8 &
KR T OE coli Wy H W B A (glycerol
dehydrogenase, GIdA)FE A gld4 (b3945), & it75]
Y, VL E. coli BL21 FER AL AR Y14 gldA FE
A, PR RIAZAK pET21a 152 F 24 Rk i
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ki pET21a-GldA. I & 3= ik #1087 b =
E. coli BL21 "1, 315 HFRE AR INFEK .
BEXT A AL T M A PDO B R 48, 4K
Tt A8 2R R 1R T I 48 o B A1 DX ) Yk B K il
DhaB123 (KPN 03487, KPN 03488, KPN_
03489)F1 K. pneumoniae 1) H 1 Hid 7K il 35 i K ¥~
GdrAB (KPN 03208, KPN 03209) () #% 1 /8 17
G o DB T A 2R VR T E. coli WO H Y8 18
# H GlpF (KEGG & 565 R ©3927) Fl B i & il
F A yghD (KEGG % 5%5 4 b3011), WIT519
RN E. coli BL21 LR ZH 1 K. pneumoniae F
[ 41 H PCR ¥ 1 glpF. DhaB123 #: 9\ ¥
GdrAB B9\ ¥ 7 5, 5 2 %3k F K pEC-
XK99E H, 155 5 2] &3k i ki pEC-GDG; LA
E. coli BL21 KK ZH M #5iHk PCR 973 yghD KA,
P HM T AR pXMI19 th, 153 2 Kk R
ki pXMI19-YghD; # pEC-GDG #1 pXMJ19-
YqhD 3£#54k & C. glutamicum ATCC 13032 1,
32 CglPDO HREGE 1),
1.3 EEHEFARESHSKL
FAREUCEH SR, PRIGEEZ E. coli BL21 TH

*1 AWMRDPEERNRANSER

PRIV, M T2 N5 8K (100 pg/mL) Y
LB WAARREFER T, F 37 °C. 200 t/min £ F# ik
o FIEFEL R T IE 1% R R R
BEEEC T SRR R B 2R E R R A LB ek
Hr, 37°C. 200 r/min 5555, FEHK ODeoo (H 15
#] 0.6-0.8 B}, MIFEFAKRRTIIA IPTG Z Lk
J& 1 mmol/L, BEJSHFERIERIKE 16 °C, 4k
SLiR%H R 16-20 h, ES HERE AL,

BRSNS, BT 6 000 r/min 2§
L 10 min, FFK I RCEE R . m AR On
AT Y 50 mmol/L TEA 2% M (pH 7.0)MKk
FIUew, EAEVEG 2 WA ZBRER BB B 3R 3 040
e MR Zrh il EE WK, & Tk 8-
BB S B R T UK, B R R B R
AT SR, ARSI RT3 200 W,
7 5s, [IfF 2s, SABFTE] 10 min, 24#5E G ,
BRMEEREWRELET, T 4°C,
14 000 r/min 20> 30 min, /NOUEE FISHRER
BEHELE R,

BGE #REERT 5 mL B0, BT REE
B LS A NG K T A B

Table 1 Plasmids and strains constructed in this study
Strains or plasmids Description Sources
Strains
E. coli DH5a General cloning host Invitrogen
E. coli BL21(DE3) Expression host Invitrogen
C. glutamicum ATCC 13032 Expression host This study
CgIlPDO C. glutamicum ATCC 13032 harboring pEC-GDG and pXMJ19-YqhD  This study
Plasmids
pET21a T7 promoter Amp® expression vector Stored in the laboratory
pEC-XK99E Tre-promoter Kan® E. coli-C. glutamicum shuttle expression vector Stored in the laboratory
pXMJ19 Tac-promoter Cm® C. glutamicum-E. coli shuttle expression vector Stored in the laboratory
pET21a-FLS pET21a carrying FLS from Pseudomonas putida This study
pET21a-GIldA pET21a carrying GIdA from E. coli This study
pET21a-FDH pET21a carrying FDH from Mycolicibacterium vaccae This study
pEC-GDG pEC-XK99E carrying GIpF from E. coli and DhaB123-GdrAB from This study
Klebsiella pneumoniae
pXMJ19-YghD pXMJ19 carrying YqhD from E. coli This study
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2 WK, JMAGE A 2% (50 mmol/L = Z B |
100 mmol/L /L4 . 20 mmol/L BXME, pH 7.5)
HRRR, FRRWEYES B IS L0, ERE UK
2 o KRS I REER SR ERAR A, B TUK
LIRS 1 he WESRE, MAZA SR
kAR, ERIXALERE LIS W O i
KB A PRI ZE (50 mmol/L — L BERE |
100 mmol/L 484L0 . 1 mol/L BKME, pH 7.5), Y&
VR, RO w2 sl AL R o K VR I T
B E 10 kDa # /> FHMBIEE T, fE4°C.
6 000 r/min &5.0> 20 min A7 4 S, W&
AT WEER S5 RSB . 0 I BGE 2 W . S
MY =R R 7 EL IR e = T | DA o B o = =2 b
il & FE S, T SDS-PAGE 43 M7 H br 8 11 1 %
SEN IRV
14 ERIEMENE
1.4.1 FLS Bg5E MM E

