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Improving the thermal stability of Bacillus subtilis lipase based
on multiple computational design strategies
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Abstract: Improving the thermal stability of enzymes is a hot and difficult point in the field of biocatalysis. Compared with the
traditional directed evolution, computational assisted rational design is more efficient, and is widely used in enzyme engineering.
Using Bacillus subtilis LipA as the model protein, the structure cavity of the enzyme was analyzed by Rosetta-VIP design, the
mutation which was beneficial to the filling of the structure cavity (AAE<0) was selected, followed by the solvent accessible surface
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area and evolutionary conservation analysis. The thermal stabilities of six out of sixteen designed single-point mutants were
improved, with a maximum AT, value of 3.18 °C. These six mutations were further used for iterative combination mutation, the
maximum AT, of the two-point and three-point combination mutants were 4.04 °C and 5.13 °C, respectively. The T, of the
four-point combination mutant M11 (F17A/L114P/1135V/M137L) was increased by 7.30 °C. The T, of the six-point combination
mutant M10 (F17A/NV741/L114P/1135V/IM137A/1157L) was increased by 7.43 °C. The thermal stability of mutation with lower
energy value, reduced accessible surface area, while conformed to evolutionary conservatism, was more likely to be improved.
Therefore, the multiple virtual screening strategy based on the enzyme structure cavity filling, solvent accessible surface area and

amino acid sequence conservation analysis can effectively improve the thermal stability of enzyme.

Keywords: thermostabilization, Bacillus subtilis LipA, computational protein design
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Rosetta-VIP X4k 5 ZF AT 1 g 7 1 A 40,25 i 2 s
PEATSSERISIT, 456 11 0] B T AURIBE (L (AT
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1.1 #rl
111 BEBRE AL

KIAFF 1 Escherichia coli BL21 (DE3) [# #k
M FiR#E M pET-28a (+) WF Novagen Aw], #f
ELCEARFT R Wil A LR bsl H g5 4 MER A BR
NCIRE g
112 EERH

PrimeSTAR HS (premix) #if#E PCR i, FR
il PEAZ R VI Hind TI1. Nco 1, DNA KA
Marker 4l F TaKaRa /> #]; Jfoki#£HL. PCR 7=
Py ) £ . DNA JiE DS G 330 F A 1A=
YT (b)) By A B2 Al p-nitrophenyl
octanoate (pNPC) . p-nitrophenol (pNP) Iy F
Sigma-Aldrich 22w, HA IR 348 118 43 B 4k
BCA MM &AM & (EmA) MTHEaK
BB BRA W o g B asR) & n Al s 4 4%
HEAC S m BRI A U B A5 R 7
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1.21 MEFEFFEIBNIEE A MRS
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JFANAE NCBI HETUA 8 1 BT 8is 1 rh k1 7 5 41 A
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Fig. 1 Schematic diagram of computational design.
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1.2.2 EREA

DLk pET28a-bsl A B4R , AR 35 58 AR (AR 1 31
PCR 5| (3 1) #1740k PCR, 4 PCR ;=¥
BISE, T4 2807 B PG T o IR AL A8 1
FIH T4 DNA &R EYE 8 ho WEabF S ™
Yk 2a 55035 A E. coli BL21 (DE3) /&%
A
1.2.3 BpAER RRAREHKMRIKLL

B H IS RA7H E. coli BL21 (DE3)/pET28a-bsl
FH R R T & R Ry A LB
S, B8 T 37 CHEIRKEFRA i s IR, PR
HLPEVE E 20 mL LB AR SR, BF 37 C.
220 r/min $EIRIESE 9 h, 4% 19%4EF 54270 2 100 mL
TB 3, BT 37 °C. 220 r/min &K E9R 2
ODgoo=0.6-0.8, NI AZH &y 1 mmol/L ) IPTG,
A 25 °C . 220 r/min $&IR17E S KB 10 h, M4
WE, ELL L REFRSEL I AL MRS 100 pg/mL
PRI E

