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 E: -3 28 (o-transaminase, o-TA)EH —FF R R 69 £ WEALF], £ F MRS 696K
bR BT LA A w2 o-TA EEIE R R R RS2 F G aME £, FHIKegsrs,
KKBEAHT o-TA 9B . AHREBM, 45 RF T LW FUspergillus terreus)®(R)-o-TA
(AITA), RAETH5F3hH FAEME T LIS E T SR T . 84 R T A4 A 69 R ok B 4785
8 AL M, FRAF T AL M H E M E F IR & 60 k12 R X8 ATA-E104D/A246V/R266Q (M3).
5 A(TA ¥ % Bg(wild-type, WT)48 e, M3 &9 20 ¢, (35 °C)& 17.8 min & £ 102.7 min, & H
T 4845, FRERET) L WT (38.1 °C)4R 3 2.2 °C. ®AER LB M3 3t AEAER = 1-(R)-R THeH)
AL R A R T A BEE) 1.59 12 1.56 12, T HAFENE S THELEREN, »TRHES
BKAD AR R 6938 A T -3 a-3Rae b m B A R Be AR T MR L EZRE,;, Ry ThH4 40
BRI BRZ 8 G4 AR 093 A vd BUR M LE A 0 BRI K R S8 M3 b R RA IS
BB, RMIENZEREEN, BET WT, M3 &F 11 A% 35480 K10 o-4h 9 1AL 1 48 ¥ A PR32 4t
ot —F BB M3 AT 6 o o B B 69 B R AR

KEIE: FHk, o-fFRB; AR M; FEMERIT; 5 THAFHEN, o-FFike
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Abstract: o-transaminase (0-TA) is a natural biocatalyst that has good application potential in
the synthesis of chiral amines. However, the poor stability and low activity of o-TA in the
process of catalyzing unnatural substrates greatly hampers its application. To overcome these
shortcomings, the thermostability of (R)-o-TA (A¢fTA) from Aspergillus terreus was engineered
by combining molecular dynamics simulation assisted computer-aided design with random and
combinatorial mutation. An optimal mutant AtTA-E104D/A246V/R266Q (M3) with
synchronously enhanced thermostability and activity was obtained. Compared with the wild-
type (WT) enzyme, the half-life #,, (35 °C) of M3 was prolonged by 4.8-time (from 17.8 min to
102.7 min), and the half deactivation temperature ( Ty, ) was increased from 38.1 °C to 40.3 °C.
The catalytic efficiencies toward pyruvate and 1-(R)-phenylethylamine of M3 were 1.59- and
1.56-fold that of WT. Molecular dynamics simulation and molecular docking showed that the
reinforced stability of a-helix caused by the increase of hydrogen bond and hydrophobic
interaction in molecules was the main reason for the improvement of enzyme thermostability.
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The enhanced hydrogen bond of substrate with surrounding amino acid residues and the
enlarged substrate binding pocket contributed to the increased catalytic efficiency of M3.
Substrate spectrum analysis revealed that the catalytic performance of M3 on 11 aromatic
ketones were higher than that of WT, which further showed the application potential of M3 in

the synthesis of chiral amines.
Keywords: chiral amines;
dynamic simulation; a-helix
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) R RE M 1) S B SR R DX, R R L
RAL 5 A5 RALMGE G RS, ARAT AR E
AR P [ P i v ) AR T, R T A2 BIL il i
R BRSPS TG L ) 2D B T B SR

1 S

1.1 #rRFRRF

Wk Sl REx®mFERBITE
(Escherichia coli) BL21(DE3)Ily A It 5t ¢ 4
ARG BRAF] . B4R pET-28a(+)-A4/TA
FH ‘2 G A 8RR IR

Luria-Bertani (LB)}% ## % . R HL 10.0 ¢ ZE
f. 10.0 g EALEN. 5.0 g BEEERHA T LB K
FIFEARZE 1L, 121 °CKEE 20 min,

L5 7ol N B 7/ B X1 L =0 = =
(deoxyribonucleic acid, DNA)FF11ll 2& « B il 4
% P9 U1 B A 1Sl 6 W TaKaRa 23 )
Bradford & [ Il o &0 A 2B TR T
FE( i) B A IRA 5 51915 U DNA Iy
A R R A BR A /58 Al .

