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Optimization of the multi-enzyme cascade for synthesis of
L-threitol from formaldehyde
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Abstract: L-threitol is a significant intermediate in pharmaceutical synthesis. Previously, we
developed a one-pot, two-step multi-enzyme cascade for synthesizing L-threitol from
formaldehyde. In this pathway, benzoylformate decarboxylase (BFD) and fructose-6-phosphate
aldolase (FSA) catalyze the conversion of formaldehyde into L-erythrulose. This is followed by the
reduction of L-erythrulose to L-threitol, driven by L-threitol dehydrogenase (TDH) and a methanol
dehydrogenase (MDH)/isopropanol cofactor regeneration system. While this route boasts high
atom economy and minimal by-products, the compatibility and optimal concentrations of the
enzymes required optimization. [Objective] To systematically optimize the dosages and
compatibility of enzymes in the multi-enzyme cascade to enhance both the reaction rate and
conversion efficiency. [Methods] The activities of four key enzymes—BFD, FSA, TDH, and
MDH—were assessed. Subsequently, factors including enzyme dosage, the cofactor regeneration
system, reaction duration, and temperature were optimized step-by-step to improve the system
compatibility. [Results] The optimal reaction conditions were determined as follows: enzyme
dosages of BFD, FSA, TDH, and MDH being 10, 1, 1, and 8 mg/mL, respectively. Notably, the
dosages of FSA and TDH were reduced by 87% and 67%, respectively, compared with
pre-optimization levels. Other optimal parameters included a NAD" concentration of 2 mmol/L, a
reaction temperature of 30 °C, and reaction duration of 8 h (representing a 60% decrease from that
of the original system). Under these conditions, the maximum L-threitol concentration reached
166.76 mmol/L, with a yield of 89%. In a scale-up experiment, the L-threitol yield remained at
80%, representing a 43% increase compared with the pre-optimization level. [Conclusion] By
systematically optimizing enzyme compatibility and reaction conditions, this study significantly
reduces the enzyme dosages and reaction duration for converting formaldehyde to L-threitol.
Simultaneously, it substantially improves the production efficiency and yield, establishing a robust
foundation for the enzymatic synthesis of L-threitol from formaldehyde.

Keywords: formaldehyde; multi-enzyme cascade; L-threitol; reaction system optimization
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- 1,4- U LR R ) ) S B 1 AP, %25
TEIG IR b F T 0 898 . Wk CUR & So g 2 &
PEREALAE A93A 7T BeAh, L-dob il T a it
PRI AT A AR R A5 2,3-0-57 3. T4 - L- 75 B it
1 1,4-—-O0-"F Hk-L-Jpopims 25 B 2 PR e K
PRS0 5 — S T AT A ) A 5 - R I
(threitol-ceramide, ThrCer), B &HE AR T
21 ifd (invariant natural killer T cells, iNKT 4 fifd)
18 240 B3 B 70 o2 LR 2 Ik e 1 2R el
BT UL L-OpBE I Sk e, A
B/ SERE T, MR I 2 U 28 )
F W A 4L BE 1d (cluster of differentiation
1d, CDId) B4, BE 6% &7 5 B iNKT 401,
TSR | T 45 14 Gl 25 i sl 5 1 T

L-JpWEBER A B 2R Ak s Hidr,
DL L- i 40 R o AL 4 0BG & i A2 55y it
RNl 7t LA BB b — 2
B, R N ER OR3P B N AT A, Bl S )
FH LiAIH, %53 F W ERSE AT S0 )R, &5
i WOK A9 3 L-J5BERE (K] 2A) SR, 79
WA BER Z H T2 BT, AR TR A
77 T B AR R 3 1 U A R A
I (dihydroxylation), T 4t i BUH AL hy
PURREE T B m Ak, i — DAy L- 95 bk
BEUOT (P 2B). SR, LR IERE T s £
R TR R ek, 2 A g et i A
BEATAE Y s H A PO R T o v ) 44 J5 7 A T

Structures of L-threitol, D-threitol, and erythritol.
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Figure 2 Conventional synthetic routes of L-threitol'*'® and multi-enzyme cascade for the synthesis of

L-threitol in this study. A: From L-tartaric acid to L-threitol; B: From butadiene to L-threitol; C: Multi-enzyme

cascade for the synthesis of L-threitol.
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2.3 NI e ) et oy
Table 1 Strains and plasmids used in this study

Strains and plasmids

Description

Source

Strains
BL21-Gold (DE3)
BL21-pET28a
BL21-BFD-M6
BL21-FSA*!?%
BL21-BsMDH
BL21-NsTDH
Plasmids
pET28a
pET28a-BFD-M6
pET28a-FSAA!?S

