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5 E. [ %) #H V4 D-F A48 (D-allulose) & — AP I AL 8 IR AL B4R A B R, HAR S
Jn A E T AE AR EA T 28 A AT % . D-FT & B4R 3- £ & 5+ # B (D-allulose 3-epimerase,
DAEase)#Z & # ik 1L D-RAE F A0 A A& D-FT 4 BRME 69 X 4B, [ B 49 1 2L F B 4048 & #4737
B K B 69324k, 465 DAEase 898 F FIR, 45 & B MRt ip i RAT AR AL M 6 0 R 49 37 &Y
DAEase B4 F [ 7 % VA kB T 840 AT & (Microbacterium oxydans) # #7 & & & (MoDAEase)
MBELRKLRG, AR ZBEGBEFHR, By F4MBERRN, ZHETREAERL
B, 44658 F ML PEMmABAE D-FAFE 3-2a 5 MR TR, [£R] T4 H#F
Q?%ﬁ@ﬁﬁk,%ﬁLﬁFxﬁﬁﬁprHﬂhﬁﬂﬁﬂHﬂ%&ﬂM&%SxﬁTﬂﬁﬁ%
FaE . ThiR RAFEALIEIR F 535 a9 % R TAR M110S/P249G, A T4E46 500 g/L #= 750 g/L 4
D—%%}é‘ B, METEARAEAERE, [48 ] KR EBACHMATE F424E 53] T —# DAEase
QABE, T AR MEAETRIEIEZRZORLREIK, AHBEES R D-FTAFRAERMET B A
5 BARIE .
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Abstract: [Background] The rare sugar D-allulose is an ideal low-calorie sweetener substitute with
broad application prospects in food processing and medical health. D-allulose 3-epimerase
(DAEase) is the key enzyme that is responsible for the isomerization of D-fructose to D-allulose.
[Objective] To mine new enzyme genes from the enzyme database to broaden the library resources
of DAEase and obtain new enzyme molecules with excellent catalytic performance by rational
design and screening. [Methods] A novel DAEase from Microbacterium oxydans (MoDAEase) was
expressed in Escherichia coli, and the enzymatic properties of MoDAEase were characterized. The
molecular structure modeling and rational design were performed, and the potential mutant amino
acids were screened by a high-throughput screening platform. [Results] The recombinant target
protein was expressed in a soluble form, with the optimal reaction conditions of 60 °C and pH 8.0,
and it remained stable at 40-60 °C and pH 6.5-8.5. The mutant M110S/P249G with 5.35-fold
enhanced catalytic efficiency was identified and it exhibited excellent catalytic performance when
being used to convert 500 g/L. and 750 g/L D-fructose. [Conclusion] We mined a novel DAEase
from M. oxydans and obtained its mutant with significantly improved catalytic activity, which
provides both theoretical and practical bases for the enzymatic synthesis of D-allulose.

Keywords: D-allulose; D-allulose 3-epimerase; directed evolution; ultrahigh-throughput screening

D- [ 7% il ¥ (D-allulose) /& — FR AR #A & | i
A ERE, Bz A R LR A D BE R .
D-Fi] 3% il bl 2L A TERE T0%BGEHEE ,  [R]E $hoa Y
HTERERT 10%, #38 FE B ah XPT A S5 AR A IR
BEEACS, A& AT s A B R
g 21 BRivz Ah, p-Bil g BB A B A £ F
A A BIEYER DI RE, WG G A 2 T A7
W RE M HERR . WS BRI M . R M & oD hE
8, XL EE A Dy fg (R — R AR 1 T RE AR
g5, TEERZY . EFREMES S Tk rh A&
o P T S R A

HETEME 3-22 0] A9 (ketose 3-epimerase,
KEase) 2 % i 1) AE P B 5 B R B 2 H R p-Bif

& AR fe 52 QT A U s o Horhr, D-Bal i i
B 3-2% 0] SEAfE(D-allulose 3-epimerase, DAEase)
eGSR P 1 S AR O - BT R L
A BUE T KA 7 i AR vh KR R W 0 7 A DA
KGR bR 2 D58, 52 AH, B AL
FEL AN BN 2544 T B AT S5 81 p- S8 0] D-FAf %%
Fi W 1 e Ak, OF LR R R AR S
ARk, Bl 2% I P 42 MR 98 B (Sinorhizobium
fredii), BRIE 17T 5§ (Arthrobacter globiformis) .,

fif 41 4 2 2 1A (Clostridium  cellul ol yticum) &5 4%
A YR TR EY DAEase i) & 25 % 1E, A D-
0T % P AR 170 il v 5 CER AL 1 BOR B 2 1 AT 3R T
HLEN SR, BT H B CRIR AR
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E PR 22 19 J5 BR P BELAS T He e B Tk P it
— BN o A ) AR S B T TR P A T
M R BT B, HORT I O B 5 A A 2R AR
AT 7T S B0 i e P A PR RETO Y Hod, 3
F 4544 - D BE R RL 6 R 1 A LB AN T R 8 1
{56 W ST i 3% DAEase fEALVERERIBFSE W
ARk, Li T a5 0 A BT A E
6] 3E4k % Sinorhizobium fredii DAEase #4717 3
RERCE I IE, MOZEE AL RCRIE = T 17 £i%.
Li 2570 FH 2 1 o for T R2 45 A B HLIZ 28 2 A b
T Clostridium cellulolyticum DAEase [ 2875 {A&
SCHE, TS T AE pH 4.5 F H AT S s T Ch B
A ALK 3.36 £ R TECHEF A BRI 10.6 £5)
FIRAFREE, Rk, T a5 B TR
I AT P s 4 T E M 1 Y e A
RO, i L RR S ARG AR [R) Tl 0 FH 3 50 5 il
it 43 F AR