7 000 r/min B5.0> 10 min Wtk R BB, InA
30 mL 50 mmol/L Tris-HCI Z¢ & (pH 7.5) (%
500 mmol/L ¥ NaCl) FAE R, 7E VK b ik e
15 min (B 2s, A8k 3s) J5, 4 “C. 10 000 r/min
L 20 min WERGRE B, £ 0.45 pm JEARIT
JEJE, HEAT NITHEERZENTaifl. e A |
(20 mmol/L PBS, % 1 mol/L # NaCl, 20 mmol/L
k) SEAG HisTrap HP 1 mL NiZ* ZZMUZ BT kE
15 AMFEREL, FRBEaRRE B3 LA 1 mL/min 93
ERE, ERESSHRIS, FH 10%8 B ¥ (20 mmol/L
PBS, % 1 mol/L f¥) NaCl, 500 mmol/L F#jBmk)
HEATAE BE VR RR 2o 2% 8, FRAH 10%-100%1 B
VAT AL BRI A H A (A, AT HiTrip™ 5 mL
Desalting #E i A% H A9 2 (I gk f 7 i Eh b B, JF
B E % 50 mmol/L MIRERRENZE M (pH 8.0)
o, R ABEEERENEORSE ZRE R
0.2 mg/mL. *tsrEzlifbi= =4, M SDS-PAGE
HEATR 5
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F1 AWREFASIY
Table 1 Primers used in this study

Primer . o Size
name Primer sequence (5'-3) (bp)

F17A-F TGGTGCTTCTGCAAACTTCGCTG 23
F17A-R CCGATACCGTGAACCATAACAAC 23
F1OW-F ;CTTTCAACTGGGCTGGTATCAA 24
FI9W-R  AGCACCACCGATACCGTGAACC 22
A20I1-F TTTCAACTTCATTGGTATCAAATC 24
A201-R GAAGCACCACCGATACCGTGAAC 23
W42L-F  GTTGACTTCCTGGACAAAACCG 22
W42L-R  AGCGTACAGTTTGTCACGAGAC 22
F58L-F TCTGTCTCGTCTGGTTCAGAAAG 23
F58I-F TCTGTCTCGTATTGTTCAGAAAG 23
F58L/I-R  ACCGGACCGTTGTTGTAGTTGG 22
V59I-F GTCTCGTTTCATTCAGAAAGTTC 23
V59I-R AGAACCGGACCGTTGTTGTAGT 22
V741-F GTTGACATCATTGCTCACTCTAT 23
V741-R TTTTTTAGCACCGGTTTCGTCC 22
M78W-F ;AACACCCTGTACTACATCAAAA 24
M78W-R SCACCACCCCAAGAGTGAGCAA 23
L102I-F CGTTGTTACCATTGGTGGTGCTA 23
L102I-R  TTAGCAACTTTGTTACCACCGTC 23
L114P-F GGTAAAGCTCCGCCGGGTACCGA 23
L114P-R GGTGGTCAGACGGTTAGCAC 20
M134L-F CTGCTGACCTGATCGTTATGAACT 24

M134L-R AAGAGTAGATAGAGGTGTACAG 22
1135V-F  TGCTGACATGGTTGTTATGAACT 23
1135V-R GAAGAGTAGATAGAGGTGTACAG 23
M137A-F TGATCGTTGCAAACTACCTGTCT 23
M137A-R TGTCAGCAGAAGAGTAGATAGAG 23
1157L-F  CGGTGTTGGTCACCTGGGTCTGC 23
1157L-R  TGGATCTGAACGTTACGAGCACC 23

1.2.4 BPAERRRASURE H RS E

fitg 1% 5E X : 40 °C, pH 8.0, >4k f# pNPC
A2 1 pmol/L pNP BT 5 o il

BTG IE . F 1.5 mL 208 HEA 450 uL,
BEFR NS v (pH 8.0), TSN 25 pL 20%I[1)
TritonX-100, #RFHIESIEMA 25 pb 50 mmol/L
i) pNPC ¥ , 78431 51 J5 /75 2 min 4324 190 pl
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% 96 fLi P, JoT 40 CHEEAMU P 20 min,
JIA 10 pL B S 2 min, %2 410 nm Ak i
JEAE o I T P G TR AR 2 2ot A O R A
%(0.06+0.02) mg/mL.
1.25 BpA R K SRA R $iEe e

