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Reconstruction of methanol utilization pathway enhances
co-utilization of methanol and CO; in Komagataella phaffii
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Abstract: [Objective] The engineering of the reductive glycine pathway (rGlyP) in Komagataella
phalffii (syn. Pichia pastoris) represents a promising strategy for the co-utilization of methanol and
CO,. However, the efficiency of this pathway is constrained by the insufficient supply of
intracellular reduced nicotinamide adenine dinucleotide (NADH), as the native alcohol oxidase
(AOX) pathway generates hydrogen peroxide rather than NADH, leading to energy loss and
oxidative stress. To overcome this bottleneck, this study reconstructed the methanol oxidation
pathway and employed a subcellular compartmentalization strategy to optimize the carbon flux and
energy metabolism. [Methods] Five different sources of NAD -dependent methanol dehydrogenase
(MDH) were screened in an aox//aox2-deficient strain by using the growth curve and methanol
utilization rate as indicators to determine the optimal MDH, and the methanol induction concentration
was optimized. Subsequently, a compartmentalization strategy was employed by fusing the
peroxisomal targeting signal 1 (PTS1) to MDHNIT, which targeted the enzyme to the peroxisome
to spatially couple methanol oxidation with formaldehyde detoxification. [Results] The MDHNIT
derived from Cupriavidus necator had the best catalytic performance, and the optimum methanol
induction concentration was optimized to be 0.6%. Under co-utilization conditions, the engineered
strain achieved a methanol consumption rate of 28.98 mg/d, with the total intracellular NADoy
pool, NADH/NAD" ratio, and biomass being 1.3, 1.2, and 2.2 folds, respectively, of those in the
parental strain. [Conclusion] This study successfully alleviates the redox cofactor imbalance in the
rGlyP and enhances co-utilization of methanol and CO, in K. phaffii, providing a robust chassis and
a theoretical basis for the development of microbial cell factories utilizing one-carbon resources.
Keywords: Komagataella phaffii; methanol dehydrogenase (MDH); reductive glycine pathway
(rGlyP); compartmentalization strategy; CO; fixation; one-carbon resource utilization

HIE T CO, 2 BT HORIEF & Y nl fE2E —  FX S8k vh A H b B T 8 S A Ak
R BTIR, AELEY i SUR R B AU R RCE AR T, Al AR R — B
IR RS AL P BER Ay e S IREAE o lsa bl o AR IRRRE . AT AR AL B2
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M=, ks EReR AT H AR B A B
RIS X, BT Sk

N T 0 38 5 PR H 2 IR i 1% (reductive
glycine pathway, rGlyP) 1% A4 2L [& ik , CAEZ
P LA b F T8 CO, Ak o A W i Fl Ak 27
i e R Y (Komagataella phaffii) B 5¢ £
L3y 25 35004 H A1) FH 4 72 (methanol utilization
pathway, MUTP), il TR L kE rGlyP, SEER
T XA CO, BRI, rGlyP B 3z %
o BE AR 78 2 B IR i T (RS T BE AR R A B
ey mE AR AR T B 4R Ak i (alcohol
oxidase, AOX) R 4L, %R 4 A AL W B il H
JefEp A EA AR B, X — B =4
W7, B R AR AR T 2K TE FE AR 1Y I8 D
FPL L, HOEBUA B BRI TSR, ffHen
LTS S A R, G vGlyP, SRR
H1 CO, PRI I FHALZE B SR [n]

FH 15 Jiii %0 1 (methanol dehydrogenase, MDH)
FHET ARAN KRR BEERE T, ek
A A ol R . AR T A2 AR RO ORTR],
B R T MDH 1] 4328 3 28 Il i 14 ok R
(pyrroloquinoline quinone, PQQ){AHi 7l MDH, &
A s 70 I A il LA R AR T M R MR W RUA% R
NAD K #i % MDH, i, NAD"{ii%i MDH
AL BEA BT, JHAE NAD I A2 lad Ji )
NADH"*", MDH 75 4% f¢ H BEY [l REHy rGlyP
PR 20 ), SR E MUTP A1

K. phaffii A0S JERTIIHI L1 5 F 4 rGlyP (1)
HEARE, 7] PrEF A B CO,, (HHAERK
ZBRF IR HEAE AR 5 FOR R A= Mok
VR NAD' K #51%] MDH 5| AMeaRmERE, i1t @
FRINUE aox] Fl aox2 FEF LITHBRTS s T4, it
RIG B A MDH, FE ML 3ERE T, SR ZE4K
W&, Kt MDH & T A LY BHA, TR T
HEF HizE . BHEHS «GlyP #i4, RN
NADH 7K J H s AR e s, DL
A ) R T Tl v — Rl B U R 255 ) T AR AR A0
HISEE
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1 AR5

