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Abstract: Zearalenone (ZEN) is an estrogen-like mycotoxin that can competitively bind to animal
estrogen receptors, resulting in hormonal disorders in the reproductive system of animals. ZEN lactone
hydrolase (ZHD) can hydrolyze the lactone bond of ZEN to non-toxic products. [Objective] By
bioinformatics analysis and enzymatic property exploration, a ZEN lactone hydrolase with new
properties was identified. [Methods] The pET28a-zhdlIf expression vector was constructed and
introduced into Escherichia coli BL21(DE3). ZHD11F was obtained by purification with Ni-NTA, and
its enzymatic properties were analyzed. Furthermore, the mechanism of its low-temperature activity
was elucidated by structural simulation and molecular dynamics. [Results] With ZEN as the substrate,
the specific activity of ZHD11F was 40.04 U/mg, and its optimum reaction temperature and pH value
were 35 °C and 8.0 respectively. The enzyme activity of ZHDI11F exceeded 60% in the range of pH
6.0-9.5, and it showed good heat stability below 35 °C and could endure a variety of metal ions. The
activity of ZHD11F remained 20% and 40% at 10 °C and 20 °C, respectively. A number of loop
regions led to increased structural flexibility, which was the main reason for the poor stability of the
enzyme and its high activity at low temperature. [Conclusion] Phialophora attae was a fungus
belonging to the genus Phialophora, and the enzymes derived from this fungus were rarely identified.
In this study, the ZEN lactone hydrolase ZHD11F from P. attae was successfully expressed in E. coli
and pure enzyme was obtained. Characterization analysis showed that this enzyme was the first low-
temperature ZEN lactone hydrolase reported so far, which provided reference for studying the cold-
tolerance mechanism and wide-temperature range of such enzymes, and also expanded the functional

study of enzymes derived from P. attae.

Keywords: zearalenone; zearalenone lactone hydrolase; low-temperature activity; heterologous
expression; enzymatic properties

FOKIRFEIM (zearalenone, ZEN)E—Flif  1EWh, B ZfEmaEaE Rz~ Jink
WOIE AR R EERER, WLTAY SERERROVHSUHE LB, HhHHR 152 ZEN

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



4204

Lin Xiaofan et al. | Acta Microbiologica Sinica, 2022, 62(11)

SR YE AP S RN 25%. 52 ZEN JigL
KIVEMI R & B )G, ZEN 23 RRESH A
[ A 5 By sk A Y, T S e RN 3
MR Z KRGS A, SRS A FE RGN
FERAL, WYL RZ5,
ZEN Wyl AR OB B . fbae i
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Jox A 2 R BURDEVE R AR L, BAFTE
BN, WA YRR, S
A ) A L I S A R L B AR ZEN,
ZEN AR TCEE W, X RO AR T EAL
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1.1 EERFF

Escherichia coli DH5a 5% [##£F1 BL21(DE3)
FIRHMR A Transgene 2\ Fl. BamH 1/Xho 1
SRR VIR . Ex Tag DNA RAH . T4
DNA &GS H TaKaRa 24 A (KIE).
PCR ¥y atifb A e [RIcsn & . Bk g BasHH)
S Marker W 1 T/ 50 s MEREE P RHEL
et A B2\ . Bradford 25 P IR &
T Omega Bio-Tek A+, Ni-NTA & H4lifbRf
fl§ . GE HiTrap Desalting £ H GE Healthcar
/NH) . ZEN W HF Sigma-Aldrich 23 6], 2§
WA T i st A AL BB A R )

1.2 5|4

ZEN N IR K i B 55 A zhd11f (GenBank
ID: XM 018142292. 1) A T A T ()
et A RAFE A B R EE R T HFY
4 zhd11f FERF51% ZHD11F-F 5 ZHDI1F-
R(FE 1),

ASCH Y ZEAER ZHD1IF (H245A)8 1K
9% ZHDIIF MIEPEALRLGGR 1) ARSI
ARG YL PCR XA IR i
ki pET28a-zhdl1f HEATY 1S . DI HIZR AL 1)
% Dpn 1 AbBRJS 5% ARG IR DHSa HH 58 B
AR B SRS BL2I(DE3)H iR . Rik
Malifl, #1775 SL o

®1 514
Table 1  Primers used in this study

Primers

Sequences (5'—3")