R o i 0 5 2 P A I R R
T B 4l 4k B £R J5 19 A 5 B VR B X R T &2
(0.16+0.03) mg/mL, HX 200 pL FH T I8 — o 154
TE A K RIS . F 190-260 nm 7 4 K
4, B 220 nm AEAREROBE I E , VER
JEVE S 30-80 °C, FHEME R 1 C/min,

POLITRIRE Tso HUMIE - K 2l b I 3R 1Y il
W5+ 30-60 C ([P 5 C) WFE 10 min J5HL
UK EACE 10 min, 0 E AR AR

PP I IE BT IA] typ AU S < K 400 A 30 6 1) A
T 55 CAr 957 0-30 min ([a]f& 5 min), BUHT
PK_EHCE 10 min, 0 5E FLAR AR .

2 ER5AW

21 WEFWMAEERE A BITERIT

FIF Rosetta-VIP X B 2E AT G Wi A
SERYIEAT AT, FETT T 16 A R T Ak A
JEIHFE (AAE<0) MYRR R4S, X HAE ARk
Vs AT N R R A E SR AP A30, Anak 2 B .
AAE {H /N, /R BT 58 A5 UK BT A U RS E
HA AR F17A , F19W, L114P | 1135V Al 11571
) AAE<-5.0, T 5 AR RIS E PR
HA 11571 (AAE=—9.57) % it 16 PR ARk h
MR EZH., R, X 5 MRAKDY
ASASA<O, AR A H X I 58 A5 v 1 1A 7 70 T T 3
R, BRI FEAMRE, Hh FI7TA ©
VAT R R AR 16 DRAR R B R 2T
(ASASA=-90.33 A%, F19W Ay | ] Kz 2 i f 728
fB# /N (ASASA=-0.21 A%, If H F1oW %4 H 3
FEJF G HE X () 500 45 RITR P S, AFF A& Ak
fRORsriE, BARZEAM TR, Ha 448
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FARREA B AR ST

B AR K F581, F58L, V591, V741, M78W
L1021, M137A. 1157A [X-5.0<AAE<-1.0, AAE
£ 16 DA R/ N E Y, BRI 8 N EAR R
MR AR S . Hh M137TA (ASASA=
~72.34 A%, 1157A (ASASA=-43.96 A% I F58I
(ASASA=-18.79 A%, F58L (ASASA=-4.56 A% ¥
VAR AT R R m A >, BEEH 2 A R R A
FEHMEE, V5Il, V741, L1021 R25[ 5 i
ASASA=0 A%, il X 3 MEIEM NS EE ST
W, SN EEAEA L, M78W ¥ 7
A Ko 2 TR R i A 98 A8 A TR B N 55 K A (ASAS A=
+62.42 A%), JAAT AT RESL I B 1 TR i HEAT, A
MiFEARRa &P F581, F58L., V591, V741, L102I
M MI37TA FF&E LIRS, T M78W Al
1157 A VA HBLLE )P 1 H X i) 500 2% R IR 751
AFFEE ORI, BRI A v R PE K

ZRAA A201, WA4A2L, M134L ) AAE>-1.0,
TE 16 MBI H R AR AAE fif, FIX 3 4>
FAR R IFRE PE LB . EATTH ASASA>O,
AR A H T 7 1) 58 AR AV 1 3% R 2R 1V AR AT R R T
RGN, L UAP 28 AR T BEREIR B R e . X 3 A4
RALFEE A HACORTE
22 HEBREFBEXTEREXRGTFEFH
Rk

W B A RS B ZE AT TR AR DT I A Rk 4tk
Je B 20 b B BE F VAR A4 S IRAS I RE &
L H %= SDS-PAGE #4740 #r. WK 2 B,
SDS-PAGE ' H 45 [ 4517 K/ A 19.3 kDa 5
HRS A ARAT , 0 5 B A AR B 2F J R 51 1R U T A
B HL TS A (9.24+0.36) U/mg. & 1 514
HEAT A UKL PCR 278, #5848 J5 Jo kL I J 55 i
BRI, TR IR Rk . BT Y H S
AR S BEAE K AT B b T sk e ik, B2k XN
Sy F i K/NERG, 4iBEFE 90%LL I (& 2, Wkl
4-19),
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23 RTABEMERMNES S FHEEE R AT, A B 28 A8 8 U 45 3 5 Y