1.2 5% PCRMERNRELT X E

Ll pET-28a(+)-A(TA At , 514 P1.
P2. P3 1 P4 (£ DHiFfT B9 R Bed 4 . 7€ PCR
FIRA R Z A 100 pmol/L MnCl, /KB
AT RS, iR NEEA 1-3 %
AL Y HMEWHE R BRI, L
pET-28a(+)-ATA A Bt 17 4 ik PCR.
PCR 7=y [l 44k IFffi il Dpn 14 B L) Bk
it DNA, SRJ5 A% E. coli BL21(DE3)/&
ZAMMH, IRA VKA 30 min, 42 °CKIEH
47 90 s, BTFUK E¥#H 5 min, F[9 eppendorf
B 650 pL LB WAAR I, 37 °C.
180 r/min ¥5%% 2 h, HL 100 pL BRI S EA T
A 50 pg/mL WIALER RARE: R 1Y LB AR |,
37 °CH53% 24 h,

&: 010-64807509

F1 FZEPCRMERRLEMERBSIMTIR
Table 1 Primers for error-prone PCR and site-
directed mutagenesis

Primer Primer sequence (5'—3")

name

P1-F CTGGAAAGCACCGAAACCACCAACCCGTTT
PI-R CCGAGCGTGTGGGATGGCCGCTTTTTTCGC
P2-F CATATTACCCGCCTGGAAGCGAGCTGCACC
P2-R GGCGTGCGCGGCACCCGCCCGGAAGATATT
P3-F AGCGGCTTTAACATTGTGCTGGTGAAAGAT
P3-R GAAATTTTTATGTGCACCACCGCGGGCGGC
P4-F GGCGTGACCCGCAAAAGCGTGATTAACGCG

P4-R GGCATGCCGGTGAACGGCGGCCAGATTGGC
A42H-F  GTTCCTTTACATGAAGCACGC

A42H-R  GCGTGCTTCATGTAAAGGAAC

E104D-F  ATCCTGGTGGATATGGTCGCA

E104D-R TGCGACCATATCCACCAGGAT

A246V-F GTTATCAACGTTGCTGAAGCC

A246V-R  GGCTTCAGCAACGTTGATAAC

R266Q-F GGCCTACCAGTGTGACGAGATT

R266Q-R AATCTCGTCACACTGGTAGGCC

The underlined codons are amino acid codons after the

mutation.

| = 2o

1.3 SBEFEAE

i I JC T 2F PO Hie b iy B T e 22
& 1 mL LB 3R EE(F 50 ng/mL #R R % %)
1 96 RFLAF, F 37 °C. 180 r/min J53% 8 h
S MLk M 0.5 mmol/L ) 55 P JE-B-D-it A€
2k 7 BT (isopropyl B-D-1-thiogalactopyranoside,
IPTG), 7E 25°C. 150 r/min ¥53% 18 h 5 H
PEARE . BIREEHRE, 7€ 4 500 r/min
O 15 min WCERTEIR, 8 814 T o IR 25 22 vh ik
(50 mmol/L, pH 8.0)EE A& B LUER 2 G E T
~80 °C¥&R ¥k 20 h, A VRfh 3 /g m H:fLH
A 250 uL 4 ffd 24 i# 7% (5 mg/mL % ),
FEREAE T 37°C.400 /min ¥ F 1 h,4 °C,
4 500 r/min 8.0 15 min W8E B, HRBAAL
100 pL _F3F% 2 96 fALAR A7, #F 96 T
fLik & F 35 CHEETIE 30 min, FHEH

: cjb@im.ac.cn
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96 TALA VK 10 min, WEHL 20 uL vKIE AL B 5
HI A WS T A9 96 LAk, A 180 uL
NV [50 mmol/L pH 8.0 HYBERRELZZ Mk, &
0.25% (R4 — H FEE AN (dimethyl sulphoxide,
DMSO), 2.5 mmol/L N . 2.5 mmol/L (R)-(+)-
HZ M. 0.1 mmol/L PLP], 7E 30 °C. pH 8.0 4%
PR RO 3 min 5, FBEAR (SR DU 4 7E 245 nm
A2 A P S B OTRe Ao 7 1E 28 AE F

1.4 HERTRIIE R IFE

W38 21 5 5 PCR R oy 8 1 i 228 AR A5 Y 28 A8
REATA A, MR R R, IEA Bk
pET-28a(+)-AITA Ak, KHEFR PCR F
YT RE 9, 4 Dpn THAL PCR BHRUS , #F
P TR % Ak 2 KB FFIA E. coli BL21(DE3),
Phe A 2 28 AR U FH F ik gl Ak I 04 7 i 1 0
5 o 381 2 SR A (27 (high performance liquid
chromatography, HPLC)I & A= 5l 1 H 1914 &
FEYITN AR A, R . — A
BE B U € k. 7E 30 °C. pH 8.0 £ T
B4 EEAE A 1 wmol A4 TN 2R T T 2 1Y) il
LU TG 2 SCoA B 2 w2 1 T ELA R IS A
%, ich Umg,