SV AR Z (100 pl) & 45 200 mmol/L HI & |
1 mmol/L £ R i % 2 (thiamine pyrophosphate,
TPP). 5 mmol/L MgSO,. 1 mg/mL FLS 4 fif§ Fl
50 mmol/L TEA 2% ' ¥i{ (pH 7.0). 7E 30 °C .
800 r/min $% 52 )% 30 min J5, A 2 uL B4y
R 10% BRIRTF IR Z ALY, 4 °C. 12 000 r/min
20 30 min JFHCEYE, Gl HPLC Al — L
i (dihydroxyacetone, DHA) Y 4= pli e . il TG P4
B B B AR R DHA )5 (umol)
1.42 GIldA B5EMENE

AR 2 (100 uL) & A 20 mmol/L DHA |
5 mmol/L NADH, 0.1 mg/mL GIdA 4[ fiff .
5 mmol/L MgSO,4. 50 mmol/L PBS Z¢ i % (pH
7.0). 7E£ 30 °C. 800 r/min #& 7% W 10 min Ji5 ,
A 2 uL B 5050k 10% BRIR s W 24 1k v,
BDEC R, @ik HPLC 600 H b i A il
Fig G M S g A 2 SO AR 1 AR UH I Y =
(pmol).
1.43 YqhD BEg5E M E

KR ZR (100 pL) A 20 mmol/L 3-F25E N
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i, 5 mmol/L NADPH, 0.1 mg/mL YqhD #[ifi ,
5 mmol/L MgSO4, 50 mmol/L PBS % i & (pH
7.0). £ 30 °C. 800 r/min &% 5 10 min 5,
JIMA 2 uL i 4380k 10% BRIR s W2 1E U,
BLUOHC RN, S HPLC #3 PDO A9 A= i & .
Pl M SRR 2E v 2R AR i PDO 11 5
(umol),

1.5 &ME LR N

1.5.1 HREIHBRNAER

KRB N, B, TERVARR AR
Jin 200 mmol/L H % | 10 mg/mL FLS, 1 mmol/L
TPP. 5 mmol/L MgCl,, 50 mmol/L HEPES £ it
W (pH 7.0), H ddH,O #h5F % 200 uL, 30 °CJz
I 2 ho Bl 1) SO AR R I LR EE A 1 mg/mL
GIdA. 1 mg/mL FDH, 80 mmol/L H! 2 4k #
2 mmol/LNADH, AH[RIRE I TS 2 he
1.5.2 HEEHBRMER

KAWBY B b B, A, fER N AR R
SN 200 mmol/L HEE . 0.75 mg/mL i 48 Ak i
(alcohol oxidase, AOX). 0.42 mg/mL i & fb S i}
(catalase, CAT). 10 mg/mL FLS. 1 mmol/L TPP,
5 mmol/L MgCl,, 10 pmol/L ZnCl,, 50 mmol/L
HEPES ZZ P (pH 7.0), JH ddH,0 %552 200 L,
30 °CINE 3 ho B o] S AR R HROIA LR BE Ry
1 mg/mL GIdA . 1 mg/mL FDH. 80 mmol/L %
BN 2 mmol/L NADH, #KZ257)% 2 h.