BB ORGSO B AE R R RS, B R AR BT B
£ 190 nm-260 nm BEATRPAATN, IEHNE T TIERK ZE . RIS T, WESS R AL, T,
P A BRI RS Y Too IR K FAREE R WK 3A (4 TSR FI17TA, V741, L114P . 1135V,
Fin, TofHMEZERWE 3B Ui, MIFER2EK  M137A. 11570,

%2 Rosetta-VIP HEZHREMSRELER . AN REERIFIRTYE
Table 2 Rosetta-VIP designed mutants and their energies, solvent accessible surface areas and residue variety
order

Variant AAE ASASA (A?) Residue variety order
F17A —6.20 —90.33 Y>F>S>T>A=N>G
F19W —5.88 -0.21 F>S=Y
L114P —5.34 —20.60 L>P>I>F>Y=N>K=A
1135V —6.57 -23.20 I>V>L>N>S
1157L —9.57 -11.62 I>L>V>S>M>T=N=H
F58I -1.19 —18.79 F>Y>M>A>1>K>L=Q
F58L -1.42 —4.56 F>Y>M>A>I>K>L=Q
V59l —2.85 0.00 V>1>A=D>E=F=N
V741 —-1.89 0.00 V>1>Y
M78W -2.84 +62.42 M>A>L>V>S=H
L1021 —2.06 0.00 L>I>V=K>F>T=S
M137A -1.01 —72.34 V>M>I>S>L>A>P>N>D>R>Y=F
1157A -1.44 —43.96 I>L>V>S>M>T=N=H
A201 —0.90 +53.92 A>F>Y>I1>T>D>N>M>H>L>E=Y=S>G=R
W42L —-0.80 +12.28 I>Y>W>P>L>V>A>S>N>Q>T=F>R=M=D>K
M134L —0.58 +12.68 L>M>Q>Y>T>>E>G>F>D>C>R=|>S=A
AkDa M1 23456 7 891011 1213 BkDa M 1415 1617 1819 20 2122232425 26 272829
ob o3
44.3 44.3
29.0 290
20.1
14.3 20.1
14.3

B2 HEDKEFHTREBHSARRTREABITEPRRIELEL

Fig. 2 Wild-type BSL and mutants expression in E. coli BL21 (DE3). M: premixed protein marker; 1: whole cell
protein of wild-type BSL; 2: soluble extract of wild-type BSL; 3: purified wild-type BSL; 4-25: purified protein of
mutant F17A, F19W, L114P, 1135V, 1157L, F58I, F58L, V591, V741, M78W, L1021, M137A, 1157A, A201, W42L,
M134L, M2, M3, M4, M5, M9, M10 respectively; 26-29: purified protein of mutant M6, M7, M8, M11 respectively.

&: 010-64807509 B<: cjb@im.ac.cn
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A 12 12 12
= A WT = — F58I * —_WT
= —_—WT = = FI7A .
8 AR 8 .- —_—— 8 . -

5 -+« FI9W —-—=1L114P F38L V591 : A201
E 4L —em1i3sV - 1ISTL 41 § —ooo V7L e MTBW al \ - Wa2l
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0.8 — — F17A 0.8 ! — — F38I
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206 | ' —-—L114P 0.6 | b 'l —-—=V59I
5 . —--=1135V (@i —---V
S04 .. e 1157 04 F vl - M7sW
E . 1 T

0.2 F 0.2 + \

0.0 ] L 1 1 ) 0.0 | 1 L 1 1 ]
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Temperature (°C)

3 BRTMNAME &SN

Temperature (°C)

Temperature (°C)

Fig. 3 Circular dichroism spectra and melting curves of single-point mutants. (A) CD spectra. (B) Melting curves.

