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Abstract: [Objective] Through computer-aided design, we improved the catalytic efficiency and
stability of Brucella melitensis 7a-hydroxysteroid dehydrogenase and realized the efficient and stable
synthesis of products. [Methods] Directed-mutagenesis at the key sites was rationally designed via
homology modeling, molecular docking, and protein-ligand interaction analysis. Enzymatic property
determination, enzymatic reaction kinetic analysis, and circular dichroism characterization were carried
out to determine the catalytic function and stability of the enzyme. The root-mean-square deviation,
root-mean-square fluctuation, and protein-ligand interactions were analyzed through all atom dynamics
simulation to clarify the molecular mechanism of Met196 mutations improving catalytic efficiency and
stability. [Results] Compared with the wild-type 7a-hydroxysteroid dehydrogenase, Met196lle and
Met196Val increased the specific activity to 8.33 and 7.41 folds, the k../K, values to 4.93 and
4.37 folds, and the T, values by 1.75 °C and 1.10 °C, respectively. Furthermore, Met196lle and
Met196Val shortened the duration of the synthesis from chenodeoxycholic acid to 7-oxolithocholic acid
from 8 h to 2 h, and the mutants had the highest yield of about 91%. The Met196 mutation-induced
rigidity enhancement of loop B (residues Alal45-Pro157) and a7 helix (residues Val249-Gly265) was
beneficial to the protein stability. The enhanced interaction between substrate and binding sites or
active sites (Tyr208 and Lys212) was conducive to the catalytic efficiency. [Conclusion] This study
employed homology modeling and site-directed mutagenesis to modify 7a-hydroxysteroid
dehydrogenase and thus improved its catalytic efficiency and stability. The findings laid a solid
foundation for the efficient and stable synthesis of 7-oxolithocholic acid in industry and provided

theoretical guidance for the rational design of steroid dehydrogenase.

Keywords: Brucella melitensis; 7o-hydroxysteroid dehydrogenase; rational design; catalytic efficiency;
stability; molecular dynamic simulation
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Rk, FERMRE N A C 5 B 4 N F R
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7-0x0-LCA HIF=HEE 99%, [HELATAIK ik
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1.1 #
1.1.1 &k, BIAFI PCR 5149
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Table 1  Strains, plasmids and PCR primers

Strains and plasmids Application Sources

Strains
E. coli IM109 Host for gene cloning This lab
E. coli BL21 Host for gene expression This lab
E. coli BL21/pET-70-HSDH E. coli BL21(DE3) harboring pET-Bm7a-hsdh This study
E. coli BL21pET-M196C E. coli BL21(DE3) harboring pET-Met196Cys This study
E. coli BL21/pET-M1961 E. coli BL21(DE3) harboring pET-Met196lle This study
E. coli BL21/pET-M196L E. coli BL21(DE3) harboring pET-M1et96Lys This study
E. coli BL21/pET-M196V E. coli BL21(DE3) harboring pET-Met196Val This study

Plasmids
pET-21a Plasmid for gene expression This lab
pET-21a-70-HSDH pET-21a containing Bm7a-hsdh This study
pET-21a-M196C pET-21a containing Met196Cys This study
pET-21a-M1961 pET-21a containing Met1961le This study
pET-21a-M196L pET-21a containing Met196Lys This study
pET-21a-M196V pET-21a containing Met196Val This study

Primers
7a-HSDH-WT-F
7a-HSDH-WT-R
M196C-F
M196C-R
M196I-F
M196I-R
M196K-F
M196K-R
M196V-F
M196V-R

Sequences (5—3")

CGCGGATCCATGGGCGCCGATCCGGTTTA
CCGCTCGAGATCCAGTTCTTGAACACC
CTGAACATCAGCAGCTGCGCTGGTGAGAATACCAACGTGCGCA
GTATTCTCACCAGCGCAGCTGCTGATGTTCAGAATT
CTGAACATCAGCAGCATAGCTGGTGAGAATACCAACGTGCGCA
GTATTCTCACCAGCTATGCTGCTGATGTTCAGAATT
CTGAACATCAGCAGCAAGGCTGGTGAGAATACCAACGTGCGCA
GTATTCTCACCAGCCTTGCTGCTGATGTTCAGAATT
CTGAACATCAGCAGCGTGGCTGGTGAGAATACCAACGTGCGCA
GTATTCTCACCAGCCACGCTGCTGATGTTCAGAATT

Restriction sites are shown in italics and underline, and codons of mutant residues are shown in bold and underline.