S HERR AR B B2 0 XA R R BT,
BT HRSEIR A (1) AR TE BT B (R i il
F 95 cCHN# 10 min JFIM A R R); (2) 5L
X HRZH (430 S IR S i) B — il oAy
G A )

1.6 ZZHpafEL

7 50 mL BHI 355756 1% py4efpat, 4
Pl ¥ 2H R R CgIPDO, WS INZLH FE A 1 mmol/L
1) IPTG, ¥ CE M EKIL, 78 30 °C.
200 r/min S5 R R SR 24 hy HOR, B0 UCEER:
F2J5 1 CglPDO, JH 2 mL CGXII 3555 3 B
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W FENT IR F AR R & (0.5 mL): 20 41 i
CglPDO HRL M E ODgyo M 10, 20, 30, 40,
50, HhHk B K 100 mmol/L, Z R4k k &
20 g/L, #EAEE B W 8 pmol/L, H CGXII
R ELANF R 0.5 mL, 7E 30 °C. 200 r/min 551
A4k 36 he SN AR P HORE, B0 5 I
HPLC il Hvh M PDO [
kI DA PR A AR A5 20 9 H I 5 B PDO 1)
RO, H I AR R (0.2 mL): H 440
GgIPDO B IR LM [ ODgpo=20, H R IR A9 H
(100 pL, %y 32 mmol/L), ZRHN N 10 g/L,
dirk & By, W E 4 8 ymol/L, F CGXII 15 75 3
#N5FE 02 mL, 7E30°C, 200 r/min £ F#:4k
36 ho SOWRT R, B0 5 HPLC Faill
it & PDO M
1.7 4N
KRR ST R . S . DHA
Hil Al PDO #E 7 AT, Hor, HEERI PDO
14 I %€ % F Bio-Rad Aminex HPX-87H {1, i #+
(300 mmx7.8 mm, 9 um), LI 5 mmol/L H,SO, K
B AR AT BN, I E A 0.5 mL/min,
PEREHE R 10 uL, ARIRYERRAE 55°C, RARZE
1 '6 K I #% (differential refractive index detector,
RID)JEATAGIN . FEE . DHA FIH M & B0
M >k H Sugar-Pak 43 #r # (6.5 mm>300 mm,
10 um), JishAH LK, WM 0.4 mL/min.
VRGN R GAFIRBERE N 80 °C, HERERMF]N 10 uL,
I 2% R s 2P ARG IR, ARG b 3 4 i A
35°C, HIE- Tl m R BE IR A Ak . H - T
BREEJRIAL R . HEE-PDO HIRREE/REE(LR | H
fE-PDO Ry AL R B A (D -(4) s .
FH T - i BE 7R AL 23R (%)=
HIH =4 (mmol/L)x 3/49) 1 F I ¥k i (mmol/L) (1)
FH - b i 2R 7R e AL %R (%)=
¥4 (mmol/L) > 3 /477 4 H B2k B (mmol/L) (2)
HH EEE-PDO AR ZE /R AL (%)=
PDOJ*4JJ(mmol/L)x3/#] 4 F B i (mmol/L) (3)

H E-PDOIY it s 5% b % (g/g)=
PDO i (mmol/L)x76/[HIAFEEAKE(mmol/L)x32] (4)

2 BRE5M

2.1 EAEEERL 13- EEiR&Ig it

S EH R PDO () S s Ak, AN
FARTE T — % B- T P R AL B 2R (T 1A). %%
Lok 2 AP B IRAIMER A AL A R H T
gL H A i PDO. FEIR AN L% 1L
BrB, FEEE SCAE AOX L F & L I EE, [F]
N RTE R ek A Y P U= =AY ) A NP = K =)
B CAT 73 FK AR, R BR H0, B EEPEAE
I, R SE R SIE AR . HBEFE FLS fiEfb
™A &4 A48 DHA. Bfij5, DHA 7£ GIdA fi#
T, L NADH Rk J5 078 gk Hod e [RE,
J R It FE HP AR 5 T R I AU, DL R M S
)ik i NAD i NADH, &y DHA-H Ak 2 by
AT IR Y 5 fE b R p
H i A H bl i & H GIpF #EA C. glutamicum
ML, A H K A (DhaB123) fi b T 5% by
3-FEIENEE, R BWHE B, S5, AR
3-HPA if—#F NADPH i i) B 5 (B (YqhD)
AL T 38 5 PDO. 5 B R MEY AL,
T I 2 1) S 1 AR B N A LA A
fbse i, A= Rny B e s 45 A DHA, ikt
TP A it P AR S A W A o

FVFATZ B L IR 22 T AT, ARSI
BT 25 BN B e R A o 5 A 30T L BB AR
fh(AG®), ZEF M 1B FiR. PL 34T HEEh
TR IR Zead ik ) i Az i PDO, B b AG®
H-449.4 kJ/mol., [IRZESLRAT A& iz N 7R
J12E R EA R,
2.2 INMNEREFECEREZ S RCH