N R HPLC Al J5 3% ] 0.2 mL e
FE P AnA 0.3 mL 200 mmol/L NaHCO; (pH
9.8)Z LS, AR mHHAIA 0.5 mL JHis Bt
SV (4 mg/mL), TE 40 °CH&MF T uktifiidfb
1 h, ] 0.22 pm Y8 HEE 52 W % 4ok 8 )5 32847 HPLC
K, 3% 4N Agilent InfinityLab Poroshell
120 EC-C18 column (2.1 mmx*100 mm, 1.8 pm),
HHHER A OK:H#£=99.9:0.1, KB FE
W B (L5 H#2R=99.9:0.1, KB ) LM Hi3h
FHIEATRE BE VRN . VR . ¥ B 7E 15 min
AN 20% 2 #4882 100% , SR J57E 5 min Ji5 [
£ 20%, WiE A 1.0 mL/min, UV (ultraviolet)
Rzl 4 R 254 nm,

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

1.5 BgHIRiES4k

PR HUEF A= ) S S AR R R P RN 2 5 mL %
50 pg/mL Gifig RAREEZ 1) LB Hi3R3k, 37 °C,
200 r/min 5/ FHiFE 8 h )G, KM S
200 mL ) LB }5F# 3 (% 50 pg/mL R £
AEER), 37 °C. 180 r/min £5F# £ ODgoo N
0.6-0.8 W}, MMAZLWSE N 0.5 mmol/L Y
IPTG, 25 °C., 150 r/min £ T 4k 2255 3% 18 h,
F-4°C. 8000 r/min BRI

H WU 1 TR (R 22 ol i 46 2% 0 AR (50 mmol/L,
pH 8.0)E.0PEM 2 WA EHAET 50 mL 4 i il e
2% & (50 mmol/L NaH,PO,, 300 mmol/L NaCl,
20 mmol/L BkMR W , pH 8.0)f, 7E 75 MPa
TEEXE 2 min, HERREREG, 4°C,
8 000 r/min &5.[» 50 min, W4E FiEW. ¥ FiG
WL 0.45 pm JEMELIE S Ni-NTA 2% FZHr
WHCHPRE A, KA 3 A5 FE R A 40 A i
AR 22 Pl VR Wk 22 ML (50 mmol/L NaH,POy,
300 mmol/L NaCl, 50 mmol/L PKME%5% , pH 8.0)
BRI, BEJE 1 A5 A AR B B vk 1 2% o
# (50 mmol/L NaH,PO,, 300 mmol/L NaCl,
250 mmol/L Bk, pH 8.0)WfE HIWEM, o
5911 2R FH 1 ot B A TR 0 2R TN A T e B JC P Uk
(sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, SDS-PAGE) i, 3k #1 it B #Y

Bradford ¥ & 24k J5 19 85 1 265 R Wk B
16 EEEMREMNE
1.6.1 FAIBEMNE
il 109 B ) 27 2 BORAE 3 A 45 2 O
(t12) ~ ﬂé%{ﬁ/ﬁg(ﬁoo VAR BT (T o tin
SEARTEREIRE T, BTSN IR 50%h
MBI, Ty RASFEATFNREFE 10 min )5,
BTG 005 2 S0%RYTRE o T 246 8 FUB7E IR
JE IR AR, 50%8E TR AT B i AR
o WIZE « R BT A Wi AN 9 A8 il 23 S0 AE 35 °C
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J¥%F 0-180 min ¥ 40 °CH##F 0-30 min /5 3. B 7E
UK E¥2 A0 10 min, SRJ5HC 20 L 24 B F
180 pL AR MIVATRTE 30 °C . pH 8.0 &R G
% 3 min 5, ik HPLC K7~ Hy 8 42 2 i 2k
A, R N NS ). R — R TR T
PR, RIE TR

A=Aoexp(—kat)

Forb kg HEGRAG SN J122 WAL, AJE AR ]
(6] ARG , Ao NWIUREETS , X4 A h Ao —2F
BF, b A ESHE] ¢ R A B2 T 410

Tog MAE « AL A EF 50T 4. 30, 35,
37, 40, 42, 45, 47, 50, 55°C %% 10 min,
SRIGTEVK B4 10 min, SRFH bR 7 Wl & i
1.

