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Abstract:  One-carbon compounds such as methanol and methane are cheap and readily available feedstocks for biomanufacturing.
Oxidation of methanol to formaldehyde catalyzed by methanol dehydrogenase (MDH) is a key step of microbial one-carbon
metabolism. A variety of MDHs that depend on different co-factors and possess different enzymatic properties have been discovered
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from native methylotrophs. Nicotinamide adenine dinucleotide (NAD)-dependent MDHs are widely used in constructing synthetic
methylotrophs, whereas this type of MDH usually suffers from low methanol oxidation activity and low affinity to methanol.
Consequently, methanol oxidation is considered as a rate-limiting step of methanol metabolism in synthetic methylotrophs. To
accelerate methanol oxidation, thereby improving the methanol utilization efficiency of synthetic methylotrophs, massive researches
have focused on discovery and engineering of MDHs. In this review, we summarize the ongoing efforts to discover, characterize, and
engineer various types of MDHs as well as the applications of MDHs in synthetic methylotrophs. Directed evolution of MDH and
construction of multi-enzyme complexes are described in detail. In the future prospective part, we discuss the potential strategies of

growth-coupled protein evolution and rational protein design for acquisition of superior MDHs.
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Oxidation of methanol to formaldehyde by different types of MDHs. (A) Methanol oxidation by

PQQ-dependent MDH occurs in the periplasm of Gram-negative bacteria. Methanol is oxidized to formaldehyde and
reduced PQQ (PQQH,) is produced by PQQ-dependent MDH. Then, PQQH, is reoxidized to PQQ by cytochrome c,.
Electrons reach a terminal oxidase with the electron transport. (B) NAD-dependent MDH catalyzes methanol oxidation
in the cytoplasm of Gram-positive bacteria, which utilizes NAD as the cofactor and generates NADH, providing
reducing power for metabolite production. (C) AOX locates in the peroxisome of yeast. O, serves as the electron
acceptor. Methanol is oxidized to formaldehyde with production of hydrogen peroxide, which is subsequently

decomposed to H,O and O,.
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Table 1 Kinetic constants of NAD-dependent MDHs from different sources
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Enzyme Spec(lﬂ;:n:i;:;lwty Km (mmol/L) L/K(#Eclats) Assay condition References
MDHgmmcas 0.06 170.00+20.00 ND 45 °C, pH 9.5 glycine-KOH buffer [18]
MDH2gmca3 0.09 360.00+30.00 ND 45 °C, pH 9.5 glycine-KOH buffer [18]
MDH3gmmcas 0.07 200.00+70.00 ND 45 °C, pH 9.5 glycine-KOH buffer [18]
MDHgmnmeastACT 0.40 26.00£7.00 ND 45 °C, pH 9.5 glycine-KOH buffer [18]
MDH2gmmeastACT 0.20 200.00+20.00 ND 45 °C, pH 9.5 glycine-KOH buffer [18]
MDH3gmeastACT 0.40 150.00+10.00 ND 45 °C, pH 9.5 glycine-KOH buffer [18]
MDHgmps1 0.03 220.00+30.00 ND 45 °C, pH 9.5 glycine-KOH buffer [18]
MDH1gmpp1 0.02 170.00+60.00 ND 45 °C, pH 9.5 glycine-KOH buffer [18]
MDH2gpg1 0.08 330.00+0.05 ND 45 °C, pH 9.5 glycine-KOH buffer [18]
MDHgpg1+ACT 0.20 10.00+1.00 ND 45 °C, pH 9.5 glycine-KOH buffer [18]
MDH1gmpei+ACT 0.05 5.00+1.00 ND 45 °C, pH 9.5 glycine-KOH buffer [18]
MDH2gpe1+ACT 0.38 110.00+50.00 ND 45 °C, pH 9.5 glycine-KOH buffer [18]
MDHgs334 0.02 26.00+5.50 0.54 30 °C, pH 7.4 potassium phosphate buffer [22]
MDHc, 0.32 132.00+15.40 1.60 30 °C, pH 9.5 sodium bicarbonate buffer [23]
MDHc, CT4-1 0.29 21.60+1.50 9.30 30 °C, pH 9.5 sodium bicarbonate buffer [23]
AdhAc, 0.29 97.00+9.80 2.10 30 °C, pH 9.5 sodium bicarbonate buffer [23]
MDH2gmca3 0.13 432.00+32.00 1.18 37 °C, pH 9.5 glycine-KOH buffer [24]
(Q5L, A363L)

