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ring-opening reactions and are widely used in the synthesis of chiral epoxides and other
compounds. The eco-friendly and efficient preparation of halohydrin dehalogenases is thus of great
significance. In this study, we optimized the N-terminus of the coding sequence of the halohydrin
dehalogenase HheC based on the mRNA secondary structure to achieve the efficient expression of
this enzyme and then applied this enzyme in the synthesis of chiral epichlorohydrin. [Methods] The
mRNA prediction tools was used to predict the secondary structure and thermodynamic properties
of 5'mRNA. To reduce the stability of the mRNA secondary structure and increase folding free
energy (AG), we designed the 5S'mRNA sequence without changing the amino acid sequence.
Furthermore, we characterized the expression efficiency and catalytic performance of this enzyme.
[Results] The HheC mutant was obtained via the design of the 5"mRNA sequence, with the protein
level increasing from 16.71% to 33.39% and the relative activity towards 1,3-dichloro-2-propanol
increasing by three folds. [Conclusion] The optimization based on the secondary structure of
5S'mRNA improves the expression level of HheC and enhances the synthesis efficiency of the target
product, laying a foundation for constructing the route of enzymatic catalytic synthesis of chiral
epichlorohydrin.

Keywords: halohydrin dehalogenase; mRNA secondary structure; regulation of translation

fiE i fiff (halohydrin dehalogenases,
HHDHs, EC 4.5.1.X)J& — 28 5 2 i A= Wi Ak 711
B RE IS AL AP i B R X R AT o R
WA RN, A ORI AR 5 ki AL TR
N, W REAEA AR N Y30 R, BPSZ N3™. CN7
NO, S5 R IR U, LI ALY I3, A
A SR IHR o i U B A X ) AL
AE o MR 7 51 () U5 1 5 45 40 R AR 1Y 22 5
W2 6 o 8 1T 3l A-G S 2 A AU o
HheC X R B4R o B BLA e TG A s e, 78
TP A ABE . AT OGS | Mg I 45 5 B
A EENH, ol 2 b,

TEBARA Y HOR Gk, A IR R AE 1 324
Prrb e AR IR E S AR I R4 . SR
HMIREE R Erh S AR IA R OGN R R 2 T
T, EAEREEEIILE . A& s &
FETTAF R, , DL SO0 T 32 20 M BRI Y
i JirP, mRNA 45tf, JUHJE 5'mRNA 2
LSRR G R Z — . mRNA 404544 fE
% . 25 52 o) RS JA 8RB T S Wi oy e ) £
BT A F A KO, 8 2 mRNA 2045
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ZERELETTRES | R ARl Ak, AG S
B RNA a5 MR YRR BT 28, )
BT RNA 53378 R 45 A I Y Re R A8 Ak
AG AR (R AE B Q) 2 B IE 112 45 1 e 2R
HZRER, “HESERRE .

X RIERET S, FIFAR LR IX (translation
initiation region, TIR) & J7 21 &l 1% 1) 75 22 T HE IX
W, R AZMHIA LS G40 45 (ribosome binding site,
RBS). SD J¥%(Shine-Dalgarno sequence). {Zif
WA SRR I TIR FRa X i
R B 520 A I AT XY mRNA 0451851
AR Stk S, TIR N — &
mRNA A5 REIE 1 HE e 0], B 1k Hopk
RIS B T 308 WAL RBS 2 A A
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FIRRCR R MC, BROEr a5 —
HEA, NGB, W H &
PR 238U Al mRNA 2k 45 M 7E 45 H
M R IBKOEh R IEE Z A BEEH, W i
PEARSE G R0% . BIEEGE A 1AHE . mRNA
WSt 2 7 2 B L 5 7 s I DA I 28 R S AL
SERE BRI S'MRNA 2 45 K T S e A% B (AR
G A (R B8R #E  F AUG B s SD 3 51),
R AN = i T B (1 D S P Y
WL PR eIF4E ., elF4G SEE 4R F X mRNA I
EMIRSE A, TR R R AR B A AR AT R
f AT W, mRNA “ 25 pin g X 55 E
P RE % 38 1 22 B AL 52 AR T A R
XK RET SmRNA “HEE/ETT, T
ot 1< il LE K KT T (Escherichia coli) " 1 5 5 4
AP T HESR T