T W€ : 78 22 1 # 9% O% ¥k (differential
scanning fluorimetry, DSF)&— 4 % £ [ #u2
SE MR PR = ) kT SRy R
PR BRI AR, RERBAEER M
F I = A R R OB 5SS, AT L W
FEDEC YL o3 1 5 G AEL Bl N (1) 328 0 1 54 ke 11
AR ARSI . B 49 uL 0.1 mg/mL
4l JF R B . 1 uL 50xSYPRO Orange Y4 £HE
G IE R A7 E B PCR AL TN . HIHIR
JE R 25-70 °C, BT 0.7 °CH-TEIZ I B IR
FF 30 s, WOR A ARSI 5512 490 nm F
605 nm. T T AT FR
NF —-UF

To—x
l+e #

Horpr UF 1 NF 53 5 0y S5/ N RR OR B 956 K&
STRREE, o To Wl REE
1.6.2 HMAFSHEBINE

A3 E IR T 1-(R)-4 2. e FA o4k 5 6
J& 8 0—5 mmol/L il 0—-3 mmol/L, [a]8f[E & 5
— PR YA BE A 2.5 mmol/L, & A [F] 4
WRE T 1 S B, T AfTA S H AR (R 4331

y=UF+

&: 010-64807509

X 1-(R)-ZK Z e IS i R 16 8 )12 280, 8 )
2p 2k LA Origin 8.0 H7 ) Michaelis-Menten /7
BT E A,
1.7 RENE

DL 1-(R)-A% L e hy Mg B A, 308 s 2 FH R
RO AT A-FEAE L | 4TI 2
4-H SR 4-H R 2 | 4- =5 B R
LM 4-FEFEIR M | 1-L T FEZE | 2- L W ESSE |
o-PU S ZE M 52 Ak, HFATHEAL N . 2 mL
S AR 24y 34 4% 10 mmol/L 1-(R)-7K 2 iz .
10 mmol/L & MiZE K4 . 0.1 mmol/L PLP.
50 mmol/L W2 h 2% i (pH 8.0). 0.15 mg/mL
A . 30 °C . 180 r/min J )i 24 h J5i# 1t HPLC
D2 45 7= W A st ST e 7 W e
12} 51 (enantionmeric excesses, e.e.).

HPLC #: J59% : FH 0.22 um 38 R 52 v
WAt g5 #E1T HPLC A, ikt h Agilent
InfinityLab Poroshell 120 EC-C18 column
(4.6 mmx150 mm, 4.0 pm), WA K NE K=
40:60 ((RFHLL), WK 1.0 mL/min, UV kil
KA 210 nm,

1.8 S FahhFiRHl

M PDB (protein data bank) 4 4 HH 8 R 15
FPRIE T L 2 (Aspergillus terreus)(R)-w-F5
ST IALE ) (PDB ID: 4CESE AR, R
FoldX HEA 7 i ib) s o8 AR IR i) = He 454, JFAf
H YASARA 16.4.6 #f4:(http://www.yasara.org)
) Amberl4 7137, 7£ 303 K #1313 K i
X B A il RN 58 AR g AT B SR 20 ns 19 8 )
SEABRLCY S A S () R FT U R
0.998 g/mL HY/KI 10 Ax10 Ax10 A ST IO71K, 4
AT Na ™l CI™ (0.9%)E 4 % 8 18 i
R R, AT R B LA AE pH 8.0 B AR$E pKa fH
i FAk . FEF 1K b, K a s )
AV E R A 0 e R T I 2 18 A 8.0 A,

: cjb@im.ac.cn
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% ] Particle Mesh Ewald J5 318 K FE 5 HLAH
HAEH.

2 ZEREAM

2.1 AURTLXEBEIEE
43l 712 (molecular dynamics, MD)f 4]
o X4 77 MR Bl (root mean square fluctuation,
RMSF){ELi [z MBS S SERR AR AL i e 3, %o
RMSF U{H i 4 2 SRR IR BE R4 T 98 A8 7 1 DL Y
$i e B AR S PR 3 o RMISF A5 v I 1) 24
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E2 MDERLEESR