ZHD11F-F GAATTCATGACCCTGACCAGAATCAGAG
ZHD11F-R TCGAGTCACTCGAGAACGTACTTCCTAGTG
H245A-F GGTGCTTTCCCATACGTTACTCACCC
H245A-R GGGAAAGCACCACCTGGCAACAAGG

1.3 Fioth. BERMEEMS FahhE
XD

5 AL A 7E NCBL ik f 7
BLAST #1183, 255 X Clustal X Al
ESPript!' Y1545, {55 KT SignalP4.1 server
(http://www.cbs.dtu.dk/services/SignalP) #f 17 il
W . ZHDIIF %5 #4 i & I[-TASSER Suite
(http://zhanglab.ccmb.med.umich.edu/I-TASSER/)
PEAFREATS, ZHDIIF 25 1 45 04 Fl 88 o) A 4K
4 Discovery Studio 2021 #47 A] 44K .

ZHDI1F F1 ZHD518 )43 T-3h 1 47
YASARA (http://www.yasara.org) P17, %K
PR G CEE— pH 8.0 Y J& WS A
B, 7& AMBER 14 Jj3F, EHXRi#FITIME R
N FIRE T e/ IMb, 2B RGN 0 FH
F| 308+0.5 K, JfEfRfpfeE. &E, Bl—1
B 20 ns B953F 8 12, HA 100 ps
PRAF—R PR IR
1.4 FHERIEFRNEE

WP WA B ) zhd 111 7 B BamH 1/Xho 1
PEAT WY, A BamH 1/Xho TRV LAk
A PR IR AR pET28a. 4 DNA i B 5] 1)
EHERAYHLEA DHSa, WA T5A KB
2 (BWRTE N 50 pg/mL)A LB A4 F .
PRBCHPER AL, 43 53 &% PCR Fl BamH
1/ Xho VAU U] 56 85 41 Jokr , A4 25 B Uk 1E A
B JRE % 2 AR T AR W TR (V) O A RS A
BEAT I o B I IE W Y B 4L R 4 N
pET28a-zhd11f
1.5 =48 ZHDIIF BFRiLFaiik

W BTk, pET28a-zhdllf 5 AB KA
BL21(DE3)Hififraik. HiH&H 50 pg/mL RAF
FRM LB K33k, £ 37 °C. 220 r/min [
PEIR LR 95 & ODgi=0.6 I}, TN He B Ny
0.1 mmol/L )5 LA LM 1T (isopropy-B-
D-thiogalactoside , IPTG)5 5 ZHDI11F HJ 3R
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ik, JFALE 18 °C. 220 r/min FFEKHH;3E 18 h,
3 800 r/min 5.0 10 min WA FE A, K E K E
BT 20 mL EREZE o (50 mmol/L Tris-HCI,
150 mmol/L NaCl, pH 8.0)1, Z5HAmMHE. &
OFAT 022 pm JERELTUE BIE R IR aifl ., il
F] Ni-NTA (His*Bind Kit, Novagen)ZHr#Ex}
ZHDIIF #174ifk, 456720 EE &
F, 2 10 mL JE22Z% #hi&KI (50 mmol/L Tris-
HCI1, 150 mmol/L NaCl, 20 mmol/L BX#, pH
8.0)M 10 mL PEA2ZE o1l (50 mmol/L Tris-
HCI, 150 mmol/L NaCl, 30 mmol/L kM, pH
B.ONHVEIRFE L G AE, Sl veBige vp
W (50 mmol/L Tris-HCl, 150 mmol/L NaCl,
300 mmol/L BKME, pH 8.0)tMi 5 stk H
FEE A (BRRTERE 1| mL). f)n, 4 PD-10 Biih
H:(GE)BR Z=mkmk 5, f#H 12% SDS-PAGE 43
Mr & A EE VRN Je 2B, {fi ] Bradford 75 LA
MLY% 14K 1 (bovine serum albumin, BSA)E R
P o ot A 0 A R
1.6 ZEN Afg/k ks ZHD11F Bg3EN E