AW 5E L HHDH W R 22 — [ 1 B i 1 it
HheC MWFFEXTE . 381t FEAIRGR 5751 S'mRNA
TR AR A AN A LR T B B i AR
T 42 %5 HheC 76 KM AT & 19 7 I R k7K F
JF FRAF B 1) 3R 38 808 S R 1,3- 8 -2- T I
(1, 3-dichloro-2-propanol, 1,3-DCP) #9141k 14 BE ,
DU T PR S S P e A B B B A

1 ARSI

1.1 7R
1.1.1 =&k

AW R85 3250 E. coli BL21(DE3),
FEREARN pET-28b(+), &AL 2 [
BIF 56 52 o1 B3 £ i HheCriaanyaisoripi7ssiwadop A
SLHEATIE, FRiC N HheCyao
112 EFE

LB #5555 (g/L): MR 10.0, BEREK 5.0,
NaCl 10.0, pH 7.4.

LB FEAE: 25 78 LB IR RS 37 36 04 L
A 20 /L B BRARRYECH M

1.2 mRNA ZREHRSHRFF M RTUN
1.2.1 ET ViennaRNA #J mRNA Z 454
S5HRNFEMRSH

PR mRNA A5 H T 25 50T {5 B
HEHf S e g 2k AR A i e, AR5k
3 PO R A T T2 mRNA — 20 4544 5
P2 VER AT 0 M o FIH ViennaRNA 7E46 T
H.(http://rna.tbi.univie.ac.at/)* 2 %F 5'mRNA (3
TR/ 80 nt JF Y)Y —Zh5M . Pr&H
H B2 (AG) S Az 1 TR #A 7 2 ot 47 0
H mRNA #7 & 34046 B/ H i 8 (minimum
free energy, MFE) #& %I 5 Fi¢ 43 p& %X (partition
function) B . MFE B A58 o 8 & [ i g A%
()R8 G2 K U 5 2 B e AT B 4540 5 TC 47 R
BRI TS0 ) S HE ST 5 i A7 ml REA 2 1)
PRI 2E AL, DT FRAS Bl 56 %o AR 6 5 254 2
FEVEAS B, I o B Rk A K X B 2E X (avoid
isolated base pairs) A $ 5 N 25 5 00 5 BibE . 3E
$£ Turner £ 81 (2004) 22 1 S 2 280, e
BIREE R 37 °C, 1E 1 mol/L $hifk B FikATRER
T
1.2.2  ET Mfold # mRNA Z 254 5#%
TIFEME RS

I8 F UNAFold7E£k T H.(https://www.unafold.
org/mfold/applications/rna-folding-form. php)f) Mfold
BRI R 2 3 T o5/ [ FH RE JRUELT & BB TR
TR . HAZ U R Zuker SEHR Y
B HK] (dynamic programming)&.7%:2* 5 Turner
AL (1999) ) 2 SRR Ge b b R A ]
REMI IR IE RO 2 G, TS IR U0 e fe e 4
K ZAWARAGE . 2RI AL R 36 A 25 R 2
Wfe, SCRESRIECRT . AR E N2 5k 2 5
B, fESEZITTIREIE. 51k . RNA T4
GBI T Z N . WESTEIRE R 37 °C,
7E 1 mol/L Fhife B M TRERE T .
1.2.3 ET UFold #) mRNA ZRZEH 534

UFoldP®13% TR B4 ST HESR 38 ik oty 319 11
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PG AL Bl 28 100 258 5 0 52 B Vo A B 5 s 8O 1Y
mRNA 45k FU o AR A U-Net £
RIRT 2 B FAPH 2 R B0, BB AE DRI B AR
B[R] 2 2SR BUR AR S 4 Rk . Sl X LxL
() X B AT R AR AL B, i BR AN AF S RNA
TG YRR AIECXS, A5G LR )
el , w8 RAAT & #5 5 LA BR
MRS E —RES MR . 207 A LeAR S8 A e
Sre/ M7 VR A S e 8 T B e 5 A TR
AL AR 45 0 55 R O SR AT 55 b R S
7.
1.3 EHEHE