AAE<-5.0 1Y) 5 PS8 H 4 AR
PR ESRNEE, e FI7TA (ATn=+2.24 C),
L114P (AT,=+0.78 'C). 1135V (AT,=+1.13°C) #iI
1157L (ATm=+0.78 C), KK FIOW (ATn=
-1.82 C)WEMAT R E BN, HARFE
BEHMFORTE, PEETERRIT. AAE HK/ME
J¥ 4 1157L<1135V<F17A<L114P, ASASA K/
JF 4 1157L<L114P<I135V<F17A, AT, K/NMEF
&y L114P=1157L<I135V<F17A, —5.0<AAE<-1.0 f}
8 AR AE T, PFREMRENA 2 4y, AalE
M137A (AT,,=+3.18 ‘C)HI V74l (AT,=+0.49 C), J
B M137TA ER S RZEY T, EF & KB,
AAE>-1.0 () 3 4~ M%7 A201 (AT,=—1.08 C).
W42L (ATn=—1.53 C), M134L (AT,=—1.27 'C) #k

Fa e M BT R . AAE<-5.0 AT, FasE
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PR3 = A LA 2 80%, —5.0<AAE<—1.0 F2S 7514
I, R e PER Y HE & 25%, AAE>—1.0 %78
Wi, AR 4R & sk 0.

HE— 2B ME T IR E PSR R 1Y U Y Tso
Ity BT B RS G, S5 AN 3 R,
T B ETHRY RS Too (HB R &, efidd =
T08 C, IEEEm T 1.5 C. tyy A FITA I
M137ATHE T #7073 T 0.4 min F1 1.2 min,
BEAh, IESE PRI S 6 A S AR IR A il
W, Hrd L114P pyLLESTE 3G N T 22%, 1135V
LU AR T 26%; A201 Fil M134L 4 Fa & A
PR REAK, (HEEWE 2 A T 22.7%F1 48.8%;
M78W il 1157A 5875 {3 i 5 I Ak = Bk iy
S77 Al H156, HRAMNFF ST, S
Tl A il % N JE 20%.
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F3 BRTMLEM AT, Tson ty, FALLEGE
Table 3 AT., Tso ti» and specific activities of
single-point mutants

. AT t Relative
Variant o T ((€) B vty (%)
WT 0.00 5124028 2.5:0.14  100.0
FITA 4224 5224022 294018  94.0
Flow 182 / 93.6
L114P 4078 5214023 25:0.14 1220
1135V 4113 5274026 25:021 7338
1157L 4078 5254028 25:025 10538
Fs8l 430 / 66.3
F58L 400 / / 102.4
vsol 121/ / 76.6
V74l +049 525:014 25021 935
M78W 197 / 11.8
L1021 052 / 108.9
M137A +43.18 5204025 37:021 1025
1157A 4059 / 15.4
A2 108 / / 112.7
wWaol 153/ / 85.7
M134L 127 / 148.8

/ indicates that the data has not been determined by experiment.
24 EERLTEHREFMERENE

A 3 Al B 2 AT TR Tl A AL Y B R
SRR E AT, WK AA FR, RiRZERFT
WG A AL —Hk{A S S77-D133-H156, Y
M78. 112 —E 4L A BT 8 T 1E PO i o a2 1
P A B S AR 1135V, M137A Fl 11571 Ay

AR Z A A, HEE O BT, BEES
18 A LI (& 4B), 1fii F1I7A. V741, L114P f
AR L 2 A B s, HEF ISk 8 AL
Gho B, R T B IIE S SR Z [ALE A HA S AL
LRI BRI ORE , AR RS E MR = ) 6 BRI
A S U Z R R S R B AR A A,
A BIEETTT AR R M2 (1135V/1157L) . M3
(M137A/1157L), M4 (1135V/M137A). M6 (F17A/
V741), M7 (FI7A/L114P), M8 (V741/L114P), =
A% R K M5 (1135V/M137A/1157L) . M9
(FI7TANVTAI/L114P) DL K 75 i %% A8 & M10
(F17A/VT4I/L114P/1135V/ M137A/1157L) £ 9 4
AR, A 5 5B R RGBT
A TERIL, HAERT R K/NIER, Sl
1E 90%LA | (& 2, kil 20-28).