1.2 EHEEMHE

R KM AT 81 11 28— O 47k, R A1 6 G
TR %) 7= HE IS [ B 5t S0 (Bm 7 o-HS DH) 1) G i
FLH(WP_014489477. 1)1 7 [H) X R AR 1. $iA5
Bm7a-hsdh 3 [N J¥ 5 ) GenBank % 3¢5 N
MW202238. [F] L RASE T B3R 4 MER A
BRI (P E DRI G e K5 Bm7o-hsdh
vE B B % 3k R pET21a b, My KL
pET-70-HSDH, Ak KT Escherichia coli
BL21(DE3)&Z 5410l 2 DNA MFiiiNgE,
WIS E. coli BL21/pET-7a-hsdh.,

P4 actamicro@im.ac.cn, & 010-64807516
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{# F§ NCBI (https://www.ncbi.nlm.nih.gov)Fl
RCSB ## J# (https://www.rcsb.org) 1T Bm7a-
HSDH J# 811 [ J L X2 . GREMLIN 7E£8 434t
T H.(http://gremlin.bakerlab.org) 1 7 (R 51 ¥ 51| 4
7€ M 1-TASSER T.H.(https://zhanglab.ccmb.med.
umich.edu) #4725 1 5T 45 A FO D RE TR o 3 ik
Auto Dock Tools #f4:(http://autodock.scripps.edu/
resources/adt) K158 1 T S LR B X2, 454 3D
AIALERE Pymol (https://www.pymol.org)- i,
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EHBEZEME . R GROMACS 5.0.2 Fk{4A
AMBER 135 78l 1 #5725 5
GeESTAE ST 5 AT TIP3P KBRS
& TRIFE R 10 A, i N &8s T e
THRPMASL, FYE pH 7.0 & EFRILHHET
PEARASRH, o FH SRl T B SEIAEA T 10 000 2511
RE e fm/ME, #E— D EE A B SR TE
1.01 bar J£77.300 K i 50 ns (98 /124 P,
KH MM/GBSA J5 %0538l 1 240l 3 it
rasa AMEETH, & XAGying=Gp-Gp-G ",
1.4 RTNSFITERE

G, L R IE P R AN P 91 R A e R
SPHEEIERRT P, HAR, G AR T ZE R Hox
1 B R AR R R 22 ek e, BETIRSTY
HIFIZE Y LEXHE BRI BRI 45 & 1 A8 18
FEDL B, HIERR I8 B 2 SRR A A A e B
Bt SO fifi ] PrimeSTAR Max DNA
REM, @il R4kl PCR HARIE 7 i
P57 . PCR F2F 4 98 °C 30s; 98°C 10's, 55 °C
20's, 72 °C 1 min, 30 ME¥F; 72 °C 10 min,
fF15 PCR F=¥IH Dpn 1 B AL DL 22 6 6 A
pET21-7a-HSDH, ¥ 1.0 pL {4k 94k 3 E.
coli BL21(DE3)H', il DNA M FPEeiE, 4%
AR 2 AR E. coli BL21/pET-M196C . E. coli
BL21/pET-M1961. E. coli BL21/pET-M196K #il
E. coli BL21/pET-M196V ., I T& SR 1519
M= 1 iR,
1.5 EHWRESLHK

Y EYUL E. coli BL21 FFEIEFIE] &4 1 LLB
BFRER 3 LR, WA N R R 240
50 pg/mL, T 37 °C &M TR, SIEFHRYN
ODgy HH 0.6-0.8 f, JIIA PTG ELIKE N
0.1 mmol/L, T 25 °C 557 20 h. WE4Hl, imit
APV2000 155 £ 213 H1L(SPX Flow Technology,
F FV) 2RI, 7E 4 °C FREEF 12 000xg 2.0

