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Abstract: Deoxynivalenol (DON) contamination in cereals and cereal products has the potential to pose a
threat to human health. The biodetoxification technique, which uses biological enzymes to transform mycotoxins
into less toxic product, is an environmentally friendly and highly effective approach to detoxifying mycotoxins. In
this study, a gene designated adh2, encoding DON detoxifying enzyme, was identified by homology search
from the genome sequence of DON-detoxifying strain Devosia sp. FJ2-5-3. Subsequently. The adh2 gene
was cloned and expressed. Then, the enzymatic properties of its encoding enzyme was further characterized.
The results showed that the length of the adh2 gene in Devosia sp. FJ2-5-3 was 1770 bp and the encoded
ADH2 enzyme consisted of 589 amino acids, with a signal peptide of 24 amino acids length present at the
N-terminus and belonging to type I of the PQQ-dependent alcohol dehydrogenase family (Type I PQQ-ADH).
The enzyme exhibited the optimal activity at pH 9 and a temperature of 35 °C, and it retained over 50% of
enzyme activity after incubation at 65 “C for 4 hours, indicating its good thermal stability. In addition, Ca*"
was found to be an essential cofactor for ADH2, while both 1% of ethanol and isopropanol showed significant
inhibitory effects on its activity. The K, and K, values of ADH2 for DON were 708.00+47.01 pg/mL and
3.37£0.11 S™', respectively. These results could provide reference information for the subsequent industrial
application of DON detoxification enzymes.

Key words: deoxynivalenol; biodetoxification; PQQ-dependent alcohol dehydrogenase; enzymatic property
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i 42025 T e ] A ( deoxynivalenol, DON ),
MR, Je—FE/NEE . FRAKE SN
WA Py K CHCR R e L T KO A R )
R, R RE S S8 RS2 B AR
PE RSN, T e ) e ) 6 5 P o D 7 38
A MKk E A — R R R R, SRECR A
AV SRR RIS, it 0 R AR 24 RN S A T e 1
gl A 2, DAKFME SR SEREY), fE—
AR B DO R I5 Yy, (HIok 58 ekt i B
Rryr-ad . Kk R BAT R A G E Ak 2
FasErE, X Lg YA 2E I (aniag
SRR ) PR IHEECRINT . hAh, Xy
BRI 2 7 538 1] i S BURHE 37 B0 2k L K
Pita st 1| v/ ¥ 7] N s | (1 1t =1
b T U A AR A R R P ) R AL o
55309 o B A W sl A e B 7 R T A
BEAL LLIR 25 R I H B A A I 3 R AR [l
IR A R BN, IR AT IR AT
AU & — SR, I RPN R

DON AW 8 AT 58 4 T = 40 A 4E
0o &5 M1k, BRI MNEM: | INERE, 35
WK . K SR B T A AL 2 R R
fh 4y B e Agrobacterium-Rhizobium E3-398!

Eubacterium sp. BBSH 797! | Devosia mutans
17-2-E-85) . Sphingomonas sp. $3-4[°! . Paradevosia
shaoguanensis DDB001"! | Sackia sp. D-G6'™

Desulfitobacterium sp. PGC-3-9) | Lactobacillus
rhamnosus SHA 113" Sphingomonas sp. KSM1M7,
Marmoricola sp. MIM116"% | Bacillus sp. N22 FiI
Bacillus sp. HN117!"1%5 Z %l DON B 49 .

SR, XA Y £ L 3-keto-DON, 3-epi-DON
F1 de-epoxy-DON ( DOM-1 ) M= H), #Hr AU
BEREME I . BARE B T 28 L TR IR
R R MR, B i T HB R U= 2
DA B it 73 25 S WS BRI R, 1)
YOE MK 7 R AR R AR A R . BRTE
R DON Mizgng (WA 1) 2454k DON
[ C3 i F23EA: B 3-keto-DON f) NADP-JK i1 i
fifi 34 J5i i ( NADP-dependent aldo-keto reductase )