AHWF5E A BLAST T.H.7E NCBI %4 1%
548 — flh DAEase B9 MR, IfHH
AlphaFold v2.0 7r£k T H i H A (4 5 2 [a] 45
A o XoF B A ) T 3 R AR 17 4l b 5 2 1 I
Mr, 3T B AR B4 F A9 B 0 45 4 A
HotSpot Wizard T E#HI4E R HIER T, 45
A VR S A B T L X R AT R
DIRe s B oE o Bbal, R A 2 5 58 AR (AR il
AR R EE R, #R55 T D-FMEREE A
D-Bu & F A A AT REME , LASISA D- Bl % EA A T
AR P SRR 2= A 4R

1R

1.1 #&

A AT B (Microbacterium  oxydans) >k i
i) DAEase #£[X(MoDAEase, GenBank &3¢S
i WP_058633099.1)H 73 M % FH ik A= BB A7
PR ml AT 2L s Ak A k. H T
LY 1 $E BUAY f5 3 (Escherichia coli TM109) .
ANIRFE R 33 3k 1915 2 [E. coli BL21(DE3)],
DA K FAMIEAE D] v 3R TR i AR BokL. pET22b

B4 R 7S S0 2 R o
1.2 FERFIFNEE

PRl N DI Nde 1 F1 EcoR 1, #H3Eig/:
Y AR AL E)AE B2 7] 5 KOD plus 5548457 &,
REEY (L) AR A BRA ) o S 8508 AH
KA (HPLC), ZHERBHE (T ENARA A .
1.3 =2HZEH MoDAEase IRIES 41k

W% 6B MoDAEase 5 [F k&
pET22b 2 A1) Nde I 5 EcoR 1 PR il 14: BtF 1 137 o5
28, fEE Rk TR, S LE E coli
BL21(DE3)ifffT Hin By iR IR . W5 A E
R R BRI BV RIE S 50 pg/mL
BilR RARE R LB iR =3, 37 °C,
220 r/min B53EEH ODeooi5%) 0.6-0.8, A
0.5 mmol/L IPTG, T 16 °C&1F FHE iR g 5%
16-18 h, IHEFEAEHAYFEIA. 4 °C. 5000 r/min
ZAFFELL 15 min W R TR F14lifh.

PR &R FEATE 54 20 mmol/L Tris-HCI
20 mmol/L KM FI 500 mmol/L NaCl i pH 8.0 Z& i
WA (TAE2 s, I 4s, &K 10 min,
B IIE N 200 W), 4 °C. 12 000 r/min &>
30 min EFREARE A, B EIH® S Ni-NTA
Superflow WEZE G, I AE i, &
A 50 mmol/L BKME 500 mmol/L NaCl, 1 mmol/L
T 75 B 5 (dithiothreitol, DTT) & 20 mmol/L
Tris-HCl MM VEBRM IR LABR L2 m, &
Ja &4 20 mmol/L Tris-HCl, 500 mmol/L Bk
500 mmol/L NaCl H1 1 mmol/L DTT pH 8.0
HY VR i 2% i 6 I Ni-NTA Superflow B ig 145
A1) MoDAEase, 3394tk HbrEH T 4 °C
M RS SR B2 52
1.4 MoDAEase FIE§ M RFRAE

MoDAEase FAO3GPEIE Jide: WK ZR P4
5 10 g/L p-S8H . 1 mmol/L Mn*", 2 pmol/L
MoDAEase, T 60 °CHHE KB HE IR 2k 4k
PN 10 min, SRJEEAZ WL RN, A
MEHEL 3 WL,

T #5% MoDAEase [ fizi& [ i pH, fi
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A SN i B8 IR RN AR R T pH 5.0-10.0 1Y
20 mmol/L 2% #f'{A& & [glycine-HCI: pH 5.0-5.5,
MES: pH 5.5-6.5, R 2% i (phosphate buffer):
pH 6.5-8.0, Tris-HCl: pH 8.0-9.5, Glycine-
NaOH:pH 9.5-10.0]"1#17 .24 T4K5% MoDAEase
) ot S o7 i B, #E AN R A B I R (4070 °C)
P BR b i Al B By AR R AEATIE I E .
T SN A5 A I3 v e P R A A 7 P B e )
B E S 100%

9T %E MoDAEase HYIREET 321, #H
PRl E T 40-70 °CHF R 12 h, A5 I H AR X & M
Hrh R 2955 1 MoDAEase FUF) IR 1E P E L
$ 100%.