1.1 #R
111 E#RAE AL

K. phaffii GS115 14 H ThermoFisher Scientific
2Nl K. phaffii A0S AR Li S0 g
HERACH H ARG G Bk T rGlyP, WI7EH
FERAIREE T P [R] [ B AN COpo AN SR A
FHM ORISR A pBB1. pAIOS, pAOR, pGAPZB
S ARN, ARSI = M IR

AW I ORI 3% 1 s o ASBIF5E B
FHARINER 2 PR
1.1.2 EBFRE

LLB (low-salt Luria-Bertani)}5 73 (g/L): [#
BRI 5.0, BREFK 10.0, NaCl5.0.

LB (Luria-Bertani) 5 #5238 (g/L): FEREHE I
5.0, BRI 10.0, NaCl10.0,

YPD (yeast extract peptone dextrose) 1 #i Jk
(g/L): BEEEELIUY 10.0, JEEE K 20.0, #%
i 20.0

MDG (minimal dextrose glycine)} 73 (g/L):
TR IR IR YNB 13.40, #iZH 20.00, H
2 1.13,

=1 AEARET AR

Table 1 Plasmids used in this study

Plasmids Characteristics ~ Source
pBB1 MDH2 IV 9 Cam® This study
pBB1 MDH3 IV 9 Cam® This study
pBB1 MDHBS 1V 9 Cam® This study
pAOR MDHLXT I1 7 Amp" This study
pAOR MDHNITII 7 Amp"® This study
PAOR ACTI 11 7 Amp"® This study
pGAPZB MDHNIT Zeocin" This study
pGAPZB MDHNI1T(p) Zeocin® This study
pAI05-sg PNS IV 9 Zeocin" Lab stock
pAI0S5-sg PNS 11 7 Zeocin" Lab stock
pAIO5-sg aox1 Zeocin" This study
pAIO0S-sg aox2 Zeocin® This study
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Table 2  Strains used in this study

Strains Characteristics Source

K. phaffii GS115 PNS 16::Ppa. Rad52 Lab stock
1A-GS115 K. phaffii GS115, aoxIA This study
2A-GS115 K. phaffii GS115, aox1A aox2A This study
2A-MDH2 K. phaffii GS115, aoxIA aox2A, P,ox;-MDH2, P,ox;-ACT1 This study
2A-MDH3 K. phaffii GS115, aox1A aox2A, P,ox;-MDH3, P,ox;-ACT1 This study
2A-MDHBS K. phaffii GS115, aoxIA aox2A, Pyox;-MDHBS, P,ox;-ACT1 This study
2A-MDHLXT K. phaffii GS115, aoxIA aox2A, Pyox;-MDHLXT This study
2A-MDHNIT K. phaffii GS115, aoxIA aox2A, P,ox,-MDHNIT This study
A05 K. phaffii GS115-Shm1A Shm2A GlyIA AgtA, Pgp-MIS1-1 Lab stock
AO05-MDHNIT(p) A05, P,oy;-MDHNIT (PTS1) This study

o2 T ) [543 3% L 75 B A 20.0 g/L
PIBAE. WIMPAERNEER. AFEFER
TAEHSE 7 100.0 pg/mL, PESEEE R TAEHE
A 25.0 ug/mL,

BMMH (buffered minimal methanol histidine)
g (g/L): BRI 22 v (pH 6.0) 0.100 mol/L,
o SRR AR YNB 13.400, HEE 0.1%-2.0%
(AR, TR 0.004,

MMF (buffered minimal methanol formic
acid)}i F7 3 (g/L): LA WA YNB 13.40,
HIEE 0.6%, WK 1.84,

1.2 EFEE IR FRRRHE

A BEIR S R S 2 B A S, Y
HIVLIR R CEYRHCA BRA w6 . MR
Ui, 434 S MDH2 F1 MDH3 [ [ 2 76 AT
W(Bacillus methanolicus)"'*">]. MDHLXT [f#AKE
81 52 R 2F 0T B (Lysinibacillus xylanilyticus) ],
MDHNIT [ B 5056 18 (Cupriavidus necator)!'"]
UL N MDHBS [ & # vg Jig 7 b 2F 0 #