F ompT hsdS (rg mg") gal dem (DE3)
BL21-Gold (DE3) with pET28a
BL21-Gold (DE3) with pET28a-BFD-M6
BL21-Gold (DE3) with pET28a-FSA*/?%
BL21-Gold (DE3) with pET28a-BsMDH
BL21-Gold (DE3) with pET28a-NsTDH

pBR322 ori with PT7; KanR
pET28a vector, Ndel-BFD-M6-Xhol
pET28a vector, Ndel-FSAM?*S_Xhol

Lab collection
Lab collection
Lab collection
Lab collection
Lab collection

Lab collection

Lab collection
Lab collection

Lab collection

pET28a-BsMDH
pET28a-NsTDH

pET28a vector, Ndel-BsMDH-Xhol
pET28a vector, Ndel-NsTDH-Xhol

Lab collection

Lab collection

112 EERAFIFLE

JFoR R BGRF £ . SDS-PAGE BRI il 1871
&, RN MERR A YRR IR T SN -
B-D-Aifi A ¢ FL bl (isopropyl-B-D-thiogalactoside,
IPTG), JURESRERHCARATE ;s SR RI%
# (kanamycin sulfate, Kan), H W, FIH T
WA R A

AKTA 4L RS, Cytiva AF]; HAUK
AH {433 (high performance liquid chromatography,
HPLC), Agilent AH]; Etrfl, ER/RFTAUL
AHBRAH]
1.2 BREEEREE
1.2.1 BHFE

LB i fe ik (g/L): BERESEEAY 5.0, A
[ 10.0, NaCl10.0, HFFrFiiEsE.

TB }5 973 (g/L): BELREIU 12.0, R E
ik 24.0, KoHPO4-3H,0 16.4, KH,PO, 2.3, H
i 4.0, HTRERIERSRIK,
122 EFFE

PP 3% . B 100 mL $2, 2% A 20 mL
LB $5573&, JNA 50 pg/mL Kan, 37°C. 220 r/min
Hig: 12 h,

PR S ES: ¥ 1% FFlE KA
500 mL TB 3572304 2 L 2, JA 50 pg/mL
Kan, 37°C. 220 r/min 553 & ODgy ik 0.6-0.8,
JA 0.1 mmol/L IPTG, T 20 °Cifs %k 22 h,
BRLEHS, T 4°C. 4000 r/min &0 25 min
TR, KRR LRAE T-80 °C.
1.3 EERYSELL

DL Uk 2% 28 b W (50 mmol/L KH,PO,,
300 mmol/L NaCl, 20 mmol/L WK, pH 8.0)F%
RN E 20 fEM LBl i r EEIESREE
MM, T 4°C., 7x10"-8x10" Pa JE /1 T,
F AR IR & S KR ALR AR B AR, T 4 °C
12 000 r/min 25.0> 45 min, WEE F VS HLEE

HLBG R 2 0.45 pm SLFLUE R U8 J5 , A
AKTA FHEH4fL RS, LA 2 mL/min (7% FEE
28 TS FH Uk 2% 9% vl ST A A NPT SR FNE BT R o
PLE 50 mmol/L WK I i v i 2% # (50 mmol/L
KH,PO,, 300 mmol/L NaCl, 50 mmol/L B M} |
pH 8.0) 5 ¥k 42 2% wh il E 1716 BE DR, Uk EE B
) HPE B . 55, A HiTrap Desalting
26/10 JI5d Fh AT 68 P i A A7 I R A B, K 2 e
W e Ry R A1 92 vP R (50 mmol/L KH,PO, #l
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K,HPO,4:3H,0, 5 mmol/L MgSO,4, pH 7.4),
1.4 BEEEMNE

Skt b S A AR R L SN AR A
/MR ZR W AE BP 45 55 B BT LA Parafilm &
MR 2% &, RKIKRR RN E = MAIH LIRS
J#i(polyethylene, PE)JH £ |2 L% &
1.4.1 BFIFINHES5ERE

i KRR R ] 22 5 . PRIESC 56—
Bk, AW A A 52 56 2R FH [R) ik vk 4l
foJa o TS . BRI S, & REEwI ik al
AR 287l o o A, 00 S e I LU O SE S
HESEIG T W TR TR VR T8, 80 °CIRFF4s
o B ARCE R TR 2, e Hehs
TR, JFHE 5 e i e S5 I S 7 A )
PHRETN N o S5 20 S A 2 A B E S 56 SR FH
TR T
1.4.2 HEZHEEBFD-M6)Es ENE