AT %E MoDAEase 1 pH i34, ¥ H
PRl E T pH 5.0-8.5 5 6 h, A FLAH X 1%
Hor R 20 F 1 MoDAEase %) 4R 1 P9l L
4 100%.,

Tl MoDAEase iz W sh J12%¢ 2
0, LA 0-300 mmol/L ) D-Fifi& Bk & D-F Ak
R R W AE Rl N AR b AT, a8 Al
GraphPad Prism 8.0 # {4 AR £ M [l 345 4

1 AXATRLAECERZNSI
Table 1

PP A 2K RO BT ROKR R (K)o L
FH (Keat) LA B AEL R (Kea/ Kin) o
1.5 MoDAEase FIZEM1RIL 5 EHITFIE

FIH AlphaFold v2.0 fiijill I MoDAEase [
ST FEERL, O T RS- E SV E &
iR, i AutoDock #A#EAT 73 X4 . IKY)
D-F A 3D 458 U PubChem ¥ 3 (http://
pubchem.ncbi.nlm.nih.gov)3k 15 . i | HotSpot
Wizard 7E £k T. H. (https://loschmidt.chemi.muni.
cz/hotspotwizard) i 1154 315 MoDAEase #€ |7
HEAL S IR [W]HH FH PyMOL (http://
www.pymol.org)#X {4 %} MoDAEase HJ4 7!
AT AT AL NS5 73
1.6 MoDAEase {i =ifF15€% X FEHY
BWES5EBE it

RE S A AR ] KOD plus 5285057 &,
Pl pET22b-MoDAEase JEki AR, 4R
R IDEDFHE AR A /#1T. 515 T3% 1
F1. PCR 5] Dpn TiHAL LBRAEMR, =4t —
Tt T4 RS Ligation high 3k,

B HE7F MoDAEase 28 AR R [y JE K] F B iy 2

Primers used for the mutant construction in this article

Primer name Primer sequence (5'—3")

M39-F TTANNKGACCCATTTTCTTTCGACGTGGCTGTAGCCA

M39-R GGGGAACTCTATTAAATCAAATCCTGCTTCTTTAGTTTTCTGTACTGCTAATCGT
V105-F GGCNNKATCTATAGCGCTATGAAAAAGTATATGGAGCCTGTAACCACCGAGG
V105-R GCAGAAGTGTTTGCCGCCAAGGTCGGCT

M110-F GCTNNKAAAAAGTATATGGAGCCTGTAACCACCGAGGGTCTGG

M110-R GCTATAGATTACGCCGCAGAAGTGTTTGCCGCCAA

Y113-F AAGNNKATGGAGCCTGTAACCACCGAGGGTCTGG

Y113-R TTTCATAGCGCTATAGATTACGCCGCAGAAGTGTTTGCC

S188-F GAGNNKGACATGTTTGCGCCGGTGTTAGATGCTG

S188-R TTCGATGTTCATATGATAAGTATCAATGTGGATACCCAAATTCGGTCTATCCACTTCCG
G207-F ATTNNKGAATCCCATCGCGGTTACCTTGGTACTGG

G207-R ATGGACATAGCGCAAAGCGGGGTCAGC

S243-F TTTNNKTCCGCAGTGGTGGCACCGGACC

S243-R ACTCTCGAAGACGATTGGGCCATCGTAGCC

P249-F GCANNKGACCTGAGCCGTATGCTCG

P249-R CACCACTGCGGAACTAAAACTCTCGAAGACGATTGGGC
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R E YGRS A L, JFRA E
coli BL21(DE3)&3z 54 Mi3k1% MoDAEase %
RSO, BEAWHEMZE LB #53Rd, [Fe
JIA 100 pg/mL 2% 7% 2 M1 0.1 mmol/L IPTG,
T 37 °C. 220 t/min 55/ N1 FF 12 he R)E8E
P& DB R S El R T B 96 fLi
FL AR o A O v X B 3-22 ) S R G 5 AR R
FESEATTRBE . LERANE

(1) TR, MR
T2 R YO B 2 AN ()R BE (ODgp=0.05-1),
[F] B 1) B SR E T ALK B 200 mmol/L 1Y
D-ARMs . LARRBERAT FW WAH , L) DREM cell
VR AT R 2 AR A, 7E DREM cell 0 &
Azt R o A RO o b, WA Y I
650 puL/h, ZAARMAHEEHE S 1 000 pL/h, K
W EARZ M 30 pm,

(2) YeHE DREM cell i A& A=t A il 44 B3R
THITE T 37 CIEESSEFRAMEESR 12 ho I8
J&, BRREH LA 20 pL/h Y EE A S DREM cell
WO et A, [FIEE, DREM cell i 43287
L 100 pl/h B 3 s el YR 32E AU B () 2018 DX 0

(3) MIHAERZ DREM cell it H 1) 4317 [X Jak
RFEROEIR , PSR S R ST TE 485 nm
W PENAF S, WEIEZOLFE ST 1%
W, IS B MR A A 1H,1H,2H,2H-4
T -1 - P TR LR SO R T A, IR A
T LB BEfRRE 3 L

(4) X400 25 0 1 % A5 1 B 1k R ok a0 AT 8 R
BRI, B100 pL WE WA 96 fLAk, Jfhn
A 10 g/L D-R45 1 mmol/L Co* MW, T
60 °C/KIF I E 10 min FEATE . S, Phik
FHXT IS v TP 42 7 MoDAEase HYZEA0A,
1T 3 IRE B ik .