AKR18A1°I5 & MBI, ( Pyrroloquindine quinone,
PQQ ) K i 1: 5 id =U ( PQQ-dependent alcohol
dehydrogenase ) DepA" ; 57 1k & £ 1 i R
3-keto-DON ) C3 fBREEA: L 3- epi-DON [
NADPH {8 P WS il if J5 i ( NADPH- dependent
aldo-keto reductase ) AKR6D1"'5; DepB!'®; ¥ %L1k
DON J C16 i) DdnA-Kdx-KdR = £ 4
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% P450 24", R#4L (Isomerization ) DON Ak i 17 A % 3-keto-DON [IEE U4 M4 MTT

iso-DON HYRRIE £ I 1( specialized glyoxalase
1, SPG) "7, WAh, ZBEILHE AL (trichothecene-
3-O-acetyltransferase ) U'*JF1 UDP-7j 45 b JL 5 74 1t

( UDP-glycosyltransferase ) ) 43517 DON %%
B/ C3 iR REE S AL, H O mEEAL
DON FIFj 24k DON I RETE s F AR 1k
I N T K A R DONPOZY R I A 2 P24 2
SRR AR R T

3-keto-DON

3-epi-DON

HO
iso-DON

HO
16-hydroxy-DON

Bl RuEElisBrkARSEAXATER
Fig.1 Schematic diagram of DON detoxification
enzymes and their catalytic way

PQQ RS 1 Pt Mt 2 T2 — 288 LA M g s R TR A=
MR TR B A, EEAAAET o, B y-AEIE
W, S5 MR A b R SO ) SR R . AR
P PQQ RS B It S 114 A7 E A3 B RN 45 1 R
P HAY =25 Type I ADH 38 % {57 T4 itg &
HEm B &H — Ca® -PQQ 454 45 M3 ; Type
Il ADH {7 F41MaE 5, & A —4 Ca® -PQQ &
B AR — NI4T 2 ¢ (heme ¢ ) 45& 250
Type ITADH W7 F4ufIfEE, 2 3 3 FEE
BRI, FHHH—4 Ca®-PQQ 454 45 H kAl
PUANIMLL R ¢ 45 G 4R, sk, —suffsy
&I, kA D. mutans 17-2-E-8 H#E T 1 PQQ
WPERE S DepA, EAK DON Y C3 A

1 BrdU PIMCR R A9IFIN 52, B ICso H 432
DON [ 3.03 f5#11 4.54 £5°1, 31X %W, 5 DON # L,
3-keto-DON J&—FILHE ) DON FEf# 4] .

PQQ A it 3t U A Sl — by B k5 3R
J A, EAA R RS (RN T I S SR,
KT MMt 73 R T8 b, Hik, dt—
AAZ AT TR PQQ HCHS MK B 28 Mt 0 il
U, IR BT AT RAE R B T IRATT
FAF R PQQ A MK i B 2R I S 1Y T fiE
FE RIS, I AE Tl Ak i 1 i 2 7 34
WA AW FE LU EA K DON & 4k} 3-keto-DON
f 7K W G TE Devosia sp. FI2-5-3 JWFFERT4 , %
FHEEWE B R M EE R A rh i Az 4 2] 1 4>
i fith PQQ MOV B i S R DY, %o HHE AT m e |
ik, X H G 0 A= WA R A Al
FIRAE, B K 25 R e e e s (i 2%
1 #MRF7FE
1.1 W

HA7 DON A9yl #AE M H O 58 i SL P 41
I 2 B 83K 3 [C T Devosia sp. FI2-5-3 H A SE i
By EIFORAE ;. TERETE F RIBATH E. coli Topl0.
FIAFRL pET28a MIFKIETE FRWHITH E. coli
BL21(DE3):Novagen /] ; T5 exonuclease Il Q5°
High-Fidelity DNA Polymerase: 3¢[ NEB 23] ;
DON Friflfh (EREE>98% ): T & i A= 1y T2
A M2 3-keto-DON ( 4fBE>98% ): il &K
TripleBond 7y 7] ; PQQ FlW AR H s ( phenazine
methosulfate, PMS ): IR AE PR A BR A A
12 X&HFig&E