Pl HheCyy AT, 813 4250k PCR X H
PRIF AT . R DNA H R/ R £
(W 3 b5t RAE DR A RS D) SR Bk
3. BIYFH L3 1. PCR MK & (25 pL):
2xPhanta Max Buffer (p505) 12.5 pL, dNTP Mix
(10 mmol/L) 0.5 pL., Phanta Max Super-Fidelity
DNA Polymerase 0.25 uL, I H ma iR )
PHOB AR AE, b FES1P(10 pmol/L)#%

=1 5'mRNAZRZS|YF7)

1 uL, DNA #i#y 0.1 pL, ddH,O #ME % 25 pL.
PCR I 5% : 95 °CHIZEME 5 min; 95 °CAEPE
30s, 60°CiEk 30s, 72 °CZEff 3.5 min, 30 4>
PEFR; 72 CCAIEM 10 min, 28 1.5% BfSHisE
HLUKEGIE PCR P=¥J5, F Dpn 1T 37 °CiHfbAs
M, PR AL E. coli BL21(DE3),
AT 50 pg/mL RIABE R LB AR F7 3,
37 °CHEFR I, PRECR T T R L R E Rt
AR A R I P B
1.4 BREBFESRIESS
14.1 FESFRIE

PEECE 4 B 7% 2 & 50 ng/mL RIRE R Y
LB AR #2048, T 37 °C. 200 r/min K%
T o 4% 2% KB ECEAE 25 50 pg/mL RIS
BRI LB RSP, F 37°C. 180 r/min
B % ODgoo 290 0.6-0.8, fIIA IPTG (4 ¥ Jif
0.1 mmol/L)# 47 H 45 4 1 Y75 5 3Rik, 28 °C,
180 r/min S 12 h 5, T 8 000 t/min & 0>
10 min, 2P BERIGRENEEA, HTRSEM
S FT S EARN

Table 1 Mutant primers of 5'mRNA sequences

Primers name Primer sequences (5'—3")

ins2ASCAF ATATACCATGGCATCTACCGCTATTGTGA

ins2ASCU-F ATATACCATGGCTTCTACCGCTATTGTGA

ins2ASCC-F ATATACCATGGCCTCTACCGCTATTGTGA

ins2ASCC.F ATATACCATGGCGTCTACCGCTATTGTGA

ins2A-R CATGGTATATCTCCTTCTTAAAGTTAAACAAAAT

L1-F TGGCATGGGCTCTGCTCTGCGTCTGTCTG

LI-R GCAGAGCCCATGCCACCGAAATGCTTTACGT

L2-F TGTGACAAACGTTAAGCATTTCGGTGGCATGGGCTCTGCTCTCCGTCTGTCTG
L2-R GCCACCGAAATGCTTAACGTTTGTCACAATAGCGGTAGACATGGTATATCTCC
HI-F ATGTCTACAGCTATTGTGACTAACGTAAAG

H1-R AATAGCTGTAGACATGGTATATCTCCTTCT

H2-F TAAAGCATTTCGGGGGAATGGGCTCTGCGCTGCGT

H2-R CCGAAATGCTTTACGTTAGTCACAATAGCTGTAGA

a: MIFEHG Y.

a: Downstream universal primer.
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142 EBFRIESH

¥ 50 gL AW EE T PB & W
(20 mmol/L, pH 7.4), FEVK/KIE T LL 180 W iR
WEHE 10 min GRS ] 2 s, [A]BRATIE] 4 s) 2 3
W, 4°C. 12000 r/min .0 20 min )7, B EE
W H PB 2w BE 3 4%, JF5 5xloading buffer
e 41 RRIIIR A, EW K TP CE 5 min,
Bt 4 uL ¥£17 SDS-PAGE 43 #fr . e i (6 4%
10 min TAERRFFALBESS , 7EBEI LG4 R g
HLUK S5 3 o SR AL BRER A4 Tmage) 1.54f X}
SDS-PAGE [&1% #£17 Rolling ball 5 1283 545
EJEHOR A, AT B A8 2R IR B E K
FE53HT o