P B JEG 4 6 8 B % 1 500 mmol/L, <4 N
HT A FhoWAS ] VR 2900 . 1200, 1500,
2 100 mmol/L)M RGH5¢ . A RFEW], HHE
e FE A 1 500 mmol/L Bf L- 75 A I 7= R 4 i
ik 89.4%"°1, BFD-M6 i 1% ] 52 ) 52 I 44 28 Ky
300 pL 50 mmol/L i Mg 4 2% nf W (pH 7.4,
5 mmol/L MgSO,), KN A 1 mmol/L £ 5% iR
fiit 1 2% (thiamine pyrophosphate, TPP) Fll £ i i
9 2 mg/mL ) BFD-M6P% 4ii 1k i i , % J5
A 1500 mmol/L H! ¥ 5 2 i i . T 30 °C .
1 000 r/min fH IR %% , 435 F & 15 min Al
30 min Bf BUARE, FEARZE 3 kDa #HE B B0 &
B il £ (O 20k O, B4 HPLC I &2 7=
Y 1,3- I (DHA) EE . BFD-M6 1% 715
SR AR pH 7.4, 30 °CH&AMT, B S ik ik
A B 1 pmol DHA Fr s By Bl & & LR 1 ANT% 7
BALU),
143 D-FR¥E-6-MABABEMEBE ST AR (FSAM )
Big & E

S AE 300 pL 50 mmol/L W28 2% i (pH

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

7.4, 5 mmol/L MgSO,) & & HEAT, MKW A
375 mmol/L DHA F1 4l J& f FSAM Sk iy
(& He 4y 5 & 0.1 mg/mL 1 0.2 mg/mL), %
Ja A 375 mmol/L I J3 s ) i . T 30 °C .
1 000 r/min fE AR, 2% T &0 15 min Al
30 min BFHURE, BESHES 3 kDa HEUEAT B0 £ 55
fif 8 I 21k ) B, B8 W4 HPLC 2 7= 9
L- R EEE e . FSAMPS 36 158 Ll . 1E pH
7.4, 30 °CRMT, B b AR 1 pmol L-2R
BERRAE T R SR 1 ANIE 1 HE(U)
1.4.4 L-7-¥EEzRR SES(NsTDH)ESE N E

JZ AR 2 R 100 uL 50 mmol/L B 2 5 2% nfr
W (pH 7.4, 5 mmol/L MgS0y4), T 5/l A 50 uL
375 mmol/L L-ZR &4 A1 2 mmol/L NADH
FURIAW, A 50 uL &4 77 0.025 mg/mL
f) NsTDH [Ns: /&¥K¥% & (Nostoc sp.)|! 4l 1k i
WA RN . T 30 °CARAT, bR
M 340 nm Ak W 5% BE Y AR AL CR AR TR BE 8 s).
NsTDH i Sy X Ry : 78 pH 7.4, 30 °C&AF T,
4y 84 Ak 1 umol NADH Fr 75 1Y B i Xl
1 % S 807(U), NADH B 5 i 35 T AH R 2
NS ST BRI £
1.4.5 FREZR SES(BsSMDH)ESE NI E

S K 2 R 100 uL 50 mmol/L B 2 511 2% i
W (pH 7.4, 5 mmol/L MgS0y), T 5l A 50 uL
P 375 mmol/L N EEFT 2 mmol/L NAD' (1) iR
B, BJa A 50 pL 24 %A 0.25 mg/mL )
BsMDH [Bs: W& # g Wi 2F 18 #F W (Bacillus
stearothermophilus)] ¥ 4l {4 i§ W 53 2h ) W . T
30 °CEMT, FHBEHRAGEZE W 340 nm AR
JEAR AL (CRAE NG 8 s). BsMDH i & Xk 78
pH 7.4, 30 °C&MF T, Hor4hid)E 1 pmol NAD'
JIr s W SO 1 A& T 557 (U). NADH 9
FE AR BE T AR A SO A5 1F T 2 iAs e £ .
1.5 #&M7EE
1.5.1 trEZBE S

L- 75 #% [l ## (L-erythrulose) . L- 7 B [i%
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(L-threitol) A1 DHA 4351 50 mmol/L iR 8 2%
W (pH 7.4, 5 mmol/L MgSO,) it il A% 1 mol/L
W, IR REA 3-400 mmol/L A9 F6 AR T
% HPLC iz hibri £ .
1.5.2 HPLC #& &4

HPX-87H {7 3% 41 (300 mmx7.8 mm, 8 um),
BN 5 mmol/L iR, itk 0.6 mL/min, #f
FEa 20 pL, FEIR 40 °C; Fllgs . SEAMGIN AR (R
WM< 210 nm) 7R 2256 &5 . ChromCore
Sugar-10Ca %1% #1: (300 mmx7.8 mm, 8 um), i
AN EEK, W 0.4 mL/min, #EFE& 20 plL,
FEIR 55 °C; Allgs: s rer e .