X 9N A G ARG 4 K i 45 S A & A
fiis, PARERZE R 5B i, 9 NE AR
TR 25 5 0 A= BUAH LB W I AR Ak, ERRE IE A
Pr&, T HABISEN T 8em . Hdr, BE ko
VT AR BA 2878 1135V, M137A Fil 11571 A4 6 5 40
LR M2, M3, M4 9 T HA ST
2.65 C ., 3.43 C . 4.04 °C, M2 #FaE MEI = Ak
TR T8 5 575K 1135V F 11570 B IASCR

B4 REFANREEREANZHEEHRREMASMLES N
Fig. 4 The 3D structure of Bacillus subtilis LipA and the location of mutations. Magenta: catalytic triad; cyans:
mutations. (A) 3D structure of Bacillus subtilis LipA. (B) Analysis of mutation sites, orange sphere radius=8 A.
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AAT,=+0.74 C, M3, M4 PEa & 2 3 B35 SR 43 1)
JNTFAE LB AR B MR, AAT 4351
-0.53 CHI-0.27 C, 1H AATZALIREAR K, 3
W] 2 () B 8 A 0 1 B 580 2 R gk A 2 5 2R AR
BF, WA SN AR . (EL IR E E  T  v
YT 1) 55 AR 25 5 S BTG 7 A AR, 3 A
PR 2 72 B TS B TR AR, 1135V B S AR 1Y
AFRE i % Sk B A TR 1Y) 73.8%, 578 Xof Pl 114 5% i
R, &4 1135V X —H U RAR R M2 F1 M4 1Y
FEE LR —F DL B =S A 548 M5 (1) T (E$2
F T 513 C, HHARAE Ta& ML, AAT,=
+0.04 'C, H5MW S G BHEMIE, BA—E S
T 328 125 37 1k vt L8788 57 i 22 ) o7 B A e 1Y)
BN R FITA . V741 F1 L114P JEA7 LA 5
A5G, M6, M7, M8 () T (B2 A4 5 T 4.03 C .
2.86 ‘C. 2.86 'C., M6, M8 Hfa & M B F R
A3 K T3R5 S8 A5 1A FATA FI V741 V741 F1 L114P
BIBRR, AATL /391 h+1.30 CHI+1.59 C,
M7 AR P 5 (R R /N R 0, 5878 &
B, AATm=—0.16 °C, B 23 [b] FF 2 453w H A
B PE RO P B R AR Z BT LA R AR, AT
R T8 2o 5 2% 0 90 #5500 AL 7= A — 5 1 1E D IR R
F, TR B 2 A 5 A X il O 7 A S RS )N
Hrp M7 578 AT DLOREE 55 B AR RUAH > 1 S 77 o

12 ~
_ —WT= = M2
3 sl - oo M3—-—M4
£ —--=M5---- M6
T eressee M T == M8
;E) ——M9%= = MI0
2 o - - - MlI
ERE S N
.;‘! -
2 st
f==]
_]2 1 1 1 1 1 1
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Wavelength (nm)

5 HARTMHNAME-REIF

SRABRE MK Tofdfdm 1 4.82 C, AG80E
PESE S IR KT AR 3 B R AR B B 5%
R, AATL A+1.31°C, S5WAdEBEMNE, B
H—E M IE P R

25 AR T i g L[] B PR R A s Tl
FIH P R M3 Hl M7 B 5780 S AT 2
259 52 DY 5 R AR A M11 (FL7A/L114P/M137A/
1157L) 1) T (B 594 R AR & T 7.30 C (A
5B). [mAlf, ¥ 6 N HRRBLIAEAS, NHAHE
RAF M0 1Y T (HAR R T 7.43 C, PFEMERS
IR NF 6 DHERAZM, ATy HN
-1.17 °C, {H M10 ) T KT 2 > =154 M5
MO Y Trno 1ERLL G 5B IR A $AER E P AR 2]
THEE, Rt E R NS M10, YR
RAF M11> = 5 2878 M5, MO>TH 5 2878 M2, M3,
M4, M6, M7, M8>HL N 5¢7F, Rl 2878 ) B
TF, MR ZERUAT B AR DA A AR E Pt iE A R
L, ERAA TR A —E NS ISR .