BRBUR 500 uL MR VAR R, 20 pL
B FEH ZEN (1 mg/mL ZEN ¥ 7E (0,35 4% F ) |
30 pL AR BRRERA 450 pL A9 1k (50 mmol/L
Tris-HCI, pH 8.0)2H A% . 7 4% & IJE T I hi
10 min JE¥HN 500 pL B €359 EE 2 E R
N o SR AR 23t U8 LA S Hh s 0 A a1
(HPLC)WISE IS ZEN (5% 4. HPLC
%44 Agilent Carbohydrate column (5 pm,
4.6x150 mm)fEiEH:, Wi 1 mL/min, JishHH
H 60%L NG 40% K AHSEBEGEE,  BARIRERS
20 uL, BAFK 6 min,

JFS 400 B8 i 1 55 F DI 0 e i 25 I W e 4
it ZEN FEAR I ARG SO (U)E R B
BREEARE 1 ong I T Y O — A S R
L o T A TR 2 T e i T T 0 % DU s o 22 1]
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WAL # Ty bR vfE DB42/T 1630-2021,
1.7 REXEEMIRE MRS

ZHDI1F /) E & W€ £ 7E 50 mmol/L i)
Tris-HCI (pH 8.0)Z& mpi -h 47, 7E 10, 15,
20, 25, 30, 35, 40, 45, 50 °C & TF45
S 10 min, SRME ZHDIIF #5086 50
J&. ZHDIIF P#E e M e 2% ZHD11F 4
FAE 35, 37, 40 °C SR E ANFEFE . 5,
10, 15, 20 min, 7£ 35 °C #il pH 8.0 /4 il
5 ZHDI11F 5 AT PE
1.8 pH XJEEEFFEEMRIF M

pH XS 122 ZEAN] pH ) 50 mmol/L
SR I E Y . Na,HPO,-citric acid (50 mmol/L,
pH 4.0-8.0), Tris-HCI1 (50 mmol/L, pH 7.0-9.0),
glycine-NaOH (50 mmol/L, pH 9.0-10.0), pH

[EREA 0.5, pH Fa e Mgty et 15k
ZHDIIF & T LR, T4 °C A& THE
16 h, SRJG7E 35 °C Hl pH 8.0 FMHRERATEME:
1.9 &€REEFXIEEMNS I

FE 35 °C., pH 8.0 &M, ME T AIH
42 J& B F EDTA % ZHDI11F B§iE 52 m, 4
WA BRI N 5 mmol/L. A B AT A
&R BT S E R 100%.

2 BEREAW

2.1 ZHDUF HNEMEERESH

A5 LLE HRIE 1Y zhd101 (GenBank 1D
AB076037.1) zhd518  (GenBank ID
XM 013418296.1) 3 A S 2 % JL H |, i o 7
NCBI % 5 v 7y 410 o X, 45 2] ok I8 F
Phialophora attae ¥ A H1 ) fig & 1 (GenBank
ID: XM 018142292 1)L zhd11f #1475 siht
5%, Hh ZHDI1F 5 ZHD518 4 LR ¥ 51 [F]
JEME Ty 59%, 5 ZHD101 A2 5L/ e 41 [l 5 Jy
52%. MTERN, zhdllf BRI KN 804 bp,
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Hgmig 267 MEIER HEAFESK, Ko1K ZHDIIF % K % #F # BL21(DE3)/pET28a-

IR 15 LS (p]) 23 3R 29.8 kDa #il 5.6,
Wt 2 5 X4 Ar (B )T ZHDI1F
(PR F DA AL =Bk, 25K ZHDI1I1F
TR RCE I AELE —HKAA, BD Ser105-Glul28-
His245, #Emi#Ed ZHDIIF 2378 ZEN N
ik 7K At it o
2.2 ZHDIIF BRE4
T 4rHr ZHDIIF E e, T

Bl B2

zhdllf FikHvk, H N SSH 6 MNHER
%o XFRIRERIEITIE T RSB L E AL, K
W R BRI S Ni-NTA WRRZE A,
A N [ e Ao R R e 194 2% R A TR 2 5 Uk
B, 4ifb)5 98 1 GE HiTrap BRI ER

SDS-PAGE Z3#r i@ ~, ZHDIIF LAn[ e
Fik, HAMLE K ZHDIF DLSAHE TR,

TR/ 35 kDa 24 (F 2).