B K. D: ATA XIRFELSE S 5 264 5 E

ST R XIS R TF R IE
B: AtTA-WT 7E 35 °CHll 45 °C'F ) RMSF 218 Fl(ARMSF=RMSF5 .c-RMSF35 ). C: 4 PHEHL R

FETR B LK I 2k S IR AR OEP Xt ATA BF A=
filf 43 AIAE 35 °CHI 45 °C T 4T 20 ns 943 F2h i
AL, IR A AP RMSF (%
B, XF 35 °CHl 45 °C'F & FEIR L 4 () RMSF {H
B2l (ARMSF=RMSF s - RMSFss «)15 3| 52 i
1R 5k S Bl A I B FH R, RMSF AR Ak K i 7
B FTE I, AN 2A. 2B PR, SRR
& RMSF HARBA R A X IR 2 AE T 4 X
I (%] 7 Fir 78 Hotspot region 1, Hotspot region 2,

Hotspot region 3, Hotspot region 4), SURs I

B 151 Hotspot region 3

Hotspot region 4

Hotspot region 1
1.0+ Hotspot region 2
0.5¢

0.0

ARMSF (A)

?.{-‘{-'a ’9‘ 7 -5""‘"'," 1
—05F" vt
-1.0}
-15t g
50 100 150 200 250 300 350

Residue

A: ATA-WT 7E 35 °CHl 45 °C F ) RMSF XJ FLA.
S [X e,

Figure 2 The identification of hotspots via MD simulation and mutation screening verification. A: RMSF
comparison of AfTA-WT at 35 °C and 45 °C. B: RMSF difference of AfTA-WT at 35 °C and 45 °C
(ARMSF=RMSF,45 .«c—RMSF3s «c). C: Distribution map of 4 random mutation regions. D: The screening

landscape of region random mutation.
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4 AMPGEXIIERNE AL E, RITAH,
Hotspot region 2, 3, 4 i T a- ¢ X 4t ,
Hotspot region 1 WA F o-#2JiE . B-H7& . loop X
S FAL (B 2C) BEBUX 4 MR 2 A HUS
XIHAT ATA W EPEGE , DUERTS 50
fit R M I SR A LRV
22 MEHIRTH5HEHESRTHERTH
K555 PCR 5 %t WT 1) 4 A58 A8 405
XA TBERLSEAE ,, LANEER TN 1-(R)- 2 2 [
VER Y IEAT il a0 i, e &I E Y 4 34
FaE PER T B B2 A5 (K : A42H \E104D \A246V |
R266Q, HEEAIEMEE WT 55l F+ T 6.5%.
10.9%. 5.0%. 46.3% (I 2D). ¥5iX 4 4~ PAZEAR
AT A, WETUT 8 MM ARANK:
A42H/E104D . A42H/A246V . A42H/R266Q .
E104D/A246V . E104D/R266Q . A42H/E104D/
A246V . E104D/A246V/R266Q . A42H/E104D/

*2 TEMMRTHEANFSY
Table 2 Stability of WT and mutants

A246V/R266Q, Ff-XF 8 41L& AR I Sy 2% |
) 12 SR W2 TR A T
2.3 HAEMAMKTEAREEHENE
R 1.6.1 FTaR 5 gl e TR A il g8 AR
it P~ T (11 0) 2P ARTE TR (T Y RN B3
JE(Tyw), 5% 2 PR, MHLTEAR, 44
B AR R AT E A AR AR, I
t R266Q IR E e THE W R, HAE 35 °C
FHEEEWIH 17.8 min $27F £ 83.0 min, f&HF
AR 4.7 1%, CRRISREERETEE 403 °C,
YPA:i(38.1 °O) 4 E 2.2 °C, AR AR, 5
R266Q HA G R AR LY 11, (35 °C)
Z/RTE 2.6 5, XU 266 1 S IRTHZE
R E M ) — A R S . I fEZR AR (K E104D/
A246V/R266Q (M3)1E 35 °CF Ay 2 25 1 ik 3|
102.7 min, 4BFAE0E WT 3255 7 4.8 1%, H 70
M T (653 e WT 2155 4.3 °CHl 2.4 °C,,