HE—ME T A 2 A RABRE Tso. typ A
MG, 500K 4 FiR . B 282E M2, M3, M4,
M6. M7, M8 1Y Tso 23 il 17 1.0°C, 1.7 C.
1.9 C, 32 C, 1.2 CHI0.8 C, typ /5t
0.9 min. 3.8 min. 7 min. 7.3 min. 3.2 min #ll
2.7 min, HLEE 53 A AR T 51.3%.12.9% .55.1% .
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Fig. 5 Circular dichroism spectra and melting curves of combined mutants. (A) CD spectra. (B) Melting curves.
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T4 HERTHLEE] AT, Tson ty, FALLERE
Table 4 AT, Tso, t1» and specific activities of combined mutants

Variant AT, (°C) Tso (°C) ty2 (min) Relative activity (%)

WT 0.00 51.2+0.28 2.540.14 100.0
M2 (1135V/1157L) +2.65 52.2+0.14 3.440.19 48.7
M3 (M137A/1157L) +3.43 52.9+0.28 6.3£0.21 87.1
M4 (1135V/M137A) +4.04 53.1+0.29 9.5£0.15 44.8
M5 (1135V/M137A/1157L) +5.13 53.3+0.19 12.8+0.14 35.5
M6 (F17A/VTA4l) +4.03 54.4+0.11 9.840.13 60.7
M7 (F17A/L114P) +2.86 53.0+0.15 5.740.17 95.6
M8 (V741/L114P) +2.86 52.0+0.14 5.240.15 86.0
M9 (F17A/V741/L114P) +4.82 53.7+0.21 12.0£0.19 57.0
M10 (F17A/NV741/L114P/1135V/M137A/1157L) +7.43 59.6+0.21 20.7%0.22 448
M11 (F17A/L114P/M137A/1157L) +7.30 57.1+0.04 17.3+0.08 99.7
(9 Too 4¥ BT T 21 °CL 25°C, tp SRR T @ MIE 0.

10.3 min f1 9.5 min, LLEHE 3 HIFEAL T 64.5%7F!
43.0%; US4 M1L I Tso #7759 C, typ 2
1 14.8 min, RS 2B AR 99.7%; SR
BT M0 Y Top 3255 1 8.4 °C Lty 3255 1 18.2 min,
FLEEE FRAIR T 55.2 %, 52N sl G =AM
Bl B PRS2 g [R) Ao S 7 4 g ) L i 2R AR
PEATAL G, T AR o A TG 7, JE R 1135V
Xof T IR I8, AT ML ) 2 98 A Tl
G EAAC B, DI A Y 45 2848 5 32 11 2 A8 5%
M), 7 5 AR RN, A ¥ 3 ok LAt 28 AR R b

3 &%

AR R 2 I A R T S A s
A PARASRE RS AL 2R U AT R R AR T
B RSP T R e, W E T 3 413k 16 4
B G A SRR, R T A E
PEHL B 6 AR S, T MRS 3.18 C.

Hok, GBS RAR R, BT A
LR A G R IEA SE PRSI, 2H 4 58S i RV
SETEERASE T i, BEE R ALE R R,
PR E M, AR BT B — s 1IN
FRI26T R e e LG 3 M TP B0 AR 8
6], T A3 T SR 0] X R R P 1 s A 3 —
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XFF R Bk Ul , B S S A0 e 1k R
fATESe R R, MERNIPERSE . Rrettds, |
A 2 A6 7 7= A A o A9 P A A
T B IR R T 4R 1R 1 i 28 A8 K 2] LU RE 90%
DL RS, JUHEE M137A R 11571, FARIEE BT
PEHLODEIE (<8 A), [HIZHEAT LR R A5 U 1) il
6 1o AR A R ARV N S AL AR RS
FeRad s, R AR M B LT A R R 2R AR A
HAEFTAFHIDY S LA AR, PFRE 7S R
SRR, FLGTE S EAE AU Y, UARH R4S
AR Ty Z MG AR R, T AL TS I 1) 28 AR
ZIAEARA G, AT LATRUA SR A PR 1 $ e (]
it 115 34 2 /b B S 4 v Y 2 AR 1R