B3 nl al B4

ZHDIIF
1 10 20

> r'r,i.u.um.n_w —l
30 0

) 60

- 50
JRVASIDIRNIN S &Ky Rpd RS @i T)8e(G YWY YEQEGEGP D VLGP DG LGECH 13T S I ARBGE RV T T\YD
2 ZHDS518 marTRITIG Y V[T k INWY YEQEGMGPDVIHLMP DG LGIACI®TIZD IS SH I ARGE RV T Ti3D
3 ZHD101 - - - MIJTES T 1{chyP jdWY YEQEGHGPDVIYLEP DG LGEC el Sfe) 1 ARG F RV T TJ§D

n2 02 BS a3 n3
ZHDIIF TT TT 20 ——> 000000000000 00
70 80 90 100 110
1 ZHDI11F ERITTEESR: . [¥)1Bacr VP L o[T N[N LJWE|= D NN T RIS L c[z. LlcPc = YR§FD
2 ZHDS518 ESXiER:3< DESAPIAT Y Q D|IRIGR GY|I I{T LRAO|ThAsBEK TEN NAN SRR NS T LIAM C S DRELE
3 ZHD101 EbXiERA <pQdPiAT Y TEVEYAQ R iRy L[S 1.D IR AV WGC S SG AR\ LIBRE ¥ D |5}
A
B6 n4 ns o4 a5
ZHDIIF Q— 200 Q@0 200Q0000 2000090
120 130 140 150 160 170
1 ZHDI11F iENvFMEE=HL QLM oLe oMOprARvD AR AP 1 cROMAGDP KA QPEXIDQ EVHAR
2 ZHDS518 AN MPREEA 7 TENPNIMLE IHENVDP 2 TS QEPMAANSR . AYSGN . . VIRRAD AL GPAUW:R-8
3 ZHDI101 BUIiSAMCEIdLIdTKLLRHEMSNTAVILEDEEYSKILANVMLNDVSGG .. . SN0 A GIORAYEN:
A
06 o7 B7 o8
ZHDIIF 2Q0Q0Q0QQQQ000 2000 —TT 0000Q00Q00Q00Q0Q -
18 190 200 210 220 230

0
1 ZHDI11F Tex§F|T eI oot FNLEOs . Do
2 ZHD518 1{HDi}YlP Y[R4P RT|I|P P ALK . TE
3 ZHD101 LJHKEBIYP R{R4P R T{I|P P AN VKDLE

Q AWV G Al MZ Z)RANRIVITET[X| 2 S|LiP P
X I DRI T NASR S TKLIBIENITY TR EG|I|NpS
2] (PP | Rl WV G Ak TE SIRADRI INITEY TIK|A GLANES

B8 a9 al0
ZHDIIF  emipe 2000 20QQQ00Q0202Q200Q

240 250 260
1 ZHDIIF 3z HFEPYVRHPBAUAR Y BV E MBI KNER
2 ZHDS518 & HEPY V[4HP| AR AN Y NV E pielid KNOS
3 ZHDI101 & HF P Y Vi H P [e¥A3 AJd Y \§ V E papdle) K j1 M

A

E 1 ZHDI1F 5 ZHD518. ZHD101 8955 Lt

Figure 1 Sequence alignment of ZHDI11F, ZHD518 and ZHDI101. The predicted catalytic residues of
ZHDI11F (S105-E128-H245) were shown by a hollow triangle.
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L2 M kDa 2.3 ZHDIIF Bg5 4 RARAE
T (I 231 REX ZHDIUF BE RIS B
— . fE 10-55 °C JEFPY, M7 17 W
- ?_70 ZHDI11F X%} ZEN BJi&EYE, BReai e, 1
—55 35-40 °C Z[i] ZHDIIF %} ZEN [R5 % e
ZHDLIF 35 KDa — -' N (A 3A), FE 20-45 °C Z[a] REAR KRB o i 1k
v il !—Tz () 40%LA I, H ZHDIIF £ 10 °C el

20% M AEXT G, H 2 RN R R T 40 °C B
B2 SEEQ ZHDIIF SR TEPEGE F . ZHDIIF Y3 & M4 b £

Figure 2 Purification of recombinant ZHDIIF. BH, ZHDI11F #£ 35 °C i & 20 min 0] LIAFHER

. i . . ; B . ‘ o
.12A> SDS PAGE analysis of ZHDI1F purified fl.rom A7 EMERAS . 37 °C BEE 20 min 0] AL EHE TS
induced E. coli cells. Lane M: molecular weight i X o .
maker, from top to bottom in turn are 180, 130, 100, EPER 40%LL ., {H7E 40 °C WFH 20 min &