MDH, 4 0.30 3.23+1.05 66.80 55 °C, pH 9.5 [25]

2-cyclohexylaminoethanesulfonic acid buffer
BmMGAZ3: B. methanolicus MGA3, BmPB1: B. methanolicusPB1, Bs2334: B. stearothermophilus DSM 2334, Cn: C. necator
N-1, Cg: C. glutamicum, Lx: L. xylanilyticus, ND: Not detected.

% : 010-64807509 E<L: cjb@im.ac.cn
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Fig. 2 High-throughput screening methods for MDH variants. (1) Nash reagent. Nash reaction can detect extracellular
formaldehyde produced by methanol oxidation through the reaction of formaldehyde, acetylacetone, and ammonium
acetate. Diacetyldihydrolutidine, the Nash reaction product, exhibits yellow color and can be quantified by absorbance
at 412 nm. This method can correlate the MDH activity with the absorbance of Nash reaction product. (2) Formaldehyde
biosensor. This method is based on the formaldehyde-inducible promoter Py, its regulator FrmR, and a gfp reporter
gene. In the absence of formaldehyde, the FrmR binds to the regulatory region of Py, preventing the transcription of
downstream gfp. In the presence of formaldehyde, the nucleophilic Cys36 of FrmR reacts with formaldehyde and causes
a change in conformational. Consequently, FrmR dissociates from Py, and the transcription of gfp is activated. This
method can correlate the MDH activity with the GFP fluorescence. The MDH library can be partitioned into bins via
flow cytometry on the basis of GFP fluorescence. (3) PANCE (phage-assisted noncontinuous evolution). PANCE is also
based on P;,,and FrmR but correlates MDH activity with the phage propagation rate. The essential phage gene /// is
cloned to the downstream of Py,,. For E. coli cells infected by a phage harboring a superior MDH variant, formaldehyde
is produced by methanol oxidation at a high rate and gene /// is expressed at a high level. Consequently, the phage
propagation is accelerated and superior MDH variants are enriched in the system. Red dots represent permissive and
beneficial mutations, and black dots represent detrimental mutations.
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U Sl R RS SR, R
o7 JHL P £ R S VR 13 . Woolston 25 PH5E 3o £ 1k B 38
HFrmR 5E3I TR EX, BEReS T HEA

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

WAt I 0 R B, S A DU BRI (B4 5 1 umol/L
S . Roth 2P0 FH % P e 1R e, Ik A ke
Bl R 5 AR A R I R ARG, FR T
Wit B A B AE % 22 BE L (PANCE) ik, X
MDH2gmmeas #EATHEAK, i BE R AS 1) 5 O 58 A8 4
(Q5L. A363L) MY Vmax BHF 45 MDH2gmmcas H
1o 3.5 % o A B A b B iR X 46 58 AR 7 sk 4 5 MDH
PEALTE PR AL, Roth 55 4 38 o 2 11 o ] Y58 A
Xof GEAE T s X EE R W E AT AR BT, S5 AR R T



Rizfe S—mAEXEBE—PERREBIARHESRE

B R A EN T NAD SN 1454 145
PRI IX I, 5 MDH BB %ok — 2 o 4R 43t
THEIERE . SRIET B. stearothermophilus DSM
2334 1) MDHaszgaa FL A AF X i 114 Y4 AL 16
R T T R R E P Guo 41
f#tT T MDHegoaza B ARIRZERY , I X 27 1 5T
11008, RIS NEE HEGEIRY), 4 hHEss
55 2% BH 3 o JES 90 O 4 1k 32 22 051 IR F 2 1 - IS
HEYREEE; ZHREY, XIRYEG N4
HATE ML, A4S MDHegass X HI R RE
SPEREALIEE . Lee 212N ot 2 1 5 [R] Y A6
o3 F XS HT, XTEEE R 16 4> MDHL 6P
FIASF NAD 4545 DXHURH OC 1) 22 HE R % 2 E 1 7 3!
PEMUE , FRIF I G IK Vinax 32755 T 13%-60% . LA
IR R, e BRI oA $E S MDH
PIHEAL TG PEER AL 1 B Z R Ak