1.7 p-fuEEEYE RV B E S AR

b T 5% MoDAEase & 2 F (R4 1k & i D-
BT 3% BAOBE RO MERE, 7E S mL KR HIEAG T
MoDAEase ¢ H 52 {44k 500 g/L #1750 g/L
D-RBEABE ST o L WEUEE, A HPLC

SE D-BT e AR Y A2 B

D-SRMH L2 D-Fal s AR 4 R 1 0B R
HPLC #EATAI . K2 25 1F . # 5 : Rocksil
Carbohydrate ES 5p column (5 pm, 4.6 mmx
250 mm); A A% . 78 RO A I £ (1290
Infinity ELSD); WiahifH: 75%Z0E; LA
10 uL; W : 1 mL/min; 3470 15 min,

2 HERE4M

2.1 MoDAEase BF%) 531 X 50700

15 B B HABAE Yk JE RS DAEase
KGR &R A RPN T 2 B P Hl ext, 40T
B2 P8 ) MoDAEase [R5 5 51 FI R ST 2 3 R
HElo WK 1 Fras, MoDAEase 5 AgDAEase [
FEHIARRIE R S, AR 62.8%, BRILZ AP,
5 HAh KEase Z MG T FIAHLINE R 25%—-40%,
Horp, 59 4R FT- 7 (Agrobacterium tumefaci ens)
DAEase HIfIPE N 26.9%*1, 5 S fredii CCBAU
83666 DAEase HLIPEH 31.9%", 57 kiR 2k
H3983 1 (Mesor hizobium loti) L-#% il 3-2% i) 44
fiff (L-ribulose 3-epimerase, LREase) #H 1Ll K
39.8%*4 | 53515 {15 2 )i 1 (Pseudomonas cichorii)
VR R D-E5 5 B S5 A4 il (D-tagatose-3-epimerase,
DTEase) UM 29.8%%°, 0Ah, B AL 52
R TR RN A 4 SR BCA 1 E146 D179 \H205
Il E240 RN ORSF R FENR , %W MoDAEase
PIHE AL S LA SR L AR RN, R 5 B 45
PR AU L S 56 T 45 4 - D e OC & 19 ) i AL 4
fE T HLE A

& B AlphaFold v2.0 #5241 T MoDAEase )
M F451) JMoDAEase 14> 454 8 4~ B
Pr& . 114 o BEEMZA XA (E 2A), 18
it 5 E AR AT AR ZEF I AgDAEase [ B4
HATIEXT, % P MoDAEase 7E15-SF A% L4544
b B A HL R () TIM-barrel (B/a)s 4% ¥ 15,(& 2B).
A3 T XHERJEAR 7R, MoDAEase (1) 4 %
% Glul46., Aspl79. His205 il Glu240 5354
CASH 8 Min® 55 1 e 7 T LAk pU 24, X Fh
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455185 DAEase ZKIGMN—5, KM WliZlga] e BA #1178 E. coli BL21(DE3)
& T HbRE > FREDMRG TSR E S PRESRA T A HbRE R EA RS TR, Jf
P AL (K 20). AT TR ALk, WE 3 fin, HAREAC D)
2.2 MoDAEase BB R AR T alife, I AR PR B,
¥4 MoDAEase WIS R Z5kafs B AT R MBS VEIRIE AR 2 PE s .