70, 55, 40, 35, 25, 15 kDa; lane 1: supernatant of £7T 75%L ERTE M (E 3B) . 2t L35 B

induced ZHDI11F; lane 2: eluent ZHD11F with 300 = - . ..
b . N o E N
mmol/L imidazole; lane 3: imidazole free ZHD11F ZHDIIF Je—M T, 15 35 °C DIF AR

after desalinization. TR AER R o
(A) 120 - (B)120 )
—8—35°C --4--37 °C = *= 40 °C
© 100 } . 100 <= ° —— P —e
= S R,
s 80} 2 80F v oA
= > . \~‘~
o 60f S 60F s Al
= > RN TS
§ 40 | § 40 . oo *
[0} ~
o~ '~
20 t+ 20 F SeL ..o, - - -
O " " " A i A i A i J 0 " i e J
5 10 15 20 25 30 35 40 45 50 55 0 5 10 15 20
T/°C t/min

3 REXT ZHDIIF BgE RARE M AR

Figure 3 Effects of temperature on the activity and stability of ZHD11F. A: effects of temperature on the
activity of ZHD11F. To determine the optimum temperature of ZHD11F, the reactions were conducted from
10 °C to 50 °C in 50 mmol/L Tris-HCI buffer (pH 8.0). Maximum activity was set as 100%. B: effects of
temperature on the stability of ZHDI11F. The ZHDIIF in 50 mmol/L Tris-HCI buffer (pH 8.0) was
preincubated at 35 °C, 37 °C and 40 °C for 20 min, respectively, sampling every 5 min, followed by residual
activity determination at pH 8.0 and 35 °C. The original activity was set as 100%. Each value of the assay
was the arithmetic mean of triplicate measurements.

2.3.2 pH X} ZHD11F B§5E R fa &M a9 820 60% B IG PR (R 4A). pH FUE MRS R ER,
2K & B, ZHDI1IF ffdE pH M 8.0, ZHDI1IF 7£ pH 5.5-8.5 Z[AI{£ 8 T#A1d 50%HY
J+ H. ZHDIIF 7€ pH 6.0-9.5 KL RN EAT#IE s 4Gk (& 4B)., MY, ZHDIIF &—Fdik

<l actamicro@im.ac.cn, & 010-64807516
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(A)
120 ¢
100 f 4=
N < e S
O\ i . e AY
Z 80t b 1 1,
= i A S
o =
S 60 {' o Sodium citrate- \L
2 citrate acid \
k] 40 F A ’NazHPO4-NaH2PO4\
o~ = is-
20k +---+Tris-HCl
+ - —Glycine-NaOH

pH

4 pH ¥t ZHD11F BJE K52 E 895200

O n 1 n 1 1 )
4.04.55.05.56.06.57.07.58.08.59.09.510.0

Relative activity/%

0
5.0 55 6.0 65 7.0 7.5 8.0 85 9.0
pH

Figure 4 Effects of pH values on the activity and stability of ZHDI11F. A: effects of pH value on the
activity of ZHD11F. The reactions were conducted at 35 °C with ZEN as substrate in different buffers. B:
effects of pH value on the stability of ZHD11F. The stability of ZHD11F was determined from pH 5.0 to pH
9.0 at 4 °C for 16 h. After preincubation, the residual activity was measured at 35 °C and pH 8.0. Each value
of the assay was the arithmetic mean of triplicate measurements.

WU ZEN BEAFREG, RERSTE) 12 pH 3G RN
TR XA T B TE L . ZHDIIF A4 0 S iR
FEFI pH {H 435K 35 °C i1 8.0, TEMZM4F T XF
ZEN ¥ HLTi 5 A 40.04 U/mg.
24 S£RBEFX ZHDUF 5EMAISH

MK T AR 45 J8 2 X7 ZHD1IF #4361
FIoI, 25 BRI KTe Ca® &3 A&y
WA I M, BRI Mgt e —E R AR
B E, WA Cu® 2 AR H AR 10%
FIEPE, B0 5 mmol/L f EDTA X gAY %Pk
LA W (R 2).
2.5 ZHDIIF HIEEHEAE R IE M AL RN E