FB KV S EEE AR 3 N AT
HEA, LIEEEPRUEZE (meantSD) RN, 4H
8] i 2 22 5 0 BT ok FH B 1R 25 Ty 22 43 BT (one-way
ANOVA), fii ] Waller-Duncan £ 5 M 4805 #E47
2SR, W E KRR E SN P<0.05, FTA 40
T8 SPSS 27.0 # A 5ERT
1.5 paBshipaEstE(L 1,3-DCP S RF
e
151 RNHRSERMNEH

7£ 20 mL Gly/NaOH % i ¥ (600 mmol/L,
pH 9.8)5 4 TR L BRIAF LN 1:1 B B AR Z o
N B B 1 i SS ARR P FZ B 0.2 g (AHRE
10 g/L), 400 mmol/L 1,3-DCP, T 30 °CHEH
10 min Ji7, 180 r/min /KIBHRY% )W 5 min Ji7 BX
FE, 12 000 r/min &5.0> 1 min, HEZ2HHLIAHZ
TR BRERAM AL RS HEA TR R
1.5.2 SHEENEE

JE W 1,3-DCP 5 7 ¥ 3 A& N ke
(epichlorohydrin, ECH)ffi H§ GC (Agilent 2\ w])i#t
R, BARRI & . ik S h
BGB-175 B4 HE(0.25 mmx30 mx0.25 pm);
FERE S5 AT EA AR IR 100 °C, {445 4 min J5 LA
2 °C/min FHE 2 110 °C, T1iJ5 L 30 °C/min Tt

%180 °C, 4% 3 min, HFEOREXE N
250 °C, FID Rl F BB O 250 °Co BN
A A, WM EN 1.5 mL/min, 43 ¥ b
47 80:1,

2 HERE5AM

2.1 5'mRNA F5i%it

T BIFEBIX TIR 1 5mRNA 21451
FasE v S H bR 1 kKO 5 U S B 58 45
WS, ARG PR mRNA s fa e v
DL B R A AR AL R, X HheC 2 B9 )% 91 (1)
S'mRNA JP AT, MG I HheC ik o
PN AR F IR F B RTHE T, 40 DA = A
FEAC AG S BARXS RST80T, it AaN 5|
YIXt SmRNA B H R FA 75848 . Hip, 25
(SRR A 7S ins2A N SLrh EAMNTS, b
T Ay AH R A5 T b () N R, LA 7 9 38
155 HheCya AH 7] 14 2 LR

DL AR 208 - AN [ 054 R e/ NIT &
F FH RE T ) kS 46 57 A 2 R4S B AH I 1Y F H BE
T 45 5 (R*=0.938 5)*), Wik, AWFIT AR LS
ST (AUG) 80 nt 4 F 51 (-20-60) 1 A iff 5% %iF
%, Wi mRNA ZHZEFF TR A HRE. Wk 2
Fis , ASTRI SRS 5 1 B 2 540 TN R R 4 AR
AR i HheCyg AHEL, mRNA K251
SR AMmBEER . ik, &ikHm
mRNA 2% 25 ¥ B e 1 B AR Y v 32 ik R AR 1
HheCyam (AG=-13.20 kcal/mol) 5 HheCyam
(AG=-12.00 kcal/mol), [&] I % 31 7 18 75 £ o Pk
IR AR ALK HheCyari (AG=-21.70 kcal/mol)
5 HheCpyiur2 (AG=-24.10 kcal/mol) F T I 6] 45
WE o TEUCELAN bk — 20 3RAE 1 X R AR IR TE 1
T FRIBIKT
22 BHREAREKESELEEMRR

SDS-PAGE K& 5 JK BE #2112 2 70 e 4
W 1 R, &Rk HheCyy 1 HheC (28.7 kDa)
H A A0 AT R B Y AR 16.71%.
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#2 S'mRNAFFIEIT
Table 2 Design of synonymous mutation sequences of 5S'mRNA