30 min R BIEWK. T AKTA A4k R
%:(GE Healthcare, £[E). HisTrap HP 75 FHItE ]
Superdex 200 JZ2 il 744k, T SDS-PAGE
RSP =5 - S EL Vi A8
1.6 B M REEENFNE

W E NADH 7E 340 nm (W GREE 2Rk,
R, fE 30 °C F& 70-HSDH & H: 578 it A 1k
CDCA WIBHE 77 o WG ST e bR . SO AR
200 pL, Zralim AL R 100 mmol/L 1Y
Na,CO;-NaHCO; (pH 9.5). 5 mmol/L [ NAD Al
5 mmol/L i CDCA, BT 30 °C &EBINE
3 min, JIAGE & 4ERE(10-200 pmol/L), 7E
Bio-Tek Cytation 5 45 2 Uiseraill 244
f# 340 nm AL EE AR AL

Mg 1% 1 B A X s IS (U)=EWx P
10%/(6 220%0.5)

ELIg B A HiE (U/mg) =T 15 (U)/ &
H it (mg)

HAr, EW: 1 min P 340 nm ZbWE G AR
s Ve ROSIREAFI(mL); 6220 FEE/RTEEER
FL/(molxcm)]; 0.5: JEFEHE B (cm).,

BTG 8 SC: A RIRSRETT , B e ks
A% 1 pmol NADH R Bl HE A 1 NS S A

WA BCHIANE pH 22 (50 mmol/L
Tris-NaCl, pH 8.0-9.0; 100 mmol/L Na,CO;-
NaHCOs, pH 9.5-10.5), i FIEC A 1H A 4 )8
i) Bio-Tek Cytation 5 i B A [R5 (20—40 °C)
BT, W4 L IREEE T (T, 1 BHEAL
N R B pH AR R

£ 7a-HSDH K LI AR B 14 21y 7 250 2 1) 72
dr, FH 100 mmol/L Na,CO;-NaHCO; 2% i (pH
9.5), BECHIAEME R CDCA (0.1-10.0 mmol/L)
1] 72 W S B 47 NAD' (5.0 mmol/L), 7E
30 °C & )RR 3 min, S0 AGE & 0 4l B
(10200 pmol/L), F14#i 340 nm b AW G AR 4k,
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fiti 1) 124 Rh R L& 48 GraphPad 3K FSBL,
A3 VA v B R LU TS A . A AR, R
Michaelis-Menten #& 8 JE1 ARk PEHIG, K15
Viax TH5 K {8, 0 BARRERTT ko (S
kead Koo 1 o
1.7 EEFREMHR

70-HSDH KGR pH Foe AR &
Bty 1% 1 M RRAE . IS T Al BE T 7E N W) pH
(9.0—10.5) 2% il TP B 10 1%, 7F 4 °C UKFA S
B, RIETEAFERE O, 3, 6, 9, 12, 18,
24 h)BUREIN S BTG o LA 204 B ) V00 s il
68 100%, THAFRAHRG

To-HSDH B 5 25 il i) FAEe i 14 3 4o 51 —
0,3 (CD) AR ME SO0 o B el B 1 B4 A
50 mmol/L WMREhZE i (pH 8.0)h, WEEZ N
100 mg/L . f# A Jasco J720 43 w11 (Jasco, Inc.,
Easton, MD)iF4 7[R — a0l & . 2 45
M E A IEFE A 190-250 nm, W] : 1 s;
REFE: 0.1°C; . 50 ns/min, WEPERFEIE
220 nm AbFEAT AR IR KIS 206, 7 20 °C F1 80 °C
Z A% 3 °C A A 1 Ot = 8dE
1.8 MRS hEE