Enzyme 35°C 11, 35°CAn,  40°Ch,  40°CAn, T&) (°C) AT T, AT,
(min) (min)? (min) (min)° (°C)’  (°C) °C)*
WT 17.8+1.1 0.0 6.9+0.6 0.0 38.1402 0.0 41.4+02 0.0
A42H 20.0+0.7 22 7.6+0.3 0.7 384403 03 42.0£04 0.6
E104D 19.6£0.8 1.8 7.4+0.7 0.5 384407 03 41.5+0.1 0.1
A246V 19.9+0.9 2.1 7.4+0.2 0.5 382402 0.1 41.8+03 0.4
R266Q 83.0£2.9 652 13.5+0.4 6.6 403407 2.2 42.6+02 1.2
A42H/E104D 18.0+0.9 0.2 7.1+0.3 0.2 39.0£02 0.9 42305 0.9
A42H/A246V 20.0+1.3 22 7.5+0.6 0.6 393£03 1.2 424404 1.0
A42H/R266Q 96.8+2.7  79.0 21.7+0.5 14.8 41.9+0.1 3.8 433402 1.9
E104D/A246V 26.9+1.1 9.1 8.9+0.8 2.0 384402 03 425405 1.1
E104D/R266Q 46.5+1.8 28.7 11.4+0.9 45 40.1£03 2.0 43302 2.9
A42H/E104D/A246V 28.5+1.5 10.7 9.4+0.4 25 38.8£0.8 0.7 41704 03
E104D/A246V/R266Q (M3) 102.7+2.6  84.9 22.7+0.6 15.8 424404 43 438402 2.4
A42H/E104D/A246V/R266Q  86.8+2.8 69.0 17.120.7 10.2 40.9+0.1 2.8 435+03 2.1

 The t,,, values of mutants compared to WT at 35 °C; ®: The #,), values of mutants compared to WT at 40 °C; ©: The TSI(?
values of mutants compared to WT; ¢: The 7, values of mutants compared to WT.
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24 HHEBMRTEMNNFSEEIE
Fe B 1.6.2 BTl 5k, 430 LA TA i ik il
1-(R)-4 & i 20y Jic 0 ) o BB A il R 5% 5 22 il 1Y)
KRB I2 880, MR 3 ATAL, B A EXT P i
PR B AL SR (oo K™ ™€) A 2.17 L/(mmol-s),
AHES T WF A, AR B R 4 28 AR (R X T
il 72 1) A AL R B T BRAR A I 5, X ik B
T HRRE M Y 0 o AR P A R T R R e
TH 1% K A9 trade-off RN, M FfE AL 1K E104D/
A246V/R266Q Y kea/ Kon™™ ¢ JEHF A WY 1.59 1,
FER M BUE R B S: . B AR BEXT 1-(R)- R &
JHie AR AL 8 (Ko Ko PEA) Ky 2.78 L/(mmol's),
I 1 %€ 2% K E104D/A246V/R266Q 1) keal
K" ®PEA S 433 L/(mmol-s) , /&85 2E A 1.56 1%,
Ik, R745EF E104D-A246V-R266Q SZFi
TG E-RRE R R T
2.5 AREM-RMHRAN S FYLHIRRT
MR A M3 FRE M Sk ReR R

*3 HEBMREZBMANNFSH

Table 3  Kinetic parameters of WT and mutants

PE R THLE, @it YASARA JE-(7 T 41X
HM oy 1B D12, e R A FoldX 4 LA
WT §h A4S #4(PDB: 4CES) WMk, % M3 #E4T
3D SR A, IF 43Xt WT Fl M3 #4720 ns
W) 5rFsh J124 4, il 3A i, M3 TE Sns
W ZE S E TR, T WT FE 7.5 ns B 45
¥ TR, H M3 AR 5 R AR 22 (root
mean square deviation, RMSD)Y{H ZAX T WT, It
ZEALRH M3 B WT ME AW E e, o
—A5rHr WT 5 M3 () RMSF {H, il 3B i
N, AITA-M3 Jrgat iy 325 D2 B -1
RMSF fH(1.154 A)KT ATA-WT Jit g i 1)
RMSF {E(1.232 A) il i 73 B 3 548 55 104
246,266 N HFTTE ) — 9 454 X 5/ RMSF {H,
AILLE 1, AR M3 iR A8 7 5 K H T
X 38k ) RMSF {E YK T WT spAr i BT 7 X 45
) RMSF fH, X —Z5REH] M3 R K e R AE
DX 35 e A 3 e, o T 5 A il 1 AR R 1

Enzyme P K, Prrvate Koo/ K, P oy RPEA (1) LRIPEA koo K, "RPEA
(s (mmol/L) (L/(mmol-s)) (mmol/L) (L/(mmol-s))