PowerCycler Gradient SL £ /% PCR {¥ . i[5
HR &= A #5A BR 2 7] ; NanoDrop 2000C i i &
36T | Ultimate 3000 #8 &5 8500FH (635 245 -
FE R CHIRBHE A PR Al Gel Doc XRHEEAE
B RSGE : AR EES ™5 (i) ARAW
Scientz-950E #7540 MIALFEAL . T OB 2 AEWIR
B A RA A
1.3 WHE
1.3.1  fik DON 2 i 4 5 5 N A48 5+

PIERE M EA K DON A 1N 3-keto-DON
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1 PQQ M P i i S0 i DepA ( GenBank accession
no. KFL25551.1) AKRFH, FI2-5-3 23K
P EdEZ, i TBtools H Blast Zone f5Hk
Hi tblastn #HATHEER LT (E-value=1e” ), 45
FJ2-5-3 JERIZH RS 7E M) DON i 5 Bt L A
1.3.2 fik DON 75 il 2 5 B D A S | 30K
K 5 T

1.3.2.1 &t DON Bi#EMEdmis e ke =
FRAHTA FE 2 DNA P 4 a70) 6™ S vl B
£ HL DON i 2 B bk FI2-5-3 3£ 4] DNA K 5if#
i DON Wi mASSE R , 56T TS #LRRIMITBHK
W22 KM% (TS exonuclease-dependent assembly,

TEDA ) ), ¥ 943 9 LI AL K 4] DNA FIE ik 4
pET28a AHH, i Q5° High-Fidelity DNA
Polymerase FUNTF 514 (W3 1) § 3Rtz
St HER (98 °C/2 min; 35% (98 °C/10's, 68 °C/
30s, 72 °C/60s); 72 °C/2 min ) FIZkMEILFEik 4L
{ pET28a (98 °C/2 min; 35x (98 °C/10 s, 68 °C/
30 s, 72 °C/180 s); 72 °C/4 min), #RJ5 ¥
DiaSpin #: 30 DNA & [5] i o 7] & # 4E v B fn
TEDA AR SCBR AT 4l b Fde e e,
o R AL TS . Toplo, BREUE AL 79142
B 2 ok, SR ZREUIA DNA 7 DL 56
TIE 5 A 4 IR AR 1

F1 RAUYEIMREHRSHAEDERMEELEERSIMFF

Tablel Primer sequencesfor amplifying three candidate detoxifying enzyme coding genes and linearized vector

T EIEZ IF91 (5-3)

adhl IF AGGAGATATACCATGGGACCTGCTGGAGAACATGT
IR GTGGTGGTGGTGGTGTTTCTGCGGAAGGGCGAAAACG

adh2 2F AGGAGATATACCATGCAGTCGGACCTGCTGGAGA
2R GTGGTGGTGGTGGTGCTTCTGTGGCAGGGCGT

adh3 3F AGGAGATATACCATGCAGGGCGTGCGCG
3R GTGGTGGTGGTGGTGCTGCTTGGGCAGCTTGTAAACG

Linearized pET28a(+) 28aF CATGGTATATCTCCTTCTTAAAGTTAAACAAAATTATTTCTAGAGG
28aR CACCACCACCACCACCACT

TE: TRIZFRER 15 DM ERBITRIT I RR 534k pET28a (+) I,
Note: The underlined sequence highlight the 15 bases of homology to the entry vector of pET28a(+).

1.3.2.2 3 05 g 1) S IR R 0K S TR PRI
YOI IE A 1Y) B 4 ok pET28a::adhl, pET28a::adh2.
pET28a::adh3 %= & ik pET28a 43l b =%
iA1E F E. coli BL21(DE3), #5411 # 1L T E. coli
BL21(DE3)/pET28a::adhl . E. coli BL21(DE3)/
pET28a::adh2, E. coli BL21(DE3)/pET28a::adh3
Ml E. coli BL21(DE3)/pET28a, 43 #I#kHA: K78
LB+Km 100 pg/mL V4R I (4 Fi% b+ F 5 mL
LB+Km 100 pug/mL, 37 °C, i3REd®. #%M8 1%
PRl R T e R R RN 2 250 mL 3¢ LB+Km
100 pg/mL AR E:FRHH, 37 °C, 180 rpm, HiF#
1.5~2 h & ODgp=0.6~0.8; MIA LYK E 7 0.2 mmol/L
5 N -B-D- it X F ZLWE 1 ( Isopropyl-beta-D-
thiogalactopyranoside,, IPTG ) J57E 180 rpm, 18 °C
BHSFEIL 24 h; 6 000 rpm, 10 min WEE FA,