4(! 50_ 60. '7Q
MoDAEase FETM. ...... DPFSFDVAVRERDALEEYGIDFsastE@usEa TD sDlp
RbDAEase VA[PFMLSDDISSYSKSERRTYRDOMTIEAEV|.|.|. OCVELHWLLAKTECYH RDA
PcDTEase ISLIGEFH. .. .NLSDAKKRELKRVREDDLEGLTIVMCC IFLKSE ¥D PDK
BpDAEase VIN[SIGTVT. .. . .KMSNSERDRLETEAHEQGIELITYCI®MLPHE YD ED|S
TcDAEase VGC/GDFH. .. .KQPDSYFHTLRDARREYDIILITGGY P RAE N PD[T
AtDAEase VARHHIN. .. .EYSDAELATIRKSEKDNGIILITAGIEPSKT KN ED|A
AfDAEase VARHHIN. .. .DYSDAELATIRQSARDNGIILITAGIEPSKT KN ED|A
CcDAEase IARAISPLP....FYSDIQINELRRCRHGNGITLITVGHEP SAE oN PD[P
RcDAEase TARASPLP. .. .FYSDIQINELRACAHGNGITLITVGHE®PSAE QN PD|P
CbDAEase IGATPLP ... .EYDQKTIAQLEDCRKGNGIELTAGYEPAPQ N Tp|P
CsDAEase VGRAAPLP. .. .DYSAQEVRELEKCREDDNGIQLITAGYEPAFN HN Splp
DoDAEase IGARPLE. .. .EYSTDQIKALRDCRSQNGIQLITAGYEPTYD HN SDa
TmDAEase TANMRY s o 5 5 s DPSIVDWNEVKILSEELNLP|I|.caTETGQA . YLADGLS PND
S£DAEase IPMIL . . ... .. NPPAVDTEHTRALLEKNELRBRLCSLELPER AW EP|.
MlLREase Flaf¥L....... DPADVDIGRLAKR[IADLCLGVAISIELEAD GD ADIK
MDAEase TALL . .. ... DPWQIDVALTEDLLQEYNLREMASLELSAR TD Tp|P
AgDAEase FELM....... DPFSFDVOTRESALAEHCLRAR[SASLELs DA TD EDP
140' 17q
MoDAEase H|A|SER|GV|S|V|S|L N[V L LAY VAEVIDRPNL|G I MEAPN
RbDAEase AlL[H 8 H|GV|R|TA[L D|F L VIRLAEM|I|DDDH I|G s TV[I
PcDTEase VAEDY|GII|IYALL WL C TIAFADANVIDSPACK I DAT
BpDAEase V|[V|E DC[E V|E|FN[V v|T M VE[ VERV|G S DHCRK E AA[T
TcDAEase I|AERH[GI|TLNM VL T LIA[Y IRAVDE PN VK E EP[T
AtDAFase FIAN DL|G IN[L(C|T H[V L [VIAF VK DVIGENN VK I DAT
AfDAEase F[2NDL[G IN[L|C|T v L VIA[F VK DV|E KN VK E DA[T
CcDAEase V|A|EAC|GV|D|F|CIL YL I [VIDIF VK QVIDHNN VK I GAT
ReDAEase V[A[E AcC|GV|D|F|C|L YL T V[DF VK Qv D HN N VIR E GA[T
CbDAEase I[A[ADY|G T|D|T|GM YL L VEFVEQUEL PN VE E GA[T
CsDAEase I|A[SQY[CIN|[LIGM H|T L VE[FVITEV|GMDN VK E DA[T
DoDAEase I[A[KEH[D I[N|[T/GM b L VRFVREN[EQEN VK E DA[T
TmDAEase HA[. . .|. .| KFV|L DIF T LRI LREIN SHNR V|G I TPESL
SfDAEase H[A|KSR|GIEL|GV H[L T VIQMIERVIGADN I(F I VGNG|T
MlLREase T[A|KAAGV|T|LN[L N[L L LIp[F I|E DIT|G S DN I[F ERDWVGLA[T
MDAEase  Y[2|a DK|G I[N|T|D|L |1 M LIAFLIDEVNREN AR ENGMBRE SV
AgDAEase R[2/3DL|c INVSL NV L LAY LEELNRPN LG ElSDMF 8 B[T|
ZOC‘) 20' ZBQ ? 250‘
MoDAEase LDREDPALRY GYLG VDFDAFFKELGRIG 2 sFlssavvaFpLlsrM
RbDAEase REHADSMIH LGP G VEFQPIMEKRALISDID I FDYSPGAETLARE
PcDTEase LAICIKGKMGH LPIPG LEWDRE|IIIFGALRKE|TG T PFMR . .KGGIS[VSRA
BpDAEase VTAGDRILGH RA|FG MEPWNEILFAATIKQIILG 1A PEFLM,. .PGGENVIGRD
TcDAEase LQBIGKYLGH K P|P R| TPWGEEIIGKRALRQIG P PFVT..MGGRVGED
AtDAEase RTRGPLILGH RVIPG M P WHE|T|G LA LR DT[N A PFVE..TGRTIGSD
AfDAEase RTA|GPH|LGH RVIPG MEWHETIGLALRN|IN 1A PFVE..TGGTIGSD
CcDAEase RTAGSYLGH KVIPG IPWVEIGEALADTIG 3 PFVR..MGGTVGSN
RcDAEase RTAGS YILGH KVI|IEG ITPWVEIGEALADILG S PEVR., .MGGTVGSN
CbDAEase RTA|GKH|LGH MVP G TPWEETIIGERALKENG IR PEFVR. . MGGRVGQD
CsDAEase RHR[GKL[LGH MV[P G TPWREIGDALRE[IE T PFVR. .MGERVGSD
DoDAEase RTAGNLLGH MVIP G TPWREIGNALRDIE T PEVS. . .MGGRVIGRD
TmDAEase KRAGEKLYH WAIPG FDFRSVIFNT LEEILG Y CLPLEGGMEER|. . .
SfDAEase LDAREHILEY GT|IEG CGWDEIFSITLAAILG G SIFIIN., .MPPEVAYG
M1LREase RHAAGK|IGY GF[LG IDFAA[I|IFDALITAITG D SEFSSEIVDENLS KK
MDAEase LARGDRLGY GY[LG VDFASFEFARLEQID P SIFSSEIVDPELISNT
AgDAEase LD[TREALRY G YL Gl VDFDTEFFEKRALGRIG P SElSSSVVAEDLSRM

¢

1 SRR RIFR p-FREIHE 3-£ [0 1988 5 S RErIEIHE 3-Z [ 71988 H 75 Eb Xt
Figure 1 Sequences alignment for Microbacterium oxydans D-allulose 3-epimerase (DAEase) with other of
ketose 3-epimerase that previously had been characterized.
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2 MoDAEase & THRAPWKERE R

E240 \

D-fructose

A: AlphaFold v2.0 Filiill() MoDAEase HJZ5HfEAL; B:

MoDAEase 5 AgDAEase Z5 A4 4 ; C: MoDAEase #& /R ZE 4 (1 2 1 & 7 R AL 6 Mk 11485047 o
Figure 2 Cartoon representation of the MoDAEase. A: Structural model of MoDAEase predicted by
AlphaFold v2.0; B: Alignment of MoDAEase and AgDAEase; C: Surface representation of the overall
structure and enlarged view of the catalytically active pocket of MoDAEase.