X BT AR AL A T IR A GBI K
PRUL R (i e 5] . 5%, A A Rosetta-VIP #¢iT
) B AR ) AAE E T 22 Ml S e T 28 AR IR R R
P e REYE , MHAUES T BA BB LM
X%, WFE AAE {H<-5.0 IR BT, ERZMLT
BI7E 80%, H KHR/rRELREE 90% LA b B HEE 77 .
Hvk, M 2 A8 57 a5 (R 700 v] K 3 T AR AR A mT Xk
Rosetta-VIP #1853 145 gk ik — 2 100F, 1k
& ASASA<O MZEARN m,, FEARRIA U 7 n] Je =%
AR, et s, we, 8P IR
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SAT, MRS B, SRR A HE IR PR STk
By 528 FR KL, Sk HER: Rosetta-VIP o1 A] GEAE7E YA
A, INTTHE— 24/ INf Y [ . B % 28 A8
HBRENEE, e, BIRRE R
B Jb I G 2 2 D L G R A — & N, AT LA
TE B 1= AT T 1 () /D il % 452 2

DI BEZESUAT B IR Wi A W B (kAT
()5 ] AL TR RO LU T T2 AR, A
5PN, IREMAZRE i ETFB, BR
i 16 O e G, AR IR MR S SR B B T
KEB IR %, i FEEFa P A 2 Bl
FivfiE sl o e e 52 A, 380 B 3 R O e
BRI RIS, AT AR B M e R A PR

*5 REWHEFATHENEARREENTAR

AT 5 HR 3 2 R R T R R 4 N T SR
15 T 5 Rao 1 Reetz 2555 11 5 4% PCR.
T RN 5% 7AE A5 T BE AR AT M R AR L114P
1157M &75, J F17. M137 fii i, 5 Gohlke 5
Fil Peng Zhou 25 5OV 4 5 - H JE R B 1t 1
E [0 AR ) OGBS, TR . R, (R
S T B i Y S TR R, AT LSS B A A 588
MM S AR 3 S T B, i — e s il
e 1

ZE LR, AWFSEAIH T — R o Hr R
SR, AR AR T IR L DI A
VR0 AT R F T AU AR AL OR ST A IR IR ) 2
THATTORES, AT DA i o W R PR 1

Table 5 Research of the thermostability of Bacillus subtilis LipA

ATsg AT, Relative

Mutation sites Strategy Clones Q) () activity Reference
6B (A15S/F17S/A20E/N89Y/G111D/L114P/  eq-PCR and site-saturation 18 000 / 22.0 12-fold [7]
A132D/1157M/N166Y/M134E/M137P/S163P) mutagenesis
XI (R33G/K112D/Y139C/1157M/M134D) Iterative saturation 8000 45.0 / No influence [9]

mutagenesis

Single-point mutants V54H, F58I, V96S Rigidity theory 12 6.7 / [16]
Single-point mutants L55Y, A75V, G80V, Mutatomics analysis 5 / 16.7 7/ [15]
M134D, S162P
Single-point mutants Rosetta-VIP, SASA, 16 0.8 3.2 102.5% This study
F17A, V741, L114P, 1135V, M137A, 1157L conservation analysis
M10 (F17A/NV741/L114P/1135V/M137A/1157L) 10 84 7.4 45%
M11 (F17A/L114P/M137A/1157L) 10 59 7.3 99.7%

/ indicates that the data is not mentioned in the corresponding paper; 6B and XI are the most stable compound mutant of Rao
group and Reetz group respectively; F581 and L55Y are the most stable single-point mutant of Gohlke group and Peng Zhou
group respectively, AT,, of L55Y was just predicted; M137A is the most stable single-point mutant of this article; All of the

ATso and AT, is the most stable mutant of each group.
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