WT 0.50+0.01 0.23+0.02 2.17 0.64+0.01 0.23+0.03 2.78

A42H 1.45£0.04  0.71x0.05 2.02 0.78+0.08 0.23+0.02 3.39

E104D 1.55£0.04  0.82+0.07 1.88 0.72+0.06 0.24+0.01 2.95

A246V 0.94+0.07  0.54+0.06 1.74 0.76+0.02 0.21£0.01 3.66

R266Q 1.77+0.01 0.68+0.05 2.60 0.78+0.04 0.26+0.01 3.00

A42H/E104D 1.50£0.08  0.69+0.05 2.15 0.61+0.05 0.20+0.01 3.00

A42H/A246V 1.00+0.01 0.46+0.02 2.17 0.61£0.07 0.20+0.01 3.01

A42H/R266Q 1.93£0.05  0.65+0.01 297 0.74+0.08 0.23+0.02 3.22

E104D/A246V 1.05£0.04  0.46+0.03 2.28 0.74+0.05 0.20+0.03 3.69

E104D/R266Q 1.03£0.04  0.57+0.05 1.81 0.79+0.05 0.25+0.03 3.07

A42H/E104D/A246V 1.00£0.02  0.72+0.03 1.39 0.85+0.02 0.33+0.01 2.55

E104D/A246V/R266Q (M3)  1.56+0.03 0.45+0.01 3.47 1.04+0.08 0.24+0.01 4.33

A42H/E104D/A246V/R266Q 1.38+0.02  0.55+0.01 2.51 0.76+0.05 0.25+.02 2.94
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T B R N b i B 5 718 AN i WA 3 i 1Y)
B, X AR R M3 B AR a5 -5 LA
SRR EL AT T EAER 0 08, sl 4
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o
e
L
~ 1.0
0‘5 1 A 1 J
0 5000 10 000 15 000 20 000
Time (ps)

3 WT 5 M3 B9 Fah 1 FEIE
35 °CF BN ER I RMSF 3 Bt

FRET, Val246 5 Phe250 Z [EIFE AL 1 A4 Pi-kidk
YERJ1(E 4B, 4E); 4 266 {i s 1N 2 R 28 A%
KA AR, BRT GIn266 5 Leu263 2 Al 1F
TSN, BAMEINT GIn266 5 Glu262 2 [EfY
AHE(E 4C . 4F). Fr¥Ema o1 N A EAER )
X AR M3 R PR T B AR

B 10r Sharmting
ATA-WT C-terminal loop
— 81— AfTA-M3
<
25 6 [N-terminal loop )
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E 41 95-109 261-266 238-250
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0
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Figure 3 The MD results of WT and M3. A: The RMSD of WT and M3 at 35 °C. B: The RMSF value of

each residue in WT and M3 at 35 °C.

4 U302

Gluz62 v
© Gln266

Phe250

Leu263

A, B, CH WT H 3 MR REAN S5 BER

4 M3HREMNRSEARRERMBETIERD T
FMRIZF1508r; Dy EL F O M3 FRERLGS A B ZER A AN, R UREaH; 20k
AR B AR

Figure 4 Analysis of the interaction analysis between the mutation site and surrounding amino acids in M3.
A, B, and C are the interactions between the three original mutation sites and surrounding amino acids in WT;
D, E, and F are the interactions between the mutation sites and surrounding amino acids in M3. Blue dotted
line represents hydrogen bond; Red dotted line represents hydrophobic interaction.
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Wt X ATA 1) = de g5 gEAT 00, FeAi]
KB AERAZ K M3 1) 3 DNRARN S LT
o-T20E, AR — %% Y (circular dichroism
spectrometer, CD)7E 190—260 nm I K T )£ 4b
WG X WT & M3 B 25 & e R kAT
SHT, WAL S BRI 30 °CHY inE 55 °C
i, WT A1 M3 IR B i - RA5 i W 2 e /b 78
30 °CHI 55 °C'F, WT Fil M3 () L5 LI H
5], WEEIREE TR 2 55 °CHl, WT 7651 i
PRUE R 222, 208, 192 nm F FIFXH A EE SR A 5]
Z[0]5 HJE-8.45. —2.18. 9.41 deg cm*/dmol,
M3 TE 3 Ab - T 41 T BT R 0L 4 JBE R A [
FArH-9.04, -3.39, 11.45 deg cm*/dmol,
M3 % WT (RET THEZN oL, XK
B M3 Hi o-BREHENERE, X5 M3 #RE
P ) 4 Tt 2 AT 1 1 o

N T BB RAR AR M3 IS PER TR RN, Xt
WT 5 M3 43 5647 5 59 79 i g 1 4 X 422
VEF I i £ (R 6A), WT SRR 1)
SHER BN, WHRS WT B9 5 A28 &
PLP 2 [0/ BIAFE7E 2 A S 4 Hsi /KA EAE
F 1 WA M3 SRR 22 18] A4 AR E A