N T PF MoDAEase WAL TERE, M@E T
H AR BRI S pH AELZR £b B4 AR R 6 4 h 2%
L& 4A iR, MoDAEase 7 60 °CHY &R ) %
KA 22 1) SR A T M, W AE 45-70 °CHERE T
80% LA _FAHX G M. tt, MoDAEase MYk
&RV IRERRE N 60 °C, MeAh, RS2
TR KM R AT RE ) — > E B4R
bR, XFR B H b E BN S5, Eail
E MoDAEase 1E 40—70 °CHWE 5 Ji5 i +H %o ¥ 4
FeWF I H AT EE(E 4B), S5 KM, &=

MoDAEase 7£ 40—60 °CAHXf %, 7E 60 °CIf b
THFE 6 h JG PR T 49 50%M TG, 4%
M, 7E 65 °CK 70 °CI3E T fREMhd 25, H
Wi, FE 70 CCHAMFTFE 2.5 h et L FoE 4 i
XTI

1 o 0 A B B Y RN A pHL {EL(5.0—10.0)fF 5%
RV pH % MoDAEase fi#fb 1 1t it 5%
M, 4540l 4C Frsn, MoDAEase [ pH
% 8.0, 1E pH 7.0-10.0 JEFE AR EE T 50%L4
ARG A, MoDAEase F) pH a & 74
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3 E%H MoDAEase #J SDS-PAGE 347 M:
MBS F i marker; 1-2: HIEBRIRIY; 3.

MW 4: REEWAREN; 5. VNS HiRE
HFES; 6: BENUS HARE A 7. S EX
Figure 3 The SDS-PAGE analysis of the
recombinant MoDAEase. M: Protein molecular
weight marker; 1-2: Crude extract; 3: Flowthrough;
4: Unbound proteins; 5: The sample before elution;

6: Fractions eluted from His affinity resin; 7: The
sample after elution.
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A HOEIRE

gELE I, MoDAEase 7 pH 7.0-8.5 54 F &
faxd, WFE 3.5 hIGhRErR B 80% LA L i AH X 1%
PEo SR, Y4 pH<6.5 W, A G 2R
%, 75 pH 5.0 &F FMHE 2 h 5k 7 &%
AL TG PE(E] 4D), 33X 225 1 5 DR A R —
., BVEAER N 4515 KZ 5 KEase KRN
*H{U\US’”’B’ZS]O

HE—H, RAKEK RN T MoDAEase
5 D-Bai& EibE S D- R bR E RN AT Y
NS, ERNFE 2 Uik, MoDAEase
X D-FE I Ky Keae B Kead/ Kin 1EL53 5114
39.82 mmol/L. 73.27 s ' il 1.84 L/(mmols),
X D- Bl e I HL A 3 i Ak 3 P . X F D-
B, H ko/Ka 0 1.32 L/(mmol-s), FH
MoDAEase H-A fifb D- 5454 (L& it D-Bf 1% B
WERO N, FWERE o (R0, B AH X 5 22 B f 1 8K

R A R A 1 — 25 Tl AR T B

100 f=i=g
80 =40 °C
60| -e-350°C
-4 60 °C
40 -+ 65°C
- 70°C
20 ;
0 2 4 6 8 10 12
Time (h)
By -=pH 5.0
2t —e-pH 6.0
60T pH 6.5
I -+pH 7.0
A --pH 7.5
20+ - pH 8.0
-»—pH 8.5
0 1 2 3 4 5 6
Time (h)

B: WEREM; C: f&if pH; D: pH

Figure 4 The optimal reaction conditions of the recombinant MoDAEase. A: Optimal temperature; B:

Temperature stability; C: Optimal pH; D: pH stability.
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%2 E'H MoDAEase Mz HF S MRS IR, LR H 7 T A xR
Table 2  The kinetic parameters and specific Br, BEHUT 8 NGB (M39, V105, MI10,
activities of MoDAEase

Y113, S188, G207, S243, P249)E N R AL ik 5%

Substrate D-allulose D-fructose
= 327 P Fe, SR NNK 8 85 0% - R W F4) 57 1 AR AN 5%
Ky (mmol/L) 39.82 49.76 BRI, JE—B 4R MoDAEase (AL 1t
Kea/Kon (L/(mmol-s)) 1.84 132 (1 5A). SEE AL Se Rk 2 10 2 T 29O ME
S R T 51, MK R NS TETE D-

2.3 MoDAEase 'ﬁt ’\7“_17_'_(E’] )l—'ﬁl_ RAT 4% Bl s %%ﬁ?ﬂ?.% PsiR 454 25 8+

¥ H HotSpot Wizard 7££k T H.7iill] MoDAEase Ppsia MO 751 LA BH 18 A ST RE, Dm0

& B > . o, 7 \\ °

pr o <l-r
P249 = KQ -:::- D-allﬁosc A D- fructose

G207
ﬁ

M39
M110/ ¥y 105 S188
Y, ¢ Il ﬁ ?
Y113 i ;

Mumtant library ~ Incubation Reaction Assay

C - D 400
] 350
300
250 F
200
150
100
50 F

0

PP id PTac:‘
PsiR mEmerald modae

el e Ll /

LisbapRTea
Relative activity (%)