W ¥4 g3 B Ty 1) 21 3% 38 14K pET21a-FLS.,
pET21a-GIdA F1 pET21a-FDH 4} % % 1k & E.
coli BL21(DE3)rh 47 i3k ik, 315 HindE A
#1(F 2). SDS-PAGE /& H (K 2A. 2B)

http://journals.im.ac.cn/actamicrocn



4620 GUO Zhiru et al. | Acta Microbiologica Sinica, 2026, 66(9)
A H,0 H.O CO, Formic acid
NCAT FDH
0, H,0, NADH  NAD'

, Methanol Formaldehyde ~o5+DHA ~==== Glycerol
=) — » N
§ 0 (In vivo Glycerol E

, s
< | 3Msthanol | |DhaB123-GdrAB
1 4 § 3-HPA
2 3 N NADPH
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Figure 1

Bioconversion of methanol to 1, 3-propanediol by enzymes and engineered Corynebacterium

glutamicum. A: Design of the route for the synergistic conversion of methanol to 1,3-propanediol; B: Standard

Gibbs free energy change of each and overall reaction. AOX: Alcohol oxidase; CAT: Catalase; FLS:

Formaldehyde lyase; DHA: Dihydroxyacetone; GldA: Glycerol dehydrogenase; FDH: Formate dehydrogenase;

DhaB123: Glycerol dehydratase; GdrAB: Glycerol dehydratase reactivating factor; 3-HPA: 3-hydroxypropanal;

YghD: Aldehyde reductase; PDO: 1,3-propanediol.

&2 AR KRBT
Table 2 The enzymes used in this study

Enzyme Source Database Activity/

(U/mg)
AOX Pichia pastoris - 10.00-40.00
CAT Bovine liver P00432 37 000.00
FLS Pseudomonas putida - 0.49
GIdA  Escherichia coli POA9S5  5.78
FDH Mpycolicibacterium vaccae Q93GV1 3.24
YqhD  Escherichia coli Q46856  80.00

7, FLS. FDH il GIdA 475 (A 151545 3
16 61.0, 44.0 F1 38.7 kDa kb 5 BUVEMT 57, 5
PSTI —2, R0 3 AhE 4L ATt
aifb AT Bind .

EGE 4L TS FLS A1 GIdA 14E1LIhEE,
430 LA H SR DHA R P A4 744 1 il 2 s 1
WK 2C s, #E FLS 46T, KA 1 h J5 s
¥ Al DHA B8 BE IR e AL #8ml 3k 90% LA | .
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WK 2D s, fE GIdA 4L T, B 1h 5
DHA A6 Sk H I 8 ik B IR % AL 32 AT 3k 95% LA
I, 3RE 2 FE AN EA RIFr LT

P A s g b, H R H B A A
PR, RS R R C3 A G AR
R T R uE - A R A R, AR
A L R R G B R AT AT v A
WEFEAIE T 1 FLS F1 GIdA 20 il SUBGER 86 2 7
R, R AR B AR 3 il 2 S M s
KW T A e Rt FLS 4k B
A DHA, & 2h &, FHRZR TSN GldA .
FDH. NADH FIH 24l , K4 mi i DHA %1k
Hh, e 2 - H I A i EE R B AL R 58 ]
95.6% (Il 2E).

HE— K T Z R 22 L B R SRR
Hil s, NFEE CAT % NADH Y& L 17E
L FRER WAL R Tk . B %8 H AOX,
CAT #1 FLS PplrI/E ML 5 L DHA, JR2E
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B C
100
61.0 kDa = 807
440kDa § 60 |
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Figure 2 In vitro enzymatic assays for the conversion of methanol to glycerol. A: SDS-PAGE of recombinant
protein FLS (Lanes 1-3 indicate whole-cell lysate, centrifugal supernatant, and purified protein, respectively); B:
SDS-PAGE of recombinant proteins FDH and GIdA (Lanes are the same as in A); C: Time course of FLS-
catalyzed conversion of formaldehyde to DHA; D: Time course of GldA-catalyzed conversion of DHA to

glycerol; E: Time course of one-pot enzymatic conversion of formaldehyde to glycerol; F: Time course of one-pot

enzymatic conversion of methanol to glycerol.
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Figure 3  Engineering Corynebacterium glutamicum for PDO production from glycerol. A: The pathway for
PDO synthesis from glycerol; B: Schematic diagram of plasmids pEC-GDG and pXMJ19-YqhD; C: Effect of cell
concentration on substrate glycerol consumption; D: Effect of cell concentration on PDO yield; E: Effect of cell

concentration on PDO conversion rate; F: Changes in cell concentration during whole-cell conversion.
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