SDS-PAGE /3 #78 1 &5 J& A T . WifAZ: 50 mL
) pH8.0 Y 50 mmol/L Tris-HCI+250 mmol/L

NaCl+10 mmol/L PRI HE T E & 7E 150 w, ¢2 Hk
AT, JF 5 s 45 10 s AR 250 T AT 4N A 1
12 000 rpm, B0 20 min, ZZAF L IE AL
Ni-NTA O fkedt, #eBOHE™ miid Bk e
AiAE 2RI VR IR IR 20T 30 kDa B IEAS HEA T
WARIRER)S . P17 SDS-PAGE 43#r. RHJE4E
1.3.4 J5 3L P TR 1) DON B2 B TG 10 1 v
DAt 5E = Fhali R0 5 HAT DON st

1.3.3  DON JBi a5 Mg LE My {5 B2 o0 A Je = 4 i
2RIl

DON it #5 fg i) {5 5 BRIl 5 SignalP 6.0

( https://services.healthtech.dtu.dk/services/Signal
P-6.0/ S BL, HAIEMR ¥ S AMUIE i i Jalview
RSB 5 HIE 20 i 2 A5 P38 5 LocTree3 ( https:
//rostlab.org/services/loctree3/ ) SEEL; HIIE /T
i (Mw) FISEH g0 (pl) Tl 5 ExPASy
Proteomics Server ( https://web.expasy.org/protparam/ )
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SR Rl AR 25 A8 Bk 1 0 38 5 DeepTMHMM
(https://dtu.biolib.com/Deep TMHMM) 52 3 ;  Hi &5
225 R 5 Robetta ( https:/robetta.bakerlab.
org/ ) SCHL,
1.3.4  DON it 5 iff il 27 14 Jo e fiF

DON JIit #: [l 175 0 5 773 : 190 pL Y 25 mmol/
L pH 8.0 9 Tris-HCI ZZ M, /350 A 2 uL (%)
5 ug/uL DON, 2 uL ¥ 10 mmol/L PQQ, 2 pL #Y
100 mmol/L CaCl, 1 2 uL A9 40 mmol/L PMS &
WAifgE, fE 35 °CAMF R 30 min 5, A
200 pL HEERAZC R SO, SRS 20 5 0 R R Ao D Ak
B, JEWGE T UPLC #r M H AR B DON & ik, 5%
B DON MK I 7E 2 i Acquity® BEH C18 FE
( 100 mmx2.1 mm, 1.7 pm Kif2 ) BYFEER K
UltiMate 3000 R4t Fif47, MHXSET . HEa
HEARE 2 pL, W 0.2 mL/min, A&
220 nm. AJUET[E] 18 min, YEMEFEF ( 0~6 min,
5~25%2ME; 6~12 min, 25%ZME; 12~13 min,
25~5%Z. ;5 13~18 min, 5%ZJE ).
1.3.4.1 DON MiRERFAYHiE pH {EA pH f2E
e fid pH MYMRE : AR5 LR DON i 75 fiff 1%
PR E D, BRI DON i &R pH 4~10
(% oh i T TG, AE T I B Y pH i DON
RSB IE pH. 16 4 °CF, Kralip o pl7e N
] pH (2 b P E 10 h, I05E HER AT 19F
HEAT pH R E AT
1.3.4.2  DON JIit 25 Bl 9 feais S5 I I 8 AR 1
WE  MRYE FiR DON B agBEE M E ik, 47
BRI DON i #l7E 4. 15, 25, 35, 45, 55,
65 °CF (BTG, AHXT B 5 = il B2 DON i
it 5 325 S5 I I B 4 2l 53 S AE N TR R BE S 4 h
J& . 7E pH 8.0 B2 v il g HAR AR I 1 kAT
FSE T o
1.3.43 &JEETX DON BEEEEHE W 7E
B R NAR 22 43 SR IR BE A 2 mmol/L 194
JBE T Mn®", Mg*. Ca®. Cu*". zZn*". Fe*,
£ pH 8.0 1 35 °CHM T HEHE J1, /44
B B R TG 7 R S
1.3.4.4 AP FI X DON i 75 B 1% M 10 52 i
FEFRUE SN A4 ZR 43 SIS I 1% 00 A AL 511 P BEE