A W 5% L ZEN N fig K fi# i ZHDS518
(RmZHD, PDB ID: 5XO8)%E#) Jibith, 18
f W3k I-TASSER X ZHDI11F Hy45 e E4T 1 15
I, i Discovery Studio #FfT =2 Z5H A0l
WAk, ZHDUIF FEfE —BCfK Ser105-Glul128-
His245 5 ZHD518 (Ser105-Glul29-His243) /&
XFRLE, AL TRRES & 48, X 2 MER
WAL IR R T AR TR, BB R ML =t

P 2 [0 2 80 19 ff B DA B i Y R TR (B 5). #
ZHDI1F 1 His245 28758 Ala, 728K ZHDIIF
(H245A) AR K ) 2] i 06 1, X —Z5 SRR W,
His245 J& ZHD11F A— i ZAEAL TGP A o

*2 &BEBETF¥ ZHDIIF BEA#I
Table 2 Effect of metal ions on the activity of
ZHDI11F
Metal ions (5 mmol/L)

Relative enzyme activity/%

No addition 100.00

Li* (LiCl) 94.88+6.86
Na' (NaCl) 96.07+6.38
Ca”" (CaCly) 87.38+4.49
Mg®* (MgCl,) 66.64+8.83
K" (KCI) 91.86+2.96
Co*" (CoCly) 100.26+1.88
Mn?* (MnCl,) 110.37+3.52
Cu*" (CuCl,) 10.44+1.75
EDTA (5 mmol/L) 81.54+10.88

All the reactions were performed at the optimum conditions
(35 °C and pH 8.0) with ZEN as substrate. The activity of
enzyme without any additions was set as 100%.
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2.6 ZHDUIF M{KEMRERIEEESH

Tang SRR, EOAFHELHS loop
DX 34 0 AT BRI T HA A i S I 2
—[81 4% ZHDI11F 5 ZHDS518Y S F45H4 Xt
Kl 6 i@ i, ZHDIIF Fil ZHD518 AR {AZE
FAIZEAK, {HE ZHDIIF 4 loop X B i
i, EH loop IXFIRESEM ZHDI1F MHA1ERY
HEZ—,

His245

5 ZHDIIF 5 ZHD518 1L m AL 5

Figure 5  Comparison between ZHDI11F and
ZHD518 catalytic sites. Grey stick residues and
numbers represented the positions and distances
between catalytic residues of ZHDIIF (Ser105-
Glul128-His245). Black stick residues and numbers
represented the positions and distances between
catalytic residues of ZHDS518 (Ser105-Glul29-

His243).

(A)
20 ZHDI1F
s —ZHD518

Pt

@)

£ I.NY\"WNWN
0.5
0.0 : : : : -

0 5 10 15 20 25
t/ns

6 ZHDIIF 5 ZHD518 Z5#tL 4%
Figure 6 Structure comparison between ZHDI1F
and ZHD518. The three-dimensional structure of
ZHDI11F was grey colored, and that of ZHD518 was
black colored. The increased loop region in
ZHD11F was marked with black circle.

ZHDI1F #H . ZHD5 18 b s & M i 5
fiX, R T e R T RE RN,
4 F 8l J12#(molecular dynamics, MD)FEL b3
ZHDIIF 5 ZHD518 Z a5, M= TR
T 1) 2 J5 AR 4 2% (root-mean-square  deviation ,
RMSD), FrAWEAE 10 ns WIEFIFH . SOk
TSR RMSD fEBRAIR, 2 10 R G MR,
e, B 7A hEoR, ZHDIIF
RMSD {HfXF ZHD518, Wi ZHD518 25ty
IR E . HE P S A% RMSF BT
] FR) 30 Sh B0 LA 20 i ZHDILF 4 52 335 [X s (1]
7B), RMSF fURBGAFREM LM, LRtk

B) Asp162-Glul67

4.0
35}
3.0
2.5
2.0
1.5
1.0
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0

ZHD11F
—ZHD518

Ala73-Vall77

|

RMSD/A
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7 ZHD11F 5 ZHD518 9 RMSD {ELL K RMSF &/ T A2 E 451
Figure 7 The RMSD and RMSF values of ZHD11F and ZHD518 are used for thermal stability analysis. A:
RMSD value of ZHDI11F and ZHD518 during the 20 ns MD simulation; B: RMSF value of ZHDI11F and

ZHD518 during the 20 ns MD simulation.
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