2 EREH

2.1 BFD-M6. FSAA'”S. NsTDH 70
BsMDH HFRiE 541k

T AR 5 FE AT 4 A ek R AT 4liAk
gh L R BRAS T R Al Y AR R R 3A.
3B), W] E TG BRI R .
2.2 BFD-M6. FSA*YS,
BsMDH BIEgE N E

%t BED-M6. FSA*'?*S NsTDH #il BsMDH
4 AR TRES I, Z59UNER 2 FR. L9k
WIS R — B BT R G 2 A, FSAMS (i
FLYE 1= T BFD-M6 (29 31 ), 15iH] FSA®?
fitg A SR p e zs il 55 — BB, NsTDH
(49 10 3E 735 55 T BsMDH (24 %), 14W] NsTDH
fitg FH = A B K Ak a5 1l .

23 A=K
23.1 EHUABRBA L-RERENEEE NI

S — B B SO DL R R, 4 A A
oAz B B P2 ) L- AR B WA . B, A ifk
LW RN, F8T A6
W iF BFD-M6 & [1(2. 4. 6. 8. 10 mg/mL)7E
1 500 mmol/L FV# % 7.5 mg/mL FSA?S 4fififf 5%
PR, R 5h Fl 10 h AR v L-oR 8B Y
ARG, AN 4 TR, 4 BFD-M6 & ik

NsTDH #0

4607
A a1 2 3
100—
75— .
65— < 58.6 kDa
45—
35—
I - <«26.2kDa
B 4 5 1 kDa
B — 100
75
65
38.4 kD -— »
o a—>
31.3 kDa — W 3
25

E3 XHEEERYLEL K SDS-PAGESH

Figure 3 SDS-PAGE analysis of the purified key
enzymes. A, B: SDS-PAGE analysis of the purified
BFD-M6, FSA**S, NsTDH, and BsMDH. Lane 1:
Protein marker; Lane 2: Purified FSA*'?%S; Lane 3:
Purified BFD-M6; Lane 4: Purified NsTDH; Lane 5:
Purified BsMDH.

%2 BFD-M6. FSA*?S| NsTDH #1 BsMDH HY
FigsE

Table 2  Specific activity of BFD-M6, FSAA'?S,
NsTDH, and BsMDH

Enzyme Substrate concentration/  Specific activity/
(mmol/L) (U/mg)

BFD-M6 1500 0.49

FSAAI 1500 15.07

NsTDH 375 6.73

BsMDH 375 0.28

10 mg/mL B, L-aR s f b %) 7= 1 e 3 i
KAH 375 mmol/L, 7=¥>99.9%, ILH} A 5 h
H10hrmm B 25, &#W Sh BT
WA RN A, Y BFD-M6 &
KT 10 mg/mL B, HEETCIRTE&F0N L-JRes
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—4A—10h
300
9300 =
'—o‘ ]
& é 250
bt b
2 200 8
[ % 200 -
5 5
— 100 - = 150k
100 1 1 1 1 1 1 1 1 ]
0 . ' . : : 0 1 2 3 4 5 6 7 8 9
2 4 6 8 10

¢(BFD-M6)/(mg/mL)

El4 BFD-MG6;K & X L-7R 82 B #E = 2 AU 520
Effect of BFD-M6 concentration on

production.

Figure 4

L-erythrulose Reaction  conditions:

300 pL 50 mmol/L potassium phosphate buffer (pH
7.4, 5 mmol/L MgS0O,), 1 500 mmol/L substrate,
1 mmol/L TPP, at 30 °C for 5 h and 10 h.

PR, HAE A S B[R] JE % 9k #h BFD-M6 il it
AR FEI LB S . Bk, $2 & BFD-M6 fiff
FH B2 S 30 R 8 A AR L- ol o B AR 170 G 5

TER & BFD-M6 fe {1 4 10 mg/mL )5,
ML FSAMPS (s, 1505 HL R B
025, 05, 1, 2, 4, 6, 8mg/mL #HFT N, X
N Shs, WE L-aReEmaping i, 255Kl s
JIiR o FSAMS T W EE A 1 mg/mL B, L-JF
B Y77 R, M 307.23 mmol/L, LR
ik 81.9%. IZFEALFAIE 100%, 1l EES
P T R T AR B e B A G
232 L-FREEELEEN L-ARENEE
ik

5 B BE RN DL L-ARERERAE MR Y, 4
L- SR i S NsTDH Ak AE 21 L-J5A
fist, [AIF5] A BsMDH #4 84l R 40, LAYE
Ff RN RS2k AT o H AR HEE T ORI Y
NsTDH (0.25, 0.5, 1. 3. 5 mg/mL){EiK#) L-Jk
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c(FSAM?)/(mg/mL)

E5 FSAMPSIKE X L-FReEfHE = 2 /000
Effect of FSA?'> concentration on

production.