CBE N 2N P R BOR S A, 7E pH 8.0
35 CCAHAF I H G T, s AR R
ALY TR il % T RS
1.3.4.5  FfE LS EL Ky Al Vine B9 RE
TE F 38 S L5 AT, W0 i AE LAAS (] kB2 Y
DON ( 10~2 000 pg/mL ) NEYIHTAOEHE 11, 2
il S Bl et 2k, AR S5 i 3 U)o
SR Ko Vi, TR Kearo
1.3.5 DNA $fii i 3R Uf5 &

DON i Btk FJ2-5-3 4 5 [N 41 04
( GenBank accession no. CP104007 ), =~ PQQ
A B R U ADHI1 ( GenBank accession no.
WEJ57925 ). ADH2 ( GenBank accession no.
WEJ57924 ) Fl ADH3 ( GenBank accession no.
WEJ56774 ),

2 RO

21 FERSHERNES

L EA 1 DON A A il 3-keto-DON IR
Wi IR FI2-5-3 (4 5E R 41 5 81 R 58 e, 2 [
TR LT SR, LLVT 2k B Bk D. mutans 17-2-E-8
I DON flii & i DepA 7E N #RE 741 8 4 FI2-5-3
PRI S5 R 2 500 2 TP T RE Y PQQ AR P s i &
Mt iy LN . AR R EE I, AR A b & 3
T 34 CDS %X (coding sequence), FH:K/Ny
%2k 1773 bp (adhl). 1 770 bp (adh2) #il 1 761 bp
(adh3), Wi E ( proenzyme ) Ff) 2 il 2 FER Kl
H 435120 590, 589 F1 586 1>, SignalP 6.0 H{5 5
JRFI A5 2R W, H N ¥ 1~25, 1~24 Fl 1~25 4
RAEMRAFESK, =¥ E T Quinoprotein
alcohol dehydrogenase # K Ji% , i3 ADH1 , ADH2
il ADH3 5 5L DepA W) IER 51 A B0 43 51
M 36.9%. 37.4%FH1 35.6%.
22 DON fiStmuEREMNEE R FEERIE

DATR AR FJ2-5-3 FERI 41 RIER 1 A N 28 R A1
R REAR G835 PCR 9748 465 5 ks =
AR B i i FE R adn1~3, 4nl& 2 s, PCR
Y1 PR /N AT 1500 bp 5 2 000 bp 2],
291750 bp oty , SHUHERAAT . =M%k
JI5E T T R TR R M Ak 3R Ak pET28a Y4 3%
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DNA F B, %4 DNA I, TEDA %4, #ifg
ek . EATURAMAR . FREIMERYI K& DNA F
G — RV AR, BT = A BH M E A R
pET28a::adh 43 5l % Ak 5 35 K AT I =ik 16+
BL21 (DE3) "', M54k DON M fiff ) ik
PR MR R

20k
1.5k

#kif M: DNA marker ( 250~10 000 bp ); ki 1: adhl;
kil 2: adh2; ¥kil 3: adh3
Lane M: DNA marker (250~10 000 bp); Lane 1: adhl;
Lane 2: adh2; Lane 3: adh3