SWVARA (10 mL)H 100 mmol/L Na,CO;-
NaHCO; 2% & (pH 9.5). 2 mmol/L NAD",
2 mmol/L CDCA F1 20 pg 4lifb. & (120 i S A7E
30 °C ML 200 r/min #7355 12 ho SUNESHIE , #
F N RAE B K HP AR 10 min 28 11520, 7E 10 mL
R IA 2 mol/L NaOH i pH % 10, HU
1.0 mL SEF777 95 o 7= it 2438 L m AR
FH G5 (HPLC)ZE XBridge Cis #E FIIGE . B4
PR A S AR AE H VR D L SRS TE 60%
BT ANAET SRR AR 5T 195 nm 4k
SN GRE, 715345 5] CDCA Fil 7-oxo-LCA
PIRRERT 2R o
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2.1 70-HSDH BIRZTEAL =TT

AR5 TP 1A) . 2P 8RSE
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I-TASSER IR 55 #8# % 7o-HSDH Ay 25 REAY
L IFMC & A REEF AR, {# ] AutoDock 4
3% 70-HSDH 54#[H ¥ NAD = ik# CDCA Ky
A F XA A 1C FR , %451 % CDCA
(B B Asn200 B Asn202 5 C3 #23E 2 JA] A K
Gly148 SR ILZ &L E . NADHY C4 5
CDCA 1) C7T ZIaMEE R 3.3 A, RUFES
Y C-C MHEAMEHE 1D). NAD [HLH H
Te241 FUMRHPERE  Lys212 FIKH A 420 b it 79 A4~
AR T2, LM Asp91 FIRRTERZME 2°-F1 3°-
FRHE 2 IR A S R G () 1) o S 2t [ W U it
AL HLAI BT Ser195 Fa @iy, Tyr208
VERMEALIE, Lys212 FE{RT Tyr208 F23ERY
pKa, SUWEFE, Tyr208 4 i 2 5 11k,
Lys212 5 NAD' 2°Fl 3 -EpisLss &, ff
NAD' Z5& &R Fo A, oS B2HE X 3 (5 2
Met196-Glu199)H4 iS4 8 18 1Y T 2240 ) 47
HoAr ) Met196 55 C AumAi4R, 7510 K Yim
B, 5 Serl95 fi Miffi B LK) 3°-FA AL MM, 2
Rifaz 3, nRBTEIRYIZS A PR EEEH . 5T
Z PN ERTFIR SRS HT , B2 S5 Cys. Ile.
Val £l Lys Bt Met196 137 s #4578 .
2.2 70-HSDH RERTEHRIE, S4LE
Figi& M E

4 7a-HSDH $i¢ B KA 0 25 I G-
TR HMAL 2 BEM L5 T b 1. 2 M B 4L
LW FHAIE, RISEUR E. coli BL21/pET21a-
7a-HSDH. i AT RS ik b 1.4 472828037 55,
i S E A E. coli BL21/pET21a-
M196C. E. coli BL21/pET21a-M1961. E. coli
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(A)

B.melitensis
110

B.malitensis
B.fragilis
c

C.difficile
clscindens

1 70-HSDH HIFFFI L5 1

Figure 1 Sequence and secondary structural analysis of 7a-HSDH. A: multiple sequence alignment and
second structural analysis of reported 70-HSDHs sequences. The residue Met196 is marked in blue triangle.
The catalytic triad Ser195-Tyr208-Lys212 is marked in red star. The substrate binding sites (Asn200, Asn202,
and Gly148) and cofactor binding site (Asp 91, Asnl44, Gly146, and lle 241) are marked in black squares. B:
conservative sequence analysis of 7a-HSDH across enzyme families. The stacking height of amino acids means
the conserved degree of the site, and the height of one single amino acid in the stack show its relative frequency
at this position. The character color is used to show hydrophobicity (blue: hydrophilic, green: neutral, black:
hydrophobic). C: the residues Gly148, Ser195, Asn200, Asn202 and Tyr208 are formed hydrogen bonds with
CDCA (cyan), and showed as sticks. In addition, the residue Met196 and catalytic triad are marked in blue
triangle and red star, respectively. D: the a5 helix (pink) and C-terminal region (brown) are distributed around
the substrate binding tunnel, forming an arched structure. The residue Met196 (red) is located in a5 helix. E: the
residues Asp91, Asnl44, Gly146, Lys212, and Ile241 form hydrogen bonds with NAD" (pink), and are showed
as sticks.