4 MDH #8E AKNHE

NAD {KHiH MDH itk 1% FF - B R 46 e
IV AT 3RV, MDH3emmcas fil 1k H s 21 FH A
Keat/ Kin 1L A FF T 21 PR B2 49 1/2 000781 At
PP it S A 24 o Py Y RS A 5 5 T A DAy Y
AT 5 0 FE A R PR o e dh,  HP R — A
WIER M @B A Y, T LA AR P 9 8 5
FAGTR KA ARRe S PR SN, 7™ F A 4 L ) A
P, g s P R AL RN, R TR R,
Price % VSVH FH SH3 e A 1] i A T AR, ¥
Mdh3gmmoas FISEIE T M. gastri 1) 3-C ik -6-# ik
A LG (HPS) 13- P A -6-f IR 5 A (PHI)
Myl =55 54K MDH-sSH3lig-SH3-HPS-PHI,
H-o | A LWL I S A% R NADH X MDH 4 52 i 11
il A SN AL B A SR -6- R (F6P) 1Y
PR T 97 fif. UL AT H B FE
T3k 1.7 mmol/(L-h). Fan ZeP2Bk i 344
T MDH-HPS-PHI By@l& 8, [RFE AT 5 & B
& F6P My bR, i LA [FR IR RuMP

% : 010-64807509

AR IR HPS F PHI (UBETE J1, i e fee A0 ) il
HEAT RS B A, BE SR 3 1 K
(GGGGS)*x3 FI(GGGGS)x6 j MDHpssas 3 %
PG . EURG 8 A B A B FEP 1Y
R T 30%. FE, ZFRE LY
MDHgs2334 5 HPS 5% HPS-PHI @& ik iy, HA
TR BAATE:, RIZEE SR
FEHE R MDH AL I6 M B A W AL ORI A
RO W

5 RELHRE

A AL — i A R Gk 38, (B T
NAD &8 % MDH X H s i) S Fde e 2, Ak is
PEEAR, H R AL th e A T 3R 55 1 R W)
f PR A RO, hy g e NAD K75 MDH 7830
J1% AR, DA 245l o 8 1 B )
25 4 35 T TP I A D A0 ) v 30 i O 20 R g O
it 5 £ 5 W 28 AR (A, {H H AT 3R AT 19 28 28 (R AT M
DL A P WA Ak R ok . BRTE A 24
W B BAA A T H AL ) C. glutamicum Al
E. colil®-34749) pse bR sty A1) ) 3o 35 15 0 2 4k
JE B HARER, I AR R 1 bk ] TR T A
K MDH SCEE . i MDH 2828 /RS
B N H RIS RN T AR, HAT e R AR T
) MDH S8 AR (A A AN B R A AL 3, FEifE Sk
B g E 4, 2Ok T AL A
F14 0 3 7 30 ST , oA 2 B R AR A P g PR K
RELER MDH AR, 55—, RTEAm
MDH # (1SR gE#y, Al H Ry msi R 7454
FASHEAT R T, 8% MDH MR 45 & 7 5
PR, $&m MDH XJ I BE ) 38 F v AR 1L s 1 . itk
Gb, Bl A PAE B E KB R g R, AT L
I FH L DR A2 4 SR, 4] 4n DAk DR 4 8540 v R T
TRAET Tl 17 4 RN 25 0 05 R AZ S B I SE Y, R
BB OL R A MDHEY, de Simone 2B
LA B. methanolicus PB1 Y MDH2 J¥ 4 M AR 7E
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A H g A5 D YRR B s oA o — il Y5 R BB VR 2R A T
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