(Geobacillus stearothermophilus)?'!],

f#i F§ PCR ¥ 4% MDH 3£ A /Bt L &% GS115
FLRHIL 7 [RYREE . IV 9 Rl . Puox B3I T
AOXtt £ b F F B, DAJF IR Uk A AR AR A5 31 4%
PEFURLCE R B, PRI Gibson 21 27 3% 42 i
BEE AR B

1.3 B ITIEERIAE

T S5 H ] CRISPR-Cas9 J: K @ A/ % R 5%
R IR A 1 aox], 3RS 1A-GS115, fEIE
FEAl P aox2 @iBR, 153 2A-GS115 KA
11O

il A R 51 9 (3% 3)FN KL DNA B ifE 47
PCR 444, 45 ZAHR SOk 4 A W] EES i) MDH
Fik& . ACT1 RikG R B, FIHLmERAR
CRISPR-Cas9 & [H 5 A /i B 2 Gt ml A\ S 45 1 Bk
Wi, X TFIJEF ACT1 B 2 # MDH (MDHLXT

=3 PCRFTH3I|Y
Table 3 Primers for PCR

Primer Primer sequences (5'—3")

names

MDH2-F CATATGAAGAACACCCTGTCTGCA
MDH2-R TTAATGGTGATGATGATGATGCATCG
MDH3-F ATGACCAACACTCAATCTGCTTTC
MDH3-R TTAATGATGATGATGATGATGCATAGCG
MDHBs-F  CATATGAAGGCCGCAGTGGT

MDHBs-R  TTAATGGTGATGGTGATGATGATCTTCTT
MDHLXT-F CATATGAGCGATGTTCTGAAACAGTT
MDHLXT-R TTAATGGTGATGATGATGATGACTCAGG
MDHNIT-F CATATGACCCATCTGAATATCGCAAAT
MDHNIT-R TTAATGGTGATGATGATGATGCATGG
ACTI-F CATATGGGTAAACTGTTCGAAGAAAAGAC
ACTI1-R TTAATGATGGTGGTGATGGTGCA

http://journals.im.ac.cn/actamicrocn
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MDHNIT), HIEHAZPHEA S 7, FH 3 Ff
MDH k& A RIV 9 i, R ACT1 %
R EARABRRI 7 754,

ki DNA AR . 48— & HI1 Bk DNA /M
TR 6 (R v ME P A R B e A A BR S B A T
PEC, PEBCH WA S B 5

PCR JZ Jif #& % (50 uL): PrimeSTAR® Max
DNA Polymerase (TaKaRa 7% #]) 25 uL, Jii fi
DNA fitg 1 pL, L. TSI (10 umol/L)4%
2.5 uL, ddH,O 19 uL., PCR JZJii %44 98 °CHi
ARPE: 3 min; 98 °C7EME: 30's, 58 °CiEk 30s, 72°C
FEAH 2 min, 3£ 30 PMEFR; 72 CCAAEH 3 min,

AR X = Ak B E A AR
Sk PTS1 %% MDH 19 C % . X T 55 %
ACT1 3% ) MDH, 7£XT MDH & {37 1 [A] B 2
g1 PTS1 %F ACT1 #4758 7 .
1.4 EHREKEZRNE

SRR 2 5 mL YPD 8 MDG TR 1455
FIp, B 1-2d, 4°C. 5000 r/min &0
5 min YRR, H 5 mL JCR KRR EL 2 .
A2 BMMH 1 55 5L 5l MMF 8532 3E, #14h
ODgoo 5 0.2, 0.4 5% 0.5, FiTLEERFR, HFE
1dak2d AT HE, BRSO BRI ODgoo
HHFATIE , By EEE 3K,
1.5 BEHREREEF A ERAERE 8N E

o8 P v Z55CURRE € A ) R i RO
B BETRAE 4 °C. 12 000 r/min &.0> 5 min, " HL
FWEW, 022 pm JERE A GEAL B, HPLC H
A A% . Aminex HPX-87H 43 44 (9 um,
1 300 mmx7.8 mm, Bio-Rad /A &), Vi sh4H :
5 mmol/L H,SOy4, Wi & 4 0.6 mL/min, &
BEE N 50 °C, 817 22 min, B il A 6] v B A
B FH B, RS AR 0 TR 5 AR B X I O R 4
bR AE 2K