Mutant Sequence (-20-60)* AG, AG,
(keal/mol)®  (kcal/mol)®

HheCyyy CUUUAAGAAGGAGAUAUACCAUGUCUACCGCUAUUGUGACUAACGUAAAGC -18.50 -21.40
AUUUCGGUGGCAUGGGCUCUGCGCUGCGU

ins2A%“*  CUUUAAGAAGGAGAUAUACCAUGGCAUCUACCGCUAUUGUGACUAACGUAA -16.80 -19.10
AGCAUUUCGGUGGCAUGGGCUCUGCGCUG

ins2A°Y  CUUUAAGAAGGAGAUAUACCAUGGCUUCUACCGCUAUUGUGACUAACGUAA -14.80 -18.20
AGCAUUUCGGUGGCAUGGGCUCUGCGCUG

ins2A%“  CUUUAAGAAGGAGAUAUACCAUGGCCUCUACCGCUAUUGUGACUAACGUAA -15.30 -18.20
AGCAUUUCGGUGGCAUGGGCUCUGCGCUG

ins2A%“  CUUUAAGAAGGAGAUAUACCAUGGCGUCUACCGCUAUUGUGACUAACGUAA -14.80 -18.20
AGCAUUUCGGUGGCAUGGGCUCUGCGCUG

HheCyyry CUUUAAGAAGGAGAUAUACCAUGUCUACCGCUAUUGUGACUAACGUAAAGC -21.70 -23.20
AUUUCGGUGGCAUGGGCUCUGCUCUGCGU

HheCyy1» CUUUAAGAAGGAGAUAUACCAUGUCUACCGCUAUUGUGACAAACGUUAAGC -24.10 -25.40
AUUUCGGUGGCAUGGGCUCUGCUCUCCGU

HheCyymn CUUUAAGAAGGAGAUAUACCAUGUCUACAGCUAUUGUGACUAACGUAAAGC -13.20 -16.40
AUUUCGGUGGCAUGGGCUCUGCGCUGCGU

HheCyypp CUUUAAGAAGGAGAUAUACCAUGUCUACAGCUAUUGUGACUAACGUAAAGC -12.00 -12.30

AUUUCGGGGGAAUGGGCUCUGCGCUGCGU

T RILRERIA D °: T ViennaRNA; ©: JiFMfold.
% The underline represents the start codon; °: Calculated by ViennaRNA; ¢ Calculated by Mfold.

A B

40} a
kDa 1 2 3 4 5 6 7 8 9 10 2 ab
180— 2
130— 2 & 30t g ® ¢
5 o g | in ol
75— 22
55— Tgoopd d d
43— s T I
34— g% |
- - w e « @ 28.7kDa 5 =107
&
17— "
10— C)& GC‘Y’ @(fo Qc’c (_,QO \,(W\ » > V\Q} \Sgy
F T F F T
& TS

El1l HheCy S HRERAIFRIKKE

Figure 1 Expression levels of HheCyy4 and its mutants. A: SDS-PAGE analysis chart of HheCyy and its mutants
(Lane 1: Protein marker; Lane 2: HheCyy; Lane 3: ins2A%“A; Lane 4: ins2A%Y; Lane 5: ins2A°“C; Lane 6:
ins2A%“Y; Lane 7: HheCpun1; Lane 8: HheCyayo; Lane 9: HheCyun; Lane 10: HheCpg112); B: Comparison of
the soluble expression of HheCyy4 and its mutants [Different lowercase letters indicate that there are significant

differences in the expression level among different strains (P<0.05)].
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4 PR A GEAS R, ins2 ASCA FAIK AR LA bk
F(16.61%), 1M ins2A“Y | ins2A9C | ins2A9C
FIR K HETHIR EE AR, HheC 5 LE 4301 A
25.42%. 27.36% 5 26.71%, AR H
A mRNA F25EPER) HheCyao (12.38%) 1k
IR TF HheCuar (14.98%), H g H K ¥R H
Fr N R B A AR Z A9 HheCymam
(33.39%) # ik /K 15 T HheCpqm (31.78%), %5
RIS U2

HheCpa S H 58 AR (A1) 4 200 e 4 A0 105 0 e
SERME 2 Fron, 5HREKCEE S5 RN,
4 Fhifi A 22 A R ins2 AS HLAT R fIK A R AL T
M, KAk HheCyy AEAE B H78 1L, WA
3 Pl A A AL TR VYA B R R
45 b B B mRNA F& 5 M9 HheCyuy 5
HheCparo FHXT GG B 2 A bk, HHAE
8 AG B9 HheCyaro (57.95%) i £k 16 o Ik F
HheCpiyr1 (72.18%); 1 mRNA & 52 4 8 K 1Y

€
ab

I

300 be

S}

[

(e
—_

Relative avtivity (%)

_
=

S

HO
— o

o
o
o

2 Q@“\V\ (ﬁ*‘\& Q@“@ g@“&w
ST T

B2 HheCye & HREHRIEXIERELLAL
Figure 2 Comparison of the relative enzyme
activities of HheCyy and its mutants. Different
lowercase letters indicate that there are significant
differences in the relative activity among different

strains (P<0.05).