BL21/pET21a-M196K 1 E. coli BL21/pET21a- TE E. coli BL21 H15 %A (E 2A),

M196V., B EHTE 25 °C 4 0.1 mmol/L IPTG 7 % HisTrap HP S5 FI/ZHrFl Superdex 200 J2
F, MM _LI5Z4 SDS-PAGE failll, ¥IAM—4 M, PR aifE i 7a-HSDH J RAS
W A 5500, KNS BRI IS /N A& 2B). BEEPERIN 43473, 7a-HSDH,
(32 kDa)—%(, #W 70-HSDH M HRAFET  M196C, M1961, M196K 1 M196V FBEE 43l
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(A)
CK 1

(B)
kDa

2 70-HSDH R HRTEHIFIEFAILE) SDS-PAGE 531

Figure 2 SDS-PAGE analysis of expression (A) and purification (B) of 7a-HSDH and mutants. A: CK: the
cell-free extracts of E. coli BL21/pET21a. M: protein molecular weight markers; lane 1-5: the cell-free extracts
of E. coli BL21/pET21a-70-HSDH, E. coli BL21/pET21a-M196C, E. coli BL21/pET21a-M196l, E. coli
BL21/pET21a-M196K and E. coli BL21/pET21a-M196V. B: lane 1-5: the purified 7o0-HSDH, M196C, M1961,

M196K and M196V.

114, 0.87. 9.50, 0.92. 845 U/mg, M196I Fil
M196V H#F4:7 7-HSDH FfiEEEE T 8.33 fi5F1
741 5. Met196 575 Y FERRIEEME AN ,
Val, Tle. Met J& T PEEIERR, MBEK RN,
Cys JB TMEZIENR, Lys NIRIEZLR. BHE )
(25T REE T T Met196 o s 2 R iBEr: o
A4k, NI |l S A AR sl
2.3 70-HSDH R MM &iERE M&x
& pH

il 3 FroR , B A BRI AR B AERLE 30 °C,
pH 9.5 5 T RHE J1 8=, R Met196 i1 £
A B i 1 R T R A TR B RN i pHL B (U

AT, DUl R siiiE pH T RS )
VE 2 H, B A 70 0 5 A5 i () RH X BRI ) A7 B
WS, HA, M196I RAEH{E 20-25 °C #
XIHREG 1 Em, BT 80%, 1 M196K e
35-40 °C AHXTEEE 1%, HART 70%. BRitz
&b, 7E pH 8.0-9.0 £:7F F, M196C 4545 75 A
X , T A R O B AR TR AR . S5R
2 M196 7T BER | E A IR e ks pH
et R MR . EHGE, RIET Acinetobacter
calcoaceticus Iwoffii FE. coli HB101 i) 7a-HSDH
WAL RNV GGl 22-37 °C, fieid pH K
7.4-8.50734 52 MM, ABFSE BmTo-HSDH

(A) (B)

£ 100+ ®

ER Tt E

- -

§ 60 - WT —1 *§

g 40; Mloar

= 20t - MI196K k=

g, ~ MI196V Z

20 25 30 35 40 8.0 85 9.0 95 10.0 10.5
Toe pH

3 RE(A)F pH (B)X} 7a-HSDH X H 335G E 4 AU S/ 00

Figure 3 Effects of temperature (A) and pH values (B) on the activities of purified 7a-HSDH and its mutants.
Activities were measured in 50 mmol/L Tris-NaCl buffer from 20 to 40 °C (at pH 8.0) to determine the
optimum temperature and at 50 mmol/L Tris-NaCl (pH 7.0-9.0) or 100 mmol/L Na,CO3;-NaHCO; (pH 9.5-10.5)
buffer at 30 °C to determine the optimum pH. The optimum specific activity was regarded as 100%.
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Figure 4 CD spectra (A) and thermal denaturation (B) analysis of the 70-HSDH and its mutants. The CD
spectra were recorded by measuring the ellipticity as a function of wavelength at 0.1 nm increasements between
190 nm and 250 nm at 20 °C. The thermal denaturation was determined by measuring the ellipticity at 220 nm
as a function of temperature at increasements of 3 °C between 20 °C and 80 °C.