K FH e 3 e RSO 2 M AT R, FE
FI NAD'/NADH #3075 & (WST-8 7%) ([ ifE 8
= RAEDFAR A A RS E) XK NAD B

P4 actamicro@im.ac.cn, 7 010-64807516

1 NADH/NAD #4700 & , A SLI T 3 Ik
ATEE, K IR T ER B E T

2 HBEREQHN

21 WEHMBAEBSEKIFFERM
MDH

EEOREERE TR IEAE AOX RS, ARG fEH
B I, AOX REE4ALEE AOX1 Fil AOX2
PP, BFSE R, 7E A — R R AR TR R IR Y
MDH R8I EAAR RN, Ry i e R R e A
) MDH, AHF57RH] CRSPR-Cas9 4% AR Al ek
BEREF Y aox] F1 aox2, Fa XL FE 7 FS 28 201 it
2A-GS115, Ff¥ AR MDH 43515 A 2A-GS115,
DI S 4 M 0058 MDH AOAEH o TR A I 5 # 2
T AOX1 HEPERIE R, HTXT L

T T R B 1.2% F11.6% B
R, 4R ER, HA 2A-MDHNIT
AR R Em THREM, 78 1.2% H iR
i, H ODeoo 18 55 5 a5 51 1.3, 1 X B8 B ik Y
ODyoo [E I 1L H 0.6 (8] 1A), MDHNIT 3
MR, BENEH 7 [El b AOX SRR T8 AR
IS INiER

Bl G R RRTE 1.2% A1 1.6% H Bk B T Y
AW S EAR T GS115 B AR BB bR, XUESE T
AOX JEHEAR R 2 WP B AR AL . a5 Y
AR AOXT PRI RN XU 66 780 B AR ) LL & PR
MDH fE7E 5 AR Rk rh i Ak F B it S04 Ak, (B
WSS T AOX (K 1),

WKl 1 fi7s, 2A-MDHNIT Bk B Bk
R 1.2% B a9 A th e 5 T 1.6%, HEII AT fig
FEAE— il Bk B2, BB M 2A-MDHNIT [#
BRI Rk BB -
22 EFEHEKRNRIERERE

45T MDHNIT B FR7ERAR T Bk B2 T A
AL, #E—2DXF P R B AT Tk, E
B 0.3%. 0.4%. 0.5%. 0.6%. 0.7% iX 5 k&
PEATRE RSN, B2 T 0.6% A fie e H vk
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A ® 2A-GS115 ¥ 2A-MDHBS
L6r = 2A-MDH2 -+ 2A-MDHLXT
14k 4 2A-MDH3 @ 2A-MDHNIT

*‘o/.\i
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0.6
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0.0 1 1 1 1 1 1 1 1 1 1 J
01 23 456 7 8 91011

id

C
16 ® GSl15
e #1A-GS115

Bl ARE®RESERERE THE K%
Figure 1
concentration; B, D: 1.6% methanol concentration.

FE. TE 0.6% HEIREE T, WHk ODeoo [H % ik
#] 2.3 (K 2D).
23 REHERKETEHEKRBE K
Ze FNEAEE FI| A =

FEARALIY 0.6% FIEEHR R, P74l T4 H 4
BRI A K SR YEAE RS o Bk 2A-MDHNIT
RSN, HARBEMRIICEA SR R A K

%5 8 K, 2A-MDHNIT & Bk 52 9 55 i 1)
ODgoo 8, HEUER 2.5 (Kl 3A), 5XJHE 2A-GS115
FERRA L, 2A-MDHNIT B REH I EE SRR 2
41 4.09 mg/d (& 3B), 3& m FAGEY HUE &5
TR AR RE AT BB AL . xS it — WS T

2153
B ®2A-GS115 ¥ 2A-MDHBS
Ler W 2A-MDH2 #2A-MDHLXT
14k 4 2A-MDH3 @®2A-MDHNIT

® GSI115
= 1A-GS115

Growth curves of different strains at varying methanol concentrations. A, C: 1.2% methanol

MDHNIT 1§ g B of5 i B FY A 35 o AL 19 1 3k
MDH.
24 EH MUTP {BEk rGlyP {2 R ER
1 CO, thEF A

PO S PR 2 45 i (formate-THF ligase, Mis1-1)
BA 3 Fhhne, nliEfb iR 5 0 SR (THF) 45
A A B - DY S0 R (10-formyl THF), i HA
SV HH 56 DU &P R A A 7 S It 3% 2 R ST Y 5 D &=
I o = BETE E . A0S TR SRR Mis1-1 3558 T
rGlyP H SR AR RGEIETT, SR
IR I o BB AR IBERE A0S Y s 48 AL T
AOX R4t KNI =) Z— 0 H,0,, H0,
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©2A-GS115 + 2A-MDHNIT
& 9 Q 25 i
20t /'/'\1\\\‘
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D asp E 2s;
20f i o T 20f
g1.5r g15r e«
S 1.0t S 10} /’
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00 ————— 00 ———— 11