FERH I
Relative activity (%)

oy
f\‘?g\

‘ &/ \Q%’" N
«é @Q\‘.‘\\\ WQ/Q/QWQ:‘

%

Bl 5 MoDAEase =R ETAGHIE  A: HotSpot Wizard 545#) 374 & TR E S ALK, B: %
RSO R AR o 1 FE T IO 5 B0 O 5 el vk s 1. 6T 96 ALIMALACR IR &2 . C:
i % 5 H A MoDAEase A8 R YMIXTIG M. D: M110S/P249A . M110S/P249G LA J% WT MoDAEase K
AHXS 5

Figure 5 The screening in the high activity mutants of MoDAEase. A: Potential mutant sites designed by
HotSpot Wizard associated with structural analysis. B: Screening process of mutant Ilibrary. I:
High-throughput screening based on fluorescence signal; II: Rescreening based on 96-well microplate

strategy. C: Relative activity of MoDAEase variants identified from selection. D: Relative activity of WT
MoDAEase, M110S/P249A, and M110S/P249G.
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U RE; Y p-FgEE G A S,
PsiR 7] 5 D-B] & Bl b e S v 285 5 m a3l
Ppsa W T AR 2T ok, BT i A (0 %
KRB, FIHB T Pega IFESR AL
K mEmerald ik, 1A ZR T D-Fl& EbE ) o 5
B RO E 5 R R TRREE", LI MoDAEase
e O S R =0y D UL S O By I FE JIUES
AR SCPE AT I (] 5B).

{85 B SO R 4318 T 29 100 000 A
i B TR IF IS SO TR 9Ol e TEFAE R 1%
FIBA TR, RS 43 BRIBEM R AR,
Bifi 5 >R 96 FLACFL AR i 38 £ 7 358 7k X VS 76 1Y
T RARGEAT R 0, S5 RAE 5C Fis , I AE
RAFR R 2 U E M IE RSN A M110S
(149%) . P249G (192%) N AH X i 14 s A B v 1)
P249A (105%). I, FEEAEAEF, BT
PEAL SR B A 1) M110S 5 P249 53X 2 M A
FHT— R IIRESE L. BEAl, X RHME S AR
it ch S T T . g5 ExR, R4
A& M110S Y Keae/ K fH M 2.15 L/(mmol-s), FHE
F WT MoDAEase [1.32 L/(mmol-s)], #EALZCER
P T 1.63 fi5. P249G WMEALIERE R ENGE, M
WT MoDAEase HYJ 3.21 f%[4.24 L/(mmol‘s) vs.
1.32 s L/(mmol-s)] (3 3). XF FIiRBHMEZASAE
TG54, HILISEA R M110S Aft, 7E
P249 7 S T S ANAAE , LIE—E i
AR AR PERE L S5 R R, SR AR K
M110S/P249G FAHXTIH AR 2] T B n9ie T,
RET 352%, ML10S/P249A b HH X i 1t 4 B

%3 MoDAEase RERTHMHNESH
Table 3 The kinetic parameters of MoDAEase and
mutantst

Enzyme Keat K Keat/ K

(s (mmol/L) (L/(mmol-s))
Wild type 65.68 49.76 1.32
MoDAEase
MI110S 86.32  40.15 2.15
P249G 138.10 32.57 4.24
M110S/P249G 200.22  28.36 7.06

RIS B T ek, AL, B TS KK
M E W, M110S/P249G ) Kea/Km fH 42 WT
MoDAEase K 5.35 % [7.06 L/(mmol-s) Vs.
1.32 L/(mmol-s)], I H LSRN ELT 45 T
K TR B 8 TR (R 3).
2.4 p-PEEETERER A E L A AR

N T MoDAEase A HG #4328 & A=
Vit Ab & i D-B] i B B 1 RE , LAE— 25 4R
T T A s A 7=, 43 3 2L 500 g/L 5 750 g/L
1 VR B K1 D- 2R B R I W iE AT D- BT % i B
PR & . AN 6 s, WT MoDAEase #l

A

5 200 -
E
2
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By
' A
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(=]
g
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=]
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S st —o—750 g/L.
2
o
0 L " N " )
0 2 4 6 8 10
Time (h)

& 6 b»-fEEAVERIMEAESR  A: MoDAEase
{1k D-SFBEA B D-FIVEERE ; B: M110S/P249G
14 D-SEBES AL D-FTS B BE, HP RPN
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Figure 6 The synthesis of D-allulose. A: The
synthesis of D-allulose from D-fructose via
MoDAEase; B: The synthesis of D-allulose from
D-fructose via M110S/P249G. The concentrations of
the substrate were 500 g/L and 750 g/L.