%< 2 70-HSDH X E T ERH) — KB 54T

Table 2 The Secondary structure analysis of the 7a-HSDH and its mutants

Enzymes Helix Strand Turns Unordered Total AT,/°C
70-HSDH 0.35 0.18 0.18 0.33 1.04 0
M196C 0.35 0.19 0.20 0.29 1.02 -1.37
M1961 0.35 0.11 0.23 0.32 1.01 1.75
M196K 0.35 0.19 0.19 0.28 1.01 -0.51
MI196V 0.35 0.11 0.23 0.32 1.01 1.10
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Figure 5 The pH stability of wild-type 70-HSDH and its mutants. The purified enzymes were incubated in
100 mmol/L Na,CO5;-NaHCO; (pH 9.5, pH 10.0, and pH 10.5) at 4 °C. The residual activity was assayed at a
certain time (0—24 h) at the optimum condition (30 °C, pH 9.5). The initial specific activity was regarded as

100%.
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#3 H4A 70-HSDH R HERTEXIKY CDCA
M NhESH

Table 3 Kinetics of wild-type 7a-HSDH and its
mutants towards CDCA

K (mmol/L), ke (™),  keatKons
app’ app app
0.65+0.02 0.5 1.00

Enzymes Relative value

70-HSDH 1.18+0.10

M196C  1.23+0.19 0.55+0.03 0.45 0.80
M196I 2.37+0.32 6.54+0.34 2.76  4.93
MI196K  1.60+0.33 0.62+0.04 0.39  0.69
MI196V  2.31+0.23 5.65+0.22 2.45 437

*: apparent kinetic parameters.

CDCA WEFN) (K (H) , I BT T B
g &
2.6 ZRETEE M196I F1 M196V REIR 54
a8 ES

7a-HSDH J HAEBHiE{LIEY) CDCA, &
=¥ 7-oxo-LCA, £ HPLC #4341 (& 6),
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Figure 6 Time-course profiles of the production of
7-0x0-LCA from CDCA by wild-type 7a-HSDH and
its mutants. The reactions were carried out in
100 mmol/L Na,CO;-NaHCOj; buffer at optimum pH
and temperature (pH 9.5, 30 °C). At different time
intervals, the yield of 7-oxo-LCA was assayed by
HPLC analysis.
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Figure 7 Comparison and analysis of differences between 7a-HSDH and its mutants M1961 and M196V based
on molecular dynamic simulation. A: the above plot shows the RMSD evolution of the WT enzyme (black) and
its mutants of M1961 (blue) and M196V (red) during the 50 ns simulation at 300K and 1.01 bar pressure. The
first frame is used as the reference. All protein frames are first aligned on the reference frame backbone, and
then the RMSD of Ca (red) were calculated. B: the RMSF results of the WT enzyme (black) and its mutants of
M196I (blue) and M196V (red) are shown in the line chart. They were calculated for all frames in the trajectory.
The regions of loop A (residues 41-53 of N-terminal), loop B (residues 145-157), and a7 helix (residues
249-265) changed significantly and were colored in cyan shadow. Protein interactions with the substrate CDCA
(C) and cofactor NAD"™ (D) of Bm7a-HSDH were monitored throughout the simulation. As shown in the plot,
protein-ligand interactions are categorized into three types: water bridges (orange), hydrophobic (brown), and
hydrogen bonds (cyan). The interaction fraction value indicates that percent of the interaction is maintained in
the simulation time. Values over 1.0 represent multiple contacts of the same subtype with the ligand.
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