0 2 4 6 8 10 12
t/d

0O 2 4 6 8 10 12
t/d

E2 2A-GS115F12A-MDHNIT7ZE [=) FRES KR 46 B YA K 2k
Figure 2 Growth curves of 2A-GS115 and 2A-MDHNIT under different methanol concentration gradients. A:

0.3%; B: 0.4%; C: 0.5%; D: 0.6%; E: 0.7%.

A
3.0r
2.5F
2.0F ®2A-GS115
= 2A-MDH2
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= 06 ¥2A-MDHBS
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Q
204 I
3 3 e
=03 %
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202} .
Q
= 0.1F
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B3  0.6%FEERE T RIZMDHAY2A-GSSE MR YA K 2k Fn RS #E

Figure 3

Growth curves and methanol consumption of 2A-GS115 strain expressing MDH at 0.6% methanol

concentration. A: Growth curves; B: Methanol consumption.

(AL R RE T ZR IR g o IRl W R4t
B, WPEREE R AIMEETEY BT, XA A
YER.

ShfiedR rGlyP i I A4 S5 A A R
IR, B 0 %k Y e MDH B MDHNIT 5] A
Li 28y g g e SR RE A0S . SRITTIX %4k 5K
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W%, ¥ MDHNIT & Fad S b Prifa, M
PR FRAS, PASHH R A05-MDHNIT(p).
R R EL N E 4 frx, MDHNIT 7Eid Ak
PrBGAR Pf B AL H R, [WIRPRE NAD %4k
9 NADH. X —& it HAMERE: (1) = 0HkE
B, R RE A R R AR 2o SR A A DY
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AOX1/AOX2
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Y
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¥ |
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~
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Peroxisome

E4 AOSEIANAD /NADHKHHE R REE

5,10-methylene
NAD(P)I THF
\ X
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» HCOOH H,0+CO,
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%

\%—
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v--3¢-°°
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Figure 4 Diagram of the pathway of NAD'/NADH metabolism in A05. Red indicates overexpressed enzymes,

including: formate-THF ligase (MIS1-1); Blue indicates knocked-out enzymes, including: glyoxylate

aminotransferase 1 (Agtl), serine hydroxymethyl transferase 1/2 (Shm1/2), and threonine aldolase 1 (Gly1).

POl X L A RE R (2) REERAREK, U AR
NADH 7] i #4E 25 rGlyP i F R 3 58 52 17 M H
RIRZ R G(GCS)IEH, FFE i bk R om
CO, [EERCR .,

i Fl MMF 55 37 35X A05S-MDHNIT(p) k47
KW, MERERMAERKIG . g5 ER, Zid
10 d }5 5%, AO05 AR ODgoo (HILE] T 2.5,
AO5-MDHNIT(p)E #R Y ODgoo (HILF] T 5.5, 2
T2 1.2 f5(F 5A). X T H BRI RES O,
A05 T Bk Fl AO5S-MDHNI1T(p) & # 1 HY st F1) F
FANKE 5B s, 51 A MDHNIT J5 H B8 #¢

R P, A0S TR AR Y T Y E B R
17.88 mg/d, 1fii AO5S-MDHNI1T(p) i #k 1) F B 7
FEH RN 28.98 mg/d, & A0S IHFRI 1.62 1%,

A iF X & B 25 6 KB A0S B Fk AN
A05-MDHNIT(p) EZEATUEE , Il H NAD
AL FI NADH/NAD . 2 R B A9 NAD o 4351
4 1.64 pmol/L #12.21 ymol/L, A05-MDHNI1T(p)
PR NAD S5 e A RN 1.3 1518 5C).
X} T NADH/NAD' [t {H, A05-MDHNIT(p) &tk
(2.08)42 A0S FFR(1.75)0Y 1.2 f5(d 5D), X
MDH e ik 2 58 i i i k2
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Figure 5

Effect of introducing MDHNIT at a 0.6% methanol concentration on the A0S strain. A: Growth

curves; B: Methanol consumption; C: Total NAD; D: NADH/NAD". **: P<0.01; *: P<0.05.
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