AITA-WT at 30 °C
AtTA-M3 at 30 °C
AfTA-WT at 55 °C
AtTA-M3 at 55 °C

[6] (deg ecm*/dmol)

|
<
T

Wavelength (nm)

5 WT 5 M3 7£ 30 °CH155 «CTHIE — &%
bR

Figure 5 CD spectra of WT and M3 at 30 °C and
55 °C.
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KR, WHERYS M3 H 6 &I M PLP 2
[ AFTE 4 AN 4 HEiKMEEER T, Eat
X WT 5 M3 #ATRYEE 6 D AR R B
(&l 6B), ZRASMK M3 4 WT MIIEYIZE & A4S 1A
FRIE A, 796.6 A* (W) I = 939.1 A® (M3),
X2 RBP4 6 PRy K, #inT
HY5EYRIREREAT A, DR T AR MG
WAk au: o) S
2.6 FHMS5RTA M3 NIRRT
T BIF AR M3 %A [ RS 4 A Ak
BE, 7£ 10 mmol/L & JIKYIWE T, 47T WT #l
M3 AL RO, SRR 4 R, LRt
30 °Cif S 40 °CEMF T, W 24 h J5, M3 X i
ALY 11 AR B 288 WT SR B P27 1Y
A, B S1 AR BARN TS W ok, HoAh iy
A LR PR 2 R ARG ) R-F R (e.6.>99.5%) . TE
30 °CR M ZAET, M3 Ak 11 Rl Y AL A L
RPN PR WT A48 11.1%-229.2%, #E
40 °CJ N AT, M3 fiEfk 11 FR P = R 4%
WT 253 Tt 3.7%—125.8%. M3 £ 5 P42 T+ %t
T A IR 288 R A A e 7 A 2 B B S B
P RSk M3 X2 RO FEEYE WT

LI BT IR
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AHIFFE R T BEAIL 8 A8 A B BT AH 45 A
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it} AfTA AT A B TRE el , O e 759 1 ke e
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Figure 6 Docking analysis of WT and M3 with substrate. A: The interactions between pyruvate and
surrounding amino acids. Green dashed lines represent hydrogen bonds; Red diverging arcs represent
hydrophobic interactions. B: Substrate binding pocket size of WT and M3. The volume of substrate binding
pocket was calculated using CAVER Analyst 2.0 BETA and the probe was set as 1.63 A.
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&4 WT M3 237 30°C. 40 CEHTEUEEMERBN~IRITRE ec.efd
Table 4 The yield and e.e. values of WT and M3 converting different substrates into corresponding
products at 30 °C and 40 °C

Entry Substrate Product The yield at 30 °C (%) The yield at 40 °C (%) e.e. (%)
WT M3 WT M3

S1 ©/§o @ﬂNHZ 82.55+0.58 91.73+2.32 81.53+1.14  87.89+0.22 —

S2 O NH, 39.25+0.93 51.7242.33 25.77+1.46 31.83+0.66  >99.5 (R)
o o

S3 O NH, 39.39+0.11 44.72+1.85 17.57+0.08 30.45+0.95 >99.5 (R)

S4 0O NH, 37.44+0.98 43.02+0.99 16.83+0.06 29.47£1.01  >99.5 (R)
Br/@/L Br/@/\

S5 O NH, 9.524+0.23 13.67+0.32 4.27+0.08 8.36+0.03  >99.5 (R)
HQCOQA vl

S6 O NH, 16.53+0.05 28.68+0.12 5.78+0.01 13.04+£0.05  >99.5 (R)
QA AT

S7 O NHI 43.32+1.19 50.48+2.15 43.04+1.94 48.42+1.24 >99.5 (R)

S8 O NH, 53.64+2.01 64.684+3.39 55.38+1.34 59.11+£2.21 >99.5 (R)

S9 i O ; iNHl 45.95+2.23 53.77+2.84 18.55+1.17 29.69+1.31  >99.5 (R)

S10 O NH, 30.44+1.93 34.54+1.47 23.61+£0.91 35.90+0.05  >99.5 (R)

S11 O NH, 0.7240.01 2.37+0.01 0.25+0.01 0.26+0.01 >99.5 (R)

. Except S1, all the e.e. values are >99.5% (R) at 30 °C and 40 °C whether WT or M3 is used.
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