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



3108 (YIS Gk

Microbiol. China

AR A M110S/P249G #JHEf#fk 500 g/L 1Y D-
R AL R D-BTIg EAE , Jf HLL bR 2935 3
30.0% . AT O MWIE KK, %8R
N AL 2 E TR K P. cichorii DTEase
(20.0%)> K 2 BR 141 7 (Rhodobacter  sphaeroides)
DTEase (23.0%)°, il A. tumefaciens DAEase
(32.9%) 1 4 ¥ {4 % %5 Bk B (Saphylococcus
aureus) DAEase (38.9%)*", %4k, M110S/P249G
ik 3 - iy T A 1] B S P B AR AR, AR AL
D- P 5% B A G B B4 B 25 B Ak S i B A R )
20.2 g/(L-h)$& T3] 34.8 g/(L-h), $27+ 7T 1.7 1%,
AN, MR INE 750 ¢/L B, RAEK
M110S/P249G Ak A= ¥, 234 g/L B D-Fa 34 il 4
1M WT MoDAEase (UL AER T 174 g/L /Y D-
BT 36 B R, 9% ) 20 72 R Tl 7 A Ak v TR B I P sf
H AL MR (K] 6), X B4 510 B 28748
& M110S/P249G J& 7 H B AR/ W FHE 7, ml ik
— N D-Bal & ERAR A Tl Ak A 7
3 itk

D-BAT 3% TADBH PR L EL A s AP A A 1 % 32
ik, BHar, Hare oy R T DB A R
F . DAEase 24 YA p-FMli G5 i o- B i ERp
B SCHERE . Ak, B 30 KFORFEIRIEM
DAEase J& R AHARIRIE . (HIE, FORMEE 8 77
P, ARG PR 22 | RIS TR KA B i
Uiy, BRI T -l B A Tk A AR o

AHFFE LI IE Y DAEase YT 5115 . Ay
B, HEEM NCBIT U i 2 JE A5 K 05 T4
AERT B 5937 B4 H AR R (MoDAEase) 3 K 1751,
A T2 fE AlphaFold v2.0 Tl T i Y
O FEERERL, ST T 4y F T8 -45 4 - D Re R
ROCFR, e T TR e SR A . ik
QIR AL S UL 4 B 7 45 A 0 S
FLRR AV 45, F— I MoDAEase 1] fE HA 1
3P

MoDAREase % [H 7E E. coli 1 pli B 24 ik,
FRaifb B BT H SR E . A TR

B, % 0 feal N R B 60 °C, I H #E
40-60 °CHM T n MR EMNZ M, %
SRS REHRRGEH—3, WNIEHE
(Pirellula sp.) SH-Sr6A DAEasel™ | S fredii
CCBAU 83666 DAEase!""4%, IHoh, 555K
FAL, 2l T BT AR AR S BB,
Iif pHAE N 8.0, FERRMEAIF T HIE M L faw
P2z, [FIEF, FRATIE T MoDAEase i 5))
FI2EE L, R, D-FREEH AR KK
HRTF o-208, BB S R 45T o-Bal i mih
I H 5#E #) DAEase (P. cichorii DTEase!!, A.
tumefaciens DAEase™ & M. loti LREase*")#f
o, LA p-S4 4 iKY MoDAEase HIHEALEREA
AT ZS E]

BE X H b A A 06 A R R A 6 B )
B, AR HotSpot Wizard 7E4k T. B it 5
HASFEMEINES, BRI T
MoDAEase #5848 Z IR LN 18, 456
KT ESHEEREGT55 96 fLiM
LR EEEERBEA, HFRTERREREA
A BB SCR R 5.35 fF R B AR IR
M110S/P249G, I 1L #AS AR A PRl 43 3%
PE—3 3T AlphaFold v2.0 T A EF 2F 1 558
AR Sy F ARG T O S5 8 A fb 1 g 1
TRIERY A FALH . B AE RIAIZEZE K] MoDAEase
() 2E (A 23 AR G A8 At Fe & B, Metl110 3 T il
PR I ASRHE Ul iE AL, IF5 Leu66 B
WA AR EAEF L 2% Met110 3 5878 R /N 4,
FEMRERFE Ser B, W/ TIRWEA SN ZS
[ ERE, 380 T 16 PR AT A4S IR IR 25 40 AE
PP TR . U1 — 7T, Pro249 fi T
DAEase ZKJGREG > F YA T w745
P BB X, 3% B DX B0 1 1 A S L)
545 A2 XREENHEEMH . 24 loop X1k
21 P249 e A AR /N H R TG Y Gly 3%,
Ala B, 2 2 Pk X I <56 725 ¥4 1 sl R
FETE R, AT A ARG, £ S R R R
Al REA B PR IR 45 A i D48, fff
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1312 5 AR B T v AR SR . BUSR AR A A
AR TE T B o XY iR A 6e )y, 558
TR 25 A AR DU R 1Y 1145 XS A5
W) SE Ry W R, SR A A T AT
AL ERE

MoDAEase M HRARKRSIHL T DIAS[A] v B
DM ARV o-Fal v FAE A B A B, R4k
RIKRFN T 30.0%, 5 KZERE W) Z 1) 5
b3, Hpmgt TRZES P. cichorii
DTEase (IR N 100g/L, FEALF N 20%)>
J R. sphaeroides DTEase (JEE#)¢ %k 500 g/L,
AL 23%) o TEMEALACRE Iy TH A W T IR 5K
J%H S aureus DAEase V105A (1.45). Snorhizobium
sp. DTEase [0.91 L/(mmol-s)], VAN IE% I#2L
/N B4 JE B (Rhodopirellula baltica) DAEase
L144F [0.72 L/(mmol-s)], AHFFTLEFHML T —
PR B A PR, K o-Bal v i T
| e Y

4 Zik

A FEAZ A 3] 7ok P T A AR S T Y
DAEase #fiSE A, Il 45 & H RIS &
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