Figure 5

L-erythrulose Reaction  conditions:
300 pL 50 mmol/L potassium phosphate buffer (pH
7.4, 5 mmol/L MgSQOy,), 1 500 mmol/L substrate,

1 mmol/L TPP, at 30 °C for 5 h.

EEFRAT 1AM M 375 mmol/L. BsMDH 4l 75
PEA 5 mg/mL BT, 35T RN 5 h Al
10 h JE R ZE T LIl ny A it . nigl 6 Fiios
SR 5 h B, NsTDH & FH#E N 1 mg/mL 544
T L-73bHiEs = 5 ik = {H 200.1 mmol/L, 7=k
54.8%; FEK JZNAFEIZE 10 h, {7 0.5 mg/mL
() NsTDH B A] SE i K™ it . Bk g5 R R I,
NsTDH HA7 8 B AL 1 1 S s i AR e . 78
BAREE AT, 36 2 1K S s a] 4, AT 58
B = IR AR . 256 % | R R 53
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Figure 6

50 mmol/L potassium phosphate buffer (pH 7.4,
5 mmol/L MgSQOy), 375 mmol/L substrate, 2 mmol/L
NAD", at 30 °C for 5 hand 10 h.
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Figure 7

50 mmol/L. potassium phosphate buffer (pH 7.4,
5 mmol/L MgSQOy), 375 mmol/L substrate, 2 mmol/L
NAD", at 30 °C for 2 h and 12 h.
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Figure 8 Effect of initial cofactor forms (NAD* and
NADH) on L-threitol
conditions: 1.5 mL 50 mmol/L potassium phosphate
buffer (pH 7.4, 5 mmol/L MgSQO,), 187.5 mmol/L
isopropanol, 2 mmol/L NAD" or 2 mmol/L NADH, at
30 °C for 3, 5 and 8 h.

production.  Reaction
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Figure 9

Effects of reaction time and coenzyme concentration on L-erythrulose (A) and L-threitol (B)

production. In A, Reaction conditions: 1.5 mL 50 mmol/L potassium phosphate buffer (pH 7.4, 5 mmol/L
MgSQ0,), 1 500 mmol/L substrate, 1 mmol/L TPP, at 30 °C for 3 h and 5 h. In B, Reaction conditions: 750 pL
50 mmol/L potassium phosphate buffer (pH 7.4, 5 mmol/L MgSQ,), 375 pL of the reaction mixture from the
BFD-M6 and FSA*'?S coupling step was transferred to serve as the substrate, 2 or 3 mmol/L NAD",

187.5 mmol/L isopropanol, at 30 °C for 3, 5, and 8 h.
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Figure 10 Reaction temperature optimization for
L-threitol production from L-erythrulose. Reaction
conditions: 750 pL 50 mmol/L potassium phosphate
buffer (pH 7.4, 5 mmol/L MgSQy), 375 pL of the
reaction mixture from the BFD-M6 and FSAA'?S
coupling step was transferred to serve as the substrate,
2 mmol/L NAD", 187.5 mmol/L isopropanol, at 30 °C,
35°C, 40 °C, 45 °C for 3 h.
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Figure 11  Scale-up of the cascade reaction for
L-threitol synthesis from formaldehyde. Step 1: From
formaldehyde to L-erythrulose. Reaction conditions:
20 mL 50 mmol/L potassium phosphate buffer (pH
7.4), 10 mg/mL BFD-M6, 1 mg/mL FSA®?%S,
1 500 mmol/L formaldehyde, 1 mmol/L TPP, at 30 °C
for 5 h. Step 2: From L-erythrulose to L-threitol.
Reaction conditions: 36 mL 50 mmol/L potassium
phosphate buffer (pH 7.4, 5 mmol/L MgSQ,), 18 mL
step 1 reaction mixture, § mg/mL BsMDH, 1 mg/mL
NsTDH, 187.5 mmol/L isopropanol, 2 mmol/L NAD",
at 30 °C for 3 h.
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