HheCpam (278.85%)5 HheCpann (300.78%) 44k,
WM AR ER, HEAE® AGH
HheCymr 7 F0 M e s BOMEAL TG, 5 Rk /K
Pl K mRNA S5 F e PEIN 45 R —3.

5T HheC FILKF-5 AG HHICHEZ 6V HL
MEGNE 3 R . SR 2 FORTE S L T A5 2
) AG 45 B2 [ mRNA #2454 @M 5 HheC
Fikm R, RIRE A HEE AG T
(mRNA Fa 58 PEFEA%) HheC Fi5 5 W&, H
2 TSR (R FI0I 235 SR AE 53 a3 S5 B % i Ak
AR—3,

2.3 mRNA —RZEHTH

MFE 514 2145 [ i Bef/ MBS 211 |
mRNA " HEEM RGeS, RE TR
b5 AT BB JE LA 45 M . B0 45 1 (centroid
structure) J& i 13 HE RSB BT A5 ) mRNA —
REEH , RN R G T iR T
G0 —FP R PELE P,

J5F ViennaRNA ) SmRNA MFE 2 4544
5RO A I A5 R K 4 FoR . BT
(EXTEE T B, BT mRNA FEi%f B A7
TEAFM R ATRetE . WEE T 0 (R Ei)FRY

_10L ® AG,=0.8889, P<0.01
AG, r=0.864 9, P<0.01
~ -15F
o
£
i
< 20+
O
<
_25 =
| | | |
10 15 20 25 30

Percentage of HheC in soluble protein content (%)

B3 mRNAZ R E B HBE(AG) SHheCHR
Y SR EPS X

Figure 3  Correlation analysis of the folding free
energy (AG) of mRNA secondary structure and the

expression level of HheC.
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Centroid structure MFE structure

MFE structure
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&4 ViennaRNA mRNA — R4 FN4E R

Figure 4 Prediction of mRNA structure by ViennaRNA. A: HheCyy; B: ins2A%“A; C: ins2A%“Y; D: ins2A9CC;
E: ins2A5S; F: HheCpan1; G: HheCparo; H: HheCpyrami: I: HheCyapo.

AL SRR S, IR REFIA RIS,
WA B FAEE LS s R TV (R ) R B i L
MU E , W E AT 2R (stem) &5 #4 h, B
S TR IFIE RS e ASUEE 454 . HheCyy 245
PR IR XS i, T — AR K e gy, H.
MFE 4514 5 B.C 4518 BA B B AR PR (8] 4A),
T B — E R R E M . HheCyamn
(E 4H)5 HheCyama (& 41) ) MFE 25%4 5 5.0
SERRRLEE AR, AR ZORFRE R AR B R 45
¥, B S FEE, A BT ARG A
1 o 4 = B PR ROCR G N HheC ik . MHHEZ
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T, HheCyyr1 (K] 4F)5 HheCpyyo (K] 4G MFE
S RGBT 0 R 1 R B ALY e e Ay, R
A 5 A S BRSO B9 mRNA g4y, i
i3k BELA AR PR 1R PRI HheC ik it

JET Mfold A mRNA 2% 5544 50 5 51 4
K5 fis. BT Mfold fi Hi i mRNA £5#4 4 £
i MFE 2514 5l 4 07 24 Be it #2085 MFE R L 45
P, PR R 22 5 B R AL B A v ) 3 2 2R IR G
¥4, HheCwa (B SAVEAEZ A ZEIREER, AUERC
XX R A s ins2A9A (] SB)Z A4 5 H
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Figure 5 Prediction of mRNA structure by Mfold. A: HheCy4; B: insZAGCA; C: insZAGCU; D: ins2AGCC; E:
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