2 Z=Af&iE DON RSB43 E EH PCR #ig
Fig.2 PCR amplification of three candidate DON
dehydrogenase encoding genes

1 SDS-PAGE Zr#rdi R (&l 3) Fion, H4l
fiti ADH1. ADH2 1 ADH3 ¥J{v; T-%& 1 Marker 1
60 kDa~75 kDa Z ], 5HHUM /> 7 62.4, 62.6
1 61.1 kDa JEAFAST o = b 51 41 /il () 10 25 115 TR AG:
MEERmME 4 Pin, JAAEAR ADH2 HA K
DON ( fRFEHTE] 7.6 min Z247 ) 4L 3-keto-DON
(fREAWIE 10.6 min Z247 ) W&, XA . ADHI
1 ADH3 ¥JJoitifite, #H] ADH2 JyE A DON
SAALAE I PQQ A 1 I It St
2.3 DON fii&Es ADH2 HEWE B34
SEH ADH2 K3t 589 MR R4k, H
N U] 1~24 DEIERRNE5IK, AR ADH2
W5 565 N BR . UANE ADH2 3Lt/ F i
A 62.6 kDa, %5 5 (pl ) A 4.44; E 5 E DepA
BA 37.4% & LB AT . 36T Robetta = 2 =

VKiE M: [ marker; 3k 1: E. coli BL21(DE3)/pET28a;
¥ki 2: E. coli BL21(DE3)/pET28a::adhl; ki 3: E. coli
BL21(DE3)/pET28a::adh2; kil 4: E. coli
BL21(DE3)/pET28a::adh3
Lane M: protein marker; Lane 1: E. coli BL21(DE3)/pET28a;
Lane 2: E. coli BL21 (DE3)/pET28a::adhl; Lane 3: E. coli BL21
(DE3)/pET28a::adh2; E. coli BL21 (DE3)/pET28a::adh3
3 1%t DON i SEHIRIZRH SDS-PAGE &4
Fig. 3 Expression of candidate DON dehydrogenase
and its SDS-PAGE analysis

WA LE R (& 5) FB ADH2 RHfk, H
AR N B OIRER 1S ( 8-bladed beta-
propeller fold ), JC heme ¢ 53 ; DeepTHMNM
T 235 SR G Pt A s 2 1 oIV 40 £ T
M5 R Z W T e T4 S T ( periplasm );
AR L) FAZ B3 %, ADH2 BT 1 % PQQ #it
PRt 5t S
2.4 DON fi SN EEFERRIE

£ pH 4~10 oL PN, T E 41l ADH2 19 i
N pH AE#EAT T % %¢ . LIRE pH {H T 15 5 il
TWEPEMEICAE 100%0E M, TFEHE pH EAM T
it 15 1 e e W MR A LA, 28 pH {E—AH X
PR, & 6A s, ADH2 1E pH=9 iy 414 F E
I B, e pH=7~8 B}, {#4F 50%LL F1Y
B PE, SR, 7E pH=4~6 MRERIEELH pH=10 B
PERAET, HLRGIG R W B PR 4 . pH
fEXFE 2] ADH2 o PR 45 4L (181 6B ) %,
ADH2 7£ 4 °C., pH=6~10 5/ FI¥H 10 h, 1/
TRE 90%Lh ERYEREIGYE, SR, 7E pH=4~5 1Y
B AT, HIRRIEERAE 2L, hiknl
A, HANG ADH2 EAA B AR e T A 25 1Y
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Control+reaction system

passiey

—_
=)}

/( DON
N_

WG
[mAU]

Va i ADHI1+reaction system

LrO O
T

T

WEREE
[mAU]

3-keto-DON
ADH2+reaction system

O o

Wt
[mAU]
fo S

ADH3+reaction system

pussiey

Sa
:

N
N

WA
[mAU]

Blank-reaction system

pessisg

|
O

16

W6
mAU]
=

oL

T4

3-keto-DON
3-keto-DON standard «

6.17 6.50 7.00 7.50 8.00 8.50
Fi5f 8] /min

9.00 9.50 10.00 10.50 11.00 11.42

B 4 =/M&i& DON REEFEMMAE UPLC B
Fig. 4 UPLC profilesfor the detection of activity of three candidate DON detoxification enzymes

WA coli, TELE(O N helix, 4¢{4°Jy strand
5 ADH2 KSR L&HTNIEEE
Fig.5 Predicted 3D structure model diagram of ADH2
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